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Enzymatic hydrolysis of sago starch
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Varous enzyme hydrodysis procedures were employed i this study. A kinetic
medel prosents sago strch hydrelvsis by Baeiflne Schenffermic a-amylese
(Tertumy] 12000, Baciffuy sobrilie G-plucanase (Cerelo 2000 and by Sacillns
pullufanase (Promogzyeme 2000 w1 temperatures of 050 and 6070 and substrale
concentration of |50 salxds. Quantitation of pH. temperatore and cnzyme
dosage i different combingtions wos used inostandasd stanstica] Jechnigucs
af experimemal design and dita analvsis Detemiination of the degree of
heedrolysis was bosed on lreezing point depression camometey. high-performance
sizeexchesion  chrommiogrophy (HPSEC)  differental  scanning  culodmelry
(DS and Xeray dilTraction methods, Computer implementition of the mode
allows graphical evaloation snd predicien in amprovement of the conditions of
cnzyme bvdralvsis of soga-restsiant surch Liguelvction and saccharification of
sago starch were performed 10 establish the optimum conditans af eneymatic
hvdrolyvsis in comparisan. with orher starches, By ircaiment resulied inoa
devresse in the degree of ervaallinity af all fJiydrolysed siorch samples. C-ivpe
erystuls compleely disappeared ar 1007C

INTRODUCTION

Enzyme hydrolvsis ol potata, sweel potito and cassava
starches and other sturches with thermostable cndlo-
amylase has heen deseribed in many rescarch mvestiss.
tons (Callanl ¢f wl, 19820 Ostergaard. 1982 Kanwara
& M, 1983 France of ol 1987 Ahraham e
al.. 1988 Nebesny, W89 Gornstenn & L, 1992
Crornstezn, 1993) Some of these studies used combing-
tiens of e-umylase with debranching enzymes. such as
pullulanage und amyloglucosiduse alter achieving the
liuelaction stage for saccharileation {Lorenz & Kuolp,
1952 Osergaard, 1982 Npvae er ol |984: Atkins
& Kenedy., 9830 Slominska & Maczynski, 1985;
Fumihide er o, 1987; Pravhyl & Sueicr, | #88), The lic
that starch Teom different sources has proved accept-
able Tor an enzyme hydrolysis process in the produc:
tion ol glocose sugeests the possitality of applying
a mere efficenm techaology. for new starch sources,
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such as sugo sturch tAlagarataam. 1977; Baker, i930).
soeme preliminary kinetie siudies on starch enzymatic
hydrolysis werg conducted in our provious investims-
flons (Ciorinsten, 1986; Govindasamy, o ol 1992;
Goringteip, 1993 The conversion of cassavy and
ootato sturches and other starches mig ethunol b
attracted  the attenbion o many  researchers world-
wide (Smkuanta ei ool (989, bul few zmong them
have haen interested in rhe saccharide produsts. Conse-
quently. an anempt was made 10 develop a process
For sago sturch hvdrolysis lor plucose production. The
raw sago starch emplioved in our stndies diffiers in
chemicil composition and physical properties Trom
patily, dssava el amaranth starches with respeet
Far, niiroaen and carbohvdraule conlents, selutinization
temperature. swelling power, solubility, water-hinding
capacity and amyiograph consistency  (Gonnsiein &
Lii, 1992: Govindasamy, of af. 1992% Therefore ow
new approach ineluded {a) investigating the sunability
ol sugo starch lor the production of glucose and (b)
estublishing the optimum conditions Fer eneyalic
ydralvsis of enyme-resistant sapo stateh.
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MATERIALS AND METHODS

Commercial  sago  starch  was  purchased  from
Wahchang Sturch Products PTE Ltd, Singapore. The
following enzymes were used in this study, Termamyl
120L., a thermostable bacierial w-amylase Trom Sooilfus
ficheniformis, acuvity 120 KNU/g Cereflo 200L, 2
bacterial F-sloconase Trom  Bocifies subiilis, activity
00 BGWe and Promozyme 200L, & pullulanase
rom a novel specics of Baviflus, activity 200 PUN/g
produced by MNove-Industria’s, Denmark. Omne  kilo
Movo g-amylase unit (1 KNUY @5 the amount of
enzyme which breaks down 5.26 g starch per hour, One
frglucanase unmit (BGUY 45 the amounl of enzyme
which, under standard conditions, degrades barley -
glucan 1o reducing carbohydrles wilh o reduction
power corresponding (o | pmol glucose per minute
Ue pallulanuse unit Nove (PUN) is defined as the
amount of enzyme wiich, under standiard conditions,
bydeolyses puilulan, liberating reducing carbohydrawe
with a reduemy power eguivalent to 1 pmol glucose
per minute, Amvloglucosidase lrom dsperaiflz niner,
aclivily SOHH-8000 units/m] was purchased Irom Sigma
Chemical Co

The starch samples were processed according 1o the
methods of Franco ef ol (1987), Nebesny (1989) and
Sievert und Pamerane (1990) with some changes and
modificutions ol conditions of starch hydrolysis and
enzvmes The following methods for starch hydeolysis
were compared:

Metlod 1. 159 (wiw of sago starch was mixed with
L1 M acetate buffer at pH &, contaimng 30 ppm
Ca~ tens and 00179 (whwd ol Termamyl 1200, The
reaction mixture was kepl al 90°C for 3 min. Then the
temperature wis lowered o 60°C far 2 min,

Method 2. Samples ware treated as described under
method |, bue after 35 min (5 minat S0°C and 30 min
at 60°C) 0.2% {wiw) of Cereflo 2001 wus added,

Mathod 3. Samples were treated as described wnder
method 2. bul after 33 min (8% (wew) of Promozyme
2000 was added.

Methad 4, Samples were Irsated as descrbed under
method 2.0 but after 35 mun 0,2% (wiw) Cereflo 2001
and 0.4% (wiw) Promozyme 2000 were added.

Methad 3. Samples were Ireated us deseribed under
miethod 4. but after 45 min (13 min at 20°C and 30 min
at 60°C) 0.2% (wiw) Cereflo 2001 and 0.4% {wiw)
Promozyme Z00L were added.

In each of the five methods the resciion continued
foe 5 1 oafter the addinon of the enzymes. Subsirates
collected from sumples undergomg each of the five
methods were saccharified with amyloglucosidase al
A05C for 30 min at pH 4.5,

The equipment, previously described by Henderson
and Teague (1988). and modified 1o fit our special
needs for determining the optimal conditions of starch
nydrolysis for the Bve methods shown here consist of a
|-ljtre reaction vassel (Exelo, Umited Scientific Co
(=0 FoUs)y with a Mar lange hid, five necks F9273

Tahle 1. Values assipned (o process variables

Process varjahles Coded lavel

. — i [ | G
X pH 4.3 34 55 a0 68
X [Promozyig), wiw (105 025 0435 065 0ES
X5 [Cerefio),wiw AR 015 D25 033 043

and a coil condenser 1926, joint C1E1 and stirrer
SS2 (Stuan Scientitic, UK). Heat was supplied by a
digital hot plate enclosed in & sand bath (Model 721-2;
PMC Indusiries Inc., LISA). The temperature was de-
termined with a platinum probe. and pH was maasured
with i pH probe. Samples were taken from one of
the necks using a pipetie. Smull-guantity substrate
experiments were carried out in fasks, using the same
conditions s in the sealed reaction vessel, Dunng the
incubation period. the dispersions were kepl in motion
in & rotatory stuker a1 200 reviming Perlodically, the
incubated starch dispersions were removed after the
first 15 min and then at mteevals of 20 min during the
3,50 pof teaction. Later. the reaction hydrolvsates were
removed, (rocred, (reeze-dried pnd pussed threogh a
fitl-mesh scree.

The trearments for delermimation of the paramelers
ivalved in the enzyvmate degradation of saga starch
by the five methods are given in Table 1. Concentration
of Termamyl O [4atww), temperature 90°C Tor 15 min
and 60°C far 3.5 h and [3% dry substance (starch)
were kept constunl during all 18 experiments. Thess
represent o three-variable, fve-level central composite
(Tuhle 2) responze-surface methodology design, de-
scribed by Cochran jnd Cox (1957),

Runges [or independent variables were determined
from the mitial experimentul trial. Stavsical caleula-
tion was wchieved using a microcomputer (Toshiba T
i6l0)  emploving  statisueal  package  Statgraphics
(Stanstical Graphics Corporation. USA). Stepwise re-
eression (Forward and backward) using o lesst-sguares
it procedurs was perlomed on the dat (Box o af,
1978). Significant variables (p = {L003) were graphically
displuyed by response—surface plotling using sccond-
order polynomial functions. The extent of the deprada-
tion of the sturch granules was determined by the per-
centage of hydrolysis through dexirose equivalent (DE)
values using an osmometry method ol Fitton (1979).

Osmolalities (mOs/ke, where mOs 15 milli osmality)
of hydrolysed samples were detected with a calibrated
osmometer [(Model 3004 from Prectsion Svstem [ne., 16
Tech. Cirele Matick MA, USA) using wriplicate aliguots
of 30pl. Instrument readings of molar concenlration of
glucose and glucose polymers at 13% dry substance
(DS were plotted against the DE previously caleulited
on a dry weight basis. The theoretical DE values
were as follows: D-glucose (100); maliose (32,6} malto-
triose  (35.7): maltoletraose {270k mallopeniaose
(207 maliohexuose (19.2) and maltoheptaose (16,1).
Then. sampie DE was defined from the swndird
curve. This orocedure pave corresponding dextrose
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Table 2. Composite design employed i study

Imdependent varuhles

Drependent variables

H Promozyme] [Cereflo] Solubility
& i X: (¥
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Oligosaccharide HPLC {%4) Enthalpy
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47-3 373 1540 el
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478 15 171 077
100 - 159
4t-4 Ll 144 1§84
— =00 200 234
=3 U6 204 2%
= T 20-8 335
— L0y — =
2040 802 — 071
70 214 263
— 795 20-3 1-43
— &7 124 183

cquivalent valugz of [3-25% dry substance (Fitton.
1979 Henderson & Teague, [98E) MNo correction was
mude for ash, but the readings for the standard curve
were done vsing the acetme hulfer with 30 ppm Ca®
under the same conditions uas the experiment. Dry sub-
stance of hvdrolysed samples was determined by [rooze-
dryving, For samples not at 13% DS, a correction of
(.09 DE was subtracted {added) Tor cach DS percent-
age paint over (helow) | 5% DS,

Carbohydrawes  were . determined by the  phenol-
sulphuric aoid method (Dubois o0 al, 1956) The
solubility of hydrolyvsed samples was calculated on dry
weight of substance, The oliposacchunde profile was
ahtained by HPLEC apalysis (Waters HPLC System
with Waters 712 WISF nmosampler) on three Ultra-
hydrogel MBSEC columns, wsing H.O as eluent al o
flow rate of 0.5 mlmin with an RI delector. The
calumns were connected 1 series and mcluded bwio
LHira-hydrogel 1240 columns and an Ultra-hydroee]
linear column, Columa and detector temperatures wers
417 imeetion volume wis 50 gl The calibration of
oligosuccharides way mede from Gl to G7. A differen-
tizl scanning calorimeter {Perkin-Clmer D50 7) was
used 1o determine the pelatinizaton tempesature of
the starches, A 60 starch suspension was prepared.
Samples of 4 mi were hermetically sealed in aluminium
pans and heated ram 20°C Lo LINPC at race 10°Cnzin,
greording to the method of Chinechaly e of (1990),

X-ray diffructograms of rew and hydredysed starches
were recorded by e Ripaku (MAX-IIA. Rizuku
Keisoku Co., Lid, Japant powder X-ray diffructometer
decerding 1o Hizukuri's (1978) method. The X-ray,
Cuka irradiation wus performed with a monochro-
meter. The operating condilions were: voltage. 35 kV;
current, 15 mA; seanming speed, 6°Crmin; chart speed,
T ommymin: and ome constanl. @ < Samples  were

densely pucked on wogluss plate using an aluminium
frame. Values of intensity were read fTtom the curves
over the angular rmoge 4-30°7, which mehudes most of
the crystalline peaks. The de-spacings were computed by
Brages luw from 4 = Idand, where A s the wavelenath
of the X-ray beam (= 1.5405 A)_  is the spacing be-
tween the unit cell edues of the crvstal being studied,
and # is the angle of diffrction,

RESULTS AND DISCUSSHON

Figeoe | shows the effect of enzyme concentralion in
ditferent combinations on dexurose eguivalent during
hydrolysis of sago starch (DE versus time} The lowest
hydrolvsis extent was observed when onby Termamyl

13

T T T T

i T T T T . T
L 178 ILF it 08
Tima of hydralysls (min)

Fig. 1. Effect of diferent enzyme dosages on dexlrose equiv-
alent (T¥E) during sapo starch hydrolvsis. [ 0.0% Ter-
mamvi—meothad 1; @ 0% Termamyl and 0.2% Cereflo—
method 2: 8 0.5 Termamyl and 04% Promozyme—method
30 0 Termamyt, 0.2% Cereflo and 4% Promoaorzyme
methad 40 & 0% Termamyl, 2% Cerefle and  D4%
Promozviie—miethod 5
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Tabie Y. Significant terms In vegeession analysis

[Cereflu] < (03
[Cercflo) < (03

pH < (.01

pH* = 00l

[Cerefle] = pH < 003

For TOE wverall modet, p < 0401, £ =773

wis used. The combination of Termamyl and Cereflo
resulled in a higher degree of hydiolysis than that of
Termamyl and  Promowyme. The combination  of
Termamyl, Cereflo and Promezyme provided higher
hvdrolysis thun that of Termamyl and Cereflo, The
hvdrolysis rate reached pructically a plateau rewion
after 180 min,

These results are in agreement with thoss of Rebyl
arid Whelan (1965, Ishibarg o5 af (JUED) and Grillin
and Brooks (198491 Tahle 3 summarises the sigmificans
linear quadratic and interactive effects of the process
variithles on the dependent vamables, DE and pH
are the major contribwiors m the hyvdrolysed sturch
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samples, and Cereflo  concentration  significantly
affected DE. The [ollowmg regression cqualion was
derived.

DE =220 — [L30X, + L.1TX,
=040X; — 1 18X3 + 0.39X X,

Overall B was compirasively low (77, 5%) suggesting
that the varinbles emploved did not fully aceount for
the dependent variable {DE), Examination of the re-
sponse-surface (Figs 2 and 3} suggests that u high DE
praduct could be obtained at a Cereflo concentration
of 0.%6% and pH 5.9

A mixed enzyme syslem contaiping  Promozyvine
and Cereflo produced hydrolvsis mixiures with the
highest [DE. Optimal conditioms [or this misture were
delermined using response—surface methodology. 1L
wis decided, on the basis of the narrow lemperalure
ranga 1 which the enzymes could reasonably function
and their overlupping optimal lemperatures (Novo
Erneymes,  1984), that the incubalion temperature
should be 60°C, DE 12 a convenient indicator of the
exwent ol Jiguelaction. but hitle mformunion on solu-

Ano0 STaACH HYDRDLYELS
bE

Fig. 2. Threedimenstonal preseatation of the model. showing pH and enzvme cancenlralicn,
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Fig. 5. Presentation of the model, showing pH and enzyme concentracon

hilization and oligosaccharide profile of the soluble
material can be found in the hierature or hy experi-
ment. Hydrolysed sampies were subsequently snalysed
to understand the nuture of 1he soluble and msoluble
lractions. Percentage selubilitv, oligosaccharde profiles
of the soluble malerwl aad  ditferential  scanning
calorimetey. (DSC) wunalysis of the hydrolyvsis mixiures
are presentad in Table 2,

Lt is apparent that, in all cases. the muzerial was well
solubilised (71.3-82.5%) which compares with 897
solubility of suge starch liguelied only with Termamyl,
The soluble material for most samples contained only
(G5 or G3 and 7 oligosacchurides. Sago sturch
hvdrolvsed with Termamy] alone gave a final product
composed  mainty o Gl G medwm and  Togh
molecular weight matenal but low o G3, G5, G7 and
GY (Govindasamy ef of., 19923,

The oligosgechande prodile of Termamyl-hydrolysed
materizl is i keeping with thar of a highly branched
structure (Sindstedt & Ueda, 1969 Atkins & Kennedy,
19831, The suggestion by high-performance size-exclu-

sion chromatography (HPSEC) and supported by D8O
thit the highor molectfor weight material s abseat
and the presence ol the preferred products G3 and 67
emphasize the uselulness of Promozyme in debranching
the strocture, Abthough the concentration of this
enzvme would seem ot Lo be significant, 101s apparent
that it should be present. Two experiments were based
om the assumption that Promozyme concentration s
held at its centre point (L4 5%) with an optimunm con-
centration of Cereflo ol 11.35%, Therefore, the first ex-
periment was carred cul with Promozyme and Cereflo
and the second without Promozyme, The experiment
with Promozyme and Cereflo showed o higher DE
(2£2) than that withoul Promozvie (2006), which is
consistent with the resulis of Lorenz and Kulp (1982),
Arkins and Kennedy [1983). Slommska and Maczynski
(1985} and Fumhide e af, (19870 11 s interesting o
note that some samples which comtamed significant
amounts of G3. had been hydrolvsed by high levels of
Cereflo, Furthermore, the enthalpies of dissociation of
non-hydrolysed Iractions in these mixtures were signifi-
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Temparaturms ("C)

Fig. 4. Dependence of the dextrose equivalent of the starch
solutton dunng hyvdrolysis ai different temperatares,

cuntty lower than with reachion muxiures conlainmg
tow concemeations of Cerello, Unexpectedly. the amount
of soluble matenal In these mixtures wus the sume as
the arher samples; therefore the low enthalpies are not
the result ol low amounts of non-soluble material. This
sugpests that oz maetenal s strocturally  different,
Further werk is being carpied our 1o understand the
structire of the insoluble materiai of the dilferent
systems. The enthalpicy of |l hydralyeed sumples were
bwer than that of raw sago starch {232 Ka) The
enthalpies of sego-hydrolysed samples were siniar 1o
thar of cassava-nydrolysed samples (Gonnsigin & Lii,
1U92]. Some of the DSC results ure similar ro those of
Wooiton and Bumunuvarachehd (1980, Donovan ef al.
L1983 and Siever! and Pomeranz (19900

Resression doalvsis suggested that variable {actors
wlueh had not been included in the nvestigation woere
necossary {or the determmation of optimal conditions.
The effects of different incubation wmperatures were
tharefore investignted, The highes! dearee of hydrolysis
wis gt 70°C (Fig, 4).

Figure 5 shows the X-ray patierns for raw starches
and three enzvmaneally treated starches The raw sago
starch sumples gave type-C patterns similar 1o cussava.
The strongest peaks in sumple A were [ocated between
15 and 247 with the & spacing corresponding o 5,84,
520, 494 and 3.78 AL Samples wh, ¢, d, ¢ and T had
only ane broad peak, between 400 and 4.67 A, The
trsatment with thermostable c-amylase at 100°C clearly
destroved the crvstatlinily of cassava sturch. Samples of
cassava starch tremied with e-amylase and amyloaly.
cosidase had only one broad peak between 390 and
487 A (Gorinsein & Lii. 1992), Cassava and sago
starches  displaved  wvery  similar  X-ray  dillraction
patrerns, characterized as type O, 4% was shown m our
previows resulle (Gorinstein & Lit, 1992), The highest
percenbage of  hydrolvais was  obtaned  using 1he
bacterial thermostable g-umylase and amyloglucosiduse
which is in agreement with oiher mvestigutors (Gallant
et al. 1982 Franco et ol 1987). Enzymatic attack
prebably oceurred thronghout the amorphous granulur
areas: therefore sample © was completely amorphous,

Dilfractlon Imensity

Mf

4 o Y 1]

281

Fig. 3, Meray diffraction patterns of sapo sirch wirh diflereny
hyvdralysis treatments, A, cow Lydrolysed starch samples
with fal 0:0% Termamyl, 0.25% Promozyme, O 5% Ceredlo,
pll 560 (b} 015 Termomyl, U23% Promoeyme, (0.35%
Cereflo. pH 64 (eh 0% Termumyl, (L6390 Promozyme,
0.353% Cereflo, pH 600 (d} 0L.1% Termamyl, 045 Mro-
moevme, 0.25% Corello; pH 3.5, (e) 0.0% Termamy], pH 6
10 B35 Ceteflo, prE &)

Even samples treated only with thermasiable aamylase
appearad  largely morphous. The effectiveness  of
cnzymes o reducing the crystallinity  Tollowed  the
order: Termamyl = Cereflo = Promozyme.

Liguefaction of sago starch with Termamyl alone
gave products which contained high moijecular weight
material and which had lfew overafl solubility. Such
products dre not good subsirates for amyloglucosidase;
therefore low yields of glucose can be expected (T0%)
while the liquefied products using the mised apzyme
system proposed in this study would be suitable sub-
strales for amyloglucosidasc.
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