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ABSTRACT 

The speclficlty of sweet-potato beta-amylase m the wcmlty of the phosphate 
ester groups was studled by determmmg the structures of the phosphorylated ohgo- 
saccharides (alpha-phosphodextrm and beta-hmit-alpha-phosphodextrm) formed by 
Its action on potato starch The beta-lmut-alpha-phosphodextrm was separated by 

chromatography on Dowex-I (HCOO-) resm into three fractions that iieere dlstm- 
gulshable by the d p and by the ratlo of D-glucose 6-phosphate residues to total 

organic phosphate Each fraction contained linear molecules havmg one phosphate 
ester group that was not located at the reducing or non-reducing terminals The 

smallest phosphode\trm was 6’-phosphorylmaltotrlose It was deduced that beta- 
amylase hydrolysed (1+4)-r-~ Imkages from the non-reducmg end until one or two 
II-glucosyl residues remained attached to the phosphorylated residue, dependmg on 
whether there was orlgmally an odd or even number of glucosyl residues on the non- 

reducing side of the phosphorylated residue 

It was established by Meyer et nf ’ and confirmed by Schoch’ that the phosphate 
ester groups present m potato starch are mamly attached to the amylopectm com- 

ponent The phosphate groups of amylopectm protect (1+4)-z-D-glucosIdlc lmkages 
m their wclmtles from the action of various amylases, m a manner slmllar to that of 

(1+6)-z branch-lmkages Therefore, phosphorylated olqosaccharldes can be 
prepared by the hydrolysis of potato starch with alpha-amylase Postemak3 Isolated 

phosphorylated maltotetraose after exhaustive hydrolysis of potato starch wth 
pancreatic alpha-amylase The same product ivas obtained when sahvary alpha- 
amylase was used’, and It was suggested that the phosphate groups were attached to 

the thn-d D-glucosyl residue from the reducmg end of the tetraose McBurney et al ’ 

Isolated a senes of phosphomalto-ohgosaccharldes, from tn- to penta-sacchande, by 

*Studies on Starch Phosphate Part 4 
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exhaustive hydrolysis of potato amylcpectm with sahvary alpha-amylase We have 
shown6 that the phospho-ohgosaccharldes obtamed by exhaustive hydrolysis of potato 

starch with glucoamylase had d p 2-7, and that each contamed one phosphate group 
The maJor portlon of the phosphate m the smaller phospho-ohgosaccharrldes was 
located at C-6 of a D-gIucosy1 residue (I e , P-6), %vhereas that m the larger molecules 
was located’ at C-3 (I e , P-3) Both for research and mdustrlal purposes, It IS 
important to determine the speclficitles of actlon of val~ous amylases m the vlcmlty 
of the phosphorqlated residues m starch and the structure of the resultmg phospho- 

ohgosaccharldes 
We now report on the specxficlty of actlon of sweet-potato beta-amylase m the 

vlcmlty of the phosphate groups m a phosphodextrm prepared from potato starch by 
a near-hmlt h]drolysls \\lth B mbtrhs alpha-amylase 

MATERIALS AND METHODS 

Prepat ation of alpha-plrosplzodex tt d - A suspension of commercIa1 potato 
starch (200 g) rn 0 Im\r CaCI, (3 I, DH 6 5) contamm g crystailme B szrbth alpha- 
amylase (4 mg) was heated to SO” and then cooled to 45” alpha-Amylase (I 6 mg) u as 
added, and the solution was Incubated at 45” for 24 h until the Increase of reducmg 
power had almost ceased The h] di ol> SIS M as termmated by elevation of the temper- 
ature to 100’ for 15 mm and the resultmg preclpltate was removed by centrlfugatlon 

The supernatant, from ~~1~~1~ the 11p1d.s were extracted \\Ith &ethyl ether (0 5 vol ), 

was apphed to d column (0 7 x 7 cm) of DEAE-Sephadex (Cl- form) Neutral sugars 
\\eere eluted wclth dlstliled water and phosphodextrms \\Ith 0 01~ HCI contammg 
0 3~ NaCl The Iatter eluate \\as neutrahsed to pH 5-7 \\lth dilute so&urn hydrollde 
and then lyophked to ~ILC the phosphode\trm (I-PD) \\hlch IS a near-hmlt deltrm 

The reducmg po\\er of Y-PD was Increased by 90Yb on mcubatlon for 4 h \\~th large 
amounts of cr)stallme alpha-amylase (2 5” ‘0 of rr-PD) and yreIded the alpha-lnmt 
phosphode\trm that nas not further attached by beta-amyiase 

PI epat atroil uml c/u omatogt apI of beta-lrnlrt-alpha-p/lospllotle\ tt MI - A 
solution of z-PD (I 76 g) m 0 02~ acetate buffer (25 ml, pH 4 S) was Incubated at 37” 
for 5 h \\Ith crqstallme SN eet-potato beta-amylase (2 mg) The reactlon M as terminated 
by heatmg the mllture m a bolhng \\ater bath for 10 lnm The coagulated protem 

\ias removed by centnfugatlon To the supernatant, 99 ?G ethanol (5 vol ) was added 
and the m:\ture was centnfuged to give beta-hmn--l-PD, which \kas i~aashed IN Ice 
with 90% ethanol The product was not hydrolysed further on mcubatlon for 4 h 
with large amounts of beta-amyiase 

An aqueous soIutlon of beta-hmlt-z-PD (445 mg) was apphed to a column 

(0 S x 13 cm) of Do\bex-1 XS (HCOO-) resm which was washed thoroughly \\lth 
dlstrlled \\ater to remove neutral sugars Elutlon ulth a lmear gra&ent of formic acid 
up to 0 2.5~ (total volume, 320 ml) then gave the fractions F-l-F-3 shown m Fig 1, 

based on the carbohydrate content and ratlo of 6-phosphate to total organic 
phosphate 
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It-F-1 -F-Z--y icF- 3-d 

Fraction No 

025 
~coH(M) 

FIN I Chromatogram of beta-hmlr-z-PD on Dower-1 ~8 (HCOO-) resin -o-- carbohldratc as 
glucose (lcmol/ml) -0- 6-phosphate (P-6)/orgamc phosphate (P-O) (%) -7 d P per 
rrduung end, ------, d p per phosphate 

Assq s - D-GlucoSe 6-phosphate, inorganic phosphate (P,), gIucose, reducmg 
srlgars, and total carbohydrates ~leere assayed by the methods described prewously6-8 

The non-reducmg ends of phosphodevtrms were determined by assaying, \\lth 
a glycerohnase-NAD-dependent gl>cerophosphate dehj drogenase system ihe 
glycerol produced by Smith degradatIong 

Glycerol phosphate dehydrogenase, glycerohmase, D-glucose 6-phosphate 

dehydrogenase, acrd phosphatase grade 1 (potato), and alhalme phosphatnse (degree 

of purity 1) i\eere obtamed from Boehrmger Crystallme alpha-amylase (Bmlhr 

sw!ml~~~ lias a gift from Nagase Sangyo Crystallme sii eet-potato beta-amj Idse was 
prepared by the method described prek l0us1y’~ 

RESULTS AND DISCUSSION 

The d p of alpha-phosphodextrrn (r-PD) \I as found to be 6 35 b> determmatlon 
ofthe reducmg and non-reducing ends and the phosphate content as shop n m Tzblr: I, 
and z-PD was concluded to contam hnear molecules each havmg one phosphate ester 
The smallest molecule formed on dephosphorylatlon of z-I’D \\as maltotetraose 

(Fig 2), although the major products ~~eere maltopento,tose, maltohexaose, and 

maltoheptaose LX-PD IS probably also heterogeneous m the location of the phosphate 
group The possible structure of the phosphomaltopentaose and the phosphomalto- 
hexaose 1s &scussed below 

The data In Fig 1 show that the beta-lmut-rr-PD contams molecules of various 
sizes The phosphorus contents of fractions F-l, F-2, and F-3 were 20, 28, and 52% 
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Rg 2 Paper chromdtogram of dephosphorylated z-PD and betAmlt-z-PD, phosphodeltrm 
(-1 Lrmol) NIBS Incubated \\lth I 5 umts of alkahne phosph&tse dt 37- for 15 h m 0 1x1 ethanolamme- 
HCI buffer (100 pl, pH IO 0) contammg rntf MgC12 ,md m\! ZnC12 A pornon (5~11, -5O[lg 1s 
glucose) of this Incubate \\.Is subjected to descendmg p c (3 developments) on To>oroshI No 51 
paper wth I-propmoi-water (7 3) dt room temperature .md detectlon l\lth &.alme sdrer mtntr’ ’ 
.tfter dlbestIon u Ith glucoamylase ’ 2 

0 6 12 18 24 

Time (h) 

Fig 3 Llberatlop of morgamc phosphate (Pi) from F-3, phosphodextrm (2 pmol) m 0 05~ cttrak 
buffer (pY 5 9) \\as hydrolysed \\\rth 1 2 umts of Acid phosphatase -o-- F-3 -0--, Glc-6-P 
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respectively, and the correspondmg d p values were 6 7, 5 1, and 3 2 Each fraction 
contained one phosphate group per reducmg or non-reducmg end (Table I) Fraction 
F-3 was detected by hydrolysis wth acid phosphatase, whxh almost quantltatwely 

released the phosphate dunng 24 h, although the rate was much lower than that for 

D-glucose 6-phosphate (Fig 3), and maltotrlose and a trace of maltotetraose were 
formed 

TABLE I 

STRUCTURAL AhALbSES OF BETA-LIStIT-ALPHA-PHOSPHODEXTKlhS 

Ntrnrber of D-g[tlCOSC resrdues 

Redmrng end howredrrcmg cod P-O” 
(rlrol/J?lol) 

P-6/P-O” 

(X) 

z-PD 6 25 6 28 6 21 67 0 

b&l-Limit-x-PD 5 20 5 43 5 27 G9 0 

F-l 6 70 6 78 6 88 4’ 2 

F-2 5 I0 5 26 5 18 65 4 

F-3 3 21 3 38 3 26 99 4 

“P-O organic phosphate, P-6 6-phosphate 

TABLE II 

\IELDS OF D-GLUCOSE A\D D-GLIJCOSE 6-PHOSPH4TE FRO\! PHOSPHODt\TRI\S II! 

ACID HYDROLkSIS BEFORE -\\D AFTER REDUCTIO\” 

GIG Gfc-6-P 

(nroIJ~~rol of de I rrrn) 

Z-PD 5 55 
Reduced x-PD 4 su 
F-l 6 OS 
Rtduced F-l 5 IO 

F-2 4 07 

R~duwd F-2 3 07 

F-3 3 ‘0 __ 
Rcductd F-3 I IS 

0 6: 

0 65 

0 41 
O-12 

0 65 
0 65 

0 9s 
0 97 

“PIxosphode\trm (i-1 5 jrmol) \\‘Is reduced \ Ith 20 irmol ofsodmm borohjdrtde at room temperature 
funrd no reducmg po\\er N is detected) lnd then h\drol>sed \\Ith 0 7x1 HCI for 4 h 

Acid hydrolysis of beta-IImIt-x-PD, before and after reduction wth sodnml 
borohydnde, gave the same amount of o-glucose 6-phosphate (Table II), m&catmg 

hat the phosphate group was not located at the reducmg termmal 
Smith degradation of a-PD and fractions F-I, F-2, and F-3 gave glycerol (0 16, 

0 15, 0 19, and 0 30 mol/mol of total carbohydrate as glucose, respectwely), but no 
L-glycerol 3-phosphate Smce 70% of L-glycerol 3-phosphate survwes the condltlons 
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of acrd hydrolyses mvolved m Smith degradatron, the foregomg results unply that no 
phosphate was located at the non-reducmg terminal residues It follows that HO-6 
of the mldcile D-glucosyl residue of the smallest phosphodextrm, F-3, must be 
estenfied, I e , F-3 IS 62-phosphoryl maltotnose 

The proportions of P-6 m F-l, F-2, and F-3 were 42 2, 65 4, and 99 4%, 
respectwely The findmg that the fractron (F-3) of smallest molecular werght had the 
lowest proportron of P-3 IS consrstent with the observatrons on phospho-ohgo- 
saccharrde obtamed by the hydrolyses of potato starch with glucoamylase6, and 
suggests that P-3 has a bagger obstructwe effect than does P-6 on the action of alpha- 
and beta-amylase and glucoamylase 

The mam components of a-PD are maltopentaose, maltohexaose, and malto- 
heptaose, and those of beta-hmrt-r-PD are maltotrrose, maltotetraose, and malto- 
pentaose, suggestmg that phosphomaltotrrose and phosphomaltotetraose of beta- 
hnut-r-PD are dewed from phosphomaltopentaose and phosphomaltohexaose of 
a-PD, respectrvely 

Of the five possrble structures of phosphomaltopentaose (V) only V-2, V-3, and 
V-4 need to be consrdered (the arabrc numeral mchcates the D-glUCOSy1 residue that IS 
phosphorylated u-r relatron to the reducmg end, wluch IS resrdue I), smce no phosphate 
IS attached to the termmal resrdues 6’-Phosphorylmaltotrrose 1s the only maltotrrose 
present m the beta-lrmrt-rr-PD, and no beta-hmrt-cr-PD IS further hydrolysed by beta- 
amylase These facts Imply that the beta-amylase cleaves V-2 at lmkage B m Frg 4, 
and does not cleave V-3 at lmkage A or V-4 at lmkage A rf V-3 and V-4 are present 
Srmrlarly, beta-amylase attacks phosphohexasaccharrde, and possrbly produces only 
phosphomaltotetraoses IV-2 and IV-3, phosphomaltohexaoses VI-2 and VI-3 are 
possrbly present m z-PD, but VI-1 and VI-6 are absent and VI-4 and VI-5 are not 
hydrolysed if they are present, since no product contams a phosphorylated non- 
reducmg end-group Thus, It is deduced that beta-amylase hydrolyses the (1+4)-x-~ 
Imkages from the non-reducmg end untrl one or two D-glucosyl resrdues remam 
attached to the P-6 phosphorylated resrdue, dependmg on whether there was orrgrnally 

FIN 4 Hydrolyses of (I-+-x-u-glucosldlc bonds of starch m the wcnuty of D-glucose &phosphate 
residues (P-6) by succeswe actlons of aIpha- and beta-amylase, and the formatIon of 6’-phosphoryl- 
maltotrlose 0, D-ghLOSYI restdue, (21, reducmg-end D-glucose, x, first attack wth alpha-amylase. 
fl second attach \\~tb beta-amylase 
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P-6 P-6 

o-ozl P-6 

FIN 5 Possible mechamsms for the formation of phosphomaltotetraose by SUCLCSSIV~ xtlons of 
alpha-amylase and beta-amylase see FIN 4, for hey to s)mboIs 

an odd or even number of D-g~ucosy~ rexdues on the non-reducing side of the 
phosphorylated residue 

The cleavage of The phospho-ohgosaccharlde by sweet-potato beta-amyiase at 
B and T m FIN 5 accords wth the actlon on branched ol~,oosacchnndes hnwng 2 
maltosyl or maltotrlosyl stub’ 3, but It differs from the actlon on branched ohgo- 
sxcharldes havmg a D-glucosyl stub at an adJacent (I +3)-Y-D Imhage on the non- 

reducmg side of the branch pomtla Thrs result suggests that, probably due to Its 

lomc nature, the phosphate group of phospho-oilgosaccharldes has a bigger blochmg 
effect on beta-amylase than does the E-glucosyl stub of the branched ohgosacchande> 

6’-Phosphorylmaltotr~ose IS one of the maln components of beta-hmlt-r-PD 
mdlcatlng that the nearest lmkage to the location of ester phosphate that IS attached 

by B szzbfr/zJ alpha-amyiase IS lmbage B m starch (Figs 4 and 5) 
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