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ABSTRACT 

A convenient, quantitative assay method of branching enzyme (BE) was devised with reduced 

amylose as the substrate. Using this assay, the properties of the purified branching isoenzymes from 

maize, BE I, IIa, and IIb, were studied. The method is based on determination of reducing power, by 
the modified Park-Johnson method, of the chains transferred by BE after they are released from the 

branched products with isoamylase. The optimum pH of the three enzymes is 7.5, and the optimum 

temperatures of BE I, IIa, and IIb are 33, 25, and 15-20°C respectively. The specific activities are 
found to be the highest for BE I and the lowest for BE Ilb, whereas in the conventional assay based on 

stimulation of unprimed phosphorylase activity, the specific activities are BE IIb > Ha > I. BE I has a 

lower K, (2.0 PM of the nonreducing terminal) for the reduced amylose of average chain-length (a) 

405 than BE IIa (10 PM) and IIb (1 lpM), and the enzyme shows a higher K, for reduced amyloses of 

smaller aI. Gel-permeation chromatograms on Sephadex G-7SSF of the chains transferred from the 

reduced amylose indicate that initially the three isoenzymes produce chains of various sizes (dp - 8 to 

> 200), and BE I preferentially transfers longer chains than BE Ila and IIb. 

INTRODUCTION 

Plant branching enzyme [(l --) 4)-a-o-glucan : (1 --$4)-a-D-glucan 6-glucosyl- 

transferase, EC 2.4.1.181 is an enzyme involved in amylopectin biosynthesis. The 

enzyme of potato tuber was extensively purified, and the general properties and 

the mechanism of the chain transfer were investigated’-‘. Multiple forms of the 

enzyme were found in spinach’ and maize ‘-‘) Maize endosperm contains three . 

forms, BE I, IIa, and IIb, and they have been highly purifieda. BE I was found to 

be distinct from BE IIa and IIb in immunological properties, amino acid composi- 
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tion, and peptidc maps. but no difference was observed between BE IIa and 

Ilb’“.“. Other properties. such as the affinity for amylose and the branching of 

amylose and amylopcctin wcrc examined’.‘: ‘I, hut further information on the 

catalytic properties of the multiple forms was not provided. The conventional assag 

methods for the cnzymc arc has& on the stimulation of phosphorylase”.“.” and 

change in iodine-glucan spectraX.‘3. Thcsc methods. howcvcr. arc not quiintitativc. 

We have devised a convcnicnt, quantitative assay method using reduced umyloae 

and have examined the gcncral propcrtics of the thrcr branching enzymes from 

maize en&sperm. The characteristics of chain transfer from reduced amylose 

catalyzed by the different isoenzymes wc,re studied by gel-permeation chromatog- 

raphy. 

Mrrterial.r.-Potato amylose [Type I. number-average degree of polymerization 

(zfi;) 640. determined by the calorimetric method”] was obtained from Sigma 

Chemical Co. Amylose having * of 280 was prepared from alpha-amylase hydro- 

lyzate of a mixture of potato starch and I-butanol by the method previously 

described”. Short-chain amyloscx [amyloses EX-I (dp 17) and EX-III (z t;?)] and 

crystalline l3ntclonzotm~ isoamylase (19X U/ml,; one unit is defined”’ as one pm01 

of the reducing terminal released from amylopcctin per min at 30°C’) were 

obtained from Hayashibara Biochemical, Inc. (Okayam. .lapan). 

Maize branching isoenzymcs. BE I, IIa. and Ilb. were purified from kcrncls of 

Wh4A maize, which were harvested 32 days after pollination in 10X8 and stored at 

- 8O”C, by the method previously describe&” with some modifications. The purifi- 

cation steps involved homogenization, ammonium sulfate precipitation, and 

DEAE-Sephadex chromatography where BE I. Ila, and 111~ were scparatcd. BE I 

was further purified by chromatography on o-aminodccyl agarosc (Sigma). Mono 

Q (Pharmacia) and Superosc I 7 (Pharmacia). Further purification of BE IIa and 

IIb was performed by chromatography on w-aminooctyl agarosc (Sigma) anti Mono 

Q. The BE IIa preparation was chromatographcd on Bio-Gel P-10 (Rio-Rid) to 

remove carbohydrate. Details of purification will be dcscribcd clscwherc. 

Ptqmrution of reduced clrn~losc.-A commercial amylosc from potato was puri- 

fied” to remove a possihlc contaminant of amylopcctin, and then the purified 

specimen was reduced’” with NaBH,. The amylose (1.5 g) was dissolved in Mc,SO 

(IS mL) by heating, and water (135 mL) and butanol (15 mL) wcrc added. After 

keeping at 0°C for I h, the resulting precipitate (butanol-amylose complex) was 

collcctcd by ccntrifugation (8000~~~ 5 min, 4°C) and dissolved in hot water ( - 70°C‘. 

150 mL) by heating. Insoluble materials were immediately removed by ccntrifug;i- 

tion at room tempcraturc. To the superrlatant (150 mL) was added butanol (15 

mL), and the mixture was kept at 30°C for I h, The amylose precipitate, collected 

by centrifugation (8OOOg, 5 min. room temperature), was dissolved in 1OV butanol 

(I50 mL) by heating, and the amylosc was again precipiated by keeping at 40°C for 
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1 h (this procedure was repeated three times). The yield of the purified amylose [G 

850, average chain length (a) 4001 was 1.4 g. A portion of the amylose precipitate 

(1 g) was dissolved in water (final volume 100 mL) by heating, 0.2 M NaBH,-0.01 

M NaOH (10 mL) was added, and the solution was kept at 45°C for 1 h. An excess 

amount of NaBH, was removed by addition of 5.15 M acetic acid (10 mL), and the 

solution was then neutralized with 5 M NaOH. The reduced amylose was precipi- 

tated by addition of 0.1 vol of butanol and collected by centrifugation. The reduced 

amylose was dissolved in 10% butanol (100 mL) by heating and precipitated by 

cooling at 0°C for 1 h (repeated twice). The precipitate of the reduced amylose was 

twice washed with MeOH (80 mL), then with ether (80 mL), and the product was 

dried over silica gel. The yield of the reduced amylose (a 405) was 0.8 g. 

The potato amylose CG 280) and amyloses EX-I and EX-III (0.4 g each) were 

dissolved in Me,SO (4 mL) by heating, and water (36 mL) and 0.2 M NaBH,-0.01 

M NaOH (4 mL) were added. The solutions were kept at 40°C for 1 h. Further 

procedures in the case of the amylose of G 280 were the same as above. The 

reduced amyloses EX-III and EX-I were precipitated by EtOH (final concn 66%) 

instead of butanol. The yields of the reduced amyloses from the potato amylose C;il; 

2801 and amyloses EX-III and EX-I were 75, 85, and 21%, respectively. 

The reduced amyloses were slightly branched as described later. But, they were 

used as substrate since the branch linkages are only partially hydrolyzed by 

isoamylase’“, although the linkages are alpha-cl + 6). Even a partial hydrolysis 

requires a large amount of expensive isoamylase, and the reduced amyloses 

although branched, gave a low blank assay. 

Assays of branching enzyme activity.-_(l) Branch-linkage assay (Assay BL). The 

enzyme (diluted with water, 10 PL) was incubated at 30°C for 30 min with the 

substrate (90 PL). The substrate was prepared by dissolving the reduced amylose (a 

405, 7.5 mg dry weight) in M NaOH (150 PL), followed by addition of water (975 

FL) and 0.5 M MOPS [3-(N-morpholinolpropanesulfonate] buffer (pH 7.5, 7.5 I_LL), 

and adjusting to pH 7.5 with M HCl (- 150 PL). After terminating the reaction by 

heating in a boiling water bath for 1 min, M acetate buffer, (pH 3.5, 10 pL1 and 

isoamylase (5 pL of 2 U/mL) or water (5 PL) were added. The solution was then 

incubated at 45°C for 45 min. To the solution were added M NaOH (8 PL), water 

(277 PL), 0.1% potassium ferricyanide (200 FL), and 0.48% Na,CO,-0.92% 
NaHCO,-0.065% KCN (200 ILL), and the mixture heated in a vigorously boiling 

water bath for 15 min. After cooling for 2 min in tap water, 0.3% ferric ammonium 

sulfate in 50 mM H,SO, (1 mL), was added in a hood, and the absorbance at 715 

nm was read on a spectrophotometer after exactly 20 min. Standard (2 /*g glucose) 

and blank solutions were treated simultaneously. One unit W> of the enzyme 

activity was defined as one pmol of the branch linkage formed per min (equivalent 

to pmol of the reducing terminal per min). 

(2) Phosphorylase-stimulation assay (Assay A). The stimulation by branching 

enzyme of cu-o-glucan formation catalyzed by phosphorylase a was determined as 

previously described’, but 4.4 U of phosphorylase a (Sigma) was used for each 



assay. One unit 0.J) was defined as one pmot of glucose transferred from 
glucose-l-phosphate per rnin at 30°C. 

Distrihutintz of transferred chains from reduced am&se on Sfphadex G75-SF. - 

The reduced amylose (a 405, 1.2 mg) was incubated in 25 mM MOPS, pH 7.5. (200 
PL) at 30°C with the branching enzyme (BE I, Ila, Ilb, 1.5, 0.76, 0.75 mU by Assay 
BL, respectively?. After 20 min to 6 h, the reaction was terminated by heating in ;f 

boiling water bath for 2 min, and M acetate buffer (pH 3.5, 20 p L) and isoamylase 
10.6 PL of 108 U/mL) were added. After 2.5 h incubation”’ at WC, the solution 
was heated in a boiling water bath for 2 min, and water (20 ~1,) was added. An 

aliquot (200 PL) of the solution was applied to a column (1.2 X 25 cm) with 
Sephadex G-75SF and elutcd at 373°C with 50 mM NaCI. The flow rate was 4 
mL/h, and fractions of 1.26 or 1.31 mL were collected. 

Atzulytical ?n&od.~.--The reducing and nonreducing terminal gfucosyl residues 
were determined by the modified Park-Johnson method” and the rapid Smith-de- 
gradation method”, with modifications’“, respectively. Carbohydrate content was 
dctcrmined by the phenol--H,SO, method”‘. The ?@ and a values were (carbo- 

hydrate ~quivaleIlt to glLl~~)se)~~redu~ing termina1) and (~arbohy~irat~ equivalent 
to gluooscf/(nonreducing terminalI respectively. The blue value (absorbance ai 
680 nm of iodine-glucan complexes) and h,:,, (the maximum wavelength of 
iodine-glucan complexes) were determined as previously described”‘. 

Brutzching rnzyme assa.v by determiwtiotl of branch linkage (Assay BL). -Assay 

BL involves branching of the reduced amylose (a 405) by branching enzyme, 
debranching of branched products by isoamyfase, and then d~terrn~n~~tion of the 
reducing terminal of the released chains. The reducing terminus was determined 
by the modified Park-Johnson methodt-?, which gives the same reducing power 

from glucose to amylose C$ 401 and shows a v 20-fold sensitivity compared with 
the Somogyi-Nelson method’“,‘J. The reduced amylosc produced < 2% of the 
parent amylose as reducing power. The isoamylase amount used (10 mu) gave 
complete d~br~~n~hing under the c~?Ildjtions described above, since the debran~h~d 
products were completely degraded into maltose with beta-amylasc. Assay BL 
shows linearity of branch linkages introduced against the enzyme amount and 
incubation time up to 12 nmol and 90 min, rcspectivcly, under the conditions 
described above. 

The conventional assay methods based on the phosphoryl~~s~ stimulations by 
production of nonreducing terminus by branching enzyme (Assay A). and the 
decrease in absorbance of the complex of iodine and amylopectin’3 or amylose” 
(Assay I31 are useful, but not quantitative. Contaminating activity of amylases, if 
present, also decreases absorbance of iodine-+&can complexes and produces the 
noRredu~in~ terminal which stimulates ph~~sphoryl~~se activity. However, Assay BL 
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determined the contaminating activity itself by assaying reducing power before 

isoamylolysis, whereas the Assays A and B could not. An alternative, quantitative 

assay method, reported by Krisman et alZ, ’ IS based on determination of glucose 

releasedi by phosphorylase and transferase-amylo-(1 --f 6)glucosidase from glu- 

can formed in Assay A. However, the method requires isolation of the glucan and 

the use of transferase-amylo-(1 + 6)-glucosidase, which is not commercially avail- 

able. Thus, Assay BL is a convenient, quantitative assay method of branching 

enzyme activity. 

MOPS buffer gave the lowest blank among buffers tested which were 25 mM 

citrate, bis[2-hydroxyethyl]imino-tris[hydroxymethyl]methane, piperazine-N,N’- 

bis[2-ethanesulfonic acid], and triethanolamine. Phosphate (25 mM) could not be 

used because it precipitated Prussian blue color (ferric ferrocyanide). Dilution of 

branching enzyme with 50 mM Tris-acetate, pH 7.5, containing 10 mM EDTA and 

2.5 mM 1,bdithiothreitol (an assay buffer used in purification procedures) in- 

creased absorbance ( N 0.4). 

Properties of branching isoenzymes from normal maize.-The branching isoen- 

zymes of maize endosperm, BE I, IIa, and IIb, were purified to an almost 

homogeneous state (one main band with a few faint bands on gel electrophoreses 

with and without SDS). BE IIa and IIb were found to be contaminated by a small 

amount of beta-amylase, which was only detected by prolonged incubation (6 h) 

with relatively large amounts of the enzymes (0.38 mU per assay). Table I 

summarizes the specific activities measured by Assays BL and A. The specific 

activities measured by Assay BL were BE I > IIa > IIb, whereas those by Assay A 

and the activity ratios (Assay A)/(Assay BL) were BE I < IIa < IIb. To clarify the 

discrepancy between both assay methods, the ci of glucans formed in Assay A by 

using the same Assay A-units (0.04 U) was determined (Table I>. All glucans had a 

similar a of 250-330, indicating that a similar amount of branch linkages was 

introduced to the glucans by the respective branching isoenzymes. Therefore, the 

high specific activity of BE I measured by Assay BL appeared to be due to a higher 

affinity of BE I for amylose, while BE IIa and IIb may be favored when reacting 

with the growing glucan rather than amylose chain. 

TABLE I 

Activities (at 30°C) of the branching enzymes 

Branching enzyme isoenzyme BE I BE Ila BE IIb 

Specific activity (U/mg protein) 

Branch linkage (a) 0.683 0.313 0.132 

Phosphorylase stimulation (b) 213 484 1040 

Ratio (a)/(b) 310 1550 7930 

Cl of glucan ” 250 260 330 

(L Formed from glucose-l-phosphate by phosphorylase (4.4 U) and the branching enzyme [0.04 Assay A 

Units] at 30°C for 90 min. 
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Fig. I. Temperature dependence of the branching isoenzymes: (1). BE I: A. BE IIa: . . BE Ilh 

The branching isoenzymes showed the same pH optimum of 7.5. The value was 

in the range. as determined by Assay B, for maize cndosperm” (pH 6-8.5) and 

spinach leaf” (A.58.(l), and was a little higher than those for sweet cornJ7 (6.8-7.4) 

and potato tuber’ (6.6-7.2). The optimum temperatures were 33. 35, and 1%20°C 

for BE I, IIa, and IIb, respectively (Fig. 1). which is lower than that (37°C) required 

for sweet corn”, and the value for BE IIa was similar to that of the branching 

enzyme of potato tuber’ (25°C). The relatively low optimum temperature were 

not due to heat denaturation of the cnzymcs, since the preincubation of BE IIa at 

30°C for 1 h gave no dccreasc in the activity, and BE IIb proportionally increased 

branch linkages up to 90 min at 30°C. A higher temperature might weaken ;I 

stabilized conformation of amylosc-chain complex” favored by the enzymes. 

Table II summarizes the catalytic properties of the branching &enzymes on 

reduced amyloses of a 25-405. The reduced amyloscs were composed of lineal 

and slightly branched molecules. similar to amyloscs isolated from various plants”. 

since their beta-amylolysis limit was 72-W%. and their parent amyloses had 

TABLE II 

k’“, and the relative activities of the three blanching enzyme\ as measured with reducrd ;~m~lores of 

ditferent propertics 

405 850 77 2.0 (0.13) (’ IO (0.66) I I (0.72) I I I 

1 97 2X0 86 4.1 (0.13) 50 (1.6) 50 (1.6) 039 0.33 0.21 

50 6.7 77 50 (0.45) i1.d. n.d. 0.25 0. I? 0.07 

75 n.d. 90 rd. n.d. n.d. 0.07 I ).(I1 I 0.00 
__- 

” Nonreducing terminal. ’ isi, of the parent amylose. ’ Beta-amylolysis limit. ” In parenthesis. c&why- 

dratc mg/mL: n.d.. not determined. 
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1.1-2.1 chains on average. Therefore, the a and molarity of the nonreducing 

terminal of the reduced amyloses were used in the calculation of the kinetic 

properties of the enzymes. The K, values for the reduced amylose of d 405 were 

2.0, 10, and 11 PM for BE I, IIa, and IIb, respectively, and those for the reduced 

amylose with a smaller 3 of 197 were higher (4.1, 50, and 50 PM, respectively). 

Only BE I gave a definite K, of 50 PM for the reduced amylose with a much 

smaller a of 56. The K, values calculated on the basis of carbohydrate concentra- 

tion (mg/mL) for the reduced amyloses showed a similar tendency to those by 

molarity except for BE I, which gave the same K, of 0.13 mg/mL for the reduced 

amyloses of d 405 and 197. This K, value of BE I resembled that (0.16 mg/mL) 

previously determinedX by Assay B using amylose of ;ii; 280. Conversely, the K,, 
values (1.6 mg/mL) of BE IIa and IIb for the reduced amylose of d 197 (dp 

probably 280) was higher than the published value (0.6 mg/mL) of BE II’. The 

rates of the three isoenzymes decreased with decrease in a of reduced amyloses at 

50 pM, and the rate decrease was BE I < IIa < Ilb (Table II). The activity on the 

reduced amylose of a 25 was almost undetectable, similar to the previous observa- 

tion for potato tuber branching enzyme2. These results suggested that BE I had a 

higher affinity for amylose than the others, and all the isoenzymes favored a large 

MW amylose. 

Cyclohexaamylose (5 mM) had no influence on the isoenzyme activity when 

assayed under the standard conditions. 

Branching of amylose by the branching isoenzymes.-The incubation of the 

reduced amylose (a 405) with the isoenzymes (BE I 1.25 U/g of the substrate, IIa 

and IIb 0.6 U/g, U was an Assay BL-unit) decreased the a rapidly in 1 h and then 

gradually (Fig. 2). The d obtained was 24 and 21 for BE I and IIa, respectively, in 

6 h and 22 for BE IIb in 3 h. Prolonged incubation decreased a gradually. The 

products obtained with BE 1Ia and IIb contained a small amount of maltose, which 

was identified by chromatography on Sephadex G-75SF, but no other oligosaccha- 

O- 0 2 4 

Time (h) 

Fig. 2. Branching of reduced amylose by the branching enzymes as measured by the decrease in d: 

o, BE I; l , BE Ila; a, BE IIb. The reduced amylose &i 405) was incubated at 30°C and pH 7.5 with BE 

I (1.25 U/g of the substrate), BE IIa and IIb (0.6 U/g). 



TABLE III 

Properties of Ixmched product5 ” of the branching enzymes from the reduced amyloac 
_____- __- 

I’fdlCI I?efore isoamylolysi~ After isoamylolyais 
-~ ___~ 

Blue A lil‘i, (‘I /k-AL /’ Eel r I3lUC A iii.,, /WII. 

WIW (nm) Cc; ) v:lllle (nm) ( ‘>i ) 

rides having a reducing terminal were found. The maltose was due to beta-amylase 

contaminating activity. The amount of maltose in the BE Ha (6 h) and Ilb (3 11) 

products was < 5% of the isoamylolyzates as reducing terminal and correspond& 

to _ I glucosyl residue for their aI, suggesting no great influence on the a 

determined. 

The products having a similar a of 21-24. as dcscribcd above, were character- 

ized (Table III). The beta-amylolysis limits of the isoamylolyzates were 9%IOOG, 

indicating complete debranching of the products by isoamylase. BE 1 product and 

its isoamylolyzatc showed lower blue value (absorbance at 680 nm of iodine-glucan 

complexes) and AIllCtx (the maximum wavelength of the complexes) than those 01 

BE Ila and Ilb, suggesting that the BE I product contained ;1 smaller amount of 

long chains than the others (SW below). The BE I product had a higher beta- 

amylolysis limit and a larger external d (3-4 glucosyl rcsiducs) than those of BE IIa 

and IIb. These results suggested that BE I branched amylosc in a different manner 

than BE Ila and 1Ib. 

Fig. 3 shows the distributions of transferred chains on molar and weight bases 

on Scphadex G-75SF during incubation of the reduced amylosc CZi 30.5) with the 

isocnzymes. The reduced amyloac used as a substrate made it possible to differen- 

tiatc transferred chains from the others (acceptor and donor segment) since the 

transferred chains showed reducing power after isoamylolysis. The rcduccd amq- 

lose was eluted at the void volume (0 time). At the early stage of the branching 

process (20 rnin), the isocn/;ymcs showed a similar, wide distribution of transferred 

chains on a molar basis; that is, all the isoenzymcs transferred chains with various 

sizes (dp c 8 to > 200). Later branching consisted of chain transfer from the 

transferred chains. and it was at this stage that the diffcrcnt behaviors between BE 

1 and II became apparent, as can be seen in the chain distributions by both a molar 

and weight basis. BE I produced chains of various sizes, but having a narrow range 

compared with those at the early stage. with a slight peak of dp 70 and then 

shorter chains with the peaks of dp 31 and 14, accompanied by a rapid decrease of 

the number of the chains of dp _ 70-100. A similar change of the distributions in 

molar and weight basis was observed when BE I acted on ;I smaller reduced 
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Fraction No. Fraction No. 

Fraction No. 

Fig. 3. Sephadex G-75SF chromatograms of the isoamylolyzates of the products by the branching 
enzymes at various times (- - - -. -, - - -, ‘-.-1, and - 20 min, 1,3, and 6 h, respectively). The 
fraction volumes were 1.26 mL for BE I and IIb and 1.31 mL for BE IIb. Top: number of chains. 
Bottom: amount of carbohydrate. The total amount of carbohydrate was estimated to be 5.5 mmol as 
glucose as calculated from the amount of transferred chains. A, BE 1; B, BE IIa; C, BE IIb. 



amylose (3 197) (chromatograms not shown). On the other hand. BE IIa and IIb 

decreasetl gradually the number of long chains (dp > 100). and later a large 

increase in the number of short chains uith a peak of dp - 0 ~~‘85 obscrvcd with ;I 

slo\v decroasc in long chains (dp > 70). The 4multaneou~ 3-h incubation with 0.63 

tJ/g of BE I and 0.3 I,,, > “17 of ISI! Ha (half the activity in the GISC of cach 

isocnzymc) produced ;I produc‘t having ;I 3 01’ 74. ‘I‘llC prtrduct silowecf ‘ill 

intermcdiatc chain distribution bctwccn those produced by the rcspcctivc isocn- 

zymc~. that is, smaller and larger nnmbcrs of long and short chains. respectiveI\: 

(Fig. 3). Thus, BE 1 translcrred chainx in ;I dit’fcrcnt mode than BE IIa and Ilb at 

the I;ttcr stag?. Namely. BE I prcfercntially transfcrrctl long chains. whereas BE 

Ila and 111, transferred short chains. 1%~ behavior of chain transfer of BE I 

resctnblcd that of branching enzyme of potato tuber’, judging from the change ot 

distributions of transferrccl chains on ;t weight basis during incubation. 

It sccmcd to be of intcrcst to consider the relationship hctween the structure of 

maize starches and the branching isocnzymes. The branchcd molecule in maize 

amyloscs comprised” I” a small number (S-0 on the avcragc) of side chains \bith 

tip 6 to - 5000 (ret‘. 17). Thee side chains may also be introduced by the 

branching isoenzymes, since the enzymes transt’errcd chains of \xriou\ size. ‘I‘hc 

amylupcctin of amylomaizes (an~~~iusc c~xtctzricr~) had”‘.“’ a larger a of 3 I-?? than 

that (3 70) of normal amylopectin-“. The distribuf.ion of chains released from the 

amylomaize amylopectin by isoamylasc showcd higher and lower proportions of 

Iong- and short-chain fractions “‘.“, respectively. than in case of normal amylopec- 

tin”‘. Their structural charncteristics may bc due to the low activity ratio (BE 

113 + Ilb)/CBE I) (0.X1 1 (ref. 7) of the amylomaizc, comparcd with normal maize 

(3.1) (rd. 8). since the amylomaize was lacking’ in BE lib, which transferred short 

chains 

REFt:RF.NC‘ES 



Y. Takeda et al. / Carbohydr. Rex 240 (1993) 253-263 263 

3 D. Borovsky, E.E. Smith, and W.J. Whelan, Eur. J. Biochem., 59 (1975) 615-625. 
4 D. Borovsky, E.E. Smith, and W.J. Whelan, Eur. J. Biochem., 62 (1976) 307-312. 
5 D. Borovsky, E.E. Smith, and W.J. Whelan, D. French, and S. Kikumoto, Arch. Biochem. Biophys., 

198 (1979) 627-631. 

6 J.S. Hawker, J.L. Ozbun, H. Ozaki, E. Greenberg, and J. Preiss, Arch. Biochem. Biophys., 160 (1974) 
530-551. 

7 CD. Boyer and J. Preiss, Biochem. Biophys. Res. Comm., 80 (1978) 169-175. 
8 CD. Boyer and I. Preiss, Carbohydr. Res., 61 (1978) 321-334. 
9 T. Baba, Y. Arai, T. Ono, A. Munakata, H. Yamaguchi, and T. Itoh, Carbohydr. Rex, 107 (1982) 

215-230. 
10 M.B. Fisher and C.D. Boyer, PIant Physiol., 72 (1983) 813-816. 

11 B.K. Singh and J. Preiss, Plant Physiol., 79 (1985) 34-40. 
12 B. Brown and D.H. Brown, Methods Enzymol.. 8 (1966) 395-403. 

13 S. Hizukuri, Y. Takeda, M. Yasuda, and A. Suzuki, Carbohydr. Rex, 94 (1981) 205-213. 
14 A. Suzuki, Y. Takeda, and S. Hizukuri, Denpun Kagaku, 32 (1985) 205-212. 
15 K. Yokobayashi, H. Akai, T. Sugimoto, M. Hirano, K. Sugimoto and T. Harada, Biochim. Biophys. 

Acra, 293 (1973) 197-202. 

16 Y. Takeda, T. Shitaozono, and S. Hizukuri, Carbohydr. Rex, 199 (1990) 207-214. 

17 Y. Takeda, N. Maruta, and S. Hizukuri, Curbohydr. Rex, 227 (1992) 113-120. 
18 A. Suzuki, S. Hizukuri, and Y. Takeda, Cereal Chem., 58 (1981) 286-290. 

19 Y. Takeda. K. Shirasaka, and S. Hizukuri, Curbohydr. Res., 132 (1984) 83-92. 
20 M. Dubois, K.A. Gilles, J.K. Hamilton, P.A. Roberts, and F. Smith, Anal. Chem., 28 (19.56) 

350-356. 

21 C. Takeda, Y. Takeda, and S. Hizukuri, Cereal Chem., 60 (1983) 212-216. 

22 M. Somogyi, J. Biol. Chem., 195 (1952) 19-23. 

23 N. Nelson, J. Biol. Chem., 153 (1944) 375-380. 

24 J. Larner, Methods Enzymol., 1 (1955) 222-225. 

25 C. Krisman, D.S. Tolmasky, and S. Raffo, Anal. Biochem., 147 (1985) 491-496. 
26 C.T. Cori and J. Larner, J. Biol. Chem., 188 (1951) 17-29. 

27 D.J. Manners, J.J.M. Rowe, and K.L. Rowe, Carbohydr. Res., 8 (1968) 72-81. 
28 Y. Takeda, S. Hizukuri, C. Takeda, and A. Suzuki, Curbohydr. Res., 165 (1987) 139-145. 
29 S. Hizukuri, T. Kaneko, and Y. Takeda, B&him. Biophys, Acta, 760 (1983) 188-191. 

30 C. Takeda, Y. Takeda, and S. Hizukuri, Denpun Kagaku, 37 (1990) 196. 
31 Y. Takeda, T. Shitaozono, and S. Hizukuri, Staerke, 40 (1988) 51-54. 

32 K. Ikawa, D.V. Glover, Y. Sugimoto, and H. Fuwa, Carbohydr. Res., 61 (1979) 211-216. 


