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CHAPTER 1

INTRODUCTION

1.1 The 4-a-glucanotransferase (4aGTase)
Starch is a major product of many economically important crops such as

wheat, rice, maize, tapioca and potato. A large-scale starch processing industry has

emerged in the last century. /s the productions of maltodextrin
modified starch and gluc 2en chaél the acid hydrolysis of starch to

converting enzymes ar gl oy N Wdustrial applications, such as
laundry and dish deterge by o ¥ . 4 \ baking. (van der Maarel et al,
2002). Z

The a-amylase famgd of carbohydrate-metabolizing
enzymes which ful ';' .‘:i[ - a-glucosidic linkage; (ii)
hydrolyze a-glucosidi j inkages to proauce o-anomeri v hono- and oligo-saccharides

or form a- glu«ﬁcﬂhﬂagj VI IETWWE]W] ﬂ ﬁl) have four conserved

regions in theiffprimary structures Wthh contaln all the catalytlc and most of the

e QRARIA TR TN AG B o e

sites (Tzﬂale 1.1) (Takata et al, 1992; Kuriki et al., 2006). The family includes
extensively studied enzymes such as a-amylase (EC 3.2.1.1), isoamylase (EC
3.2.1.68), pullulanase (EC 3.2.1.41), o-glucosidase (EC 3.2.1.20) and

cyclomaltodextrin glucano (glycosyl) transferase (CGTase, EC 2.4.1.19).
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Table 1.1 Enzymes belonging to the a-amylase family and four I

Numbering of amino acid starts at the amino-terminal end ofsg

. ﬁ from van der Maarel et al., 2002 and Kuriki et al., 2006)

Enzyme Origin s €gion 2 Region3  Region 4 Accession No.
a-amylase Aspergillus oryzae DTVKH 1506277A
CGTase Bacillus macerans DAVKH P31835
Pullulanase Klebsiella aerogenes BLMGY P07811
Isoamylase Pseudomonas amyloder - -DLASV AAA25855
Branching enzyme Escherichia coli DAVAS - 521|—P|—5H ACI76450
Neopullulanase Bacillus stearothermophily >ASWRLDVANE  357EIWH  419LLGSHD AAK15003
Amylopullulanase Thermoanaerobacter ethanolj_é , 593GWRLDVANE ~ 626ELWG ~ 698LLGSHD P38939
a-glucosidase Saccharomyces cel ¥si ) TAGL 27GEYAH 344Y1 ENH'? P07265
Oligo-1,6-glucosidase Bacillus cereus s LI VINE  255EMPG  324YWNNHD P21332
Dextran glucosidase Streptococcus mutans J YoULVVNH  190GEaM | AAA26939
Amylomaltase Thermus aquag Ju ‘a Erﬁiﬂ Ej9)]/ 087172
Glycogen debranching enzyme Homo Sapienﬂ EJ ’J VI 298 4AGVR NP 000019
Amylosucrase Neissg f1c Q05 AP A~ CAA09772

B EBCFN T Y i Y
[NTIA LS

Y]}




Amylomaltase (EC 2.4.1.25), an intracellular 4-a-glucanotransferase
(4aGTase), is also a member of a-amylase family. The 4aGTase group composes of 4
types of enzyme: CGTase (Type I), amylomaltase or D-enzyme (in plant) (Type II),
glycogen debranching enzyme (Type III) and other 4aGTases (Type IV). This group

of enzymes catalyzes the transfer of a part of a-1,4-D-glucan from a donor to an

acceptor molecule, such as gluce 't a-1,4-glucan with a free 4-hydroxyl
group as shown in the follox
(a-1,4-glucan)y, + £ =
This is an intei=1 ‘ \ uiOIl, and is often referred to
as a disproportionation r- \fase can also catalyze an intra-
molecular glucan transfe y glucan molecule (cyclization
reaction) to produce @ L\ amylose, CA, or so called
cyclodextrin, CD), as follo #: %
(a-1,4-glucan), + (a-1,4-glucan), «
This reactio ;- ,:-:' “Dling. In addition to these
three reactions as dcil rlbed botn COTase and amydld naltase also show a weak

I ﬂﬁ’ﬁf?ﬂ%’ﬁ 1 i

as shown in FigQk

ammnimummmaﬂ



Reaction Action

(a) Hydrolysis / & Starch ——» Oligosacharides

(b) Disproportionation /saccharide)m + (Oligosaccharide),

(c) Cyclization N 1 dextrin + Oligosaccharides

(d) Coupling H >xtrin + Oligosaccharide

Oligosaccharides

ot ff'yized reactions. The circles

-
e
!

Figure 1.2 Schemafi®yrq

7
represent glucose réef=

L]
hydrolysis; (b) dlsproportlonatlon (©) cychzatlon (d) couphng reaction (van der Veen

o el 2000 ﬂUEJ’JVIEIVI?WEI"Iﬂ‘i
ammmmummmaﬂ

' *¥ reducing end sugars. (a)



1.2 The occurrence and the structure of amylomaltase

Amylomaltases have been studied in various sources. In microorganisms,
amylomaltase was first found in Escherichia coli as a maltose-inducible enzyme
which is essential for the metabolism of maltose (Monod and Torriani, 1984). The

amylomaltase gene has been cloned from Streptococcus pneumoniae (Stassi et al.,

(Bhuiyan et al., 200 SN "R (Kaper et al., 2005) and
N,
Thermus brockianus Y O = \ 5{,"™'s enzyme is comparable to

"-

disproportionation er## 27 (=] \ od® reported to be involved in

starch metabolism (Lifke :

| T
(Peat et al., 1956), carrot ry fifs (M= L=E
Rowe, 1969), germinated barl_e

%,
"\

‘ as first found in potato tuber
\
ow B1969), tomato fruits (Manner and

al., 1986), pea leaves (Kakefuda and

Duke, 1989) and Ajgad T m— -
F-' g ‘

PC <Thilar reactions as mentioned,

¥

v

Although amy i Naie

the two enzymes are diffgrent in both stgycture and function. Amylomaltase and

CGTase differﬁq]l ulun%m&nﬁamﬂm‘joducts of CGTase are
small-tj ﬁ lﬁh gﬁO?ﬁj ﬁﬁﬁ\ﬁh?‘fﬁeﬁf erization (DP)
of 6-8 uq‘_its ‘(Z.j, 7-CD, respectively), but main products of amy omaltase are large-

ring CDs (LR-CDs) consisted of glucose with DP of 16 up (Takaha and Smith, 1999,
Bhuiyan ef al., 2003). For the structural difference, amylomaltases have been
classified as part of glycoside hydrolase family 77 (GH77) (based on amino acid
sequence similarities), while the enzyme a-amylases and CGTases are parts of GH13.

GH77 enzyme is efficient 4-o-glucanotransferase and exhibits remarkably low



hydrolytic activities that are at least one order of magnitude lower than that of
CGTases of GH13 (van der Maarel et al., 2002; Kaper et al., 2007).

From a number of reported amylomaltase genes that have been cloned, only a
few have been studied at the level of enzyme and production of LR-CDs e.g. E. coli

K12 (Takaha and Smith, 1999), Thermus aquaticus ATCC 33923 (Terada et al.,

1999), Aquifex aeolicus (Bhuiyar, ¢ ) and Synechocystis sp. PCC 6803 (Lee

,/Jlave been determined for their X-
d

) (IFzyl 000), T. thermophilus (20wx,

et al., 2009). In addition, o
ray structures: 1. aquati:

2owc, 20ww) (Bareng B8 (1fp8) (Uitdehaag et al.,

W ckianus (Jung et al., 2010).

Structurally, amylon#a ' S (=R T3 W ctween the strands of the
central (Pa)s-barrel lc€al: WA 2 %:rions are presented at the C-
1 k)

terminal side of the barre! CalEns '™ 1ding site also is located. These
insertions are divided into thr_e TN bdomain B1, B2, and B3), in order to
facilitate comparis‘ - J%) e insertions between the

third and fourth barre! i rane onJin A) and between the fourth

L¥

and fifth strand build sgbdomain Bl. Sulydpmain B2 consists of a large insertion

between the sﬂnuﬂﬁ m&nihﬂﬂ’mﬁm between the first.

and seﬁ W;.] %ﬁ ﬁ ﬁj gii ﬁﬂe eighth barrel
strand bgld subdomain B3. Thus, subdomains orm an almost continuous ring

around the C-terminal edge of the barrel and might participate in binding the large

amylose substrates (Przylas et al., 2000; Striter et al., 2002).



Figure 1.3 Structure of | S N '"Wans CGTase and (b) Thermus
- , _': ¢ & |l"I
aquaticus amylomaltase bi#lirdfasd : DoMain A, B, C, D and E of CGTase

r L ]
- E’:"J’ Fy

are shown in the oqrange adred_ respectively. Domain A,

subdomain B1, B2 7 V. iY | orange, yellow, blue and

green, respectively. Tadacarbose moicCuics are display®d as stick model in (b).
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Subdomain B1 corresponds to domain B in CGTase and the related a-amylase
family enzymes (Figure 1.3). In amylomaltase, the insertion between the forth and the
fifth strand are part of subdomain B1, wheras in CGTase and the related a-amylase,
the insertion between the second and third strand complete domain B. In fact,

amylomaltase also contains the insertion between the second and third strand

(subdomain B2). This insertion, ho considerably larger in amylomaltase and
mainly a-helical. Subdom ylomaltase. The most difference
between amylomaltase ' —\e of domain C. When the
amylomaltase structy 0\ N N g lase, subdomain B3 of

"

amylomaltase is loca® %os™on as domain C in CGTase

(Stréter et al., 2002).

To characteriz Fwrd ‘ chitmight be responsible for the

' . \
reaction specificity and fg L GREn iz % the amylomaltase structure was
compared with those of an E:. 0 GTase for which enzyme-substrate

COMMPlEXES have by Sl tic a-amylase isozyme II
Vi "-

bound to a linear i 00y < (Fhchius et al., 1996) and a

¥

Bacillus circulans CGTagegound to a B-cyglgdextrin derivative (Schmidt et al., 1998)

(Figue 1.4). 1@' Ad &l | BLYE DR £1d 8 Bt which is formed by
esidueﬁowpniia% \TﬁB‘fﬁj ﬁﬁ:}iﬁ ﬁﬁlﬁ B also forms

r
part of q_he active site pocket  (Figure co-crystal structure with -
cyclodextrin derivative, a tyrosine or phenylalanine side chain (e.g. Tyr-195 in
CGTase from Bacillus circulans strain 8) from domain B is oriented nearly
perpendicular to the plane defined by the cyclodextrin ring (Figure 1.4b). This
hydrophobic side chain has been shown to affect the cyclization reaction and it has

been proposed to favor the synthesis of cyclodextrins by forming a non-polar core



10

Figure 1.4 Molecular surfacezi"s® isozyme Il of porcine pancreas in
W W i £)
complex with a ma ; Fe'; achius et al., 1996); (b)

CGTase from Bacill ircuscn
(Schmidt et al., 1998 !’nﬂ(c (d) amyld&adaltase from Thermus aqauticus with a
modeled bindi Mﬂflﬂﬂoﬂﬂintﬂg frljlored according to the
R T IHA T TR >

and the 860s loops, are labeled. The bound or modeled inhibitors are shown in green.

xed fih B-cyclodextrin derivative

Possible binding paths for a cycloamylose product to amylomaltase are indicated as
broken green line in (c) and (d). The active center of amylomaltase is located at the

center of the modeled oligosaccharide in (c) and (d). (Przylas et al., 2000)
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around which the a-glucan could wrap (Nakamura et al., 1994; Penninga ef al., 1995).
The tyrosine or phenylalanine residue is part of domain B and is replaced by glycine,
serine or valine residue in a-amylases. A tryptophan residue (Trp-258) is near this
residue in amylomaltase, which might have a similar function. In amylomaltase the

active-site cleft is partially covered by a long extended loop (250s loop) formed by

side chains, Tyr-250 and Pi pl s / g tip of the loop and point toward
subdomain B3. This Io in r binding of substrates and

dissociation of produc, J . f the active site groove, the
N,
\od®might restrict the formation

,
b
N

of smaller cyclic proc#Cts 41 %l (5] 28W0; Stréter et al., 2002)

"
L
kY

priiultase with acarbose (Przylas
\

et al., 2000) demonstrated gfat =L

bound at two binding sites, the

catalytic site and the second f: mamylomaltase have seven conserved

/A

reSidUEs N Their o — ; 93, Glu-340 and Asp-395
Vi )

and residues Tyr-59, i p-2% ¥ (fmbering in amylomaltase of

»

T aquaticus). These sevgngesidues build ug ghe core of the catalytic cleft. Except for

Ty1-59, they a%u&&m&emam EJeh) 13 he presence of these
core rﬁd‘ﬁ}ieaf% ﬁf is.a ;jﬂ;j gﬁ;[ g]d’1 , this supports

a similalq_reaction mechanism for am other enzymes 'of this family, as
previously indicated by homologous signature of the amino acid sequences. A
mechanism involving a covalent intermediate, Glu-340 protonates the glycosidic
oxygen atom of the scissile bond and a planar oxocarbenium-like transition state is
formed. The Asp-293 is the nucleophile which attacks the C1 atom of the substrate

under formation of the covalent intermediate. The Asp-395 presumably exerts strain
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on the substrate in the Michaelis complex and specifically stabilizes the planar
oxocarbenium-like transition state (Uitdehaag et al., 1999). Obviously, the
environment of the three acidic residues plays an important role in governing reaction
specificity.

For the other four additional conserved amino acid residues of amylomaltase

(Tyr-59, Asp-213, Arg-291 and hey are also part of catalytic cleft. From

3D structure of amylomale ” pvided into subsites. The tyrosine

residue in the catalytic su 71 1.5 rientate the sugar by forming a

As has been previc = c ' Qis of sequence comparisons, the

histidine residue of the first b T (His-122 of a-amylase, Table 1.1),
which is conserve iz — :J oers, is not presented in
V. g

e Tith acarbose was that the

dF

amylomaltase. In ad i 1011,

acarviosine moiety was gofbound to substgaje -1 and +1, as in the related family 13

enzymes (he Elcuﬂﬁamiﬂrm@ﬂﬁsﬂsﬁﬁ and +1). Instead, the
inhibitﬁ Qﬁg;is ﬁb\itﬁﬁ‘(ﬁj ﬁwﬁﬁcﬁegﬁuﬁéi (Striter ef al.,

2002). q

In the co-crystal structure of amylomaltase with acarbose, a second glucan
binding site which is located in a groove close to the active center was suggested. The
distance between the reducing end of the maltotetraose part and the non-reducing end

of the substrate analog bound to the active site is ~14 A. Hydrophobic contacts of Tyr-



Glu 340
His 394

Ser 57

Asn 464

Figure 1.5 sﬁﬂéﬁwﬁwﬁwﬂ@m the catalytic site of

amylomaltase f%m T. aquaticus. Hgydrogen bon of less than A are shown as

aune RN S A M
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54 with glucose unit B and of Tyr-101 with unit C of the inhibitor are probable the
most interactions that determine the conformation and binding of the inhibitor to this
site (Figure 1.6). The acarbose winds around Tyr-54, which is highly solvent-exposed
in the unliganded structure. Tyr-101 is involved in a hydrophobic stacking interaction
with glucose unit C. Overall, the second acarbose has significantly fewer interactions

with the protein compared to the a pund to the active site (Figure 1.5).

side chains of Tyr-101 an: 3 . d and located near the catalytic
cleft along an alternatg ' side chains may be involved
®lucan rings of the substrate.

in stacking interactio

For the formation of - of glucan chain has to fold

\
ll'-

!
back to the active cerf 2 %ast, the secondary binding site
\

around Tyr-54 might help ¢ ation of the amylose chain in this
region, which would favor th gﬁr' yclic products. Thus, one putative
binding pathway f§ ;+—, ;_‘ products is obtained by

connecting the two ac i )05 lyl(altase as indicated in Figure

¥

1.4c by a broken green lng, The path indigajed in Figure 1.4c has a length of about

105 LB TN BNITNEANT v
L LTV R ey a1

of two fféighboring glucose units is about 4.6 A. Therefore, an extended CD22 ring

has a radius of about 16 A and a length of ~100 A, the dimensions that fit within 110

A in length from the obtained 3D structure (Przylas et al., 2000).
An alternative pathway appears possible, which goes around the 250s loop

(broken green line in Figure 1.4d). The flexibility of the 250s loop conformation
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might be important for binding of substrates and dissociation of products. It is also
clear that the formation of small cyclic products like cyclodextrins is sterically
hindered by the presence of this loop near the active site. If the large-ring cyclodextrin
product wraps around the 250s loop during the cyclization reaction, the minimum ring
size might be restricted to about 18 residues by the size of this loop (Figure 1.4d)

(Przylas et al., 2000).

1.3 Physiological roles o:
In Escherichic, art of maltooligosaccharide

“"
wa ™ lextrin phosphorylase and

N
\-.

transport and utilize##

maltose transport pre imylomaltase apparently to

I'|‘ li_.]..
convert short maltoolig0s: % 0 which glucan phosphorylase
\

can act on (Figure 1.7 like that in plant, degrades

maltooligosaccharides to ma_ﬂ :

genes for amylomatase and glucan
phosphorylase cong ;+—, Jxderon structure was also

cosiTia pneumonia (Bloch et al.,

¥

found in S. preumo i e\
»

1986) and C. butyricum gGgda et al., 1997)gs0 the function of these amylomaltases is

expected t bﬂhu%l ALY BRI Vid: tana, e genes or

amyIOﬁlﬁ uai tﬁ ¢ ng eﬁﬂgijchmann et al.,
1995) aq_i Aq:jex agicusﬁﬁgﬂmg are part}ii ¢ glycogen operon,
which include genes for glycogen synthesis and degradation. Furthermore, these
organisms do not have the genes homologous to E. coli malE, malF, malG which are
involved in the transport of maltooligosaccharides into the cytoplasm. All these
observations suggest that in H. influenzae and A. aeolicus, amylomaltase may not be

involved in exogenous maltooligosaccharide utilization, but is involved in glycogen
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Starch

AmyV CGTase

Maltooligosaccharides Cyclodextrins (CD)

O

CD transport proteins

GIP

LN T 4
'u—ﬂ ¥
Figure 1.7 Roles owdt g teria (Takaha and Smith,
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metabolism. Thus, the physiological role of amylomaltase may be different in each

organism (Takaha and Smith, 1999).

1.4 Application of amylomaltase
Amylomaltases have been recently explored for their potential applications. A

first application of amylomaltass,; = production of large-ring cyclodextrins

(LR-CDs) with a degree ofia ST T L ging from 16 to a few hundreds
(Terada ef al, 1999, BRI . — 2004). LR-CDs are highly
soluble in water, assi ! mylose conformation and a
toroidal shape, with «#%p’ = \ ; (Gessler et al., 1999). They
AR et al., 1999) and organic
molecules (Takaha aif ‘ -‘ ‘al potential applications in
pharmaceuticals, food scie] e section 1.5) (Endo et al., 2002,
Tomono et al., 2002).

A SeCcond R </ production of isomalto-

Vi A

oligosaccharides (IM i ). % m{hga maritima was used in

¥

combination with a maltgggpic amylase frqqy Bacillus stearothermophilus to produce

IMOs from stﬂhuegl ’J m& m WIﬂ),Lnﬁstant to crystallization
and h eﬁ ;1 a % ﬁ % ﬁ VW a 8 non-digestible
ohgosacqharldes ich can be a e as a substitute sugar for diabetics, to improve

the intestinal microflora, or to prevent dental caries. The role of the 4aGTase in this
process is to produce longer (iso) malto-oligosaccharides that act as a substrate for
amylase and to elongate the IMOs produced by the amylase. At present, industrial
production of IMOs was by the use of a-glucosidase (transglucosidase) acting on

maltose substrate. The advantage of using amylase and 4aGTase was a reduction of
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the number of enzymes involved and of the reaction time in combination with a
higher yield of IMOs (Figure 1.8) (Lee et al., 2002).

A third application is in the production of thermoreversible starch gel that is of
commercial interest since it can be used as a substitute for gelatin which will be of

beneficial for vegetarian foods. This product could be dissolved in water and formed a

1.5 Large-ring cyclod®xt

Cyclodextrins (Sch loamylose) are the oligomers of

anhydroglucose units join to gﬁr:' _; e with a—1,4 glycosidic bonds. The

main CDs synthesifisa—— s f'.d f 6, 7 and 8 glucose units

-
]
1

called a— or CD6, B- 1 CU™ v CIl} (Figure 1.9) (Szejtli, 1998).

CDs are hydrophilic oulsige, thus dissolv@ssin water, with an apolar cavity which

povids s o bl LT AN EL B o compecs i
R T A YT TR

between§cyclodextrins and guests includes alteration of the solubility of the guest
compound, stabilization against the effects of light, heat, and oxidation, masking of
unwanted physiological effects, reduction of volatility, and others as shown in Table
1.2. As a result, they have applications in many fields such as pharmaceutical, food

and cosmetic industries (Hashimoto, 2002).
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Traditional Proposed
method Starch slurry (30%) method
o-Amylase +——— q-Amylase
Maltogenase
p-Amylase
Pullulanase 14hrs BSMA
a-GTase

Transglucosidase _

4 enzymes 2 enzymes

2 steps 1 step

120 hrs 14 hrs

53% max 68% max
Figure 1.8 Comparison of.= --—”-'4____. &7 improved processes for IMOs
production. The ne} .;.- = .‘; #"J5s of IMOs production by
employing fewer enzy ! | 28, taKIllg ot provess time, ,, d yielding more IMOs. (Lee
etal., 2002)

ﬂ’lJEJ’JVIEWl?WEJ’]ﬂ‘i
amaﬁnimummmaa



21

| Hydrophobic cavity

Secondary hydroxyl groups

Primary hydroxyl groups

1-CD

THEA

(d)

1
i 4

Figure 1.9 Structure of sghgll-ring CDs (a, §sand v). (a) Schematic presentation of a-

oD, Basi%auﬁl 10L&V RN Flidiow wuncated cone i
often Lﬁdﬁjﬁﬁ}j ﬁﬁﬁ(ﬁﬁﬁnﬁcﬂ\ ﬁoﬁgwn the narrow

rim andg and ydroxyl groups crown the wide rim. (c)
Approximate molecule dimensions of a-, -, and y-CD. (d) Side view of a-, B-, and y-
CD stick models. (e) Stick models of a-, B-, and y-CD viewed from the wide rim

(Larsen, 2002)
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4 = |!‘ ! \ Y
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=g Li .: \ ""..
& " \
LYE

Figure 1.10 Schematic repr. gfnta '_“ — d s \ views of the molecular structures

of CD9 (a,d), CD10 (b,e) and T

57 show the distortions associated with

increase in ring sizag@me e gedet al., 1998)
| L}

vl N
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Table 1.2 Possible effects of the formation of inclusion complexes on properties of

guest molecules (Szejtli, 1998)

Stabilization of light,

Stabilization of volat:!
Alteration of chen
Improvement of s¢
Improvement of sn,

Modification of liqu

AULINENINYINS
ARIAIN TN TN
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Large-ring cyclodextrins (LR-CDs) which are composed of more than nine D-
glucopyranose units, were not studied until the end of the 20™ century, with the
exception of two papers on LR-CDs with a degree of polymerization (DP) of 9 to 13
(Pulley and French, 1961; French et al., 1965; Endo and Ueda, 2007). The structure of

conventional CDs, a truncated cone with a round cavity, is well known (Figure 1.9¢).

Due to flexibility, LR-CDs formj of structures. In CD10 and CDI14, the

macrocyclic rings are defo 4 grund the cavity shape is a narrow

groove (Figure 1.10). C1¥ ‘ure between that of small-ring

CDs, and CD10 and (4 3! macrocyclic ring without a

band flips (Figure 1.1 2-sen, 2002; Endo and Ueda,

2007). CD26 has a N amylose helices are bound

through band flips (Fi aysicochemical properties of

small- and large-ring CDs ; dd5 CS 1 N0 2 1. The aqueous solubilities of

CD9, CD10 and CD14 are lo_v a0 - and y-CD, however, the other LR-

CDs have high aqu ' la, 2002; Endo and Ueda,

¥

2007). ﬁ

Because LR-CDgcap form inclusiqpycomplexes with inorganic (Kitamura et

oL 1999 and&mmmmmm @y have been proposed
to be ﬁ ﬁ %;w rEIb yon complex of
LR-CD g the effect of complex form: 10n w1th on the solubility of drugs that are

poorly soluble or insoluble in water. This study reported the inclusion complexes
between CD9 with spironolactone and digitoxin (Miyazawa et al., 1995). In addition,
the inclusion complex of CD9 and C;y (Buckminster fullerene) could also be
prepared, and an effective solubilization of this molecule in water has been observed

(Furuishi et al., 1998). Nevertheless, since the LR-CDs are able to present a variety of
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Figure 1.11 Structure of the asymmetric unit of the crystalline complex of CD9 with
cycloundecanone. The cycloundecanone molecules are shaded. Thin lines denote the

intermolecular hydrogen bonds between CD9 molecules. (Harata et al., 2002)
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()

« Bandflip  ® «—Band-flip

(©)

Figure 1.12 Solid | ;r : .‘; '] of CD26 indicating the

position of the band-f, .! s and the v-annyiose tike segndthts. (b) Same structure as A,

the thick dark afj? ET hr]tlﬁ light grey tube traces
the position o Q[) e ban ﬂlppe posmons are ¢ early seen. (c) CD26 viewed from
QA RINTHUNITRYANE < o

2002)
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Table 1.3 Physicochemical properties of small- and large-ring CDs (Ueda, 2002)

Number of Aqueous® Surface® Specific ~ Half-life of °

glucopyranose  solubilit tension rotation  ring opening
units (g/100, (mN/m) [a]5 (h)
a-CD 6 +147.8 33
B-CD 7 +161.1 29
v-CD 8 +175.9 15
0-CD 9 +187.5 4.2
CD10 10 +204.9 3.2
CDI11 11 +200.8 3.4
CDI12 12 +197.3 3.7
CD13 13 +198.2 3.7
CD14 14 +199.7 3.6
CD15 15 +203.9 2.9
CD16 16 +204.2 2.5
CD17 17 +201.0 2.5
CD18 18 +204.0 3.0
CD19 19 +201.0 34
CD20 20 +199.7 3.4
CD21 21 +205.3 3.2

? Observed at 25 °(hg=
®In 1 mol/l HCI at ‘S48

A

AULINENINYINS

MR TUAMINYAE
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cavity sizes, compared to the conventional cyclodextrins, they may be useful for
special applications. Moreover, it is very likely that LR-CDs will be able to display
more than one cavity and in the case of very large cyclodextrins even a nanotube / V-
amylose-like cavity (Larsen et al., 2002).

A mixture of LR-CDs has also become of interest, since the effect of an LR-

CDs mixture as an artificial chapear tein refolding was reported (Machida et

al., 2000). At present, a pr. ' o gning a mixture of LR-CDs as one
of the active components _ 7t (O —, Hayashi, 2001). Furthermore,

it was also reported in q##®- \ , wided an efficient method for

nitroglycerin were evaluat, (T ) Although nitroglycerin did not
y T
interact with the LR-CDs mi=ris hilities of prednisolone, cholesterol,

g _-._’ 3

- JL.R-CDs mixture, and the

phase solubility dia, '_'li e Wit complex formations. In

- i¥

digoxin, and digitosg=

particular, the LR-CDg ggixture showeg ,the highest solubilization effect for

cholesterol mﬁlu&lfm E_lmﬁcﬂ &l f)eder. 2002, Tabte 14
AR Ty



Table 1.4 Studies of inclusion complex formation between LR-CI)

§ ] _R-CDs and different guest compounds (Endo et al., 2007)

29

LR-CD Indicator or Metke Guest
Pure LR-CD Enhancement of solubility
CD9 (UV/VIS absorption)
W moanthracene
: 1%-3.4.,9,10 tetracarboxylic dianhydrate

Solubility method e Sp u,ﬂ 10%ictone

CD9 Enhancement of solubility F 77 : 1188 ne C7o
(Spectrophotometry) — :

CD9 Enhancement of solubility _ b2/ rpine
(Spectrophotometry) ' “lophane

vV 0
' n,0-Naphd lllC anhydride
Naphthalene 1,4,5,8-tetracarboxylic dianhydride

ﬂumwﬂmﬁiﬁﬁm

gigyldigoxin

qma\mimwmmﬁwaﬂ

Proscillaridin A
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Table 1.4 (continued) Studies of inclusion complex formation bety

al., 2007)
LR-CD Indicator or
CD9 Solubility method and ¥V
Simple precipitation
Powder X-ray diffraction
DSC
CD9-CD13 Capillary electrophoresis

ﬂumwﬂmﬁ@ﬁe

4= mixture of LR-CDs and different guest compounds (Endo et

Guest

(CWstadiene
Sanone

“Nlecanone

‘|
Cy M tadecanone

ndecanone
o clododecanone
oate

joate

‘oate

. M/ oate
e-Dimell}/1 benzoate
2,5- D1metny1 benzoate
oate

3-Phgnyl propionatey s

A AN I AN IARET ¢

1-Adamantane carboxylate

30
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Table 1.4 (continued) Studies of inclusion complex formation bety

4= mixture of LR-CDs and different guest compounds (Endo et

Indicator or. . ' Guest

al., 2007)
LR-CD
CD14-CD17 Capillary electrophoresis
CD21-CD32 Isothermal titration calori*

Mixture of LR-CDs
CA(S)* and CA(L)**
CA(S)* and CA(L)**

| benzoate
alhion

Spectrofluorometry ' -naphthalene sulfonic acid

Simple precipitation

* CA(S): Mixture of LR-CDs with DP around 20 to == "t 25 to 50.
ok CA(L): Mixture of LR-CDs with average DP ofd<.

Ll
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1.6 Corynebacterium glutamicum

In the mid-1950s, a bacterium which was shown to excrete large quantities of
L-glutamic acid into the culture medium was isolated (Kinoshita et al., 1957; Ukada,
1960). It was reported as a novel bacterium, Corynebacterium glutamicum (initially
identified as Micrococcus glutamicus), with a unique ability to produce significant

amounts of L-glutamate directly froy § sugar and ammonia (Ikeda et al., 2003).

Corynebacterium glutamicing S et é-shaped, aerobic, non-sporulating,

S ( —

uve microorganism that can be

isolated from soil saz## f S al., 2005). Corynebacteria

belong to the order 4«# 3 W\ is characterizaed by a high

G+C content and tha \ 1 line from that formed by a

"
L
kY

low G+C content micf \\ iustridia (Stackebrandt et al.,
\

Ny
/e
1997). The genus Coryr flact22==C=8

sel Wrelated to Mycobacterium and

Norcardia, among other generzzg 2 Corynebacteria suborder. The genus

includes both aejgge I 2/ b, 2005).  Nonmedical
Fl |~' ‘
corynebacteria are i 1y anfthave been isolated from a

¥

number of different enygirgnments other tfgn soil, including dairy products, plant

maerias, e B SRS EYEI N B 11T
U

SRNINs AT Ty <
technology of C. glutamicum. In the Carly stages, the breeding o pfoduction strains
depended mostly on repeated random mutation and selection. This classical method
has generated a variety of mutants, such as auxotrophs, analog-resistant mutants and
transport mutants. By stepwise assembly of beneficial phenotypic characters with the
use of the mutagenic approach, many commercially potent producers have been

developed and these are used predominantly in industrial fermentation processes
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Figure 1.13 History v ;' ] velopment technology of
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(Kinoshita and Nakayama, 1978; Leuchtenberger, 1996; Kumagai 2000). Since the
mid-1980s, several genes in the biosynthetic pathways of the aspartate derived amino
acids (L-lysine, L-threonine, and L-isoleucine) and the vitamin D-pantothenate have
been cloned and analyzed (Sahm et al., 2000). These genes were mainly identified by
heterologous complementation of Escherichia coli mutants, and occasionally, in the

homologous system by conferrin Jg acid-analog resistance. These studies

information. Genomig : gtic and manual annotation
= “""
turned out to represe e hing genetic information for

.\ this reason, the genome of

I".‘ li":__

2083 (Figure 1.14) (Ikeda and
\

Nakagawa, 2003; Kalinoy i A= c-Va total genome sequence of C.

glutamicum ATCC 13032 cor_lf 7 2. and comprises of 3,099 genes on the

genome (accessionsy ;+—, iZdla and Nakagawa, 2003).
segience of 3,282,708 bp with

¥

Another research gro i Iy
»

3,002 genes on the gengme (accessiony yumber: NC_006958) (Figure 1.14b)

(Kalinowski e%uﬂ ANENINYIND
LML VRT NN UL

glucanot§ansferase (EC 2.4. with 2,121 bp in length (accession number:
NC 006958 and NC 003450). This sequence encodes 706 amino acids protein
(accession number: YP 226540 and NP_601497). Interestingly, this enzyme has not

been further investigated and we found that the sequence of 4-a-glucanotransferase

from C. glutamicum has low similarity to 4-a-glucanotransferase from 7. aquaticus
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(Terada et al., 1999) and A. aeolicus (Bhuiyan et al., 2003) of which LR-CDs

production has been reported.

1.7 Objectives
Although LR-CDs are commercially available, their market has been very

/lomaltases and the lack of efficient and

limited due to a few number of 1
practical production proc - gresent, LR-CDs are added in a
commercial product as ar- refolding kit. In addition, the
potential use of LR-(4 ien realized. It is, therefore,
beneficial to search " Wharacterize the enzyme for
> basic knowledge of the
enzyme will be of use 55 = W \ x .-» production. From the list of
microorganisms with the ¢ Jor = 3 G vank, we explored those with the
coding sequence for amylom_a orynebacterium glutamicum for our
study since prelimiy -— 24 ow homology with those

Jvlr Iu,d

previously studied. "I

i

The objectives:

o cmﬁummnmmn o gtutamicum ATCC
2. W AN IWURIINGAY

3. To identify residue involved in catalysis by site-directed mutagenesis
4. To analyze and identify parameters influencing large-ring cyclodextrin product

profile



CHAPTER 11

MATERIALS AND METHODS

2.1 Equipments
Autoclave: Model H-88LL, Kokusan Ensinki Co., Ltd., Japan

Autopipette: Pipetman, Gilson, France

Centrifuge, refrigerated centri eckman Instrument Inc., USA

Electrophoresis unit:

Submarine a- 5" ~ io-Rad, USA
Mini IEF-CF;

FPLC AKTA Amershar

Column: Amefsh
and HiPrep Phenyl #
Detector: UPC-900

Pump: P-92 y

Fraction collecdr: Frac-90

cero BT ET*] naJ

Gel Document: §YNGEND, England
«-QRARAINUIATNENAY
HPAEC X-600: Dionex Corp., Sunnydale, USA

Column: Carbopac PA-100™ 4 x 250 mm

Pulsed amperometry detector: DIONEX ED40

Autosampler: DIONEX AS40

Column oven: DIONEX ICS-3000 SP
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Incubator, waterbath: Model M20S, Lauda, Germany and BioChiller

2000, FOTODYNE Inc.,USA and ISOTEMP 210, Fisher Scientific, USA
Incubator shaker: Innova™ 4080, New Brunswick Scientific, USA
Light box: 2859 SHANDON, Shandon Scientific Co., Ltd., England

Laminar flow: HT123, ISSCO, USA

cientific, USA

. éﬁght mass spectrometry (MALDI-

Magnetic stirrer: Model Fisherbreg
Matrix-assisted laser deso
TOF MS) : Mode!__

= Daltonic, Germany

Membrane filter: poly; . ‘ ‘:" wm, Whatman, England

pH meter: Model PHMO5, | fllios=—" : --\ Denmark

Power supply: Model POWER.Z= TR0 I d, USA

Sephacryl S-200: AAFS -
| v: g I"' d

Shaking waterbath: "; el O cler 1c Co., Inc., USA

Sonicator: Bendelin, Gewhagy

smphmﬂummmnmw N9
ey Wa“ﬁﬁf TNy

Vortex: Blodel K-550-GE, Scientific Industries, Inc, USA

2.2 Chemicals
Acrylamide: Merck, Germany
Agar: Merck, Germany

Agarose: SEKEM LE Agarose, FMC Bioproducts, USA
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Ammonium persulphate: Sigma, USA
Ammonium sulphate: Carlo Erba Reagenti, Italy
Ampicillin: Sigma, USA

L-aspartic acid: Fluka, Switzerland

Beef extract: Biomark laboratories, India

Bovine serum albumin: Sigma, US.

Boric acid: Merck, German
Bromphenol blue: Merck ™
Casein hydrolysate: M,
Chloroform: LAB-SG#%
Coomassie brilliant

Copper sulfate: Carlo ¥

di-Potassium hydroggas J=dgenti, Italy
vl |~' d
di-Sodium ethylene di 11 R yonghnd

v ¥

1 kb DNA ladder™: New Eggland BioLabsgljpc., USA and Fermentas, Canada

ot smgﬂumwﬂmw BN

Eth1d1

Ethyl algphol absoﬁe ZT? ba eagentl I't:l]q ﬂ E] r] a EJ
Ethylene diamine tetraacetic acid (EDTA): Merck, Germany

Glacial acetic acid: Carlo Erba Reagenti, Italy

Glucose: BDH, England

Glucose liquicolor (Glucose oxidase kit): HUMAN, Germany

Glycerol: Merck, Germany



Glycine: Sigma, USA
Hydrochloric acid: Carlo Erba Reagenti, Italy
Iodine: Baker chemical, USA

Isoamyl alcohol: Merck, Germany
Isopropanol: Merck, Germany
Isopropylthio-p-D-galactoside (IP

Maltoheptaose: Hayashibar: é;s Inc., Japan

ac., Japan

Maltohexaose: Hayashib2:
Maltopentaose: Hayass , Japan
Maltose: Conda, Spalur
Maltotetraose: Hayas#ioe
Maltotriose: Fluka, SW; 7¢
B-Mercaptoethanol: Fluka,
Methylalcohol: Merck, Germaz ,_«,_;:; A
N,N-Dimethyl-forn% “'

|
NN '—Methylene-bis-af .: lanne

N,N,N',N'-Tetramethyl- 16 2ediaminoethane gZEMED): Carlo Erba Reagenti, Italy

pen st EﬂkﬂlMMEW gnN3
Pept”"‘fﬁﬁ"ﬂﬁﬁ"ﬁ’fﬂﬂﬁ‘n NYINY

Phenol: Fisher Scientific, England

Phenylmethylsulfonyl fluoride (PMSF): Sigma, USA
Plasmid Mini Kit: Bio-Rad, USA

Potassium iodide: Mallinckrodt, USA

Potassium phosphate monobasic: Carlo Erba Reagenti, Italy

QIA quick Gel Extraction Kit: QTAGEN, Germany

40
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Riboflavin (Lactoflavine); BDH, England
5-Sulfosalicylic acid: Mallinckrodt, USA

Sodium acetate: Merck, Germany

Sodium carbonate anhydrous: Carlo Erba Reagenti, Italy
Sodium chloride: Carlo Erba Reagenti, Italy

Sodium citrate: Carlo Erba Reagent

Sodium dodecyl sulfate: Sig

2.3 Enzymes, Resti@Z
Glucoamylase from A4, -_-: g

i

E. coli BL21 (DE3): Nowagan, Germany

COfynebacterlﬂ u/EJ qwﬂ'&%§2w1&lﬂlﬂﬁute of Scientific and
TR ineng

Plasmid pET-19b: Novagen, Germany

Plasmid pET-17b: Novagen, Germany

Restriction enzymes: New England BioLabs Inc., USA and Fermantas, Canada.
RNaseA: Sigma, USA

T, DNA ligase: New England BioLabs, Inc, USA
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2.4 Cloning of amylomaltase gene (malQ)

2.4.1 Cultivation and extraction of genomic DNA from Corynebacterium
glutamicum ATCC 13032

The C. glutamicum ATCC 13032 was cultivated in Nutrient broth (0.3% beef
extract and 0.5% peptone) at 30 °C, with rotary shaking at 250 rpm overnight. The
cells were collected by centrifugati

DNA extraction was peri ! ﬁ washed with TE buffer then

centrifuged and resuspent:

' 46,000 xg for 15 minutes. Then genomic

After that, the cells suspension
was frozen at -20 °C

°C. TE buffer (30 ml) was

added (total volume #5u! ot 10% SDS and 200 pl of

proteinase K. The sa#ipl- im¥ubated at 37 °C for 1 hour.

To the reaction mixtui, \'*-., deu and mixed, followed by the

addition of 5.7 ml of CTAI as then incubated at 65 °C for 20

minutes. Phenol-chloroform DETIICN ed by addition of an equal volume

of phenol-chlorofosg: ;.‘[ centrifuged at 15,000 xg

d Flain with equal volume of

dF

for 10 minutes. The E pp

chloroform solution, thew ggllected. After tfgt, 2 volume of ethanol or 0.6 volume of

sopopant BRI EL ALY BEIVELT v e
GG NI RN [N

absorbarfpe at 260 nm (Sambrook and Russel, 200T).
Concentration of original DNA solution in pg/ml = Ajep x 50
The purity of this DNA was monitored by the ratio of Ajepns0 values and by

1% agarose gel electrophoresis.
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2.4.2 Agarose gel electrophoresis

Electrophoresis through agarose is the standard method used to separate,
identify, and purify DNA fragments. The agarose powder (1%) was added to 100 ml
electrophoresis buffer (89 mM Tris-HCI, 8.9 mM boric acid and 2.5 mM EDTA, pH
8.0) in an Erlenmeyer flask and heated until complete solubilization in a microwave

Pwn to 60 °C until all air bubbles were

oven. The agarose solution was ¢

completely eliminated, the: . phoresis mold. When ready, the

DNA samples were mixe _ e-1 7 — — the desired gel-loading buffer
"

DS) and slowly loaded the
mixture into agaros ™ at constant voltage of 10
volt/cm until the fast: “aigrated to approximately 1
cm from the bottom o? \ 't 2.5 pug/ml ethidium bromide
solution for 5 minutes and | ind ethidium bromide in distilled
water for 10 minutes. DNA _';:_ ase gel were visualized under a long

wavelength UV Rgee——— '-‘[ cument apparatus. The
V.

-
!

molecular weight of E VAT 2witfithe relative mobility of the

dF

standard 1 kb DNA laddet s, fragment.

ﬂ‘HEJ’J'VIEWI?WEJ’]ﬂ‘i
AT

The extracted genomic DNA from C. glutamicum ATCC 13032 was used as
template to amplify the malQ. The forward and reverse primers were designed from
the start to stop codons and contained a restriction site of Ndel and Xhol, respectively

as shown below.
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Ndel
fwdCGAM: GGG AAT TCC ATA TGA CTG CTC GCA GATTTT TGA ATG

Xhol
revCGAM: CCG CTC GAG CTA ATC TCG CTT GCT TGC CTT TGC C

* Note: The bold letters are start and stop codon, respectively. The underlined

letters were designed for the restriction site of Ndel and X#hol.

PCR was performed in ‘j rpaction mixture containing 50 ng of

/3,032, Ix Pfiu buffer with MgSOs,

0.2 mM each dNTPs, 1 - off>aca=— - 1U of Pfu DNA polymerase.

chromosomal DNA from C

PCR condition consis - . 1o%8 minutes, denaturation at 95

°C for 1 minute, ann&&iir Ysion at 72 °C for 3 minutes

and final extension a#/2 #f f*.-.* I"é_ ’ \\ . repeated for 30 times. PCR

" AN
products were detecte : !E 'fég %esis. The desired DNA band of
| ] 7.‘4 a
S c

malQ was extracted from a JFose= ction kit (QIAGEN)).

=
LB

2.4.4 Restriffo—— 5
\ v. |~' "

JIPb were separately double

dF

The PCR prc '_'|; IC

digested with Ndel and€¥{fgl in the reactggm mixture of 20 pl containing 1x NEB

IO V1 e 1171117 S
RRYREN TN I TR Y

2.4.5 Ligation of the PCR product with vector pET-19b
The purified digested PCR product and vector pET-19b were then ligated at

16 °C overnight in the 10 pl reaction mixture that composed of 1x ligation buffer
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(New England BioLabs Inc., USA), 5 U of T4 DNA ligase, 30 png of PCR product and

50 pg of pET-19b.

2.4.6 Preparation of competent cells for electroporation (Sambrook and

Russel, 2001)

A fresh overnight culture

LB medium with 1% inocu ﬁie was cultivated with shaking at

250 rpm until Agpo reack

*421(DE3) was inoculated into 300 ml of

chilled on ice for 15 minutes
and then centrifuged ®The cells were washed with
300 ml of cold water; spr R gtii 150 ml of cold water. After

centrifugation, the cells v

atc.y 15 ml of 10% glycerol in
distilled water and centri eIy
1] ! j r,

-' \.,h inutes at 4 °C. Finally the cell
Wt

pellets were resuspended | EEEE pul in 10% glycerol. This cell

suspension was divided into 4CZT80 4 < /) are at -80 °C until used.

.v:

2.4.7 Plasmid [ 1stO1

The recombinan® #lasmids from @section 2.4.5 were introduced into a

oot EY ML DN I AN, e
O R R TT T ST TR g o

apparatul was set to the 25 uF capacitor, 2.5 kV, and the pulse controller unit was set
to 200Q2. Competent cells, which were prepared as described in section 2.4.6, were
gently thawed on ice. One to five microliter of recombinant plasmid from section
2.4.5 was mixed with 40 ul of the competent cells and then placed on ice for 1

minute. This mixture was transferred to a chilled cuvette. The cuvette was applied one
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pulse at the above settings. Subsequently, one milliliter of LB medium (1% tryptone,
0.5% yeast extract and 0.5% NaCl, pH 7.2) was added immediately to the cuvette.
The cells were quickly resuspended with a Pasteur pipette. Then the cell suspension
was transferred to new tube and incubated at 37 °C for 1 hour with shaking. Finally,

this suspension was spread onto the LB agar plates containing 100 pg/ml ampicillin.

After incubation at 37 °C for 16 hy ' pnies were picked.

2.5 Colony selection ar?
2.5.1 Plasmid

The colonies we- 20 ul of the size screening

buffer containing lysis b N0 (W/v) heat treated RNase A,

50% (v/v) glycerol, 0.05 was pre-warmed at 37 °C for

10 minutes. Then, the sol’ = —_ tW® °C for 5 minutes. The viscous

sample was centrifuged at 12. tes. To estimate the size of plasmid,

7
mobility of DNA mar] j s.

20 pl of the supern} =~ 3 1d compared with relative

dF

L AUEANENTNYIN
@W‘Tﬁ“ﬁtﬂ ilmﬂﬁW§W8qﬁﬂum containing

100 ug/ﬂll ampicillin overnight at 37 °C with rotary shaking. The cell culture was
collected by centrifugation at 10,000 xg for 5 minutes. The recombinant plasmid pET-
19b vector harboring malQ was extracted by QIAquick Plasmid Extraction kit
(QIAGEN, Germany). The concentration of plasmid was determined by

spectrophotometric method (Az60/280) and agarose gel electrophoresis.
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2.5.3 Nucleotide sequencing

About 50-100 ng of the extracted recombinant plasmid pET-19b harboring
malQ from section 2.5.2 was subjected to automated DNA sequencing (Macrogen,
Korea). The sequencing was performed using primers of T7 promotor for DNA

sequence at 5'-terminus and T7 terminator for DNA sequence at 3'-terminus of the

/A sequence was used to design primers

4 él sequence which was localized in

wn below. The sequences were

inserted malQ, respectively. The qt
f2CGAM and r2CGAM forwg
the middle of the gene. I

1 usyd v

analyzed by GENET Y

2.6 Site-directed mutagen

Mutagenesis was carirgs

T amplification using a pair of

oligonucleotide witgg e - J the recombinant plasmid

5"; |~' d

as a template. The E R ttgpn 1 endonuclease (target

dF

sequence: 5'-GAcq T(i'-a which is gpecific for methylated as well as

hemlmethylatﬂDuth mrﬂ n§ mings’Ln‘jntal DNA template to
select ﬁr ﬁ‘ acoa ET fii teéﬂg almost all E.
coli stragns 1s am meth ated and therefore susceptlb digestion. The

nicked plasmid of the Dpn I-treated was then transformed into the host E. coli
competent cells.
The recombinant plasmid pET-17b containing malQ was extracted as

described in section 2.5.2 to be used as a template. The mutagenic primers were
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designed for substitution of Tyr residue by Ala residue at the desired point. The
sequences of mutagenic primers were shown below.

Y172A_FWD: CTG CTG ATA AGG CGC TTG ATT CCC

Y172A _REV: GGG AAT CAA GCG CCT TAT CAG CAG

* Note: The underlined letters were desired residues

PCR was performed in a ‘isn mixture containing 50-100 ng of the

recombinant plasmid, 1x Pf 1 él umole of each ANTP, 10 pmoles

d.

condition was predenaturation
at 95 °C for 2 minute ) Jte, annealing at 60 °C for 1

minute, extension at ¥ 440 asnepeated for 16 times. Then,

The Dpn 1 digesfe( C prcilred for transformation by gently

mixed with competent E. coliZabeis =] Ehe transformation was performed as

described in sectioifus =~ it mutated plasmids were

7

picked and the mutate§blasniics® Muacteqff o confirm the mutation, the

plasmids were tracted #@d checked theysizeﬂ“ agarosiel electrophoresis as
. 1t

sscive n L bioh Aekbed Lpd N AL

¢ o

TR T N TINY TR

malQ.

mutation was further

2.7 Optimization for amylomaltase gene expression
The transformants of E. coli BL21(DE3) were grown overnight at 37 °C in 5
ml of LB medium containing 100 pg/ml ampicillin. After that, 1% of the cell culture

was transferred into 100 ml of the same medium and was cultured at 37 °C with
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shaking at 250 rpm. When Aggo reached 0.5, the transformant was induced by IPTG at
a final concentration of 0.4 mM. After various times of induction of 0, 1, 2, 3, 4, 5 and
6 hours, the cells were harvested by centrifugation at 6,000 xg for 15 minutes and
then washed by 0.85% NaCl and extraction buffer (50 mM phosphate buffer, pH 7.4
containing 0.1 mM PMSF, 0.01% B-mercaptoethanol, 1.0 mM EDTA), respectively.

Bacterial cells were resuspendac Joction buffer then disrupted cells by

ﬁion at 12,000 xg for 30 minutes.
d

ﬂq phate buffer, pH 7.4 before

sonication. Cell debris was
The supernatant was di-

determination of enzy ion as described in section

of cell culture was har#Cst PUR ‘ N Glinduction (0, 1, 2, 3, 4, 5 and

6 hours) by centrifugation. spended in 100 pl of 5x sample

buffer (Appendix 1). The prot samples (10 pl) were determined by

SDS-PAGE as desc o
v

.!i
»

2.8 Purification of amylpaltase enzymeg 4

281sﬂuﬂ&ﬂﬂﬂ§WBﬂﬂﬁ

iﬁQ BNk ﬁ;ﬁﬁ 0o (g )
containigg ampicillin at ith 250 rpm rotary shaking overnight.

2.8.2 Cells cultivation and crude extract preparation
Starter inoculum (1%) was transferred into LB medium in Erlenmeyer flask
and cultured at 37 °C with shaking. When Agq of the culture reached 0.5, IPTG was

added to a final concentration of 0.4 mM to induce amylomaltase and cultivation was
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continued at 37 °C for 2 hours. After cultivation, cells were harvested by
centrifugation at 6,000 xg for 15 minutes, then washed by 0.85% NaCl and extraction
buffer, respectively. Bacterial cells were resuspended in extraction buffer then
disrupted by sonication of 40% pulse for 1 minute and stopped for 2 minutes, then
repeated sonication process for 10 cycles. Cell debris was removed by centrifugation

at 12,000 xg for 30 minutes. The & Jt,was dialyzed against 50 mM phosphate

buffer, pH 7.4 before deter . ivity and protein concentration as

described in section 2.9.7

2.8.3 Purific#®5n ) . W ylomaltase with his-tag
residues (p19AM)

The crude extré "\illld by HisTrap FF™ at 4 °C.

The HisTrap FF'™ was eq gl brastid s st Wtimes column volume of 20 mM
phosphate buffer, pH 7.4 con‘r | and 20 mM imidazole at the flow

rate of 1 ml/minutags: - Jtion 2.8.2 was applied to

5"- V s d

HisTrap FF™ colu Il |1 eveql) and washed with the same

dF

buffer until Azg of elueng dgcreased to basglipe. The bound protein was eluted by 500

mM imidazol@i u &:J)Mrgjmfﬁwmﬂ’JMute. Fractions of 3 ml
were (ﬁl ﬁnﬁ%ﬁ}? ﬂ:jviﬂ ms’ieﬁrqr T}gi é?f fractions were
pooled agd dialyzed against 20 mM phosphate butter, pH 7.4 before determination of

the enzyme activity and protein concentration as described in section 2.9.2 and 2.10,

(€%

respectively.
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2.8.4 Purification of recombinant wild-type amylomaltase (pl7AM) and
Y172 A mutated amylomaltase
The crude extract from 2.8.2 was purified by the following steps. All

operations were performed at 4 °C.

2.8.4.1 DEAE FF™ colum

The DEAE FF™ w g ast 5 times column volume of 50

- aptoethanol at the flow rate of

niry; 0. .
i W
'.ll"' \ L
|I A

mM phosphate buffer, pk

1 ml/minute. The dial, .8.2 was applied to a DEAE

FF™ column and we \ W50 of eluent decreased to

baseline. The bound #tcgf ff TR N\ SNV NaCl, 0.3 M NaCl and 1

M NaCl in the same ¥utf _ % g\ aute. Fractions of 3 ml were

collected and the enzyme : ghvit= ¥  - The active fractions were pooled
==

and dialyzed against 50 mM x ﬁﬂ"

Em H 7.4 before determination of the

enzyme activity amgms ;-' section 2.9.2 and 2.10,

respectively.

‘o v
24 L BAANEN L IS ﬂ 3
qﬂj (ﬁ a(g]l volume of 50
mM phqﬂiﬁer jl containing ﬂ/l ammonium sulfate and 0.01% pB-

mercaptoethanol at the flow rate of 1 ml/minute. The dialyzed protein solution from
section 2.8.4.1 which was added ammonium sulfate to a final concentration of 1 M
was applied to a Phenyl FF™ column. The column was washed with the same buffer
until Aygo of eluent decreased to baseline. The bound proteins were stepwise eluted by

0.2 M ammonium sulfate and 0 M ammonium sulfate in the same buffer at the flow
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rate of 1 ml/minute. Fractions of 3 ml were collected and the enzyme activity was
determined. The active fractions were pooled and dialyzed against 50 mM phosphate
buffer, pH 7.4 before determination of the enzyme activity and protein concentration

as described in section 2.9.2 and 2.10, respectively.

2.9 Enzyme assay

Amylomaltase activs - five types of assay as described
below.

2.9.1 Starch dg

Starch degra«# ; g I' ®hine method. The reaction
mixtures contained 1 ; . iro® (potato), 50 ul of enzyme,
and 100 pl of 50 mM*p 4 e _ 8 N Moation was at 30 °C for 10
minutes, reaction was stopr. L bt i ! N HCI. Then 100 pl aliquot was

withdrawn and mixed with 90_0 T 2 (0.005% I, in 0.05% KI, (w/v)). The

absorbance at 660 g - 7
v: |~' ‘

One unit is | ne T required to degrade 1 mg

W dF

starch/ml in 10 minutes ggagfion time undergldgscribed condition.

ﬂuﬂqwﬂﬂswawnﬁ
TRINSSHIMANY

S1arch transglucosyla lon activity was measure by 1od1ne method. The
reaction mixture contained 250 pl of 0.2% (w/v) soluble starch, 50 pl of 1% maltose,
100 pl of enzyme and 600 pl of 50 mM phosphate buffer pH 6.0. Incubation was at 30
°C for 10 minutes, reaction was stopped by boiling. Then 100 ul aliquot was
withdrawn and mixed with 1 ml of iodine solution (0.02% (w/v) L, in 0.2% KI). The

decrease in the absorbance at 600 nm was monitored.
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One unit of enzyme is defined as the amount of enzyme which produces 1%
reduction in the intensity of the color of the starch-iodine complex per minute under

described condition (modified from Park et al., 2007).

2.9.3 Disproportionation activity

Disproportionation activi sured by glucose oxidase method. The

reaction mixture contained %
was at 30 °C for 10 mini adding 30 pl of 1 N HCL. Then
920 pl of glucose oxig ated at room temperature for
10 minutes. The abso#

One unit is de ired for the production of 1

umol of glucose per m#

. o — !

2.9.4 Cyclization activi 375 7

Cyclization (e 2740 analysis. The reaction
| v: 7 A d

mixture contained 15( "I 1 ¢ mime and 1.3 ml of phosphate

¥

buffer pH 6.0. Incubatigngyas at 30 °C foy 90 minutes, reaction was stopped by

boiling, Then &Li&ﬁj mam @m FdE)od. then incubated at 40
oy TR IIET UL G ok [t Tal 1 s

One unit is defined as the amount of enzyme required for the production of 1

nC*minute of CD34 per minute under described condition.



54

2.9.5 Hydrolytic activity

Hydrolytic activity was measured by bicinchoninic acid assay (Appendix 5)
(Sinner and Puls, 1978). The reaction mixture contained 30 pl of LR-CDs (0.5
mg/ml), 10 pl of enzyme and 10 pl of phosphate buffer pH 6.0. Incubation was at 30
°C for 10 minutes, reaction was stopped by adding 30 pl of 1 N HCI. Then 950 pl of

incubated at 80 °C for 25 minutes and

bicinchoninic acid reagent was 2

inactivated on ice for 5 min : ﬁ& nm was measured.

One unit is defines required for the production of 1

umol of reduced glucq ANS OWlition.

Coupling activity v gent (Appendix 6) (Chaplin and

Kennedy, 1994). The reaction_r ¥ L. 100 pl of LR-CDs (3 mg/ml), 100 pl

of cellobiose (1 mygges = :\_‘[ hosphate buffer pH 6.0.
| v Iu,

Incubation was at 30 '_'li " > sTbped by boiling. Then added

v

8 U of glucoamylase (Huka, Switzerland), jncubated at 40 °C for 30 minutes and

inactivated by@liu.ﬂanSm pﬂ%ﬁrﬂeﬂw’i ﬂdg, boiled for 5 minutes,
inactivﬁ

dF

ENIRIDE LN (111

e
absorbarq:e' at 540 nm was measure
One unit is defined as the amount of enzyme required for the production of 1

umol of reduced glucose per minute under described condition.
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2.9.6.2 Using bicinchoninic acid assay

Coupling activity was measured by bicinchoninic acid assay (Appendix 5)
(Sinner and Puls, 1978). The reaction mixture contained 10 pl of LR-CDs (3 mg/ml),
10 pl of cellobiose (1 mg/ml), 10 ul of enzyme and 20 pl of phosphate buffer pH 6.0.
Incubation was at 30 °C for 10 minutes, reaction was stopped by boiling. Then added

J incubated at 40 °C for 30 minutes and

2 U of glucoamylase (Fluka, Swvzt
inactivated by boiling. Tk ' G }oninic acid reagent was added,
incubated at 80 °C for 257 7 r 5 minutes. The absorbance at
562 nm was measured

One unit is de®ic g e | " O red for the production of 1

2.9.6.3 Using gluco,
Coupling activity was T . cose oxidase method. The reaction
mixture contained {ggt s - ) biose (1 mg/ml), 20 pl of

| y A

enzyme and 40 pl 0) o ciation was at 30 °C for 10

dF

minutes, reaction was stgpged by boiling. ghen added 2 U of glucoamylase (Fluka,

Switzerland), Eq]luuﬂtg) WLV W& ELd: by boiting. Then 900
ul of ﬁcﬁﬁoﬁﬁﬁﬁﬂjﬁﬁﬁﬁ%ﬁ ﬁoé(z]oerature for 10

minutes.g nm was measured.
One unit is defined as the amount of enzyme required for the production of 1

umol of glucose per minute under described condition.
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2.9.6.4 Using HPAEC-PAD analysis

Coupling activity was measured by HPAEC-PAD analysis. The reaction
mixture contained 100 pl of LR-CDs (0.25 mg/ml), 100 pl of cellobiose (0.1 mg/ml),
50 pl of enzyme and 250 pl of phosphate buffer pH 6.0. Incubation was at 30 °C for
60 minutes, reaction was stopped by boiling. Then added 8 U of glucoamylase (Fluka,

Switzerland), incubated at 40 °( ninutes and inactivated by boiling. The

reaction was analyzed by Hx
One unit is define _ MOFNt S - required for the decrease of 1

nC*minute of CD34

Protein concenfat’ Wyrod & \ yucthod of Bradford (1976) with

bovine serum albumin as th flftan 4= 1dix 7).

2.11 Polyacrylami - : '
5" |~' d

Two types of E G w1y of enzyme purification, the

dF

denaturing and non-dengtyging gels. The gggls were visualized by coomassie blue

e EL AN UNTHEADT 0 s
ARINNIUANATINED Y

The denaturing gel was performed according to the method of Bollag et al.,
1996. The slab gel system consisted of 0.1% SDS (w/v) in 7.5% separating and 5.0%
stacking gel with Tris-glycine buffer, pH 8.0 containing 0.1% SDS as electrode
buffer. The gel preparation was described in Appendix 1. Samples to be analyzed

were treated with sample buffer and boiled for 5 minutes prior to loading to the gel.
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The electrophoresis was run from cathode towards anode at constant current of 20 mA
per slab, at room temperature on a Mini-Gel electrophoresis unit (Bio-rad). The
standard molecular weight markers were phophorylase b (MW 97,000 Da), albumin
(MW 66,000 Da), ovalbumin (MW 45,000 Da), carbonic anhydrase (MW 30,000 Da),
trypsin inhibitor (MW 20,100) and o-lactalbumin (MW 14,400). After

electrophoresis, proteins in the gels J2lized by coomassie blue staining.

2.11.2 Non-denati ‘trophoresis (Native-PAGE)
Discontinuous p gel of 7.5% separating gel
and 5% stacking gee ® used as electrode buffer.
Preparation of solutic#®an 4 3 i - - sed in Appendix 2. Samples
to be analyzed were®ire xl"\.,l - or loading to the gel. The
electrophoresis was run 1rq, at constant current of 16 mA per
slab, at 4 °C on a Mini-Gel 3;_ . it (Bio-rad). For activity staining, the

experiment was dong=

154-1

SU

2.11.3 Detection gfgrotein bands

mﬂummmw enN7
m\ﬁ ﬁ]‘ﬁ W{] 5.] aﬁﬁ solution (1%
Coomasge blue 0 met and 10% glacial acetic acid) for 2 hours. It was

then destained by destaining solution (10% methanol and 10% glacial acetic acid) for

several times until gel background was clear.
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2.11.3.2 Starch degrading activity staining

After electrophoresis at 4 °C, the gel was stained for activity in a 10 ml of
substrate solution containing 2% (w/v) soluble starch in 50 mM phosphate buffer, pH
6.0 and incubated at 30 °C for 10 minutes. The gel was rinsed several times with
distilled water and 10 ml of iodine solution (0.2% I, in 2% KI) was added for color

development at room temperatur ear zone on the dark blue background

indicated starch degrading ¢

2.12 Determination g ic focusing polyacrylamide

gel electrophoresis (#
2.12.1 Prepar#

I"." ‘-.l._‘

2\ piite. The hydrophobic side of

A}

late and flatly rolled with a test

A few drops of

the gel support film was t! i re: a5 N

tube to remove excess water A5 T 5

7 quently, it was placed on the casting

tray with the gel su ‘ e Jdoars.

2.12.2 Preparatiog gf the gel

! ummmmmmx 5) and degascd for

5 mlntﬁ ﬁe;;] a,\ Q‘ ﬁ?amsﬂj EJO the degassed
monomeq solution and swirled gently. The mixed solutlon was care pipetted into

the space between the glass plate and casting tray with a smooth flow rate to prevent
air bubbles. The gel was left to polymerize for about 45 minutes, and then lifted from
the casting tray using a spatula. The gel was fixed on the gel support film. A template
for sample application was placed in the middle of the polymerized gel and ready for

use.
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2.12.3 Sample application and electrophoresiss gel

The sample (1-4 pl) was loaded on the template. Standard protein markers
with known pI’s in the range of 3-10 were included in each run. Samples were
allowed to diffuse into the gel for 5 minutes and the template was carefully removed
from the gel. The gel with the absorbed samples was turned upside-down and directly

placed on top of the graphite elac cusing was carried out stepwise under

constant voltage conditions : 200 V for 15 minutes and finally
400 V for an additional
stained with coomasgg
determined using a s##¥U: NG ‘ : ®I’s of the standard proteins
and their migrating ' a0 (157404 t lard proteins consisted of
amyloglucosidase (3.5 L4 7 ; l 1. JS), B-lactoglobulin A (5.20),
' TRl

3 _,-f caalh, W\ onic anhydrase B (6.55), horse

myoglobin-acidic band (6.85). ‘-;:_ AT

bovine carbonic anhydras,
basic band (7.35), lentil lectin-acidic
band (8.15), lent U S *i n-basic band (8.65) and

trypsinogen (9.30). i

LAF

o UEINENTNYINT

IS AIMANgNaY
Qls.01 eterrmrfajion ro'mrgljs-poly’acrylarm(;l gel éﬁe‘ctr@phoresis (SDS-

The subunit molecular weight of purified amylomaltase was determined by

PAGE)

SDS-PAGE as described in section 2.11.1. The standard curve of protein markers was
constructed from the molecular weight of the standard proteins and their relative

mobility (Ry).
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2.13.1.2 Determination from gel filtration column chromatography

The molecular weight of purified amylomaltase was determined by gel
filtration on Sephacryl S-200 column (2 x 80 cm) with 50 mM phosphate buffer, pH
7.4 containing 150 mM NaCl at the flow rate of 0.5 ml/minute. The marker proteins
were: catalase (MW 232,000 Da), bovine serum albumin (MW 66,000 Da) and

ovalbumin (MW 44,000 Da).

2.13.2 Effect of te:
The effect of L AN t pctivity was examined in 50
mM phosphate buffes {0 ; I' W he range of 20-60 °C. The
activity was determis

- \ LY
percentage of the rela¢ AT \'*-. it Which maximum activity was

2133 Effeded N L
7 :

e Tzyme was determined at 20-

dF

The effect of t i peie

60 °C. The purified enzymgwas incubated g, various temperatures for 0-120 minutes

before detem%tu %J ganMtﬁuuﬂngcgd assay condition as
describ, ﬁ;fl‘tla ﬁﬁ% S ﬁ\ﬁe W gff;]ceﬁlilof the relative
activity. g’ he highest activity wa s 100%.

S de€rimed a

2.13.4 Effect of pH on amylomaltase activity
The effect of pH on the amylomaltase activity was determined at 30 °C at
various pHs. The buffers at concentration of 50 mM were used: acetate buffer, pH

4.0-6.0; phosphate buffer, pH 6.0-8.0 and Tris-HCI, pH 7.0-9.0. The activity was
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determined as described in section 2.9.2. The results were shown as a percentage of
the relative activity. The pH at which maximum activity was observed for each

reaction was set as 100%.

2.13.5 Effect of pH on amylomaltase stability

The effect of pH on the statg §§ § Jrg enzyme was determined at pH 4.0-9.0.

The purified enzyme was i
before determination of
described in section 2 Su® | . 3.4. The results were shown
as a percentage of the#€ia,

2.13.6 Transgl#€os \x altvoligosaccharides

The transglucosy! A ~near maltooligosaccharide of

amylomaltase was determined T ¥ #01), maltose (G2), maltotriose (G3),

maltotetraose (G4)agas———— :\_‘[ , and maltoheptaose (G7)
! vl g Ih.

as substrate. The rea "I D) (Frlv) substrate and 0.25 U of

dF

enzyme in 50 mM phosphate buffer, pH Q. Incubation was at 30 °C for 2 hours,

roaction was sﬂ L &had: mmm WE) AT} Rravn and anatyzed by
“”%Wimﬂ%ﬁmummmaa

2.13.7 Synthesis of large-ring cyclodextrins
The synthesis of large-ring cyclodextrins was determined using pea starch as
substrate. Two important parameters, incubation time and enzyme amount, were

varied.
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2.13.7.1 Effect of incubation time

The reaction mixtures contained 0.2% pea starch and 0.05 U or 0.15 U (starch
degrading activity) of enzyme in 50 mM phosphate buffer, pH 6.0. The reactions were
incubated at 30 °C at various time points for 1-24 hours, reaction was stopped by
boiling. Then added 4 U of glucoamylase (Fluka, Switzerland) and incubated at 40 °C

for 2 hours and inactivated by > reaction products were analyzed by

HPAEC-PAD as described

2.13.7.2 Effect,
The reaction ##x* ™ and various amounts of
enzyme (0.05 U, 0.1 # fivity) in 50 mM phosphate
buffer, pH 6.0. The r t time point 1 and 24 hours,
reactions were stopped 4 U of glucoamylase (Fluka,
Switzerland), incubated at 40_,:O X7 d inactivated by boiling. The reaction

products were analgggs s - Jion 2.15.2.

1;;1 A d

i

2.13.8 Time courgegf hydrolysis reggfion

me BUBINBNIWNYANT s sceminea vy

U
bicinchgnipi ﬁ(ﬁ&i ﬁuﬁpﬁ ﬁlﬁ%liﬂi‘ﬁzjtpf alge contained 30
ul of 0. Eml -CDs, 10 ul of enzyme and 10 pl of phosphate buffer pH 6.0.

Incubation was at 30 °C at various time points for 1-24 hours, reaction was stopped
by adding 30 pl of 1 N HCI. Then the amount of glucose was determined by

bicinchoninic acid assay as described in section 2.9.4.
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2.13.9 Substrate specificity of amylomaltase

The ability of enzyme to catalyze maltooligosaccharides was determined using
maltose (G2), maltotriose (G3), maltotetraose (G4), maltopentaose (GS5),
maltohexaose (G6) and maltoheptaose (G7) as substrate. The reaction mixtures
contained 50 mM of substrate and 0.2 U of enzyme in 50 mM phosphate buffer, pH

6.0. Incubation was at 30 °C for

‘Js, reaction was stopped by boiling. Then
the amount of glucose waxs ; oxidase method as described in

section 2.9.3.

2.13.10 Deter=#io",
Kinetic parar#ier T rivity were determined by
incubating various corfCer _ ' N wnging from 0-200 mM at 30
°C for 5 minutes in 50 ; | 6.0. The suitable amount of
amylomaltase used was 1 pug (_)f; ’}E_ X lor-naltase. The reaction was stopped
by boiling for 10 -- s determined by glucose

tel(Tharameters were determined

dF

oxidase method as d E 110

from the Michaelis-Menfgngquation, usingg jneweaver-Burk plot.

qummmwmm
BN DN 1 H el R

The reaction mixture 500 ml contains 0.2% pea starch and 12 U (starch
degrading activity) of enzyme in 50 mM phosphate buffer, pH 6.0. The reaction was
incubated at 30 °C for 24 hours, reaction was stopped by boiling. Then added 175 U
of glucoamylase (Fluka, Switzerland) and incubated at 40 °C for 24 hours and

inactivated by boiling.
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2.14.2 Precipitation of large-ring cyclodextrins

Five hundred milliliter of large-scale production (section 2.14.1) was filtrated
and concentrated at 50 °C under vacuum pressure at 30 mbar until volume reduced to
100 ml. Then 3 times volume of acetone was added to the concentrated reaction and

left at room temperature overnight. The supernatant was removed and the precipitate

was washed by 50 ml of acetone. Jpitate was further stirred manually using a

14 é was repeated twice with acetone.

20 ml of ethanol and stirred

spatula. The supernatant we

The supernatant was ren

2.15 Analysis of oligosacchapi ¥ ino cyclodextrins
2.15.1 ThinygeE -3 :
| v: A d
The analysis Jf o weTiperformed as described by

- i¥

Dawson et al., 1986. Thg ZLC system wagp-propanol : ethyl acetate : water (7:1:2)

by volume. D@fuﬂ BBV AN LV A ocram can readity be
achievﬁ;ﬁj.:l a Qeﬁt'ﬁ ﬁjwij i @fﬁ %lﬁtpf é! omatogram at

110 ° inutes after spraying h a reagent prepared from concentrated

sulphuric acid : ethanol (1:9) (Kennedy and Pagliuca, 1994).
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2.15.2 High performance anion exchange chromatography with pulses
amperometric detection (HPAEC-PAD)

HPAEC-PAD was used to analyze large-ring cyclodextrins (Koizumi et al.,
1999). The model ICS 3000 system (Dionex, USA) was used with Carbopac PA-100

column (4 x 250 mm, Dionex, USA). A sample of 25 ul was loaded onto the column

and eluted with a linear gradient o J jnitrate (0-2 minutes, increasing from 4%

é,‘ 10-20 minutes, increasing from
d

18% to 28%; 20-40 min Singg o e 35%; 40-55 minutes, increasing

to 8%; 2-10 minutes, incr

from 35% to 45%; 55 to 63%) in 150 mM NaOH

with a flow rate of i " ducts were compared with

standard LR-CDs (CL

2.16 Mass spectrometry (1

The mixture of large-ri T ¥ vas analyzed by Matrix-assisted laser
et o
desorption/ionizatigges :,‘[ LDI-TOF MS) (Endo et
| vl Ih_
al., 2007). The MAL --: - ord on a “Autoflex” I system

dF

(Bruker Daltonic, Germpagy) at the Instifgtg of Medical Physics and Biophysics,

ey o N NI NN DS o
“”Wﬁaﬂni:uwnﬂmaﬂ



CHAPTER III

RESULTS

3.1 Identification and expression of amylomaltase gene (malQ) from
Corynebacterium glutamicum ATCC 13032

3.1.1 Extraction of chromosomal DNA

The genomic DNA was ecked by agarose gel electrophoresis
(Figure 3.1 Lane 1). The 1 éf DNA template was larger than
10 kb. The ratio of A% — ‘“\ at the purity of this extracted

DNA was sufficient to glification.

3.1.2 malQ amp'

The product fror s found as a single band on

agarose gel electrophoresis# [_a®: 2. The size of PCR product was

2.1 kb as expected for mg SN 8, subiected to digestion with the

restriction enzymes § AY |

i

S EHTEI NN NN

The 2.1%b amplified gene fragment was dlgested with NdeI and Xhol, ligated

o QR AGIATUENAINY AR B e

recomblnant plasmid was constructed and transformed into the competent cells of E.
coli BL21(DE3) by electroporation as described in section 2.4.7. One hundred pl of
the transformant was spread on LB agar plate containing 100 pg/ml ampicillin and
incubated at 37 °C for overnight. The E. coli BL21(DE3) containing pET-19b vector

harboring malQ was grown on the plate. To verify the insertion of PCR product into
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Figure 3.1 Agaros V X INA of Corynebacterium

glutamicum ATCC 1% .f, The D

visualized by ﬁw@‘z(‘nﬂﬂ %Jw 1N

= GeneRuler kb DNA ladder (Fermentas, Canada)

q W'Z’I@V&'ﬂﬁ@é wr}? W'}ﬁ EjA.ch 13032

A samples were sepsdated on 1% agarose gel and
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Figure 3.2 Agarose gel g g mp \'\u ONA. The DNA samples were
| r.—.:r_r - =
separated on 1% agarose gl arid===

T ¥
- ’iz:‘j g

idium bromide staining.

Lane M.l k LBiztabs Inc., USA)

Lane 1 s A

i .
Lane 2 =®™nplified PCR product of malQ ##gment (2.1 kb)

AULINENINYINS
ARIAIN TN TN
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pET-19b, the transformant was picked for plasmid extraction and digested with Ndel-
Xhol as described in section 2.4.4. The agarose gel electrophoresis pattern of the
recombinant plasmid containing mal/Q is shown in Figure 3.3. The size of linear form
of the recombinant plasmid and 2.1 kb corresponded to the expected size for the PCR

product of malQ.

3.1.4 Nucleotide seq

To confirm wheth: < indeed malQ, the recombinant

plasmid (p19AM) wg, y using the primers of T7
promotor and T7 te«#in- - zh the 5'-terminus and 3'-

terminus of the insert# - g > sequence was extended by

||" LY
% Siction 2.5.3 and searched for
k)

using primer {CGAM#

overlapping regions. The malQ and deduced amino acid

sequence are shown in Figure 2=

T wle sequence consisted of malQ (2,121

bp) and his-tag res i 274 duced to 729 amino acid
L

LAF

residues. i
W

The alignment @f the obtained dgdpced amino acid sequence with other

published 4acﬂ LB I B I MNEL I Biocexirins syntness n

NCBIﬁdﬁ/ rot ﬁim@aﬁ\,j ﬁrﬁ é&ﬂS to 3.9). The
result ofghe allgnment 1s shown 1n Table he am altase from C. glutamicum

was the largest, the size was similar to amylomaltase from E. coli, however, the
similarity between these two amylomaltases was only 45%. And when compared
amylomaltase from C. glutamicum with other published 4aGTases, amino acid

sequence similarity was very low, in the range of 28-33%.
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Figure 3.3 Agarose gel e ghro== = o1 W8 nant malQ inserted in pET-19b

1% agarose gel and visualized by

#
-

vector. The DNA samples vy L2 /)
ethidium bromide s =as - Z 3

Lane M = | |}:neREE seucr (Ifimentas, Canada)
i ¢ W

Lane 1 = pBi'Qb vector diges@ed with Ndel and X#ol

BB ANEITIWELIND v
ARIANTAUININGIAY
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10 20 30 40 50 60
ATGGGCCATCATCATCATCATCATCATCATCATCACAGCAGCGGCCATATCGACGACGAC
M 6GHHHHMHMHMHUHMHMHS S GH 1 D DD

70 80 90 100 110 120
GACAAGCATATGACTGCTCGCAGATTTTTGAATGAACTCGCCGATCTCTACGGCGTAGCA
D K HMTARRIFLNETLADILY G VA

130 140 150 160 170 180
ACTTCCTACACTGATTACAAAGGTGCCCATATTGAGGTCAGCGATGACACATTAGTGAAA
T SYTDYKGAH T EV S DDTL V K
190 200 210 220 230 240
ATCCTGCGTGCTCTGGGTGTGAATTTAGATACAAGCAACCTCCCCAACGATGACGCTATC
Il L R AL GV NL D T S NL P NDD A I

250 260 280 290 300
CAACGCCAAATTGCCCTCTTCCATCAN Y ACTCGCCCACTGCCTCCATCGGTG
Q R Q I A L F i 2 R PLPP S V

310 320 Ty 350 360
GTTGCAGTTGAAGGTGATG : 3CACGACGGTTCCCCTGCA
V AV E G D "--..iiH D G S P A

370 : ~ 410 420
GATGTCCACATCGAATTC 4 " CTCAGGTGGAAAACTGG
D VHI E ’ i SN ™ Q0 vV E N W
430 . , \ 470 480
ACAGCGCCACGGGAA TTTAAGATTCCTGGT
T A P R E F K 1P G
490 530 540
GATCTCCCCTTGGGT AV NGAACGCTCAGCTGAGTGC
D L P L G V W% R S A E C
550 '\\ 590 600
GGTTTGATCATCACCCCC TATCTTGATTCCCCTCGC

G L I I T P®A K®Y L D S P R

610 62(, rﬂf 54 650 660
AGTGGTGTCATGGCGCAGA1 &.,TA CGT IGTCGTGGGGCATGGGTGAT
S GV M A Q 1 -ﬂEE: Aaﬂ? L S W G M G D

670 634 ~ = 3 710 720
TTCAATGCATTTAG( LA L ' AGACTTCCTGCTC
F N DL Gl ‘, j1i\ D F L L

730 770 780

ATCAACCCCATGCACCY iGC (& VCAG( ' TCTCCTTATCTGCCC
I NP M H = A E P LPPTE®S®SZPY L P

790 810 820 830 840
ACAACCAGG T4 T, GGAGTTTAAT
900

CAGCTTGAGA{“GATCTACGCGATGAT&TCGCAGAGATGGCTGCGGAATTCCGCGAACGC

ARG VAN

N LT S D 1 E RNDVY A AKULOQV L

Figure 3.4 Nucleotide and deduced amino acid sequences of amylomaltase from
Corynebacterium glutamicum ATCC 13032. The underlined letters indicate residues

containing his-tag.
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970 980 990 1000 1010 1020
CGCGCCATTTTTGAAATGCCTCGTTCCAGCGAACGTGAAGCCAACTTTGTCTCCTTCGTG
R Al F EMPRSSEIREANIFVS FV

1030 1040 1050 1060 1070 1080
CAACGGGAAGGCCAAGGTCTTATTGATTTCGCCACCTGGTGCGCGGACCGCGAAACTGCA
Q R EGQ GL 11T DFATWZCADURET A

1090 1100 1110 1120 1130 1140
CAGTCTGAATCTGTCCACGGAACTGAGCCAGACCGCGATGAGCTGACCATGTTCTACATG
Q S E SV HGTEWPUDRDETLTWMFY M

1150 1160 1170 1180 1190 1200
TGGTTGCAGTGGCTATGTGATGAGCAGCTGGCGGCAGCTCAAAAGCGCGCTGTCGATGCC
w L QWwWULCDEU QLAAAQI KR RAVDA

1210 1220 12.6 1240 1250 1260
GGAATGTCGATCGGCATCATGGCAL A TCGTGTGCATCCAGGTGGTGCTGAT
G M S I G 1 M g g4 V H P G G A D

1270 1280 M ' é 1310 1320
s 3G GCGCCCCACCAGATGGA

A Q N L S H . A P P D G
1330 - - 1370 1380

TACAACCAGCAGGGCCAA " CCAGTGCGTCTTGCAGAG

Y N Q Q G N V R L AE
1390 1430 1440

GAAGGCTACATTCCGHEC NGO CACTCCGGCGGAATC

E G Y I P W M H S G G 1
1450 5

O N 1490 1500
\ WCCACGCATGCAATCCCCT
R V D H V

W% R M Q S P
1510 . 1550 1560
GCTACGGGCACCTATATC Jfc e i o TG SGCATTCTAGCCCTAGAA

AT G T Y 1 : G I L AL E
1570 158¢, T 50 1610 1620
GCAGAACTCGCAGGCGCCGT TG @ TGGGAACGTTTGAGCCTTGGGTA
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Q AM\E I'L DV AASANALUZPAREYV

Figure 3.4 (continued) Nucleotide and deduced amino acid sequences of

amylomaltase from Corynebacterium glutamicum ATCC 13032.
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1930 1940 1950 1960 1970 1980
GGACTCGAACGCGATCAGCGCGGTGAGTTGGCTGAGCTGTTGGAAGGCCTGCACACTTTC
G L ERD QRGETLAETVLWLETGTLHTF

1990 2000 2010 2020 2030 2040
GTTGCGAAAACCCCTTCAGCACTGACCTGTGTCTGCTTGGTAGACATGGTCGGTGAAAAG
vV AX TP SALTTCVCLVDWMVGE K

2050 2060 2070 2080 2090 2100
CGGGCACAGAATCAGCCGGGCACAACGAGGGATATGTATCCCAACTGGTGTATCCCACTG
R AQ NQP G TTRDWMYPNWTCTI1 P L
2110 2120 2130 2140 2150 2160
TGTGACAGCGAAGGCAACTCCGTGCTCATTGAATCGCTGCGTGAAAATGAGCTGTATCAC
c bsS EGNJ SV LI E SLIRENTETL Y H
2170 2180 2
CGTGTGGCAAAGGCAAGCAAGCGAL
R V. A K A § K

Figure 3.4 (continued) N s 4 - ' .amino acid sequences of

amylomaltase from Cg o\ ! 3032,

1
"
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e 35 MEHEFII M NRIAR G om conmetnrrin

glutamicum A?‘CC 13032 (CG) €compared ysth

with amylomaltgge from Thermus

o) By LD B AL AILELIA Bl e s

sequences is shown as (markup line) identical, (colon) conserved substitutions and

(dot) semi-conserved substitutions. Catalytic residues are shown as highlight. The

letters in squared box indicate Tyr-172 and Tyr-54 residues of C. glutamicum and T.

aquaticus, respectively.
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Figure 3.6 Arﬂoﬂi&e@e% &%@cﬂnﬂoﬁaﬁﬁrom Corynebacterium

glutamicum A?‘CC 13032 (CG) €compared wsith amylomaltgge from Thermus

e YA RO LA EY MIAVAILEN VAL, s e

aligned sequences is shown as (markup line) identical, (colon) conserved substitutions

and (dot) semi-conserved substitutions. Catalytic residues are shown as highlight.
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Figure 3.8 Aﬂﬁiﬁeﬁeﬂ Efﬁqwmaﬁsﬁimm Corynebacterium

glutamicum ATIC 13032 (CG) compared with amylomaltase from potato Solanum

o QARNAART UV TN B et

sequen0651s shown as (markup line) identical, (colon) conserved substitutions and

(dot) semi-conserved substitutions. Catalytic residues are shown as highlight.
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apyylomaltase frogy Corynebacterium

) @13 TR TATR el 1 T Y

K12 (EC) using Stretcher program. Amino acid conservation across the aligned

sequences is shown as (markup line) identical, (colon) conserved substitutions and

(dot) semi-conserved substitutions. Catalytic residues are shown as highlight.
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Table 3.1 Percent similarity of deduced amino acid sequence of recombinant

amylomaltase from Corynebacteriv icum ATCC 13032 compared with other

40aGTases. The accession num I and Swiss-Prot database.

Accession number f amino acid | %Similarity

NP_601497 \ o 06 100

EED09753 28
YP 144527 28
AAC06897 30
Q06801 33
P15977 45

AULINENINYINS
ARIAIN TN TN
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3.1.5 Expression of amylomaltase gene

The E.coli BL21(DE3) containing recombinant plasmid (pl9AM) was
cultivated in LB broth containing 100 pg/ml ampicillin antibiotic. The enzyme
production was induced with IPTG at a final concentration of 0.4 mM for 0, 1, 2, 3, 4,

5 and 6 hours. The growth rate was followed by Agp. The cells were harvested and

#ract was assayed as described in section

éat IPTG induction, the expression

starch transglucosylation activity i
2.9.2. When recombinant ¢
of amylomaltase gene w2 2c undetectable. The expression
was highest at induct: PTG was used (Figure 3.10),

this condition was sef€C ‘ 44T uraier experiment. The specific

activity of amylomal®Se g 4t e111 After 2 hours of induction,

3.1.6 Protein pattern of 775

The 1.5 ml dFome———— :,\.‘[ nt clone (p19AM) grown
| v. LY

at 0.4 mM IPTG af '_'|; ‘ar uJJ§2.7 and then harvested by

dF

centrifugation. The cell gtligts were resuspggeed in 100 pl of H>O. Fifteen microliters

o con s Eocd PLELAA I E) DAL, v s
ele““’ﬁ"ﬁs’i"ﬁ NPT EY 0k L -

that the§major protein band at around 80 kDa of cells at each induction time

corresponded to the expected size of the enzyme.



Protein (mg/ml) / Activity (U/ml)
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—Protein (mg/ml)  —M—Activity {7 -0-A600 —@—Specific activity (U/mg

100 T

80 T

60 T

40 T

20 T

i ] 4 mM IPTG

AULINENINYINS
ARIAIN TN TN

35

T 25

T 1.5

0.5

81

(Swy/n) Apanoe aydds / 009V



82

30

AT
Figure 3.11 SDS-P E g :

-

at pL2AM clone induced by 0.4

mM IPTG at variouse4¥

Lane M protein LMW marker

Lane lﬂ u El fJ ﬂ W?Sﬂ[ﬂ/ﬂfﬂﬁat various induction

times: 9, 1,2,3,4, 5 and 6 h, respectlvely

’QW'W&\?ﬂ‘iﬁUNW]’J?’IEﬂﬂH
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3.2 Purification of amylomaltase from the recombinant clone harboring p19AM
3.2.1 Preparation of crude extract
Crude recombinant amylomaltase was prepared from 7 g of E.coli BL21(DE3)
recombinant clone (p19AM) which was cultivated from 1.8 liter of medium as
described in 2.8.2. Twelve milliliters of crude enzyme solution contained 740 mg

protein with 1,633 Unit of starch iylation activity was used for purification.

The specific activity of the : éion was 2.2 Unit/mg protein.

3.2.2 HisTrap
The crude e ®im N fer " ™ dialyzed against 20 mM
phosphate buffer, pte#.2 4 & K7y () N blied onto a HisTrap FF™
column as described i ' fle is shown in Figure 3.12.

The unbound proteins were gas : 3L oq ' brating buffer as the major protein
| . ; Fa
i

peak with shoulder. The bound T ¥ ted in a rather sharp narrow peak by

the buffer containigg e it high enzyme activity was
| v: g I"'
observed. The fractig pRatiml activity were pooled and

¥

dialyzed against 20 mM ghgasphate buffer, pH} 7.4. The specific activity of the enzyme

at this step wa?q]fuﬂ/% mt&lweim]aa’s]ln ‘fjld purified with 30.2%
RRTRIN NN INGa Y
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4000 60
3500 T —o—A280 L s
3000 - - Activity (U/ml)
~ + 40 »
% 2500 A g
= 2000 - 1 30 %‘
[
[\ | _ ~
< 1500 L2 E
1000 -
500 - T10

0% from the recombinant clone

harboring p19AM by HisT ##% _ bgraphy

The enzyme was applidaZ/s 24 &column (0.7 x 2.5 cm, two columns

consecutively) and v

.‘;JI pH 7.4 containing 0.5 M

NaCl and 20 mM im .: 1Zole Ulio. e et dec , sed to baseline. The bound

proteins were tﬂﬁﬁvﬁ ﬂ?j({ﬂnﬂzﬁe ﬁtﬁy at the flow rate of 1
ml/min. Fracti 1 Were collected. The w indicat€s where elution of the

R I AT TN TR



85

Table 3.2 Purification of amylomaltase from the recombinant clone harboring

pl9AM?

Purification step Purification Yield (%)

Fold

Crude extract 1 100
HisTrap FE™ 10.8 30.2
“Crude extract was prepare #irdiatets. « ll et weight) of cell culture.

bAssayed by starch transg

V.. Y]

AULINENINYINS
ARIAIN TN TN
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3.2.3 Determination of enzyme purity by SDS and Native-PAGE

The enzyme from each step of purification was examined for purity and
protein pattern by SDS-PAGE (Figure 3.13) as described in 2.11.1. In SDS-PAGE
analysis, the purified enzyme showed a single band on the gel indicating the success
of purification by only one step of affinity chromatography. In addition, the purified

enzyme was subjected to non-de AGE followed by activity staining as

described in 2.11.2 (Figurew o / ¢ the purified enzyme showed one

major band and another f2 i, mi r than the major band.

3.3 Characterizatiors w4 ‘ ®nant clone harboring
p19AM
L II"." LY
3.3.1 Molecula! oA ik A S (tase

A}

AL
of = maltase containg his-tag residues
i -”‘.

was estimated to be about 84 -:: 7

The molecular weig
o (Figure 3.13b).

S am—

3.3.2 Effect ot i npe aTh transglucosylation activity

and stability Fs

-3 L
The ef?q]lt u&gm (%J:mg mv%l Qsﬂvﬁtigated as described in
2.13.2,# eﬁlﬁ ﬁaﬁrt‘ej g.la E]:,.irﬁ(ﬂlt is shown in
Figure 'ﬁje enzyme activity \;ﬂ::ﬁshowedﬁghest activity was defined as

100% residual activity. The enzyme performed the highest activity at 30 °C while
90% of the activity still remained at 40 °C. It was observed that the activity was
significantly dropped at 50 °C and higher.

The themostability of amylomaltase was determined as described in 2.13.3.

The enzyme was preincubated at various temperatures ranging from 20 °C to 60 °C
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_ 0.6 08 1 12
hility (Rf)

N\ Itase

) from each purification step
Lane M - 4\ rker

Lane 1 = | 15 ug
Lane 2 7 _3 g

b) Calibration curv ; ,:.:' “Jrylomaltase containing

his-tag by SDS-PAGELY

. i‘-‘fﬁ"ﬂﬁwﬂ nIfe ﬁl
’@W’?Mﬂ P zu p{ WP"}%@”] & EJ

( ) = Carbonic anhydrase (MW 30,000 Da)

Arrow indicates a determined molecular weight of amylomaltase
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a) Effect of temperature on amylomaltase activity

b) Effect of temperature on amylomaltase stability

The enzyme sample was in 50 mM phosphate buffer, pH 6.0.
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for 0-120 minutes. The activity of non-preincubated enzyme was defined as 100%
residual activity. The result is shown in Figure 3.15b. The enzyme retained its activity
at temperature up to 30 °C and lost about 60% of its activity at 40 °C after 20 minutes.
At 50 °C and 60 °C, amylomaltase absolutely lost its activity after 10 minutes of

incubation.

3.3.3 Effect of pH e Wil h transglucosylation activity and
stability

The effect of x

enzyme was preincubated at I"' T in 50 mM buffers at various pHs

ranging from 4.0 g .6b. The activity of non-
5"1 'hl

preincubated enzyme E 1S acglity. The enzyme was found

dF

to be stable over the pH gagge from 5.5 to 9¢),

HUEJ’JVIEWWWEJ’]ﬂ‘i
ASHS TN

ie transglucosylation reaction of amylomaltase Wasrc]e ermined as described
in 2.13.6. The enzyme was incubated with linear maltooligosaccharide substrates (G1,
glucose to G7, maltoheptaose) in 50 mM phosphate buffer, pH 6.0 at 30 °C for 2
hours. The reaction mixture was analyzed by thin-layer chromatography (TLC) as
described in 2.15.1. The result is shown in Figure 3.17. The enzyme could catalyze

transglucosylation reaction from maltooligosaccharides G2 to G7 while G1 could not



91

(@)

—O— Acetate buffer
—- Phosphate buffer
80 -+ =~ Tris-HCI

100 +

40

Residual activity (%)

20

10

100

80

60

'tate buffer

40 iosphate buffer

20 ) N ris-HC1

Residual activity (%)

10

qmmnmuﬁnwmaa

Figure 3 16 Effect of pH on amylomaltase starch transglucosylation activity and
stability

a) Effect of pH on amylomaltase activity

b) Effect of pH on amylomaltase stability

The reactions were measured at 30 °C.



92

Gl . Gl
G2 ) <
G3 . G3
G4 N | G
G5 ’ ' G5
G6 . G6
G7 \A"s ‘. @7
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A U

Figure 3.17 TLC

substrate at 30°C for ¢ o Lane M, stagggrd G1-G7; lane 1,2: Gl without/with

enzyme: lane ﬂ umm & ‘Klﬁ 440 7 b I ——
7.8: G ﬁﬁqﬁﬁmﬂﬁﬁ%ﬁﬁlﬁ{yane 11,12: G6

without/gyith enzyme; lan hout/with enzyme
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be a substrate. Various maltooligosaccharides of different length were produced from
each reaction. When relatively long maltooligosaccharides (G5, G6, and G7) were
used as a substrate, high molecular mass oligosaccharides were observed as the TLC

spots of the products were hardly moved from the origin.

3.3.5 The synthesis of large- % B § F Jogdextrins

’/J)y amylomaltase was followed as
d

- 2% (w/v) pea starch in 50 mM

The production of |

described in 2.13.7. The ¢

phosphate buffer, pH 4 ours. The reaction mixture

was analyzed by HF# The LR-CD products were

depended on the incu yme, the principle product

was changed from larg

\
‘\ N\ ns,Jbatlon time (30 minutes) to

smaller size (CD25) at 2 } \ t was observed that the principle

product CD28 and CD26 was s T T aurs of incubation, respectively. When

using higher concegga s 2% amount of CD products
\ 5""; . g d
was increased. Howey M, U W nTeh different from that at low

oy i¥

enzyme, consisted of mjggures of LR-CDsgranged from about CD19 to higher than

CDS6, with ﬂ W3 g nﬁmbmﬂﬁm incubation time
“lg“%i‘imﬂnifummﬂmaa
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Figure 3% 8 HPAEC analysis of large-ring cyclodextrins synthesized by amylomaltase
at different incubation time. 0.2% (w/v) pea starch was incubated with 0.15 U/ml
enzyme at 30 °C. Peak numbers indicate the degree of polymerization of identified

LR-CDs based on comparison of R; with CD20 and CD21. (a) Incubation of 30 min,

(b) Incubation of 1 h.
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Figure 3418 (continued) HPAEC analysis of large-ring cyclodextrins synthesized by

amylomaltase at different incubation time. 0.2% (w/v) pea starch was incubated with
0.15 U/ml enzyme at 30 °C. Peak numbers indicate the degree of polymerization of

identified LR-CDs based on comparison of R; with CD20 and CD21. (¢) Incubation of

2 h, (d) Incubation of 4 h.
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Figure 3918 (_continued) HPAEC analysis of large-ring cyclodextrins synthesized by
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|

amylomaltase at different incubation time. 0.2% (w/v) pea starch was incubated with
0.15 U/ml enzyme at 30 °C. Peak numbers indicate the degree of polymerization of

identified LR-CDs based on comparison of R; with CD20 and CD21. (e) Incubation of

6 h, (f) Incubation of 24 h.
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Figure 3§19 HPAEC analysis of large-ring cyclodextrins sntheszed by amylomaltase
at different amount of enzyme. 0.2% (w/v) pea starch was incubated with a) 0.15
U/ml and b) 0.5 U/ml enzyme at 30 °C for 4 h. Peak numbers indicate the degree of
polymerization of identified LR-CDs based on comparison of R; with CD20 and

CD21.
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3.4 Construction and expression of recombinant wild-type and Y172A mutated
amylomaltase

After purification of recombinant wild-type amylomaltase from pl9AM clone,
the purified protein was treated with enterokinase to remove his-tag residues (23
amino acids in length). Unfortunately, the mature amylomaltase enzyme without his-

tag residues showed no activity hange of the expression vector used for

cloning was made. Instead ' 4 ﬁlis-tag sequence at N-terminal of

expressed protein, pET-1.7 SeTi — ‘nression vector.

3.4.1 Extracti«
The plasmid
electrophoresis (Figurf™:
indicated that the purityjo 1 AL sufficient to be used for further
experiment.

3.4.2 Transfo il 1101

The malQ gene fgagpent was digestgg with Ndel and Xhol from p19AM, then

vaaed win 0 BB BT I EERD oy 74 o e
v 4

Transfi i Tat% ﬁ“itﬂtjﬁ ﬁErfﬁ Wgﬁi) éﬂﬁ:rformed as in

section l I.3. The agarose gel electrophoresis pattern of the recombinant plasmid

containing malQ (pl7AM) is shown in Figure 3.20 (lane 3-6). The size of linear form

of the recombinant plasmid and 2.1 kb corresponded to the size of malQ.
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Figure 3.20  Agaros g - Lo\ ‘H- wat malQ inserted in pET-17b
; ; \
e, ¥ !

vector. The DNA san STy “‘~ arose gel and visualized by

ethidium bromide stainir

Lane M

Lanes V ) ,h Ndel and Xhol

Lane 3% - = pET-17b vector harborlhc malQ
AU NI ARG
and ﬂol

ammﬂimum'awmaﬂ
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3.4.3 Nucleotide sequencing

To confirm the inserted fragment, the recombinant plasmid (p17AM) was
subjected to DNA sequencing using the primers of T7 promotor and T7 terminator as
in 3.1.4. The nucleotide sequence of malQ (2,121 bp) and the deduced amino acid
sequence (706 residues) were identical to the sequences in Figure 3.4 except that the

e removed.

his-tag residues (the first 23 amin

3.4.4 Site-directer™ "vlomaltase

The sequence 4 mino acid sequence with 7.

aquaticus amylomalte# Tyr-172 of C. glutamicum

amylomaltase is in th ) ? 84" T. aquaticus amylomaltase

\
Ll 'i'i \
(Terada et al., 1999) # Y ‘ 5'-\ pnse of this residue affected the

hydrolytic activity of as n this study, the Tyr-172 of C.

glutamicum amylomaltase was - > e 7 e by PCR amplification as described

in section 2.6. Theggas——— =4 cleotide sequencing (data
| vl Ih_
not shown). The resuf 1 sitiit had GCG instead of TAT

Ly I¥

which led to the changegigaamino acid frog,Tyr to Ala residue. The Y172A mutant

was v o fop L El NINEINT
amaﬁnimummmaa
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3.4.5 Expression of amylomaltase gene

The E. coli BL21(DE3) containing recombinant plasmid (p17AM) and Y172A
mutated plasmid were cultivated in LB broth containing 100 pg/ml ampicillin. The
result of amylomaltase expression was the same as for the enzyme with his-tag
residues as described in 3.1.5. The specific activities of amylomaltase and Y172A

mutated amylomaltase obtained g 2 Unit/mg protein and 1.1 Unit/mg

protein, respectively.
3.5 Purification of a: t clone harboring p17AM

and Y172A mutant

Crude recombinant, red from 4 g and 6 g of E.coli

BL21(DE3) recombinant clongzaiiay i <] 172A mutant which was cultivated

from 1 liter and 1. 8 - 7).2. For recombinant wild

-
!

nain it 304.5 mg protein with 612

dF

type, ten milliliters o [ ruc

Unit of starch transglucosyjgtion activity. Tgg specific activity of the enzyme in crude

e ELUSL AN BN TNEIDT s v o
)G EeN ) -

enzyme,§nd the specific activity was 1.1 Unit/mg protein (Table 3.4).

3.5.2 DEAE FF™ column chromatography
The crude enzyme from recombinant clone (p17AM) was dialyzed against 50
mM phosphate buffer, pH 7.4 and applied onto DEAE FF™ column as described in

2.8.4.1. The chromatographic profile is shown in Figure 3.21. The unbound proteins
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Figure 3.21 Purification p, 11f maltase from recombinant clone

(p17AM) by DEAE FF™ coladiciti/s = 44
The crude ;, .:"[ umn (0.7 x 2.5 cm) and

washed with 50 mM .I osphatc T oontait , g 0.01% B-mercaptoethanol

until Az of el ﬁﬁ ﬁagl %‘J 'ﬂﬁf ere stepwise eluted by
0.2 M NaCl, a?]n ﬂ ﬁﬁﬂow rate of 1 ml/min.

R TTHINE T

The active protein and activity peaks were pooled.
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were eluted from the column by phosphate buffer, pH 7.4 containing 0.01% p-
mercaptoethanol, this peak was found to contain little enzyme activity. The bound
proteins were then eluted with stepwise of 0.2 M NaCl, 0.3 M NaCl and 1 M NaCl in
the same buffer. The fractions eluted by 0.3 M NaCl were found to contain high starch
glucosylation activity. They were pooled and dialyzed against 50 mM phosphate

buffer, pH 7.4. The specific actiy enzyme from this step was 13 Unit/mg

protein. The enzyme was 6.5 o # recovery (Table 3.3).

For the mutated e! > CC - == and the elution steps were the
same as in the recomly | attern obtained was similar,
however, it was not# ‘ peaks from 0.3 M NaCl
elution were signific ._ bared to Figure 3.21). The
specific activity of th: \"'\11 Jnit/mg protein. The enzyme

was 3.3 fold purified witn !

3.5.3. Phenyigs
vV,

The pooled pl i \ " "mras dialyzed against 50 mM

dF

phosphate buffer, pH 7g4and applied ongg Phenyl FF™ column as described in

2.8.4.2. The Cﬂd‘uﬂpﬂnﬂ mlﬁwwﬂg%E]ZﬁThe unbound proteins
with n dﬁﬁlﬁﬁl %ﬁtﬂt s‘;iaﬂ% gg_ih yﬁnn by 50 mM
phospli “buffer, pH" f] containing ﬂM ammonium sulfate and 0.01% -
mercaptoethanol. The bound proteins were then eluted with stepwise of 0.2 M
ammonium sulfate and 0 M ammonium sulfate in the same buffer. The major protein

with high activity peak was eluted by the buffer without ammonium sulfate. The

fractions with starch transglucosylation activity were pooled and dialyzed against 50
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Figure 3.22 Purification #5fi¥ al®l amylomaltase by DEAE FF™
column chromatogranhy = s
The crude d 7 fY Jlumn (0.7 x 2.5 cm) and

washed with 50 mM . ,.! osphate ouiict, pri /.4 contaitddg 0.01% B-mercaptoethanol

until Aggo of eﬁnﬁﬁﬁ wﬁ\'ﬂ %ﬂuﬂ pTgﬁsiere stepwise eluted by

0.2 M NaCl, 0.M NaCl and 1 M NacCl in the same buffer at a flow rate of 1 ml/min.

@ TAREATUHNARNE AR R s

The acti\’e protein and activity peaks were pooled.
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Figure 3.23 Puriﬁcation_p g :,-_} == iny maltase from recombinant clone

(p17AM) by Phenyl FF™ colizEk7/4 24

The pooled$ - to Phenyl FF™ column

L7 ¥
(1.6 x 10 cm) and wiifhed Wi viate [iffer, pH 7.4 containing 1M

JELA JELNL N EL),
R TEN T HR TN g

were colfected. The arrows indicate where stepwise elution started. The active protein

baseline. The inmonium sulfate and 0

ammonium suﬂﬁe and ﬁﬁ -merﬁt(ﬂﬂlanol until A ﬂgo of eluent decreased to

and activity peaks were pooled.
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mM phosphate buffer, pH 7.4. The specific activity of the enzyme from this step was
25.3 Unit/mg protein. The enzyme was 12.6 fold purified with 17.3% recovery.
For the Y172A mutated enzyme, the pattern of elution from this DEAE FF™
step was the same as in the recombinant wild-type. It was observed that all the protein
peaks and the activity peak were decreased (Figure 3.24 as compared to Figure 3.23).

The specific activity of the enzy J this step was 50 Unit/mg protein. The

The summary ot~ _ 1 thaes m—ant wild-type and the Y172A

mutated amylomaltase, A\G L cctively.

of purification was examir A5 pattern by SDS-PAGE (Figure

3.25 and Figure 3.26) as descri T ¥ DS-PAGE analysis, the recombinant

wild type and Y178gos————— = ‘- tein bands after purified
| v Iu,

through the first DEA '_'li -

v

on the gel after the purifyegtion step of Phegyl FF™. In addition, the purified enzyme

was also subj@leu B MBIV P BINENAE) Qeviey stining (Figure
3.27). ﬁ ﬁﬁ ﬁGG ﬁafwﬁmnﬁ ﬁlgypi édﬂmA mutated

enzyme qu'ed a single activity band on the

N protein band was observed

dF



107

1.2 16
+ 14
[— 1 [I L
& £
> £ 112
o 0.8 - =
2 £ +10 %
S 0.6 1 E +8 2
: : E
E z t6 &
= 0.4 T [—} Ner
£
E T 4
< 0.2 )
0 - 0
200

Figure 3.24 Purification mylomaltase by Phenyl FF™

column chromatography

The pooled a4 g to Phenyl FF™ column

(1.6 x 10 cm) and ?" 3 r, pH 7.4 containing 1M

ammonium sulfate arg 0.01% -mercaptoethanol untlAzgo of eluent decreased to

baseline. The ﬁ’%ﬁf% m%%%:ww ﬁjamonium sulfate and 0

M ammonium sﬂlfate in the same bvffer at a flo rate of 1 ml/m Fractions of 3 ml

were ) FARADIHUNBA NI B e

and act1V1ty peaks were pooled.



Table 3.3 Purification of the recombinant wild-type amylomaltase (p17AM)*
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Purification step Total Total Specific Purification Yield (%)

protein  activity®  activity Fold
(mg) U) (U/mg)
Crude extract 304.5 612 2 1 100
DEAE FF™ 13.7 ' 6.5 36.4
Phenyl FF™ 12.6 17.3
*Crude extract was pre ht) of cell culture
Assayed by starch tra

Purification Yield (%)

Fold

Crude extract 505 ; 100

e 14817 BNSWENG e
"R \aeATai TSN RY

*Crude extract was prepared from 1.6 liter (6 g cell wet weight) of cell culture.

®Assayed by starch transglucosylation activity
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Figure 3.25 SDS-PAGE #of *-ﬁﬁz it Wvild-type (pl7AM) from each
urification ste e :
P Vil s s 4

Lancg £ X

Lane 1= Crude extract 15 ng

fug Ingmiems -

’QW'Wﬁ\‘lﬂ‘imNWl’mEﬂﬁﬂ



Figure 3.26  SDS-PAGE Jff =
purification step
\§"— —

Y.,

Lane 17 15 pg

Lane 2 = DEARE M column

ﬂﬂﬂ?ﬂ%ﬂﬁ%ﬂ’lﬂ‘ﬁ S e
’QW'Wﬁ\iﬂ‘imNWl’mEﬂﬁﬂ

110

ted amylomaltase from each
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!
|

Figure 3.27  Native-P/#8] :_ a \ W ltase from recombinant wild-

' ."— r g y
type (p17AM) and Y172A mu soluble starch substrate and stained
) ;,. ﬂj ; o

i LA 2,
with iodine solution™ g

Lanced A 0.2 Units®
A U
Lane 2 = Y 172 A mutated arfiylomaltase 0.4 Units®

AULANENSNEINT
ARIAIN TN TN
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3.6 Characterization of amylomaltase from recombinant clone p17AM and
Y172A mutant

3.6.1 Molecular weight determination

The molecular weight of recombinant wild-type (p17AM) and Y172A mutated
amylomaltase was estimated to be about 81 kDa by SDS-PAGE (Figure 3.28). The

native molecular weight of the tv e forms was also determined from gel

filtration chromatography e SRR ; ¢ column as mention in 2.13.1.2
(Figure 3.29). The molec: 1 e be 83,000 Da. The value was
consistent with the ca | duced amino acid sequence
of the native enzym# result indicated that this

amylomaltase is a sin

3.6.2 Effect of temp Ui 50 s¢ Acosylation activity and stability
iz

The effect of temperaty 5:,:.- 7 gtivity and stability was investigated.

The result of the relga S — S/ enzyme was the same as
vl |~' d

the enzyme with his-t: i ress 5.2 The enzymes performed the

L¥

highest activity at 30 € After 2 hours gigcubation, the enzyme retained its full

ool L) QTN WHADT s s s
““V“‘@W\%Nnifuwnﬂmaﬂ

3.6.3 Effect of pH on starch transglucosylation activity and stability

The effect of pH on enzyme activity and stability was investigated. The result
of the recombinant wild-type and Y172A mutated enzyme was the same as the
enzyme with his-tag residues (p19AM, section 3.3.3). At 30 °C, the enzyme exhibited

maximal activity at pH 6.0 and was stable over the pH ranged from 5.5 to 9.0.



113

1000

2
=
20
z 100 A
o
=
§ “4)
S
=

10 A ' NSRS |

{ N 1 1.2
Figure 3.28 Calibration e o of recombinant wild-type and

(1) = Phophorylasei 97 000 Da)

(2) =Bovi ;r l' )

VLW 45,044 Da)

Ve i‘W
Arrogf indicates a determlned olecular welght of recomblnant wild-type

leﬁ@ﬂﬁﬂﬂﬁd%ﬂ?ﬂﬂﬂaﬂ

(3) = Ovalbuil)
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Molecular weight (kDa)

0.25

Figure 3.29 Calibration of recombinant wild-type and

Y 172A mutated amylomalf g#: phacryl S-200 column

(1) = Catalase & 232,000 Da)

i
4,0' Da)

2) = Bovin'e®
2 VinEs

(3) = Ovalbun]}

WELANENANENT
RN TUANINGIAE

Arro indicafes determined n@ecular weight of recombinant wild-type
anﬁl
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3.6.4 Determination of pl of amylomaltase

The recombinant wild-type amylomaltase, Y172A mutated enzyme and
standard pl marker proteins were subjected to electrofocusing gel according to the
method described in 2.12. The result is shown in Figure 3.30. A pl standard curve was

constructed from the pI’s and distance migrated from cathode of the standard proteins

as shown in Figure 3.31. Both e wed the same pl of 4.7. This value is

. ,/Jj by calculation from the deduced

 Pre _grar (Gasteiger et al., 2005).

consistent with the calculates

structure of the native enz

The transgluc . Mant wild-type and Y172A
I"." ‘-.l._‘
mutated amylomaltas W h method described in 2.13.6.
L)
The result was the same as L CIET residues (p19AM, section 3.3.4).

The enzyme can catalyze tran_s 7 ¥ gtion from G2 to G7 substrate to yield

different maltoolig ‘ -

I;‘d

] U
3.6.6 Activitiesg of the recombgnant wild-type and Y172A mutated

e UE TNENTHEING
AT NNy

compared. The results are summarized in Table 3.5. Disproportionation activity is the

measure of intermolecular transglucosylation activity of the enzyme. It was found that
Y172A mutated enzyme showed about 3.5 fold lower activity than the wild-type
enzyme. The cyclization activity of amylomaltase which measures intramolecular

transglucosylation of the enzyme to yield the cyclic oligosaccharides is unique for
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Figure 3.30 Isofocusi is of recombinant wild-type
and Y172A mutated am

Lane M
pl 3.50
pl 4.55
B lactoglobulln A y pl 5.20

ﬂﬁﬂ?%ﬁﬂ?%’}ﬂ‘i pl 555

Huma# carbonic ankxdrase B i.p!l 6.55

ﬂﬁﬁﬁ\‘lﬂi%ﬂllmm £l

Horse myoglobin-basic band pl 7.35
Lentil lectin-acidic band pl 8.15
Lane 1 = Purified recombinant wild-type amylomaltase

Lane 2 = Purified Y172A mutated amylomaltase
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pH

The migration e N "¢ pl standard markers were

(1) =
(2) = Soybean try ##
(3) = PB-lactoglob

(4)= Bovik%

(5) = HumarfJirbonic aniilyuraov pl &

(6) = ﬁov[ ]j?i]
(7) = ﬁrse myoglobin- a31c and Ej ﬁ

'@W}ﬁ‘@ﬂ@fﬁﬂﬁﬁ’mmaﬂ

A ow indicates a determined pl of recombinant wild-type and Y172A

mutated amylomaltase
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Table 3.5 Activity of the recombinz iy ne and Y172A mutated amylomaltase

/ ietivity (U/mg protein)

Activity Y172A
Disproportionation 6.18
Cyclization 0.283
Hydrolysis 4.22
Coupling n.d.

n.d. = not detectable
The methods for measuring dis= clization, hydrolysis and coupling

activities were as d&fe—————————— : 2.9.6, respectively.
F_‘ ’l

L

AULINENINYINS
ARIAIN TN TN
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40GTase including amylomaltase. The Y172A mutated enzyme catalyzed this
reaction with 1.8 fold lower activity than the wild type. For hydrolysis activity on LR-
CDs substrate, the Y172A mutated enzyme also showed 1.7 fold lower activity than
wild-type enzyme. For coupling activity which is the reverse reaction of cyclization
reaction, the activity could not be detected by any of the four described methods

(section 2.9.6). The overall = '‘pwed that the recombinant wild-type

amylomaltase demonstrates - tion, cyclization and hydrolysis

activities than the Y172A

3.6.7 Substrat
Substrate sp A ey e and Y172A mutated

"n" %
amylomaltase in dispr JNict as described in 2.13.9. The
A

ability of the recombinaht utated amylomaltase to catalyze

disproportonation reaction of va 5:! 3 barides (G2 to G7) was determined as

shown in Figure 3k - S maltotriose (G3) was the
most preferred substr i v

pPonginant wild-type enzyme, the

LAF

descending order of pgefgrred substrate gyas G3>G4>G5>G6>G7~G2 while the

o s NENIWEANT s o1
“"““W*fﬁ@ T lloh T} N

3.6.8 Determination of kinetic parameters
The kinetic of recombinant wild-type and Y172A mutated amylomaltase was
evaluated by disproportionation reaction, where maltosyl group of maltotriose is

transferred to another maltotriose to produce a glucose molecule. The
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Figure 3.32 Substrate sp- soe amylomaltase (p17AM) in

disproportionation react can + S.D. derived from three

independent repeats. *p- pect to the disproportionation

fit
Pl
A1

Relative activity (%)

G2 G3 G4 GS G6 G7

Figure 3.33 Substrate specificity of Y172A mutated amylomaltase in
disproportionation reaction. Data are presented as the mean + S.D. derived from three

independent repeats.
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disproportionation reactions were performed at 30 °C for 5 minutes. The amount of
released glucose was determined by glucose oxidase assay as described in 2.9.3.
Lineweaver-Burk plot using nonlinear least square regression analysis of varying
concentration of maltotriose was shown in Figure 3.34 and the summarized result was
shown in Table 3.6. Under these conditions both enzymes showed different K, and

Vimax values for maltotriose, and dif'} heir ke and the catalytic efficiency of the

disproportionation reactiox o ﬁvild-type and Y172A mutated

..d

'ﬂ,

amylomaltase showed clo 9 mM, respectively. When ke

and catalytic efficieng ant wild-type amylomaltase
gave higher value t+ W results showed that the
reaction rate of the iV disproportionated products

AN
W1/ 172A mutated enzyme was

A}

decreased after mutati
about 4.4 and 2.8-fold lowe nant enzyme.

369Timedcd . -
vl |~' d
The glucose r i asc n 7 recombinant wild-type and

LAF

Y172A mutated amylongaltase was determjned as described in 2.13.8. The enzyme

was mcubateﬂ%ﬂnm&m @ﬂ fJn'r]gﬂ'ﬁdexmns 2t 30 °C and
glucos§ aa@ﬁt rﬁ s 'gﬁ’g@ showed that

the amowgqt of glucose release by wild-type amylomaltase was significantly increased
during the first six hours and kept on increasing gradually until 24 hours reaction.
While the amount of glucose released by Y172A mutated enzyme was not increased

but rather stable through 24 hours reaction time.
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1/[G1](umolmin-'ug protein!)

-0.1 0.15
Figure 3.34 Linewedver na-type and Y172A mutated
amylomaltase on di5 naiotriose The wild-type or
Y172A mutated enzynie \ "ncentratlons of maltotriose in
50 mM phosphate buffer FH.= {_ oWl min. Release of glucose was
determined by glucose oxidas=Z0k esented as the mean = S.D. derived

from three indepen

Y]

r
1
Ly

¥

Table 3.6 Kinetic parafhassrs of the rec@pbinant wild-type and Y172A mutated

amsomatise b ﬂﬂiﬂ £l s o

R Wﬁ“ﬁﬂﬂifﬁﬂﬁ’]? mﬂﬁl g

(mM) (umolmin™ pg protein” h (min™) (mM ' min™)

Wild-type 19.6 0.116 9,374 479

Y172A 12.9 0.026 2,165 168
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3.6.10 The synthesis of large-ring cyclodextrins

When compared the wild-type and the Y172A mutated amylomaltase, it was
found that at early incubation time (0-4 hours), Y172A mutated enzyme produced a
significant lower amount of product than the wild-type enzyme, however, the product

pattern was similar (Figure 3.36a to c¢). At long incubation time (24 hours), the

M 4 / # CD30-CD31 at 0-4 hours for both
forms of enzyme) to the s e (: D2‘ﬁ at 24 hours for the wild-type
and mutated enzyme, 4 was extended. The changing
rate of principal prod+ - king size in the recombinant
wild-type amylomalt \ ®. mutated enzyme. It was
noticed that at 24 hour# 1e uad higher amounts of CD28-
CD31 and of the rather la-lrg - ’ °n compared to the wild-type.

When the amount of _e

wd, the effect on LR-CDs production
[k, N g

Was als0 seen (i igzdncrease in LR-CDs was
. ;
f 1

or Toth wild-type and mutated

¥

corresponded with t i it

enzyme (Figure 3.37a agd 3.37b). At longgncubation (24 hours), the amount of LR-

CDs of igh ﬂ ummm iﬂﬂ Elh'leﬂ'iced by lower unts of
enzym ﬁ? m ﬁ] gi the wild-type
enzyme 1gure ¢) and or the mutated enzyme 1gure .37d). The LR-

CDs produced by 0.15 U enzyme were tend to be smaller than those produced from
0.1 and 0.05 U (Figure 3.37c and 3.37d). Thus, the size and the amount of LR-CDs
product was decreased when the amount of enzyme increased at long incubation time.
The changing rate of principal product formation from larger to smaller ring in the

presence of higher unit was faster than in lower unit of enzyme. In addition, the
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enzyme at 30 °C. (a) Incubation of 1 h, (b) Incubation of 2 h, (c¢) Incubation of 4 h, (d)
Incubation of 24 h. Grey and white bars are products of the recombinant wild-type
and Y172A mutated amylomaltase, respectively. The results were averaged from two

independent measurements.
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wild-type and Y172A mutated amylomaltase, respectively. The results were averaged

from two independent measurements.
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0.15 U enzyme, respectively.
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changing rate of principal product formation from larger to smaller ring size by the

recombinant enzyme was faster than that of Y172A mutated enzyme (Table 3.7).

3.6.11 Analysis of large-ring cyclodextrins by MALDI-TOF

In order to get larger amount of products, the larger-scale production of large-

ring cyclodextrins was performed. U/ml wild-type enzyme as described in

é\D (Figure 3.38) and the size
d

m— result of MALDI-TOF of the

2.14. The product was a

confirmed by MALDI-T¢™ ribEd i

precipitate of reaction, 9. The pseudomolecular ion

L

peaks [M+Na]" at Whcts were then assigned for

each LR-CD. The sj Msisted of reliably observed

amount of CD23 to C54/ AT . I“'i. A% DT could also be observed but

\

m ’ \ .
with a very low amount. C 10 yabd&s - t v % the highest amount. The results

737 afention time in HPAEC (Figure 3.38)

confirms the assignment of LR

that the recombinagggs——————— = i324o-ring cyclodextrins from

V.

CD19 up to about CDJT}

il
1
)

AULINENINYINS
ARIAIN TN TN
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Table 3.7 The effect of amount of enzyme and incubation time on formation of

principal large-ring cyclodextrin products of the wild-type and Y172A mutated

amylomaltase
Amount of enzyme (U) Principal CD

Wild-type
0.05 CD28-30
0.1 CD28-29
0.15 CD28-29
0.05 CD24-28
0.1 CD23-24
0.15 CD22-24

Y172A
0.05 CD28-30
0.1 CD29-30
0.15 CD29-30
0. CD28-29

ARAINTUNAINNA Y

CD24
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CHAPTER 1V

DISCUSSION

Since large-ring cyclodextrins show several potential applications in
pharmaceuticals, food science and biotechnology (Endo et al., 2002, Tomono et al.,

2002), investigation on LR-CDs producing enzyme is required. Bacteria and archea

are known as main sources f enzyme. Molecular cloning has also

Of kb ct\‘éthe desired LR-CDs producing
: -

been used to produce n

property. In some orga™®ay e imiutamicum (Kalinowski et al.,

2003; Ikeda and Nakag= “ivlomaltase gene was reported

with no studies on the e shat the nucleotide sequence of
amylomaltase from C. to those from 7. aquaticus
(Terada et al., 1999) and g . 0I5, i | \899) in which the cycloamylose

production from enzymaticfic J’m
by A

tra®> have been reported. The aim of

the present study wag to hig his novel amylomaltase from C.

glutamicum with t§7 RY bs production. The work

includes overexpressi= of amylomaitasc by constructiced of the recombinant enzyme,

enzyme purlﬁﬁ ﬁﬂ "TﬂﬁﬁWﬂ“’l mme structure-function

relationship.

4.1 Identification of amylomaltase gene from Corynebacterlum glutamicum
Amylomaltase was first found in Escherichia coli as a maltose-inducible

enzyme which is essential for the metabolism of maltose (Monod and Torriani, 1984).

The amylomaltase gene has been cloned from several bacteria and archea e.g.

Streptococcus pneumoniae (Stassi et al., 1981), E. coli (Pugsley and Dubreuil, 1988),
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hyperthermophilic archaeon Thermococcus litoralis (Jeon et al., 1997), Thermus
aquaticus ATCC 33923 (Terada ef al., 1999), Aquifex aeolicus (Bhuiyan et al., 2003)
and Thermus brockianus (Bo-young et al, 2006). However, only a few
amylomaltases were biochemical characterized.

The C. glutamicum amylomaltase gene (malQ) had an ORF of 2,121 bp and

was deduced into a protein amino acids. PCR technique using

éof gene (Sambrook and Russell,
d

n C. glutamicum. The DNA

oligonucleotides (primers)
2001) was employed tc

polymerase with 3'—% 3 used to reduce the error in

PCR product. For ous# vas employed because it is

useful for polymeriz«#n AN . \' synthesis (Lundberg et al.,

1991).

The result (Figure j) caade=s

malQ gene from C. glutamicuy =27

signed primers were specific to
duct was used for insertion into pET-

19b vector and traggge—m O/ ET-19b is an expression
vl |~' ‘
vector using bacterio 1 gCcs siTl system. The system has the

¥

following advantages @ﬂlbrook et al..}OOl). First, bacteriophage T7 RNA

polymerase, L@lkuﬂoamgl)mgs“ﬂﬂmbﬁd by rifampicin. The
antibioﬁf u‘erﬁOQb u? ﬁjﬂﬂl}.\rﬁ i tyfﬁosﬁ@:glgenes. Second,
the bacqnop age-e’nco‘dﬁ enzyme recognizes or?/i bacteriophage T7 promoters
which are not present in E. coli chromosomal DNA. Finally, bacteriophage T7 RNA
polymerase as processive enzyme will transcribe around a circle plasmid several
times and may therefore produce genes that are efficiently transcribed by E. coli RNA
polymerase. Therefore, T7 promoter was suitable for expression of malQ gene and

pET-19b vector was selected. E. coli BL21(DE3) was used for host expression vector
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because this strain had gene encoding bacteriophage T7 RNA polymerase, which is
integrated into the chromosome of BL21. To insert malQ gene fragment into pET-19b
at the right position, both gene fragment and pET-19b must have similar restriction
sites. In this experiment Ndel and Xhol restriction sites were selected. The gene
fragment was amplified with 5’ end primer containing Ndel restriction site and 3" end

primer that contained X#%ol restricty e whole gene fragment amplified was

digested with Ndel and /s del-Xhol sites of pET-19b and
transformed into E. coli & sformant containing pET-19b
vector harboring malf gg ampicillin plate and was
used for plasmid extr

Based on the glutamicum amylomaltase
exhibited low level of #ior ' 7 7 oW, d 4aGTases especially those
well-characterized enzyme (quifex (17 % identity with T.

aquaticus (Terada et al., 199°

vith 7. thermophilus (Terada et al.,

1999) 13% identifg ; )03), 12% identity with
v' A

potatoes (Takaha et i . et of 26% with E. coli K12

W ¥

enzyme (Pugsley and Dl#lﬂil, 1988) (Tabv.l).

AUEINENINEING
i LAYVl

were expressed under T7 promoter on the plasmid pET-19b. In this pET system, T7
RNA polymerase gene was under the control of the lacUVS5 promoter, and the
plasmid vector equipped with a bacteriophage T7 promoter upstream of the gene.
Both promoters contain the lac operator (/acO) in such position that binding of a lac

repressor to the operator site blocks transcription. IPTG can bind to the repressor
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which results in the loss of affinity for the lac operator. Therefore, adding IPTG
should allow transcription of mal/Q gene in pET system vector. Transformants, which
showed the highest amylomaltase activity were grown in LB medium containing
ampicillin. At mid-log growth phase, [IPTG was added, the suitable concentration was

0.4 mM and further grew for 2 hours before harvested, and the enzyme specific

however, a few studigg#®c AN aression host. All expressed
amylomaltases were inosa et al., 1984; Kang et

al., 2010). Recently, # ym Thermus scotoductus in

B. subtilis using consti#

that the activity of amylor fltagStseae v "W subtilis was only 4% of that in

EE N

previous E. coli system.
4.3 Purification of ar i lo sin:it clone harboring p19AM

W ¥

Several methods #@ been used to erify amylomaltase. Heat treatment at 85

°C, 80% ammﬂuuua)m;z’tm glmﬂ-aﬂg HR 5/5 column were
U

), M5 Ny bR 1Ll .

ammonigm sulfate precipitation, -Sephadex column, u rogé AcA column,

hydroxylapatite column and 1,6-hexanediamine Sepharose 4B column were
purification steps for E. coli IFO 3806 enzyme (Kitahata et al., 1989). For sweet
potato D-enzyme, 30-70% ammonium sulfate precipitation, Sephadex G10 column,
DEAE-toyopearl 650M column and Cellulofine GCL-2000-sf were used (Suganuma

et al., 1991). Heat treatment, Q-Sepharose HR 16/10 column, mono Q HR 5/5 column
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and Superose 12 HR 10/30 column were used to purify 4aGTase from Thermotoga
maritima (Liebl et al., 1992). One popular approach is to attach an oligonucleotide
that encodes six consecutive histidine residues. The expressed “his-tag” protein binds
to chromatographic supports that contain an immobilized divalent metal ion such as
Ni*" (Marray et al., 2003). The amylomaltase from pl9AM (the recombinant clone

containing pET-19b inserted with_s Je,from C. glutamicum) was expressed as

enzyme containing his-tag . él. The enzyme was purified by

agarose bead with an } patrix has been charged with

Ni*"-ion. This colur=# s omrotein which has specific

affinity for Ni*". homogeneity with 10.8

purification fold and 34%72°¢ vk %05 reports, amylomaltase from
; L)

Synechocystis sp. PCC 630 ith 84.5% yield (Lee et al., 2009)

and that from Thermus brocki ‘-:‘.%

d purified with 67% yield after heat

2+ | =

treatment and N1 - — 524 et al., 2006).
v" |~' d

In SDS-PAGE i 121 Shtved a single band on the gel

(Figure 3.13a). This res@t&ggested that tag enzyme was highly purified. However,

the native-PAqull u&&m&nnjﬂ %Jla QcﬁFigure 3.14). Native-
PAGE ﬁ% savaoﬁ%rﬁisﬁa t 3‘: kgil;ai Hﬂé conformation
of a proqin, Sj as, the change 1n chargﬁujo poﬁrmslaﬁj@l modification (e.g.
deamidation), unfolded or other modified conformations, oligomers and aggregates

(both covalent and non-covalent) and binding events (protein-protein or protein-

ligand) (Copeland, 2000).
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4.4 Characterization of amylomaltase from the recombinant clone with p19AM
4.4.1 Molecular weight determination
The molecular weight of amylomaltase containing his-tag residues from
recombinant clone with pl9AM was 84 kDa (Figure 3.13b). The size was closed to
4aGTase from Thermococcus litoralis (79 kDa, Xavier et al., 1999), but different

from that in Thermus aquaticus (57 % rada et al., 1999), Synechocystis sp. PCC

6803 (57 kDa, Lee et al., /j 03806 (93 kDa, Kitahata et al.,

1989). D-enzyme in potai:

- i III‘" " eqe
transglucosylation act®it A\ & W e % Ur temperature stability, full
1 k)
activity was retained at °C while at 50°C and higher,

amylomaltase absolutely lost ‘-:: 10 minutes of incubation (Figure

74/ was closed to those of
) ¢
"O7 06 (optimum temperature at

dF

3.15b). The optimiga:
40GTases from meso i i

35 °C and stable up to 4§ &= Kitahata et c‘} 1989), Pseudomonas stutzeri (optimum

temperature atﬂ ueagl gbm&m ‘% wl‘&lg‘ﬂﬁm) and Synechocystis
U

Y NPT R e ) .

2009). Wghile amylomaltases from thermophilic microorganism were different such as

those from 7. aquaticus (optimum temperature at 75 °C and stable up to 85 °C,
Terada et al., 1999) and Thermotoga maritime (optimum temperature at 70 °C and

stable up to 80 °C, Leibl et al., 1992).
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4.4.3 Effect of pH on starch transglucosylation activity and stability

Amylomaltase from C. glutamicum showed optimum pH for starch
transglucosylation activity at pH 6.0 (Figure 3.16a). This enzyme was stable at pH
range 5.5-9.0 when incubated at 30 °C for 1 hour, activity was retained above 80%,
suggesting that this amylomaltase was stable in the wide range of pH (Figure 3.16b).

These pH characteristics were si Jose of T. aquaticus with optimum pH at

5.5-6.0 and stable at pH 4. 4 ét 70 °C for 10 minutes (Terada et
al., 1999). While the enzv 7 ¢ cqli —— not alkali stable, optimum pH

at 6.5 and stable at pH # \ 30 minutes (Kitahata et al.,
1989). Amylomaltas«# v - v ! reported in Pseudomonas
stutzeri (pH 7.7, Schllr g 4 ST NN W itime (pH 7.0-8.0, Leibl ef

al., 1992) and in Synec®oc A - ) ¢ etal., 2009).

444 Transglucosylati_o
In - additiorg S JJion, amylomaltase also
vl |~' ‘

catalyzes an interm 1 Ui factgh or disproportionation on
»

¥

maltooligosaccharides irg\ﬁich a glucan n@ipty is transferred from one a-1,4-glucan

e LA BINTINEIND T e et v
R A T

another qnd the enzyme requires at least maltose unit for the transglucosylation
reaction. The amylomaltase from C. glutamicum was similar to those from 7.
aquaticus (Terada et al., 1999), Clostridium butyricum NCIMB 7423 (Goda et al.,
1997), E. coli IFO3806 (Kitahata et al., 1989), Thermococcus litoralis (Jeon et al.,
1997) and Synechocystis sp. PCC 6803 (Lee et al., 2009) in which the smallest

molecule required for intermolecular transglucosylation was maltose. The plant D-
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enzymes from potatoes (Takaha et al., 1993) and Arabidopsis thaliana (Lin and
Preiss, 1988) also catalyze an intermolecular transglucosylation but the smallest
molecule required was maltotriose. This characteristic differentiates amylomaltase

from D-enzyme (Takaha and Smith, 1999).

4.4.5 The synthesis of large % J odextrins

The 4aGTase may

cyclization reaction to fc _ 7 0SC — e xtrin. Small-ring CDs (CD6-

o -," L
The results showed th# Wedn SM%epinded on the incubation time

\

used. At early incubation ct was larger LR-CD. This time

dependence behavior was alsg A aquaticus (Terada et al., 1999) and
potato D-enzyme g@gs——— 4+ that when using higher
X

ciwvas increased. However, the

dF

concentration of the e 1 v,
»

product pattern was nqf Elch different ‘rﬁm that at low enzyme concentration,

consistd of n@f“‘u &) A HLELKL TNEL ITD I niener rigure 3.10).

o uwpiﬁv ﬁeﬁ:ﬁrﬁ? ﬁ%aa | vﬁzaje .
produceg were CD1 §E coli , Takaha and Smith, 9}1, (T. aquaticus,
Terada et al., 1999, Synechocystis sp. PCC 6803, Lee et al., 2009). While potato D-

enzyme produced CD17 as smallest product (Takaha et al., 1996).
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4.5 Construction and expression of recombinant wild-type p17AM and Y172A
mutated enzyme

Frequently, removal of the purification tag is necessary, either to restore
protein function, enhance its solubility or, for therapeutic processes, because the

purification fusion is antigenic (Sussenfeld, 1990; Esposito and Chatterjee, 2006).

Difficulties are often encountered.v npts are made to remove the tag (Baneyx,

1999). In some case, the p . éswing perhaps to steric issues or

—
ea:: cl - 1

ccessful, but the protein does
d (Esposito and Chatterjee,
and precipitated of proteins
after tag removal bac#12 SIS 4 NN ‘or Tu, DNA gyrase subunit
A (Ashraf et al., 2004 i - 7 . ¥ '\\‘ L.:h as glucocorticoid receptor,
small heterodimer partner . 7% (Ashraf et al., 2004; Nominé et
al,2001).

After purifig -— - ;_d Atase from p19AM clone,

7 X

the his-tag residue (22 1 niy sinogld. Unfortunately, the mature

W ¥

amylomaltase enzyme sht)&:d no activity.ﬁ new expression vector without his-tag,

pET-17b, has ﬂnueﬂlgenﬂr%jemmaagxcised from pET-19b,
b [ 4

ligated iﬁﬁi‘-ﬁb &rﬁﬂ%ﬁtﬁm?ﬁﬁgjcg’ ire recombinant

wild-typg p17AM Wwas expressed as similar to the pl “and the specific activity of

the crude enzyme obtained was 2 U/mg protein (Table 3.3) which was about the same
as that for p19AM.

To construct the mutated amylomaltase for structure-function study, Tyr-172
was chosen according to previous work in 7. aquaticus. The Tyr-54 and Tyr-101 at

secondary binding site of 7. aquaticus amylomaltase were proposed to be important
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for the formation of LR-CD product due to hydrophobic interaction (Stréter et al.,
2002). Later, by site-directed mutagenesis, residues at the second binding site have
been reported to involve in LR-CD production by exerting the effect on hydrolysis
activity of this enzyme (Fujii et al., 2005). The corresponding position in C.
glutamicum, Tyr-172, was then our target for site-directed mutagenesis (Figure 3.21).

The Tyr-172 of C. glutamicum Jltase was changed to alanine by PCR

and determined for starem ¥ lat — The specific activity of the
crude Y172A mutateg 2 “"saatein (Table 3.4) which was

decrease in activity after

mutation.

\\ R
v\

\E
CCC

To purify g J/cd amylomaltase, DEAE
Z

W,

Nz

'y

", \
4.6 Purification of amyio; =X binant clone harboring p17AM

and Y172A mutant

1M . .
=" column is a weak anion

¥

FF™ and Phenyl FF' ;i 50

»

exchanger which is a pgsifively charged gplid matrix. Proteins with a net negative

charge migratﬂ:rﬂﬂ%ﬂxﬂoﬂﬁvﬂhﬂtﬂlsﬂﬁ a net positive charge.
U

After ﬁs ﬁjﬁﬁﬁlﬁ(yﬁw;ﬁdﬁwsﬂlﬁeﬁg many protein
bands og SDS-PA Figure 3.26 and 3.27). Second step of purification was then

performed on Phenyl FF™ column, a hydrophobic interaction chromatography which
separate proteins on the basis of their varying hydrophobic interaction with
hydrophobic groups. Binding is promoted by the presence of moderately high
concentration of anti-chaotropic salts and elution is improved by decreasing the

affinity of the protein for the hydrophobic group on the matrix, usually by decreasing
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the ionic strength of the elution buffer (Nelson and Cox, 2005). Both enzymes were
purified to homogeneity after this step since a single band was observed on SDS-

PAGE (Figure 3.26 and 3.27) and also native-PAGE (Figure 3.28).

4.7 Characterization of amylomaltase from the recombinant clone with p17AM

and Y172A mutant
4.7.1 Molecular weim
The molecular w

amylomaltase were tk d - \: i from SDS-PAGE (Figure

suggests that this am pa (ke M with no subunit structure.
\ w et al., 1997), Thermotoga
maritima (Liebl et al., 19.9 tatoes (Takaha et al., 1993) were
monomeric proteins. However _&'.'f_ 7 2 Pseudomonas stutzeri Terada et al.

(1999) and pea chlggas————— :\_‘[ reported to be dimer.

- i¥

4.7.2 Effect of pjd and temperaturgggn starch transglucosylation activity and

@,ummmw g1
I 1 Tl e (1

(p19AM). These results suggested that his-tag and mutagenesis at Tyr-54 did not

—

result in any change of these characteristics.
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4.7.3 Determination of pl

The purified amylomaltase from recombinant clone with p17AM and Y172A
mutant showed the same pl of 4.7 (Figure 3.32). This value is consistent with the
calculated value obtained by calculation from the deduced amino acid sequence. This
result suggested that the mutagenesis at Tyr-54 had no effect on the pl value of this

enzyme.

4.7.4 Measuremen:

The four activig ! 72A mutated amylomaltase

were measured (Tak ™ was determined by using
etected by glucose oxidase
method. The Y172A #ut: Ay 7 ¢ \\‘x .,-fold lower activity than the
- 7 | 1o pea starch as substrate and LR-
CD produced was detected by. 7 he Y172A mutated enzyme catalyzed
this reaction with & ————— ; . For hydrolysis activity,

LR-CDs were used as i bs? was Titected by bicinchoninic acid

dF

assay. The mutated enzgngalso showed h}-fold lower activity than the wild-type.

For coupling ﬂvu\&lcasm EJ'ysl: ;mn&} g)]cnt‘jn reaction, the activity
by ¢

was d Wﬁ]barﬁnﬂ"ﬁhﬁﬁ (ﬁﬁ ﬁ?ﬁﬁ;ﬁ:ﬁ'f&lwas not at all

detectaﬂ. rom the overall reésults, substitution at” Tyr-172" with Ala not only

decreased the hydrolytic activity but also decreased disproportionation and cyclization
activities of the enzyme. In addition, the coupling activity of this enzyme was
extremely low. The substitution of Tyr-172 with Ala affected both inter- and intra-

molecular tranglucosyltion because all four reactions has been operated by the same



145

catalytic mechanism but using different donor and acceptor molecules (Przylas et al.,
2000, Strater et al., 2002).

In T. aquaticus amylomaltase, after Tyr-54 was replaced by Ala, the three
activities, disproportionation, hydrolytic and coupling activities were decreased. On
the contracy, cyclization activity was increased (Fujii et al., 2005; Fujii et al., 2007).

For disproportionation and hydro. jvities, the substitution of Tyr-54 in T.

aquaticus amylomaltase by = ﬁand 2.6-fold lower activity than
wild-type, whereas the sir: of /r-1 — tamicum showed 3.5-fold and

1.7-fold lower activ; 3 & O, These suggested that the
substitution in 7. aq : i glutamicum amylomaltase
when disproportiona compared. For cyclization
reaction, the substitufor wse showed 1.9-fold higher
activity than wild-type,.vs' ) ) C. glutamicum showed 1.8-fold
lower activity than wild-type.

When dispry ;_——f ;‘ yligosaccharide substrates
- e I the wild-type pl7AM and

¥

(G1, glucose to G7, i a

Y172A enzyme showeckt;k same result #sp19AM. The enzymes require at least

matose s (BB ELd .8 V1 INEINT
ﬁ Ld] ]\ﬁr‘i?fll i ﬁﬁ ﬁﬁ eﬁdlfferent when
hydrolytq: reactlon at various time points using L s as substratc was compared.

The glucose released at each time point was detected by bicinchoninic acid assay. The
amount of glucose released by the wild-type enzyme was significantly increased
during the first six hours and kept on increasing gradually until 24 hours reaction.
While that released by Y172A enzyme was rather stable. These results showed that

the hydrolytic ability of the enzyme significantly decreased after mutation. In 7.
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aquaticus amylomaltase, substitution at the second binding site residues (Tyr-54 and
Tyr-101) affected the reducing power (ability to break down substrate to produce
glucose product, when all of substrate was broken down is defined as 100%) of the
mutated enzyme (Fujii et al., 2005 and 2007). Time course analysis showed that the
wild-type enzyme resulted in an increase in the reducing power, while the increase in

the reducing power was less in 1 enzyme with lower hydrolytic activity.

This suggested that the sec d / g2d in reaction specificity and the

e

binding of glucan to the < ding sit ise a conformational change in

b

=,

W,
%

N\
NIAM and Y172A mutated
\

Substrate

amylomaltase in disproy fliondids=s as investigated using various

oligosaccharides (G2 to G7) as ‘r:'

:‘,, ssult showed that maltotriose (G3) was

the most preferred i f-_———— ' and 3.34). For the wild-

type enzyme, th i W mreferred  substrate  was

¥

»

G3>G4>G5>G6>G7~GY while the Y1724 genzyme showed the substrate order of

G3>G4>G5>@;3;Lﬂ TN BINE M ve vidipe ana

mutate maﬁs%cﬁ%ﬁzﬂﬁgﬁﬁaﬁeﬁrWtose (G2) and
higher. ghe descending order of preferred substrate was similar in both enzymes and

the results suggested that the wild-type enzyme could use maltose (G2) better than
Y172A mutated enzyme. Different substrate specificity was reported for
amylomaltase from Thermus thermophilus HB8 (Kaper et al., 2007), maltose (G2)
was a poor substrate whereas maltotriose was an efficient substrate and the

descending order of catalytic efficiency of the enzyme (ko/Kn) Wwas
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G3>G4>G5>G6>G7>@G2. In addition, the descending order of catalytic efficiency of
the Pyrobaculum aerophilum IM2 amylomaltase also showed similar result

(G3>G4>G7>G5>G6) (Kaper et al., 2005).

4.7.6 Kinetic study

Disproportionation activity J aved to determine the kinetic parameters.

The maltotriose was used as . roduct was determined by glucose

oxidase method. Both en’ ues for maltotriose (12.9 mM

for Y172A compared iever, values of ke, and the

catalytic efficiency - Whvalues of Y172A mutated

enzyme were about e wild-type enzyme. The

results suggested that e ok ; A% r-172 caused the change in
1 k)

A A A . .
kinetic parameters towards glaltcdlde=c= ' at the active site was not much

affected but the rate of catalys_i°

o0 reduced. Similarly, a decrease in kcy

was previously folrd . SJag site which is outside
; Y )
catalytic region of a- 1 Vi alm 2007, Nielsen et al., 2009).

W dF

We thus proposed therq!vgs a conformat&pal change at catalytic region that was

affected fromﬂuu &qm&nﬁymﬂa Qe‘j of substitution at the
U

distal lﬁdﬁgﬁ: ﬁ ﬁaﬁiﬁfﬁjﬁ lﬁl}ﬁbw geﬁiﬁfﬂ of a secondary

binding gite outside of the active site for the optimal activity” (Oudjeriouat et al.,

2003), which might be corrupted by surface site mutation. This suggested that Tyr-54
might be a second binding site of this enzyme.

The second substrate binding site has been reported in a-amylase family from
sources such as in bacteria (Knetgel et al., 1995, Lyhne-Iversen et al., 2006), archaea

(Linden et al., 2003) and plants (Robert et al., 2003), and has been reported to affect
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activities of the enzymes (Bozonnet et al., 2007, Nielsen ef al., 2009). In CGTase that
resembles amylomaltase in terms of catalytic reaction but differs in structure, the
aromatic amino acid residue identified outside catalytic site region was shown to
involve in the reaction specificity (Kelly et al., 2008). In T. aquaticus amylomaltase,

the Tyr-54 which was corresponded to Tyr-172 of C. glutamicum amylomaltase is

located in subdomain B2 betwes 3 and third barrel strands (Przylas et al.,

2000). This position is pro o ﬁ structure to a completely active

conformation (Fujii et al he mirﬁtitution at Tyr-172 affected at

=,

4.7.7 The syigA S
""5
The LR-CDs i elve

»

d-mioe pl7AM and the Y172A

¥

mutated amylomaltase v@aompared (Figuig3.37). The results demonstrated that the

amount of LR@lDuﬂ W B I D L dhan wita-ype enzyme

at earlﬁvﬁﬁoﬁi&ﬁﬁfﬁ’ tﬂ; Wﬁw E]djicﬁiﬁis-tag and the
Y172A gutated amylomaltase all produced the Smallest LR-CDs"as CD19. When

incubation time was extended, the principal product of LR-CDs was changed from
larger to smaller size in both enzymes, in addition, the product pattern of these
enzymes was different at longer incubation time. The changing rate of principal
product formation from larger to smaller ring size in the wild-type amylomaltase was

faster than that of Y172A mutated enzyme. The changing of principle product of LR-
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CD from larger to smaller ring size was also observed with his-tag containing
amylomaltase (Figure 3.18), 7. aquaticus amylomaltase (Terada et al., 1999) and
potato D-enzyme (Takaha et al., 1996).

The amount of enzyme also had an effect on LR-CDs production (Figure

3.38). The increase in LR-CDs was corresponded with the increase in unit enzyme for

enzyme. These resul«®ni ) 44 AL . activity of Y172A mutated
enzyme.
4.7.8 Analysis of la: fl-rindide =33t \MNIA T DI-TOF

In HPAEC analysis, ‘r:'

:‘,, roduct was identified by comparing

with two standard §gad % R-CDs were identified by
Vi g

speculation from thet i Jat 2V il CD21. To confirm the size

W ¥

of LR-CDs by MALDIg Qr, the reaction‘groduct from the wild-type pl7AM was

precipitated V\ﬂ utﬂgmmlﬁﬂ wejrmyigjia mli-CDs from potato D-
U

enzymﬁa%f fjﬁéuﬁﬁiﬁ;ﬁ ﬁvi_]ﬁ\ﬂgeﬂ]u hanol and dry

under V@uurn( akaha ef al., , Terada et al., ; Fujii ef al., 2005 and 2007).

Then, the precipitate was redissolved in water or NaOH and analyzed by HPAEC-
PAD. Koizumi et al. (1999) precipitated LR-CDs from Bacillus macerans CGTase by
using nine volume of acetone and recovered the pellet by centrifugation.

From the mass spectra (Figure 3.40), CD23 to CD45 were identified in

reliably observed amounts. The determined size of LR-CDs by MALDI-TOF agreed
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with HPAEC-PAD result. However, the smaller and larger CDs could also be
observed but with a very low amount. The molecular weight of LR-CDs from Bacillus
macerans CGTase (Koizumi et al., 1999) and T. aquaticus amylomaltase (Taira et al.,

2006) were also determined by MALDI-TOF.

AULINENINYINS
ARIAIN TN TN



CHAPTER V

CONCLUSIONS

Amylomaltase gene (malQ) from Corynebacterium glutamicum ATCC 13032
consisted of an ORF of 2,121 bp and was deduced to 706 amino acid residues.

The deduced amino acid sequence showed only 18-26% identity with previously

reported 4aGTases.
Expression of amylor " s hi heéluction with 0.4 mM IPTG for 2

hours. The amylor® vd with pET-19b) was purified

to homogeneity b W final 30.2% yield and 10.8

purification fold.

The enzyme exhibi’ N for starch transglucosylation

activity at 30 °C and, WA °C in the pH range 5.5-9.0.

The p19AM enzyme | 101¢%:ular transglucosylation reaction

. L WA,
from maltooligosacch Ly uld not be a substrate.

The intramolecL™# .ri' -om CD19 and higher.
V. g

dng pET-17b. The pl7AM

enzyme “ﬂ lﬂﬁ %W%}Wﬁ IT?T? Phenyl FE™ column

with final 1913% yield and 12.6 ‘purlﬁcatlon fold.

QLA N TOLNAAT TG B v

purified to homogeneity by DEAE FF™ and Phenyl FF™ column with final 9%

) ||
Recombinant an<#omaltase was reconstructed

yield and 45 purification fold.
The amylomaltase has no subunit structure since its molecular weight was 81 and

83 kDa by SDS-PAGE and gel filtration chromatography, respectively.
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The wild-type and Y172A mutated amylomaltase showed the same optimal pH
and temperature and the same pl of 4.7. Intermolecular transglucosylation activity
for maltooligosaccharides was similar.

The wild-type amylomaltase showed higher disproportionation, cyclization and
hydrolysis activities than Y172A mutated enzyme.

For substrate specificity, Jding order of preferred substrate of

amylomaltase from ps ’/)>G6>G7zG2 while that of the

\.,,__ N, \\
,
N,
AN o
h Sy

"5,

Y172A enzyme was.
For disproportioz the wild-type enzyme for
maltotriose was 4 for Y172A was 12.9 mM
and 2,165 min™".
The increase in g#ice QAT = \ caction as a function of time

was observed for the increase was found in Y172A
reaction.
In the Synthes A~ Jduced a lower amount of
Y |

bon time. And the change in

dF

product than the E 1a=88

principal product fpom larger to sngajler LR-CDs was observed at longer

incubatiorﬁqll‘nul'EJ cgnmijtma@m EJ t’}lﬂlgype enzyme.
Tlﬁaw\ oﬁ‘% S ?ﬁpﬁﬁoﬁﬁﬁﬁﬁo’{f% while the size
chalﬁge‘d 'wpi‘l 1nCub‘aﬁn time. S B

LR-CDs produced from wild-type amylomaltase was successfully precipitated by
acetone. The size of LR-CDs was confirmed by MALDI-TOF.

Amylomaltase from C. glutamicum was a novel enzyme. The amino acid
sequence and the LR-CDs product profile were different from those previously

reported. Tyr-172 is important in determining the product profile.
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Appendix 1
Preparation for SDS-polyacrylamide gel electrophoresis
1) Stock reagents
2 M Tris-HCI pH 8.8
Tris(hydroxymethyl)-aminomethane 242 ¢

Adjusted pH to 8.8 x4 1] and adjusted volume to 100 ml with

distilled water

10 g

Adjusted volum T istilled water

TN

50% (v/v) (i 4
v, \y
100% (Ffj’cc m S50 ml

1
i 4

Added 50gmLdistilled water g ,

1o o] il mﬂmw BIN3
q w}ljroéﬂofl m ystl ed water anc 1r untié:glved. Filtration

was performed to remove aggregated dye.
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2) Working Solutions
Solution A

30% Acrylamide, 0.8% bis-acrylamide, 100 ml

Acrylamide 292 g
N,N'-methylene-bis-acrylamide 0.8 g
Adjusted volume t Jith distilled water

Solution B

75 ml
4 ml

W
Solution C
4x Stacking Gel
IM Tris-HClp_} 50 ml
ey ' ml

'F-'.
Distill Naoe = 46 ml

"

10% Ammoniung persulfate

ﬂua@maﬂswswnﬁg
a,mfiﬁjmﬂmummmé‘y

Tris(hydroxymethyl)-aminomethane 3 g
Glycine 144 ¢
Sodium dodecyl sulfate 1 g

Adjusted volume to 1 liter with distilled water



5x Sample buffer
1 M Tris-HCI1 pH 6.8 0.6
50% Glycerol 5
10% SDS 2
2-Mercaptoethanol 0.5

1% Bromophenol

Distilled watug : 0.9

Coomassie Gel S

450
450
100
Coomassie Gel De:
Methanol
Gl M £.)00

V. Y |
Distillefivire = 800

i

AULINENINYINS

AIAINTUNNINGA Y

ml

ml

ml

ml

ml

ml

ml

ml

ml

ml

ml

ml
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Appendix 2
Preparation for native-polyacrylamide gel electrophoresis
1) Stock reagents
2 M Tris-HCI pH 8.8
Tris(hydroxymethyl)-aminomethane 242 ¢

Adjusted pH to 8.2 x % R 8 °l and adjusted volume to 100 ml with

distilled water

1 M Tris-HCI pPi™

Brought tg LQ ml with distillgd, water and stir until dissolved.

ALEINININGANS.
iﬁﬁ%ﬂﬂmummmaa

30% Acrylamide, 0.8% bis-acrylamide, 100 ml

2)

Acrylamide 292 g
N,N’-methylene-bis-acrylamide 0.8 g

Adjusted volume to 100 ml with distilled water
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Solution B

4x Seperating Gel Buffer

2 M Tris-HCl pH 8.8 75 ml
Distilled water 25 ml
Solution C
4x Stacking Gel Buffer

50 ml

50 ml

0.5 g

Glycogen ftr;
Distilled water . 7
Electrophoss=:
v
Tris(h T

w

Glycine ¢ 144 ¢

AUEINLNINGNDT
c’g‘iﬂ"‘ijﬁjmgyummmaa

50% Glycerol 5 ml
1% Bromophenol blue 0.5 ml

Distilled water 14 ml
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Appendix 3
Preparation for isoelectric focusing (IEF)
Stock reagents
24.25% Acrylamide, 0.75% bis-acrylamide, 100 ml
Acrylamide 2425 ¢

N,N'-methylene-bis- ' 0.75 g

50 mg
40 ml

) ml with distilled water

ml

2.75 ml

S g ———— 7 ml
v |

Amphcrie m 025 ml

0.1% Ribgflay ul

ﬂummamwmm )
1Wﬁwmmuwra NEIRY

Sulfosalicylic acid 4 g
Trichloroacetic acid 125 ¢
Methanol 30 ml

Immersed gel in this solution for 30 minutes
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Staining Solution, 100 ml

Ethanol 27 ml
Acetic acid 10 ml
Coomassie brilliant blue R-250 004 ¢
CuSOq4 05 ¢

Distilled water 7 63 ml
Dissolved tl ’/)are adding the methanol. Either
dissolved the dye ©™ Th : - - ded it to the solution at the end.

ml
ml
CuSOq4 g
sty —— J1 ml
v )
DissohT} adqrl g the ethanol. Immersed the

1
i 4 dF

gel in two or thrgeghanges of thisgsglution until the background was nearly

e (U INUNINYINT
Wﬁiﬁ"ﬁ%‘fuumfm LA

Acetic acid 7 ml
Distilled water 68 ml

Immersed the gel in this solution to remove residuals of CuSO4
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Appendix 4

Preparation for Iodine solution

Iodine solution -
0.2% 1, /T
Potassizgi
Todine W 02 g

Adjus# tc

AULINENINYINS
ARIAIN TN TN



Appendix 5

Preparation for bicinchoninic acid assay

Bicinchoninic acid reagent

Solution A

4,4'-Dicarbo g
g
g
g
v
Compcprint
CuSOq4 0.1736 g

ﬂummmmmm
qIRaTSE YTy

Mixed 24 ml of solution A and 1 ml of solution B and used within 24 hours

177
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Appendix 6

Preparation for DNS reagent

DNS Reagei :
— o —

2-hydroxv-"_ “yberzol ~— g
2 N Noga®™ AR,

Potasss

AULINENINYINS
ARIAIN TN TN
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Appendix 7

Standard curve for protein determination by Bradford’s method

AS95

20

AULINENINYINS
ARIAIN TN TN



Appendix 8

Standard curve for starch determination by starch degrading assay

A660

0.15

AULINENINYINS
ARIAIN TN TN
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Appendix 9

Standard curve for glucose determination by glucose oxidase assay

AS05
o
=

A 01 0125 015
2 mol/ml)

AULINENINYINS
ARIAIN TN TN
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Appendix 10

Standard curve for glucose determination by bicinchoninic acid assay

AS562

0.02

AULINENINYINS
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Appendix 11

Restriction map of pET-19b

EcoR Ii5715) Bpu1102 lj2e7)
Cla liz4)

BamH liz13)
Aat llisea<) Hind lilae)/ /7 XBO 124)
Ssp li5528) . \ Nco l(208)
Sca ljs203 Xba lia37)
Pwu lisoaz)

Bal llis02)

Sqra lis44)

Sph l7oo)
Ecol li7eny

Pst liaoaT)

Bsa lia7a3)

Dird lgz4a)
Eam1105 lj4722)

Miu Ip1225)

Bl lj1z3z)
Al li4245)

BstE llj1408)
Bmg 1434

Apa li438)
o
ﬁ.

(bgg1-g1g) 1!

BasH lli1s28)
’% Hpa l{1721)
7
BspLU11 lizazo) BsaX I(1224)
Sap liz713)
Bst1107 lj2a00) Psha {2070y
Acc lizsag)
Bsah IF 3
Tth111 ljzs7

:: J Eag ljzzem
ru lizaza)
ot 05PN li2408)

Bp

N — i (2714
! IMsc lizao0; =

@u&zmawswswni

T7 pmmoter

lac operator Xbal rhs
AGATCT Th T TRAACTTTAAGAAGGAGA
N L miH |
TATACCATORGURANCAT CATRATC CHATATHCANIAL
"9

E.l\ C
IvH|sH|sH|sH|sH|sH|sH|sH|sH|sH|sSe Sa PIvHusIIans shsphspisplysHisMetLeuGlubspProdlablofsnlys

ATCCGGCTGCTAACAAR
_
Bou1102 | Enterokinase T7 terminator
GLLCGAAAGGAAGCTGAGTTGGCTGL TR ACCGLTGAGCAATAACTAGCATAACCCCTTRGGRGLCTCTAMACGGGATC TTRAGGGETTTTTTG
lahrglysGlublaGluleudladlablaThrdlaGlul I nEnd

-

T7 terminator primer #69337-3
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Appendix 12

Restriction map of pET-17b

¥ho lj141)
Not lj14a7)
Bst¥ lj180)
EcoR Vi1eg)
EcoR li174)
BstX lj1as)
Spe li193)
BamH lizo05)
Ban lljz1
Sac |:55]ﬂ

Kpn ljz2

Hind illpzaj

Mhe l{ze1)

Mde l{ze8)

¥ha lizos)

Bal llize

Msc lizzm

Drsa lizoo)

Boul0 lisz4)
Bso li578)

Sty lisa)
Bpu1102 lizz;

Hinc lli2es2) -
Sca lpzre1)

Pyu lizaa1)

cod 7 lliETy
BsmF ligza)

Bal liz4a13
lizaat) BspG lipad
Pfi1108 lj2323) -
Eam1105 1{z311) Pwu lli1oogz)
BsmB li1o5g)

Tt 11 li11e3)

Bzah li1170)
Acc li1183)
Ll '-f"'ﬂ{ u Bst1107 lji12g)
HaiE Ilrm 4 o Sap l{1202)

BspLU11 l{1415)

HUEI'J"TF Ny ﬁ“ﬁm}
Q%ﬂimﬂﬁﬁ’mmaﬂ

AGATCTCGATCCC GAAATTAATACEACTCACTATAGGGAEACCACAACEGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGEAEA
Ndel Nhel — Ti-Tag Hind Il _Kpn| Sac| BamH| Spel Bst(|  EcoRl EcoRY gsix| _ Notl _xnol

TATACATATGGCTAGCATGACTGGTEGACAGL AAAT GG ETCRGGATTCAAGCTTRLTACCGAGCTCGGATCCACTAGTAACGGLCGLCAGTRTGLTGGAATTCTGCAGATATCCATCACACTEGLGGLCGLTCGAR
MethlaSe-MetThrGlyGlyGInGInMetGlyArghspSerSerLeuValProSe-SerdspProleuVal ThralodlaSerValLeuGluPhelysArgTyrProSerHisTrpArgProleuGlu
Bpurl102 | 7 i
CAGATCCGGLTGLTAACAAAGLCCGAAAGGAAGCTGAGTTEECTGCTGC CACCGLTGAGCAATAACTAGCATAACCCCTTGEGECCTCTAAACGGGTCTTEGAGGGGTTTTTTG
GinlleArgleuleuThrLysProGludrglysleuSerTrpleuleuP roProleuSerfAsnisnEnd

T7 terminator primer #69337-3




185

BIOGRAPHY

Miss Wiraya Srisimarat was born on June 2, 1982. She graduated with the
Bachelor Degree of Science in Biotechnology from King Mongkut’s Institute of
Technology Ladkrabang in 2004. She graduated with Master Degree of Science in
Biochemistry from Chulalongkorn University in 2007. Then, she continued studying

Ph.D. in Biochemistry, faculty of Scieggeg Chulalongkorn University.

Publications:
Srisimarat, W., Powvirn 7 Ipil; - song, K., Zimmermann, and

Pongsawasdi, P. se from Corynebacterium
slextrin products” Journal of

Inclusion Phenomer, e W, DOI 10.1007/s10847-010-

Srisimarat, W., and #: S N ment of the oligosaccharide
W ents by cyclodextrin” Enzyme
and Microbial technolc JF, ﬁrf

Srisimarat, W., and Pongr 007) “Effect of cyclodextrin on

oligosaccharide( 34 4 2fS7 Proceedings of the First

Biochemistry a4t M Jence: Biochemistry and

Molecular Biolog) j 7 the irices ™ —April " 27, Thailand. pp. 122-130.

crme o B ININTNYING

2008- present filbscarch Institution gartnershlp Grant from Alexander von Humboldt

2007- prqent :lﬂoyal GogenE I: LE MDfl’rogram é(! f]‘@laﬂ Research fund

2006 Graduate Thesis Grant from Graduate School, Chulalongkorn
University
2002 Tokai-KMITL Internship Grant from Tokai University and King

Mongkut’s Institute of Technology Ladkrabang



	Cover (Thai) 
	Cover (English) 
	Accepted 
	Abstract (Thai)
	Abstract (English) 
	Acknowledgements 
	Contents
	Abbreviations
	CHAPTER I INTRODUCTION
	1.1 The 4-α-glucanotransferase (4αGTase)
	1.2 The occurrence and the structure of amylomaltase
	1.3 Physiological roles of amylomaltase
	1.4 Application of amylomaltase
	1.5 Large-ring cyclodextrins
	1.6 Corynebacterium glutamicum
	1.7 Objectives

	CHAPTER II MATERIALS AND METHODS
	2.1 Equipments
	2.2 Chemicals
	2.3 Enzymes, Restriction enzymes and Bacterial strains
	2.4 Cloning of amylomaltase gene (malQ)
	2.5 Colony selection and primary screening
	2.6 Site-directed mutagenesis
	2.7 Optimization for amylomaltase gene expression
	2.8 Purification of amylomaltase enzyme
	2.9 Enzyme assay
	2.10 Protein determination
	2.11 Polyacrylamide gel electrophoresis (PAGE)
	2.12 Determination of the isoelectric point by isoelectric focusing polyacrylamide gel electrophoresis (IEF)
	2.13 Characterization of amylomaltase
	2.14 Precipitation of large-ring cyclodextrins
	2.15 Analysis of oligosaccharides and large-ring cyclodextrins
	2.16 Mass spectrometry (MS)

	CHAPTER III RESULTS
	3.1 Identification and expression of amylomaltase gene (malQ) from Corynebacterium glutamicum ATCC 13032
	3.2 Purification of amylomaltase from the recombinant clone harboring p19AM
	3.3 Characterization of amylomaltase from the recombinant clone harboring p19AM
	3.4 Construction and expression of recombinant wild-type and Y172A mutated amylomaltase
	3.5 Purification of amylomaltase from the recombinant clone harboring p17AM and Y172A mutant
	3.6 Characterization of amylomaltase from recombinant clone p17AM and Y172A mutant

	CHAPTER IV DISCUSSION
	4.1 Identification of amylomaltase gene from Corynebacterium glutamicum
	4.2 Expression of amylomaltase from the recombinant clone harboring p19AM
	4.3 Purification of amylomaltase from the recombinant clone harboring p19AM
	4.4 Characterization of amylomaltase from the recombinant clone with p19AM
	4.5 Construction and expression of recombinant wild-type p17AM and Y172A mutated enzyme
	4.6 Purification of amylomaltase from the recombinant clone harboring p17AM and Y172A mutant
	4.7 Characterization of amylomaltase from the recombinant clone with p17AM and Y172A mutant

	CHAPTER V CONCLUSIONS
	References 
	Appendix 
	Vita

	Button1: 


