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## 5772180123 : MAJOR BIOCHEMISTRY AND MOLECULAR BIOLOGY
KEYWORDS: AMYLOMALTASE / LARGE-RING CYCLODEXTRIN /
CORYNEBACTERIUM GLUTAMICUM / MD SIMULATION
SIRIKUL NGAWISET: ENZYMATIC AND COMPUTATIONAL ANALYSIS OF
LARGE-RING CYCLODEXTRIN PRODUCTION BY Corynebacterium
glutamicum  AMYLOMALTASE. ADVISOR: ASST. PROF. KUAKARUN
KRUSONG, Ph.D., CO-ADVISOR: PROF. PIAMSOOK PONGSAWASDI, Ph.D.,
THANYADA RUNGROTMONGKOL, Ph.D., 144 pp.

Amylomaltase is a well-known glucanotransferase enzyme that can produce large-
ring cyclodextrins (LR-CDs) via cyclization reaction. To determine important amino acid
residues involved in LR-CDs production of amylomaltase from Corynebacterium glutamicum
(CgAM), mutations at CA | and CA Il subdomains were introduced by site-directed
mutagenesis. P228Y, E231Y, A413F and G417F CgAM mutants were constructed from
CgAM recombinant plasmid. The optimum pH and temperature of WT and mutants were
around pH 6.0 - 7.5 and 25 - 35°C. The mutations did not affect the pH and temperature
stability. In addition, WT and all mutated enzymes have Maltotriose (G3) as the best substrate
for disproportionation activity. A413F possessed much lower specific activities of
transglycosylation, starch degradation, disproportionation and cyclization activities than the
WT enzyme. P228Y, E231Y and G417F exhibited similar specific activities of starch
transglycosylation and starch degradation to the wild-type CgAM. P228Y had much lower
disproportionation activity than the wild-type enzyme, while E231Y displayed higher
disproportionation activity. This suggested that P228 and E231 of CgAM may play an
important role in disproportionation. At 12 h, wild-type CgAM gave the principle CD of 27,
whilst the principal product of P228Y, E231Y, A413F and G417F were CD36, CD25, CD38,
and CD32, respectively. Molecular dynamic (MD) simulation showed that Y418, M474,
L510, F534, Y23, R458, Q423, T666, Q475, L236, Q421, E231, Q420, N419 and Y235 might
interact with LR-CDs.
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CHAPTER |

INTRODUCTION

1.1 Starch converting enzymes of a-amylase family

Starch converting enzymes are used in a number of industrial applications for
starch hydrolysis. For example, starch converting enzyme was applied to the
production of maltrodextrin, modification of starches, or glucose and fructose syrups,
laundry and porcelain detergent including as anti-staling agents in baking (Van Der
Maarl et al., 2002). There are several starch converting enzymes that can degrade
starch (Figure 1). Basically, starch converting enzymes are classified into 4 groups
(Van Der Maarl et al., 2002).

1. Endoamylases

Endoamylases cleave a-1,4 glycosidic bond which presented in the inner part
(endo-) of amylose or amylopectin chain. The well-known enzyme of this group is -
amylase (EC 3.2.1.1).

2. Exoamylases

Exoamylases cleave a-1,4 glycosidic bond like endoamylases but it can also
cleave both a-1,4 and a-1,6 glycosidic bond. Exoamylases act on the external glucose
residues of amylose or amylopectin. Examples for this group are B-amylase (EC
3.2.1.2), amyloglucosidase or glucoamylase (EC 3.2.1.3) and o-glucosidase (EC
3.2.1.20). B-amylase and glucoamylase was capable in converting the anomeric

configuration of the liberated maltose from o to B. Moreover, glucoamylase preferred
to hydrolyze the long chain oligosaccharide while a-glocoamylase was favored to

hydrolyze the short oligosaccharide.



3. Debranching enzymes

Debranching enzymes can hydrolyze a-1,6 glycosidic bond. Isoamylase (EC
3.2.1.68) and pullulanase type I (EC 3.2.1.41) are enzymes in this group. The activity
that was different in isoamylase and pullulanase was hydrolytic activity for degrading
pullulan and polysaccharide with repeating unit of maltotriose. For isoamylase, it can
hydrolyze the a-1,6-amylopectin but cannot degrade pullulan whereas pullulanase can
hydrolyze both of a-1,6- glycosidic bond in pullulan and amylopectin (Van Der Maarl

etal., 2002).

4. Transferases
Transferases are the forth group of starch converting enzymes which can break

a-1,4 glycosidic bond from donor molecule and transfer resulting glucan to acceptor

molecule, forming a new glycosidic linkage. Transferase or 4-a-glucanotransferase

(4aGTase) is divided into 5 types (Table 1.1);

- Type I: cyclodextrin glycosylatransferase (CGTase) (EC 2.4.1.19). This group is
well known for cyclodextrins synthesis. Glucose is the smallest acceptor and
transfer unit.

- Type II: amylomaltase and disproportionating enzyme (D-enzyme) (EC 2.4.1.25).
Amylomaltase was found in bacteria while D-enzyme was found in plant. The
smallest donor and acceptor molecule for D-enzyme is maltotriose and glucose,
respectively. The transfer glucan is maltose unit. For amylomaltase, it catalysts
glycosyl transfer. Amylomaltase can use maltose as a donor molecule but
maltotriose is more favorable.

- Type IllI: glycogen debranching enzyme (GDE) (EC 3.2.1.33 and EC 2.4.1.25).

This group is bifunctional between amylo-1,6-glucosidase and 4aGTase activities.



Type IV and V: other 4aGTase. For type IV, it included the 4aGTase that found
in hyper-thermophilic bacterium such as Thermotogy maritima while type V was
found independently in the hyper-thermophilic archaea such as Thermococcus
litoralis and Pyrococcus sp. KOD1. Enzymes in both groups can catalyzed the
disproportionation activity and give maltose as a product (Takaha and Smith,

1999, Van Der Maarl et al., 2002).



@0
@0 :\\a,l-4 +a,1-6 DEEDDRE0

drolysi: lase/
O hydrolysis a6 hndrobel isoamy asu‘ )
\ e amylopullulanase
OO0
v glucan branching
/ o, 1-6 ]ramferﬂ-\'e enzyme
o &
glucoamylase/ @, 1-4 hydrolysis
a-glucosidase —_—
a,1-4 transferase

cyclodextrin

®0 glycosyltransferase

o830

[-amylase/

maltogenic amylase m

a-amylase

@e0 @O O OOOOTO0

amylomaltase

Figure 1.1 Different enzyme involved in the degradation of starch. The
open ring structure symbolizes the reducing end of a polyglucose molecule
(Van Der Maarl et al., 2002).

Table 1.1 Characteristics of the activities of each type of 4aGTase (Takaha
and Smith, 1999).

4lTase  Stzin Smallest  Smallest Smalfest Disproportionated ~~ Cyclisation ~ Smaffest  References
dovor  acceper translommed unt products raction  CA(DP)

Tyoel  Baubrilis 313 4 nt n GLG3.Gn + § Kato and Hortkoshi {1986)
Botbensis G G G G,G2,G3.Gn + 7 Kitahata {1995)
Bmacerans G G G G.02036n + 6 Kirahata (1995)
Bumegaterim G G G GG2G3Gn + 6 Kitahai {195)

Typell  Pouto (3 G th G,G3Gn + o Takahaeral. (1993, 199)
Barkey 3 G (2 G,G30n l Yoshio et al. {1986)
Sweel potato t ol G2 G,G3Ga it Suganuma et . {1991}
Clutyricum @ G G G.G2,G3,6n il Goda et af, {1997}
E.coli ML308 G3 G G GG2G3,0n n Palmer et al, (1976)
E.coli ATCCI806 G2 G G GG2,G3.Gn it Kitahata et ol {19893}
Ecoli K12 G2 G G G.GLG3 Gn + 1T Unpublished
Taguaticus (2 t @ G030 + 0 Unpublished

Type Il Yeast (G4 @ Gl G2630n ol Tabata and e {1983)

Type V' Twaritimg e ¢7) Gl G2,G3,Ga nl Lichferat {199}

Type V. Thiorali (2 G ¢ G,G2G3.Gn + il Jeonetal {1397}
PyrococcusKOD (2 G G (,G2,G3.Ga o Tachibana et o, (1987)

Others — Smitis G2 G G G.GLG30n at Walker {1966)
Shovis G G G G,02G3,0n ot Walker {1965)
Bsubiiis 4 G4 &2 G1G3.Gn o Pazur and Okada {1968)
Samutans @2 G G G,62,03.Gn ot Medda and Smith (1984)

M=ot tested. G, G, G2, G = gfucose, maliose, mellotrose, e, Organism names ane sven inthetext,



1.2 Amylomaltase

Amylomaltase (EC 2.4.1.25), which is classified in type Il 4aGTase, was first
found in Escherichia coli as a maltose-inducible enzyme which is essential for
maltose metabolism (Takaha and Smith, 1999). Since then, amylomaltase enzymes
were cloned from various organisms for characterize and determined the 3D
structures including E. coli (Palmer et al., 1976, Pugsley and Dubreuil, 1988, Weiss et
al., 2015), Thermus aquaticus (Terada et al., 1999, Przylas et al., 2000a, Przylas et al.,
2000b), Thermus brokianus (Bang et al., 2006, Jung et al., 2011), Thermus
thermophiles (Watanasatitarpa et al., 2014), Thermus filiformis (Kaewpathomsri et al.,

2015) and Corynebacterium glutamicum (Srisimarat et al., 2010).

1.3 Reaction of amylomaltase

Amylomaltase transfer a glycosyl unit to acceptor using maltose or maltotriose
as a smallest donor molecule. As belonging 40GTase, amylomaltase can catalyze both
inter and intra molecular glucan transfer reactions which are shown in the following
equation (Takaha and Smith, 1999);

- Aninter molecular transglycosylation: hydrolysis and disproportionation reaction

(a-1,4 glucan)m + (0-1,4 glucan)n <— (a-1,4 glucan)mx + (a-1,4 glucan)nx

- An intra-molecular transglycosylation: cyclization and coupling reaction

(a-1,4 glucan), «— cyclic (0-1,4 glucan) + (a-1,4 glucan)n.x

Main 4 reactions of amylomaltase are summarized in Figure 1.2 (Van Der

Veen et al., 2000).
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Figure 1.2 Schematic representation of amylomaltase catalyzed reactions. The
circles represent glucose residues; the white circles indicate the reducing end sugars.

(Van Der Veen et al., 2000)



1.4 Applications of amylomaltase

Amylomaltase can be used in many applications such as thermoreversible
starch gel production (Takaha and Smith, 1999), isomalto-oligosaccharides
production (Lee et al., 2002) and cycloamylose (CA) production (Van Der Maarl et
al., 2002).

For thermoreversible starch gel production, starches were treated by
amylomaltase in proper condition. After that, the modified starches show a thermo-
reversible gelling behavior (Van Der Maarel et al.,, 2005). This production is
interesting for commercial food industry because this product can be used to
substitute gelatin, a product derived from the bone marrow of cows, for vegetarian
foods (Kaper et al., 2004). This modified starch can be dissolves in water and formed
a firm gel after heating and cooling and it can be dissolved again when it has a new
heating step (Kaper et al., 2004, Kaper et al., 2005, Lee et al., 2006, Hansen et al.,
2008). Modified cassava starch is an example for modified starch (Suriyakul Na
Ayudhaya et al., 2016). Moreover, starch modified can be used to improve the
properties of food product such as improvement creaminess of low-fat yoghurt
(Alting et al., 2009) and combination with xanthan gum for fat substitution in
reduced-fat mayonnaise (Mun et al., 2009).

A second application is isomalto-oligosaccharides (IMOs) production. IMOs
are produced from starch using combination between maltogenic amylase from
Bacillus stearothermophilus and o-glucanotransferase from Thermotoga maritima.
Syrups from IMOs, which have a low viscosity and reduced sweetness including non
digestable, can be applied as a substitute sugar for diabetics, to improve the intestinal

microflora, or to prevent dental caries (Lee et al., 2002) e.g. palatinose glucosides



(PGs) synthesis using as sucrose or palatinose in food products for health benefits
(Naumthong et al., 2015).

The third application is cycloamyloses (CAs) or large ring cyclodextrins (LR-
CDs) production. Amylomaltase can produce cyclic a-1,4-glucans with a degree of
polymerization ranging from 17 to a few hundred (Terada et al., 1999, Kaper et al.,
2004). LR-CDs can be applied in many industries such as in pharmaceuticals clinical,
cosmetic, environment, food science and biotechnology (Tomono et al., 2002),

(Zheng et al., 2002).

1.5 Large ring cyclodextrins (LR-CDs)

Cyclodextrins (CDs) are common name for cyclic oligosaccharides comprised
of a number of a-1,4-D-glucose units. CDs were first found in 1891 from Bacillus
amylobacter digest of potato starch. The most common and well-known CDs are a-,
B- and y- CDs which consists of 6, 7 and 8 glucose molecules, respectively (Figure
1.3) (Larsen, 2002). For LR-CDs, it consists of glucose molecules at least 9
molecules. In the previous researches, solid state structures of CD9 (Fujiwara et al.,
1990, Miyazawa et al., 1995), CD10, CD14 (Saenger et al., 1998) and CD26 (Gessler
et al., 1999) have been reported (Figure 1.4). Moreover, other sizes of CDs, which
still have no crystal structure, were predicted using *C NMR spectroscopy (Saenger

et al., 1998) including CD48 model prediction (Figure 1.5) (Larsen, 2002).



on Hydrophobic cavity

' B Secondary hydroxyl groups

Primary hydroxyl groups

78 A

Figure 1.3 Structures of a-, B-, and y -cyclodextrin (Larsen, 2002).
A: Schematic presentation of a-cyclodextrin.

B: Basic graphical illustration of a cyclodextrin. A hollow truncated cone is often
used to illustrate cyclodextrins, where the C6 primary hydroxyl groups crown the
narrow rim and the C2 and C3 secondary hydroxyl groups crown the wide rim.

C: Approximate molecular dimensions of a-, -, and y -cyclodextrin.
D: Side view of a-, -, and y -cyclodextrin stick models.

E: Stick models of a-, B-, and y -cyclodextrin viewed from the wide rim.
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A <«—Band-flip

view B —

Band-flip/v

view A

Band-ﬂip/

Figure 1.4 Solid state structures of CD14 and CD26.
A: Structure of CD14 indicating the position of the band-flips.

B: Structure of CD26 indicating the position of the band-flips and the V-
amylose like segments (left) and CD26 viewed from the top (right). Modified
from Larsen (2002).



>

L i s T R — e
(3 = o o ;1 o o ©
| I | 1 | I L

N

Change in chemical shift (ppm,;
[

P
o

4]
1

\*‘TJ—#WH;’—I&{I—I (]

bt SEa
o\ B 0606000060000 0000
;\}efe”e

-, _*___0,,4---0—-0-—0—0—0%0
R

i 1 i 1 1 I T i 1 i 1 T I I I i I T T

6 7 8 910111213141516 17 18 1920 21 22 23 24 25 26 27 28 29 30 31

Number of Glucose Molecules in the Macrocycle

11

Figure 1.5 'C-NMR chemical shifts and predicted conformation of
cyclodextrin. Modified from Larsen (2002).

A: Changes in BC-NMR chemical shifts of cyclodextrins relative to o-
cyclodextrin. ¢: 3C1; +: 13C2; 0: 3C3; : 13C4; o: C5;m : 13C6.

B: Schematic representations of two possible conformations of CD48.
Circularized single helical form (left) and anti-parallel double helical form
with fold backs at each end (right).
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1.6 Large ring cyclodextrins application

LR-CDs have a high solubility in water. Its conformation was assumed like a
single helical V-amylose and toroidal shape which forms hydrophobic cavity and
hydrophilic outer surface (Gessler et al., 1999). This is why LR-CDs can form
inclusion complexes with both organic and inorganic molecules and help to improve
the properties of guest molecules such as solubility and stability (Table 1.2)
(Kitamura et al., 1999, Takaha and Smith, 1999, Tomono et al., 2002, Ueda, 2002).
For example, LR-CDs in complex with vitamin E acetate enhanced the solubility of
the Vitamin E (Kuttiyawong et al., 2015). Therefore, LR-CDs are useful for several
industries. For example, LR-CDs can be used as an artificial chaperone for protein
refolding. This is for promoting proper protein folding (Machida et al., 2000).
Moreover, LR-CDs can be used as a nanogel in a gene delivery system (Toita et al.,

2010, Fujii et al., 2014).

Table 1.2 Physicochemical properties of cyclodextrin (Ueda, 2002).

Mumber of Agqueous? Surface? Specific Half-life off
glucopyranose solubility tension rotation ring opening
units (/100 mL) (mN/m)  [ely (h)

a-CD 23 14.5 T2 +147.8 33

A-CD 7 .85 73 +161.1 29

p-CD B 23.2 73 +175.9 15

S-CD 9 8.19 73 +187.5 4.2

CIg 1 Ch 2.82 T2 +204.9 3.2

CIDy 11 =150 72 +200.8 3.4

CIvy2 12 =150 72 +197.3 3.7

CIv 3 13 =150 72 +195.1 3.7

CIg 14 2.30 73 +199.7 3.6

CI 5 15 =120 73 +203.9 29

CIg 16 =120 73 +204.2 2.5

CIv7 17 =120 72 +201.0 2.5

CIvg 18 = 1000 73 +204.0 3.0

CIg ) = 1000 73 +201.0 3.4

CDayg 20 = 1000 73 +199.7 3.4

CIvoyg 21 = 1000 73 +205.3 3.2

A4 Obhserved at 25 °C.
B In 1 mol/LL HCI at 50 =C.
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1.7 Corynebacterium glutamicum

Corynebacterium glutamicum is a rod-shaped gram positive soil bacteria
which is non-pathogen. C. glutamicum was first found in Japan in the 1957 (Kinoshita
et al., 2004, Udaka, 1959, Kumagai, 2000, Verteés et al., 2005). C. glutamicum can
produce several compounds such as amino acids, vitamins, and nucleotides including
enzymes (Vertes et al., 2005). Several characteristics of C. glutamicum are useful in
biotechnology so C. glutamicum is an important organism for the industrial in this
field. Moreover, C. glutamicum can be used for bioremediation, such as for arsenic.
Arsenic is a toxic metalloid that had an effect to global environment if it was
contaminated to soil, water and air. C. glutamicum has resistant gene for arsenic so
some researches aim to mutate C. glutamicum that was able to remove arsenic from

contaminated water (Mateos et al., 2006).

1.8 Amylomaltase from Corynebacterium glutamicum

Amylomaltase from Corynebacterium glutamicum (CgAM) was firstly
reported in 2010. A novel amylomaltase from C. glutamicum ATCC 13032 was
cloned and expressed in E. coli BL21 (DE3). The open reading frame of
amylomaltase gene was 2,121 bp which encoded 706 amino acids (Srisimarat et al.,
2010). Comparing amino acid sequence with the thermostability amylomaltase from
Thermus sp., the identity is quite low around 20 — 25% while comparing with
mesophilic amylomaltase from E. coli (EcMalQ) has 30% amino acid identity (Figure
1.6) (Srisimarat et al., 2010, Joo et al., 2016). Molecular weight of CQAM is 84 kDa.
According to disproportionation activity, CJAM can transfers only a single glucose
molecule from donor to acceptor molecule. CgAM can produce LR-CDs product via

cyclization reaction using pea starch as a substrate. The LR-CDs mixture is in range
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of CD19 — CD50. The smallest size of LR-CDs product from CgAM is CD19 while
principal product is around CD24 - CD25 for 24 h incubation (Figure 1.7) (Srisimarat

et al., 2010).

I e
TE e e e e e e e e e e e e e e e e e e e e i e
T
S
s MTARRFLHELATLYGVAT F¥T DYFGAHI EVEIDTLY ‘EE.RP...G"I.DT SHLENID ATQRJI ALFHIRE ----FTR ELPE S VAVEGLE IVE FVHVHDGSEATIVHIELE DETJRIV S0VEN Llﬁ
EC MESER-LINAALAAG TS PHYT HAREKE] SLEAETERRLL-- —- === ====m=m =mmmmm TIRMAQRT ATHVAVT VPNV T SRR M -~V EGSEEY SHLLTTE ———----———--
e --MKFR Q35 IMH L3516 -ATGIG SFE)oAY DEVIELVRTHORY WO ILPLGA----TS¥R0SE 57
IEF -MILER AYGTLIHFTSLPS- -FEFG TLGEARR RFLRLLA FR AR Y WIVLFLG P ----T5 TR05E 5B
TA -MELPR APGLLIHPTSLPG- -FTGie VLELEAR IFLRFT K GAGGRFWIVLPLG E----TGTaNSE 5B
TT e e e e -MELPR AFELIIHPTSLPG- -GG VLGREAR IFL RFT KEAGGR Y WIVLPLG E----TG TG0SE 5B
oG WIAPREINGIR#EEA SEHT PG ILFLGHHFLALKENERSAEC GLI [TPA RLETANK YLNSP- RSGMMA] T SVRST Lo DEHILGH - LAS VA DGADF LLTHEMHAREFLEETENSE 234
EC --WMWMWTTTGDWKTMMMQ‘WMWEIGDM JE. ‘D“?.I-FGGSEIGI.NED]LYEAHEESASE 200
-E - . R EN
3P TS SAFAGHTRFIN LD ILVE QGLLEAS DL~ ~~== —=-] -EGVTIEGSNAS EVDYART YYARRP LLEFAVKRETEVET ---VED FEFFAQDHOSWLEL FAEYMR TREYF-- ---[HLAWTEWE 161
TE TALSAFAGHPYLIDLYALEEENFEP-- === === mm === 5GP BVITELL YRWFRGALRRAFA RIGL~-- ——-! SEE AYRFFAQ BEIWLWL YALPMA LKIRF -~ -—--BEWHEWE 147
A TALSAFAGHPYLIN LRFLAE KEYIVLED-~ —- -BGERQG RV GWL YARFNE ALKRA Y] GELERA P RHERED FLAFRENEASWLKT YALFMA THAQH-- ---GGLEWHENE 160
T TSERFAGHFYLIN LRFLAE RETVRLE [Immmmm === =] BGERQGEVITELL YAWKWE ALKEAFR GEREFAS FEERER FAAFREREAWWLED TALFMA THGAH-----GGLEWHEAE 160
oG YLPTTRRE THPI¥IRVEDNIPE FNJLE TN LRTINTAE MAAEFR ERNL.T S0 I [TERNIN YARKL] VIRATFE ~-MPRS S E-REAN FVBEREGQELID -~ === ======m=mmmmmm EATWC 221
EC T SP3IRRN LNV Y IDVHAVED FHLSEEA QAWWOLE TTOOTL Q0 ARIAD WD E STV TALKMT ALRMANK GERQRITE-QMAR FROFVAE QGNSLEW QAAFTA THAOJVHENEMERGWERNE 215
s B ks os s - s sk P -k

2P DANARARKAZATESY REQLAN KLV YHRY TO¥EFE (WL AY AN NHIE TG IMP T ¥ AED S S WANPHLE ET VNG ERTCTAG CPPIEF ST GOLH P TYIWERMIEDG YEWWL 278
IF APL-FRRE ASALERA RKELEE EVLEHAH TOWVEE S (WEALKREARG——- LELF LIS IMPL YV AL BAE WA R EA FHLER G R E T AG VEFDYE S ETG0RW GHE TR IRMEEEG FSiL. 264
& LPL-FRREEFALKEA EARLAF EVAFHAN TOWLEFE AWFRLEEEAEA-- LET L I6 IMP L FV AR S E T WARFEWE HLDEE G R ET VRS VEFDYE S ETG0RW GHPLYR IVLEREG ESEWL 277
T LPL-FHREEFALREA KEALAE EVAFHAF TOWLEFR (WGALK ARAEA-- LGTR I I IMP L FV AR S EWARFEWE HLDEE G R ET RS VEFDYE S ETG0RW GHPL YR IVLEREG ESEWL 277
05 ATIRE-TAQ SESVHST EFDRIE LTMEPMA LOWLCTE QLARA] FRAVIAGME TG TMA ILAGV HPGGADA QHLEHVL APD--- - —-ASVG APPDGYN QQG00W SOPFWHE VELAEEG YIFWR. 444
EC EMYQ-WD BEE‘RQECEE'EDE‘DETJWNSQFAAWEIBQG?EEIEYRD:A ‘G"'P.BGGP.ET WIIRELY (LK--- -—-ASWGAPFDILG FZEWEEFEEE}EHARA‘EEFH 432

T b ARE R &

3P ERLRESFK IYDVRIINFRGE ESYWE P AGSITAR PGEWVE GEGTHLE AR~-VEE ELGELN T TAENT.G PMTTIEVT ELRERT GFPGMET LOFAFNPENESIT SPHLAPA ~-NSUMY TETHT| 265
3 RGLCAYWELP ASCETAVEGRWVE APGEALL AQ--LOE APGVE VLAELGVTTENV ALRERF GL G L AFTINGMENEE LEHNYFE DGRV TRTHD( 262
RGE EAYWELP ASCETAVEGRWVE APGEFLE TR--I0E VEGIVE [LELGVTTPEVE ALRIRY L RGME N LOF AP GMENEE LEHNYEABERT TETHD( 285
RIGE EAYWELP ASCETAVEGRWVE APGEKLE (¥--[0E VEGEVE [L{E[LGVTTPEVE ALRIRY GLEGMEV L AFTINGMENEE LEHNYPABGRVVT TGTHD( 285
s HI.R'I"‘I.RHEGGIR’ w WLGLERLEVME RMD- SE'P.TGIYIRED]']WL"GE.P...EP.IZAGP."I%I.GTEEFFR}MGDETBIMESQPGERRQIIYRE:P.--:TI"'.'ITID 561
R MR LR LW [P TEE -TAD QGATVH YEVINLL S [LALE S FRARCWVIGENLG TVEVE [V GHLRS 3 G SYKV LYFENIHERT ~-FR AFFRYFE QS--MAVARTHD( 546

- . A

+___: * * * s - LT S . o
G NNTVLGHY RHE [0 TRE EMARFTHE - —- === -———= HEY--—- -ETVVHAMLETVE SSVEEVA [ATHJIL LELDEA ARMNEES TLG---GHASHR. 472
TE NDTTLGYRTATEH- ERAFLERYIRD - ~--nm——-] Fn L mmmm ] VEBEE~-- ~---—-- -REVE#ALIALAMFSRARL AVE IV LALGSE ARMNYEG RAE -G HFAER. 463
TR NDTTLGH¥RTASEH- ERAFLERFLAD-- ——--—- - I S SERQE-~- ~--—--- -EEVEWAIMELOMEEARLA [¥EV]IVLALGSE ARMNYEGRES---GHWRHR. 476
oy NDTTLGHYETATEH- ERAEMARYLAD - —-—--—-—--] N . TEREE-~- ----—-- ~EEVEWA LMHL G KEVRR LAV VIV LALGSE ARMNYEGRES- —-GHARAR. 476

s LPPFTAGYLEGEHIA- LRERLGVINTOPA AEL-AEN LO-WA ETLTNAA SANALEA RE VL ERDRGE LAELLEG LHT FVA KT P--SA LTOVW LV IMGEKRAQHOPG TIRIMYE CIE 676
EC LETLRGYWECEILT- LK T LG LY IEV LREL T D RELAK) GLLA L KY G LEF R A-—GH EA S I TPTLHR G LORY TA DEN--SA LLGLO FETWLIMA EEVHI PG TE-FUYEIWERE. 662
& . - . - e - s s

G MTEDQLTE AVEEGLLIILT -~ ——- TIYRRINENLVILKE— 505

TE LEGLD-LEERFGRLR ALL--- —-(AEGR:

TA  LLEGQLTQEHAARLLMMR-——--] EATERA-———- ——-——r 500

T LLPGET SEERGARLR AMRm=m == EATERL-nnmn =mmmmn 500

i LCDSE---—-- -GHEVLIESLBENELYHRIA-——-FASKED 706

EC LEATLESHEAIDGNFLLFIL IRR-~-RR- A~ AAKKE- 604
- - *

Figure 1.6 Amylomaltase amino acids sequence alignment of SP Streptococcus
pneumoniae (AAA26923.1), TF Thermus filiformis (AKR04336.1), TA
Thermus aquaticus (EED09753.1), TT Thermus thermophiles (BAA33728.1),
CG Corynebacterium glutamicum (AKR04335.1) and EC Escherichia coli
(CDZz22191.1). Catalytic residues were shown in black boxes. Positions of
mutated residues were shown in red boxes. Asterisk, colon and dot across the
aligned sequences were represented identical, conserved substitutions and semi-
conserved substitutions, respectively (Srisimarat et al., 2010).
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Figure 1.7 HPAEC analysis of LR-CDs synthesized by amylomaltase from
C. glutamicum using 0.15 U/ml of enzyme incubated with 0.2% (w/v) of pea
starch for 24 h (Srisimarat et al., 2010).
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1.9 Structure of Corynebacterium glutamicum amylomaltase

In general, amylomaltase has one core domain structure which consists of
(B,a)s barrel (or called TIM barrel) fold (Figure 1.8), three catalytic residues (two
Aspartic acid residues and one Glutamic acid residue) and conserved flexible loop
which covered near active site (Table 1.3) (Van Der Maarl et al., 2002). Surprisingly,
amylomaltase from mesophilic bacteria like E. coli and C. glutamicum has a unique
subdomain which is not found in other enzyme in a-amylase superfamily (Figure 1.9)
(Schmidt et al., 1998, Przylas et al., 2000b, Weiss et al., 2015, Joo et al., 2016). From
CgAM crystal structure (Joo et al., 2016), it consisted of N- terminal domain (N-
domain) and C- terminal domain (C-domain) (Figure 1.10). N-domain (Metl —
Argl65) is divided into two subdomains: subdomain I (N1-subdomain; Metl — Pro72)
and subdomain Il (N2-subdomain; Leu73 — Argl65) (Figure 1.10 A). The NI1-
subdomain comprises of three a-helices, form as a bundle - like shape, and one double
stranded antiparallel B-sheet which is attached to the C-domain. So, the N1-
subdomain has a directed interaction with C-domain. For N2-subdomain, it consists of
two four-stranded B-sheets that form a B-sandwich (Figure 1.10 B). According to
independent fold of N2-subdomain, it is loosely attached to C-domain. For now, the
functional of N-domain, which is a unique structural feature in CgAM, still is
mysterious. For C-domain (Leul66 — Asp706), there are four subdomains: one core
subdomain and three auxiliary subdomains (Figure 1.10 A, B). The center of the C-
domain, which forms a TIM barrel structure, is called core subdomain or CC
subdomain. In CC subdomain, there are catalytic site and the formation of the
substrate-binding site occurs in this subdomain. In the active site, catalytic triad

residues, which were Asp460, Glu508 and Asp561, are located on (Figure 1.10 C, D,
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E). This site is involved in enzyme catalysis (Joo et al., 2016). Apart from catalytic
site, CJAM also has a second glucan binding site. One of residues that involved in
secondary binding site is Tyrl72 (Srisimarat et al.,, 2012). The three auxiliary
subdomains form a triangle that covers the top of the CC-subdomain (Figure 1.10 B).
For three auxiliary subdomains, Auxiliary subdomain | (CAl-subdomain; Met221 —
Trp358) is composed of three 3io-helices and three a-helices, and is located at the
edge of (P/a)s! and (B/a)s?. Auxiliary subdomain 1l (CA2-subdomain; Val391 —
Gly439 and His461 — Phe485) comprises two 310-helices and a three-stranded twisted
B-sheet, and is attached to (B/a)s® and (B/a)s* of the CC-subdomain. For the first part
of CA2-subdomain (Val391 — Gly439), it is claimed as a flexible lid (like 400s loop
for E. coli (Weiss et al., 2015)) (Figure 1.11). His392 and Tyr418 are recognized that
it located on the edge of the substrate binding site. Trp425 is also essential for
catalytic activity from its hydrophobicity (Rachadech et al., 2015). Moreover, there
are highly conserved amino acids (Figure 1.10 F). This lid has a conformation change
upon substrate binding. In addition, The CA2-subdomain also has an interaction with
N-domain via the N1-subdomain. The last subdomain is called auxiliary subdomain
Il or CA3-subdomain; Thr558 — Gly625 and Leu650 — Asn693. It consists of two
310-helices and four a-helices, which covers the edge of (B/a)s’ and (B/a)s®, and also
contacts the CAl-subdomain. Although the CA2-subdomain is the main contributor,
the auxiliary subdomains are also involved in the formation of the substrate-binding

pocket (Joo et al., 2016).
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Table 1.3 The four conserved regions and the corresponding [-sheets
found in the amino acid sequence of a-amylase family enzymes (Van Der
Maarl et al., 2002).

Amylomaltase
Amyloaucrase
CGTase
CMDase

BE
Iscamylase
M.amylase
Pullulanase
Sucrose Pase
BLamylase
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Figure 1.9 Structural comparison of CgAM with EcMalQ, TtAM, and
AtDPE1 (Joo et al., 2016).

(A) Comparison of N-domains of CgAM, EcMalQ, TtAM, and AtDPE1 by
superposed. C-domains of four proteins are shown with a gray color. N-
domains of CJAM and EcMalQ are shown with colors of green and orange,
respectively, and N-terminal arm region of AtDPEL is shown with a cyan
color.

(B) Charge distribution on the surfaces of C-domains of CJAM and TtAM.
The N-domain and the C-domain of CgAM are shown as a ribbon and an
electrostatic potential surface mode, respectively (left), and TtAM is shown
as an electrostatic potential surface mode (right). N-domain interacting
region on the C-domain is indicated with a magenta-colored dotted line
(left), and the corresponding region of TtAM is indicated as in CQAM.

(C) Structural differences on C-domain. Structures of CgAM, EcMalQ,
TtAM, and AtDPE1 are superposed. C domains of four proteins are shown
with a gray color. N-domains of CJAM and EcMalQ are shown as in panel
A. An AGA molecule bound in EcMalQ is shown as a stick model with a
salmon color. The left side and the right-side figures are magnified figures
of two structurally different regions shown in the middle figure.
Structurally different regions of CgAM, EcMalQ, TtAM, and AtDPEL1 are
shown in green, orange, magenta, and cyan colors, respectively. Key
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Figure 1.10 Overall structure of CgAM (Joo et al., 2016).

(A) Overall structure of CJAM. The structure of CJAM is presented as a cartoon diagram.

The right-side figure is rotated 90° in horizontal direction. A bis-tris molecule and a sulfate
ion bound in CgAM are shown as sphere models and labeled. The subdomains of CgAM
are distinguished with color scheme as in panel B.

(B) Domain identification of CgAM. N1 and N2 are representatives of N1- and N2-
subdomains of N-domain, CC is core subdomain of C-domain, and CA1, CA2, and CA3
are auxiliary subdomains 1, 11, and 111 of C-domain, respectively.

(C) Electron density map of a Bis-tris molecule and a sulfate ion bound at the active site
pocket. A simulated annealing composite omit map of a bis-tris molecule and a sulfate ion
bound at the active site pocket are shown with blue-colored mesh and contoured in 3 .
The structures of CJAM and EcMalQ are superposed, and three catalytic residues are
shown with green- and cyan-colored sticks, respectively. The polar contacts between the
ligands and the residues are shown with red-colored dotted lines, and the distances are
labeled.

(D) Substrate binding pocket of CgJAM. The CgAM structure and the EcMalQ structure in
complex with AGA are superposed. Subsites based on AGA are labeled (—4 to +3). The
CgAM structure is shown as a surface model, and the AGA molecule bound in EcMalQ is
shown as an orange-colored line. The bis-tris methane molecule and the sulfate ion bound
in CgAM are shown as stick models and labeled. One catalytic residue, D561, is shown as
a green-colored stick.

(E) Stabilization of the bis-tris methane molecule and the sulfate ion. The CgAM structure
and the EcMalQ structure in complex with maltose are superposed. The bis-tris methane
molecule is shown as a stick with a magenta color, and the sulfate ion is shown as a stick
with a yellow color. The maltose molecule bound in EcMalQ is shown as a salmon-colored
stick. Residues involved in the stabilization of the bis-tris methane molecule and the sulfate
ion in CgAM are shown as green-colored sticks, and their corresponding residues in
EcMalO are shown as cvan colored sticks. Bis-tris methane molecule and the sulfate ion
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Figure 1.11 Amino acid sequence alignment of amylomaltases from C.
glutamicum (CgAM), E. coli (EcMalQ), Aquifex aeolicus (AaAM), T.
thermophilus (TtAM), and disproportionating enzyme 1 from A. thaliana
(AtDPE1). (Joo et al., 2016). The secondary structure elements are marked
on top of the alignment based on the CgAM structure: a-helices and 31o-
helices by a helix and B-strands by an arrow. The 1 symbol refers to a 31o-
helix. Conserved residues are boxed in white on a red background; similar
residues are boxed in red with a white background. Residues involved in
enzyme catalysis and maltose binding are indicated with triangles colored
with red and blue, respectively. This figure was produced using Clustal W.
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1.10 Improvement the properties of CJAM

According to amylomaltase application, improvement the properties of CJAM
such as thermostability and LR-CDs production is necessary for the industrial.
Mutation for improvement CgAM properties is used in several researches. For
thermostability, C. glutamicum is a mesophilic bacterium so CgAM is unendurable
with heat. Mutation at A406 showed that thermostability of CgJAM increased to 50°C
especially A406V (Nimpiboon et al., 2016a). In addition, mutation N287 to aromatic
ring also slightly increase the thermostability (Nimpiboon et al., 2016b). According to
the characterization of LR-CDs production, CgAM could produce LR-CDs in range of
CD19 — CD50. The smallest LR-CD product is CD19 while major product is CD25
(Srisimarat et al., 2010). Mutation in various positions gives a different pattern of LR-
CDs profile including yield of LR-CDs product. Y172A gives CD28-29 as a dominant
product while N287Y, is another mutant, alters major LR-CDs product to CD30
(Srisimarat et al., 2012, Nimpiboon et al., 2016b). In addition, A406V and A406L
give a higher LR-CDs products yield than the wild-type CgAM (Nimpiboon et al.,

2016a).
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1.11 Objectives
Although there are several researches that have studied about CgAM,

mechanism of LR-CDs production of CgJAM was still mysterious. A study of CgAM
mutation will lead us to understand and reveal the key residues which affected to LR-
CDs production of CgAM. In this research, we focus on 4 mutants that located on
CAl and CAIIl subdomain in CJAM. The aims of this research are

1. To characterize mutated amylomaltase

2. To analyze position of amino acid that effects on large-ring cyclodextrins

production by computational method
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CHAPTER I

MATERIALS AND METHODS

2.1 Equipment
Autoclave (Model H-88LL, Kokusan Ensinki Co., Ltd, Japan)
Autopipette (Pipetman, Gilson, France)
Balance PB303-L (Mettler Toledo, Switzerland)
Biophotometer (Eppendorf, Germany)
Centrifuge Sorvall Legend XTR (Thermo Scientific)
Centrifuge 5804 R (Eppendorf, Germany)
Centrifuge, refrigerator centrifuge (Beckman Coulter Avanti J30I, USA)
Electrophoresis units:

- Power supply (BIO-RAD, USA)

- Short plates (BIO-RAD, USA)

- Spacer plates (BIO-RAD, USA)

FPLC AKTA Amersham Pharmacia Biotech unit:

Column: Amersham Biosciences DEAE FF™ and HiPrep Phenyl FF™
(High Sub) 16/10
- Detector: UPC-900
- Pump: P-920
- Fraction collector: Frac-900
FPLC AKTA start (GE Healthcare Life Sciences, England)
Freezer (- 20 °C) (Whirlpool, USA)

Gel Document (SYNGENE, England)



Hot plate: C-MAG HS7 (IKA, Germany)
HPAEC DX-600 (Dinox Corp., Sunnydale USA)

- Column: Carbopac PA-100™ 4 x 250 mm

- Pulsed amperometry detector (PAD): DIONEX ED40

- Autosampler: DIONEX AS40

- Column oven: DIONEX ICS-3000 SP
Incubator (Memmert, Germany)
Incubator box (Hercuvan, USA)
Incubator shaker Innova™ 44 (New Brunswick Scientific, USA)
Incubator shaker Innova™ 4000 (New Brunswick Scientific, USA)
Incubator shaker Innova™ 4080 (New Brunswick Scientific, USA)
Incubator shaker (Kihner, Switzerland)
Laminar flow Bio Clean Bench (SANYO, Japan)
Magnetic stirrer: Model Fisherbrand (Fisher Scientific, USA)
Membrane filter: polyethersulfone (PES), pore size 0.45 pm, Whatman™ (GE
Healthcare, England)
pH meter (Mettler Toledo, Switzerland)
Sonicator (Bendelin, Germany)
SpectraMax M5 Microplate Reader (Molecular Devices, USA)
Spectrophotometer (Eppendorf, Germany)
Syringe (Nipro (Thailand) Corporation Limited)
Ultra-Low Temperature Freezer (- 80 °C) (New Brunswick Scientific, USA)

Vortex: Model K-550-GE (Sciencetific Industries Inc., USA)
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2.2 Chemicals

2-Log DNA Ladder (New England Biolabs Inc., USA)
5-Bromo-4-chloro-3-indolyl phosphate (BCIP) (Fermentas, Canada)
-Mercaptoethanol (Fluka, Switzerland)

Acrylamide (GE Healthcare, England)

Agar (Merck, Germany)

Agarose: SEKEM LE Agarose (FMC Bioproducts, USA)
Ammonium per sulfate (APS) (BIO-RAD, USA)

Ammonium sulphate (Sigma, USA)

Ampicillin (BIO BASIC INC., Canada)

Bovine serum albumin (BSA) (Sigma, USA)

ColorPlus prestained Protein Marker, P7709S, Lot: 0201203 (New England Biolabs
Inc., USA)

Coomassie Brilliant Blue G (Fluka, Switzerland)

Coomassie Brilliant Blue R-250 (BIO BASIC INC., Canada)
Cycloamylose (Wako, Japan)

D-Glucose (Ajax Finechem, Australia)

Dimethyl sulfoxide (DMSO) (Merck, Germany)

Dipotassium hydrogen phosphate (Ajax Finechem, Australia)
Ethidium bromide (Sigma, USA)

Ethylene diamine tetraacetic acid (EDTA) (Ajax Finechem, Australia)
Glacial acetic acid (Carlo Earba Reagenti, Italy)

Glucose liguicolor (Glucose oxidase kit) (HUMAN, Germany)

Glycerol (Ajax Finechem, Australia)
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Glycine (Fisher Chemical, USA)

Hydrochloric acid (Carlo Erba Reagenti, Italy)

lodine (Baker chemical, USA)

Isopropyl B-D-1- thiogalactopyranoside (IPTG) (Thermo Fisher Scientific, USA)
Magnesium sulfate (Carlo Erba Reagenti, Italy)

Maltoheptaose (Hayashibara biomedical laboratories Inc., Japan)
Maltohexaose (Hayashibara biomedical laboratories Inc., Japan)
Maltopentaose (Hayashibara biomedical laboratories Inc., Japan)
Maltose (Conda, Spain)

Maltotetraose (Hayashibara biomedical laboratories Inc., Japan)
Maltotriose (Hayashibara biomedical laboratories Inc., Japan)
Methanol (Sigma, USA)

Nitrocellulose Membrane (BIO-RAD, USA)

Pea starch (Emsland-Starke GmbH, Germany)

Plasmid extraction Kit (Flavogen Biotech corp., Taiwan)
Potassium dihydrogen phosphate (Ajax Finechem, Australia)
Potassium iodide (Mallinckrodt, USA)

Protein Marker, P7702S, Lot: 0441201 (New England Biolabs Inc., USA)
QIA quick Gel Extraction Kit (QIAGEN, Germany)

Sodium chloride (Ajax Finechem, Australia)

Sodium dodecyl sulfate (SDS) (Vivantis Technologies, Malaysia)
Sodium hydroxide (Carlo Erba Reagenti, Italy)

Sodium nitrate (Carlo Erba Reagenti, Italy)

Soluble starch (potato) (Scharlau microbiology, Spain)
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Standard protein marker (Amersham Pharmacia Biotech Inc., USA)
Tetramethylethylenediamine (TEMED) (BIO-RAD, USA)
Tris-(hydroxyl methyl)-aminomethane (Carlo Erba Reagenti, Italy)
Tryptone (HIMEDIA, India)

Yeast extract (Affymetrix, USA)

2.3 Enzymes, Restriction enzymes and Bacterial strains

Escherichia coli BL21 (DE3) (Novagen, Germany)

Glucoamylase from Aspergillus niger (Fluka, Switzerland)

KOD-Plus-Neo DNA polymerase (TOYOBO, Japan)

Plasmid pET-17b (Novagen, Germany)

Plasmid pET-19b (Novagen, Germany)

Restriction enzymes (Dpnl, Xhol, Ndel) (New England Biolabs Inc., USA and
Fermentus, Canada)

T4 DNA ligase (New England Biolabs Inc., USA)
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METHOD

In this research, E231Y plasmid was from Asst. Prof. Kuakarun Krusong,

Ph.D. E231Y CgAM gene was in pET17b expression vector.

2.4 Site-directed mutagenesis of P228Y, A413F and G417F mutants

2.4.1 Primer design
To construct P228Y, A413F and G417F CgAM recombinant plasmids,
PCR mediated site-directed mutagenesis was performed. P228Y meant that proline
(P) at the position 228 of CJAM was mutated to tyrosine (Y) Similarly, A413F and
G417F meant that alanine (A) at position 413 and glycine (G) at 417 of CQAM were
mutated to phenylalanine (F). Primers were designed based upon the assigned amino

acids. The sequences of primers were shown in Table 2.1;

Table 2.1 Primers for site-directed mutagenesis

GC
) ™
Mutant | Primer Sequence (°C) | content
Forward 5 CAGAGCCGCTGTATCCTAC 3' 57 | 58%
primer -
P228Y Reverse
orimer 5> CTCAGTAGGATACAGCGGC 3' 57 | 58%
5I
Fgrri"r;’]aerrd GGATGCGTCAGTGGGCTTTCCACCAG | 66 | 62%
A413F 3
Reverse 5
rimer CCATCTGGTGGAAAGCCCACTGACG | 65 | 60%
3!
Forward | o~ cCACCAGATTTTTACAACC 3 | 56 | 48%
primer -
G4L7F Reverse
orimer | 5 GCTGGTTGTAAAAATCTGGTG 3 54 | 43%

*** Mutation sites are underlined ***
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2.4.2 Amplification of mutated CgAM genes (P228Y, A413F and G417F) by
PCR.

PCR reaction consisted of 10xPCR buffer 5 pl, 2mM dNTPs 5 pl,
25mM MgSOs 3 pl, 50 ng/ul plasmid DNA 1 pl and KOD-Plus Neo DNA
polymerase (1 U/ml) 1 ul and adjusted the volume to 50 pl by autoclaved distilled
water. CJAM-pET19b recombinant plasmid was used as a template for site-directed
mutagenesis of P228Y, A413F and G417F. The PCR steps for amplification of
mutated CgAM genes were described in Table 2.2 and 2.3. Then, the PCR product
was digested with Dpnl. The digestion reaction contained 5 pl of PCR product, 2 pul
of 10xTA buffer, 1 ul of Dpnl and adjusted the volume to 20 pl by autoclaved
distilled water. The reaction mixture was incubated at 37°C for 1 h. PCR products

were checked by agarose gel electrophoresis.



Table 2.2 PCR steps for amplification of P228Y and G417F CgAM genes

PCR step Temperature (°C) Time (S)
Initial denaturation 94 2 min
98 10s
Annealing (*40) 52 30s
68 4 min
Final extension 68 7 min

*** 3-step PCR was recommended by KOD Plus Neo DNA polymerase

Table 2.3 PCR steps for amplification of A413F CgAM genes

PCR step Temperature (°C) Time (S)
Pre-denaturation 94 2 min
98 10s

Denaturation and

Extension (*45) 68 4 min

*** 2-step PCR was recommended by KOD Plus Neo DNA polymerase
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2.4.3 Restriction enzyme digestion
P228Y, A413F and G417F CgAM recombinant plasmids were
digested with Ndel and Xhol. Reaction mixture contained 8 pl of 0.5 pg/ul plasmid, 1
pl for each of restriction enzymes, 5 pul of CutSmart buffer (10x) and adjusted the
volume to be 50 pl with distilled water. The reaction was incubated at 37°C for 1 h.

PET19b was also digested with Ndel and Xhol.

2.4.4 Plasmid transformation
Recombinant plasmid obtained from section 2.4.2 was transformed
into E. coli host cells via heat shock transformation technique. Two microlitres of
plasmid of approximately 100 ng/ul were added and gently mixed with the competent
cells, and chilled on ice for 5 min. After that, the reaction was incubated at 42°C for
45 s and immediately chilled on ice for 5 min. LB medium of 900 pl was added to the
reaction and incubated at 37°C with 250 rpm shaking for 45 min. Cells were spreaded

on 100 pl/ml ampicillin agar plate and incubated at 37°C overnight (16 to 18 h).

2.4.5 Extraction of recombinant plasmid

Cells carrying recombinant plasmid were grown in 10 ml of LB
medium supplemented with 100 pg/ml of ampicillin at 37°C overnight. Cells were
harvested via centrifugation at 6,000xg for 10 min. Recombinant plasmid harboring
mutated CgAM gene was extracted by plasmid extraction kit (Flavogen, Taiwan). The
concentration of recombinant plasmid was estimated by measuring Azso (Green and
Sambrook, 2001). Calculation of plasmid concentration was done by this following
equation.

Concentration (pg/ml) = A260 x dilution factor x 50 pg/ml
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The purity of plasmid was also measured by calculating the ratio of
Acsorgo 0f DNA sample and agarose gel electrophoresis. DNA with the ratio of

Aoeor2s0 above 1.8 was considered as high purity.

2.4.6 Agarose gel electrophoresis

Agarose gel was prepared by adding 1% agarose powder into 100 ml
of TBE buffer (89 mM Tris-HCI, 8.9 mM boric acid and 2.5 mM EDTA, pH 8.0).
DNA sample was mixed with 6x gel loading dye (30% of glycerol and 0.25% of
bromophenol blue) and loaded into the well of agarose gel. A constant voltage of 100
volts was applied for 30 min or until the dye front reached almost the gel’s bottom.
Gel was then soaked in 2.5 pg/ml ethidium bromide solution for 5 min before
destaining with distilled water for 30 min. DNA sample was visualized under a long
wavelength UV light and photographed with Gel document apparatus (SYNGENE).
The size of DNA sample was estimated by comparing to the standard DNA marker

(New England Biolabs Inc.).

2.4.7 DNA sequencing

DNA sequencing was performed to confirm mutated positions on
CgAM gene. In the first step, DNA template 100 ng/ul was amplified by PCR
technique. The reaction mixture consisted of DNA template 100 ng/ul 2.3 pl, 5xBig
dye sequencing buffer 4 pl, Primer (Table 2.4) (1 pmol/ul) 3.2 ul, Ready reaction
premix (DNA polymerase) 0.5 pl and autoclaved distilled water 10 pl. PCR was
performed as described in Table 2.5. PCR product was transferred into 1.5 ml
microtube and then precipitated with ethanol (EtOH). PCR product was mixed with 2

pl of 3 M sodium acetate (AcO-Na) (pH 5.2) and 50 ul of EtOH and incubated at
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room temperature for 15 min. PCR product was centrifuged at 19,270xg, 20°C for 20
min and supernatant was removed by vacuum suction. Twenty-five microlitres of
EtOH was added into this tube and centrifuged at 18,000xg for 10 min. Supernatant
was removed via vacuum suction for 15 min or until DNA pellet was dried. DNA
pellet was then mixed with 15 pl of HiDi before loading into 96-well plate. Finally,
DNA sequencing was performed by Automated DNA Sequencer. GENETY X-WIN

software was used to analyze DNA sequence.



Table 2.4 Primers for DNA sequencing
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] Tm
Primer Sequence . GC content
(°C)
T7
5" TAATACGACTCACTATAGGG 3’ 47.7 40%
promoter
Seq_FW1 | 5 GCTCGTCTGTCTACTGCTGAT 3’ 54.4 52%
Seq_RV1 | 5 CCACTGCGAGGGGAATCAAG 3’ 55.9 60%
Seq_FW2 5> CCGCGATGAGCTGACCAT 3° 52.6 61%
Seq_RV2 | 5 GCCACTGCAACCACATGTAG ¥ 53.8 55%
Seq_FW3 5" GGCTCAGCGTGGCATCATG 3’ 55.4 63%
Seq_RV3 | 5 CGAACCATAGGATCGAGGTGC 3’ | 56.3 57%
T7
] 5" GCTAGTTATTGCTCAGCGG 3’ 51.1 53%
terminator

Table 2.5 PCR steps for amplification of gene for DNA sequencing

PCR step Temperature (°C) Time (S)
Initial denaturation 96 60
96 10
Annealing (*40) 50 5
60 240
Hold 4 ©
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2.4.8 Preparation of competent cells

A single colony of each E. coli bacterial strain (DH5a, Topl10 and
BL21 (DE3)) was cultivated in 5 ml of LB medium at 37°C overnight. One percent
(v/v) of overnight culture was inoculated into 100 ml of LB medium. Cells were
cultured at 37°C, 250 rpm until the optical density was about 0.3. Cells were suddenly
chilled on ice for 30 min. After that, cells were harvested via centrifugation at 4°C,
4000xg for 10 min. Supernatant was discarded and cells were resuspended with 30 ml
of cold 0.1 M CaCl,. This step was repeated twice. In the last step, cells were
resuspended with 1 ml of cold 0.1 M CaCl, containing 1% glycerol. A hundred

microlitre of competent cells was aliquoted into microtube and stored at -80°C.

2.5 Optimization of mutated CgAM gene expression

E. coli host cell carrying recombinant CgAM plasmid was grown overnight in
10 ml LB broth containing 100 pul/ml ampicillin at 37°C with 250 rpm shaking. After
that, 1.5% (v/v) of overnight culture was transferred to 125 ml of LB medium with
100 pg/ml ampicillin and continued cultured at 37° with 250 rpm shaking until
absorbance at 600 nm reached 0.4 — 0.6. Then, Isopropyl f-D-1-thiogalactopyranoside
(IPTG) was added to the final concentration of 1 mM. Cells were collected by
centrifugation at 4,000xg for every 0, 2, 4 and 6 h after IPTG induction. Harvested
cells were resuspended with 50 mM phosphate buffer pH 7.4 and disrupted by
sonication with 25% (pulse-on 1 s pulse-off 3 s) via centrifugation at 16,000xg for 45
min. The expression pattern of CgAM was analyzed by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE).
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If low amount of mutated CgAM in soluble form was observed, the expression
condition was adjusted by lowering temperature or adding a final concentration of 1%
of glucose.

When the optimum expression condition was obtained, production of CgAM

was scaled up using 2 L of LB medium containing 100 pg/ml ampicillin.

2.6 Purification of mutated CgAMs

2.6.1 Purification of E231Y via DEAE FF™ and Phenyl FF™ column

chromatography

2.6.1.1 DEAE FF™ column chromatography

Column was first equilibrated with binding buffer (50 mM phosphate
buffer and 0.01% B-mercaptoethanol) for at least 10 column volumes. Crude enzyme
obtained from 2.5 was applied onto the column and the column was washed with the
same buffer for at least 5 column volumes until Azgo reached the baseline level.
Bound proteins were eluted by a gradient of sodium chloride from 0 to 1 M for 100
ml. Fractions of 1 ml were collected throughout all elution steps. The protein fraction
containing starch glycosylation activity were pooled and dialyzed against 50 mM
phosphate buffer pH 7.4.

When knowing the concentration of sodium chloride required for
elution of mutated enzyme, step-wise elution was performed instead of gradient
elution.

2.6.1.2 Phenyl FF™ column chromatography

Partial purified E231Y CgAM was further purified by HiTrap Phenyl

FF (high sub), a hydrophobic interaction chromatography (HIC). Initially, ammonium
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sulfate ((NH4)2SO4) was gradually added to partial purified enzyme until the final
concentration of salt was about 1 M. Column was equilibrated at least 10 column
volumes with binding buffer (50 mM phosphate buffer pH 7.4, 0.01% B-
mercaptoethanol and 1M (NH4)2SO4). Sample was loaded onto the column and the
column was washed the same buffer for at least 5 column volumes until Ago reached
the baseline level. During the step of elution, a linear gradient elution of (NH4)2SOa4,
decreasing from 1.0 to 0 M, was performed. Fractions of 1 ml were collected and
those carrying high starch transglycosylation activity were pooled and dialyzed in 50

mM phosphate buffer pH 7.4.

2.6.2 Purification of P228Y, A413F and G417F by HisTrap FF column

P228Y, A413F and G417F CgAMs were expressed in pET19b so the
his-tagged proteins were purified by HisTrap FF column.

Initially, HisTrap FF column was equilibrated with at least 10 column
volumes of binding buffer (50 mM phosphate buffer pH 7.4 and 500 mM NacCl).
Crude enzyme was then applied onto the column and the column was washed with
binding buffer until the baseline level was reached. Bound proteins were eluted by a
gradient of imidazole (0 - 1 M). Fractions of 1 ml were collected throughout all
elution steps and the fraction containing starch glycosylation activity were pooled and

dialyzed against 50 mM phosphate buffer pH 7.4

2.7 Protein determination

2.7.1 Determination of protein concentration
Concentration of protein was estimated by Bradford’s assay (Bradford,

1976). Standard curve for determining protein concentration was generated using 1
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mg/ml of bovine serum albumin as a standard protein (Appendix 8). One microlitre of
Bradford’s working reagent was mixed with 100 pl of protein sample for 2 min. After

that, the mixture was suddenly measured at Asgs.

2.7.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

A gel with 8% (w/v) separating gel and 5 % stacking gel containing

0.1% (w/v) SDS was prepared (Appendix 1). Sample buffer with SDS loading dye

(5x) was mixed to the protein sample and boiled for 10 min before loading into the

gel. In the process of electrophoresis, a constant current of 25 mA and running time of

45 min were set. When the running time was completed, the gel was stained by

coomassie blue staining solution (1% Coomassie blue R-250, 45% methanol and 10%

glacial acetic acid) in order to visualize the protein bands.

2.7.3 Coomassie blue staining
Coomassie blue staining was a common method used for investigating
the protein band. The gel obtained from section 4.8 was stained with Coomassie blue
staining solution and destained by destaining solution (10% methanol and 10% glacial

acetic acid).

2.8 Characterization of mutated amylomaltase

2.8.1 Enzyme assay
2.8.1.1 Starch transglycosylation activity
Starch transglycosylation activity was an activity that transferred a

glycosyl unit of starch donor to maltose acceptor. This activity aimed to determine
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residual starch in reaction by the iodine method (Park et al., 2007, Srisimarat et al.,
2012). The reaction mixture contained 100 pl of enzyme, 250 ul of 0.2% (w/v)
soluble potato starch, 50 pl of 1% (w/v) maltose and 600 ul of 50 mM phosphate
buffer pH 6.0. The reaction was performed at 30°C for 10 min, and was then stopped
by boiling for 10 min. A hundred of reaction was withdrawn and mixed with 1 ml of
iodine solution (0.02% 12 in 0.2% KI). The absorbance at 600 nm was monitored.
One unit of starch transglycosylation was defined as the amount of enzyme that could
degrade one per cent of starch per min under the described condition (Srisimarat et
al., 2012).

2.8.1.2 Starch degradation activity

Starch degrading activity was an activity that measured the amount of
degraded starch in the reaction, assayed by the iodine method (Srisimarat et al., 2012).
The reaction mixture consisted of 50 ul of enzyme, 100 pl of 0.75% (w/v) soluble
potato starch and 100 pl of 50 mM phosphate buffer pH 6.0. The reaction was
incubated at 30°C for 10 min. Reaction was stopped by adding 1 N HCI. Then, 100 pl
aliquot was withdrawn and mixed with 900 pl of iodine solution (0.005% 12 in 0.05%
KI), and the absorbance at 660 nm was measured. One unit of starch degradation was
defined as the amount of enzyme that degrade 1 mg per ml of starch per min under

described condition (Srisimarat et al., 2012, Fuwa, 1954).

2.8.1.3 Disproportionation activity

Disproportionation activity was used to measure the amount of glucose
released from catalyzing a substrate maltotriose (G3). Disproportionation activity was
detected by the glucose oxidase method (Knegtel et al., 1995). The reaction mixture

consisted of 20 ul of enzyme and 30 ul of 5% maltotriose (G3). The reaction was
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performed at 30°C for 10 min and stopped by adding 1 N HCI 30 ul. Glucose oxidase
reagent 920 ul was added into reaction mixture and incubated in the dark at 30°C for
10 min. Absorbance at 505 nm was suddenly measured. One unit of
disproportionation activity was defined as the amount of enzyme that could produce 1

pmol of glucose per ml per min under described condition (Srisimarat et al., 2012).

2.8.1.4 Cyclization activity

Cyclization activity was an activity that produced cyclodextrin (CD)
and linear short oligosaccharide using pea starch as substrate. Cyclization activity was
analyzed by High Performance Anion Exchange Chromatography with Pulsed
Amperometric Detection (HPAEC-PAD) (Koizumi et al., 1999). The reaction mixture
consisted of 50 pl of enzyme, 150 ul of 2% (w/v) pea starch, and 1,300 pl of 50 mM
phosphate buffer pH 6.0. The reaction was performed at 30°C for 90 min before
inactivating by boiling for 10 min. The reaction mixture was then treated with 8 U of
glucoamylase at 40°C for 16 h and inactivating by boiling for 10 min. LR-CDs
profiles were analyzed by HPAEC-PAD. One unit of cyclization activity was defined
as the amount of enzyme required for the production of 1 nC of total LR-CDs per min
under described condition (Srisimarat et al., 2012).

2.8.1.5 Coupling activity

Coupling activity was a reverse reaction of cyclization activity.
Coupling activity was determined by 3,5-dinitrosalicylic (DNS) assay (Chaplin and
Kennedy, 1994). The reaction mixture contained 20 pl of enzyme, 20 ul of 3 mg/ml
LR-CDs, 20 pl of 1 mg/ml cellobiose and 40 pl of 50 mM phosphate buffer pH 6.0.
Incubation was carried out at 30°C for 10 min and stopped by boiling for 10 min.

After that, the mixture was treated with 8 U of glucoamylase at 40°C for 30 min and
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inactivated by boiling for 10 min. Subsequently, DNS reagent was added to the
reaction mixture and incubated further for 15 min. Then, it was chilled on ice for 5
min. A hundred microlitre of aliquot was transferred and mixed with 400 pl of
distilled water. Absorbance at 540 nm was monitored. One unit coupling was defined
as the amount of enzyme that produce 1 pmol of glucose per ml per min under
described condition (Srisimarat et al., 2012).

2.8.1.6 Hydrolytic activity

Hydrolytic activity was determined by the bicinchoninic acid (BCA)
assay (Sinner and Puls, 1978). Reaction mixture, comprising 10 ul of enzyme, 30 pl
of 0.5 mg/ml cycloamylose and 10 pl of 50 mM phosphate buffer pH 6.0, was
performed at 30°C for 10 min. Reaction was stopped by adding 1 N HCI 30 ul. After
that, 950 ul of BCA reagent was added into reaction mixture and then incubated at
80°C for 25 min. The reaction mixture was chilled on ice for 5 min before measuring
absorbance at 562 nm. One unit of hydrolytic activity was defined as the amount of
enzyme that could produce 1 pmol of reducing sugar per min under described
condition (Srisimarat et al., 2012).

2.8.2. Effect of temperature on CgAM activity

The effect of temperature on CgAM activity was observed on starch
transglycosylation activity. The reaction was performed in 50 mM phosphate buffer
pH 6.0 at various temperatures (20 to 70 °C) for 10 min. The assay of starch

transglycosylation was performed as described in section 2.8.1.1.
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2.8.3 Effect of temperature on CgAM stability
For temperature stability, residual starch transglycosylation of CgAM
was observed at different temperatures. Purified enzyme was pre-incubated at
temperatures in range of 20°C to 70 °C for 1 h before determining starch

transglycosylation activity as described in section 2.8.1.1.

2.8.4 Effect of pH on CgAM activity
To determine the optimum pH of CgAM on starch transglycosylation
activity, the purified enzyme was pre-incubated with buffer of different pHs under
optimum temperature obtained from section 5.3. The pH range was varied from pH
3.5 to pH 10.0. Different buffer systems were used as follows; acetate buffer for pH
3.5 — pH 6.0, phosphate buffer for pH 6.0 — pH 8.0 and Tris-HCI for pH 7.0 — pH
10.0. The activity was assayed by starch transglycosylation as described in section

2.8.1.1.

2.8.5 Effect of pH on CgAM stability
To observe pH stability on starch transglycosylation of CgAM, the
purified enzyme was incubated with 20 mM buffer of different pHs as described in
section 5.5 for 1 h before investigating the residual starch transglycosylation activity

by the assay explained in section 2.8.1.1.

2.8.6 Substrate specificity of CJAM
The specificity of CgAM towards different malto-oligosaccharide
substrates (maltose G2, maltotriose G3, maltotetraose G4, maltopentose G5,
maltohexose G6 and maltoheptose G7) was carried out on disproportionation activity.

CgAM of 0.05 U (disproportionation activity) was incubated with 50 mM of substrate
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in 50 mM phosphate buffer pH 6.0 and the disproportionation activity was assayed as
described in section 5.2.3. The result was illustrated as a percentage of relative

activity.

2.8.7 Circular dichroism spectra
Spectropolarimeter (J-815CD spectrometer, Jasco, Japan) was used to
generate CD spectra of CQJAM under wavelength excitation in range of 190-240 nm at
25°C. Protein sample of 0.2 mg/ml was used in this experiment. The average CD
spectrum was derived from three scans. The Mean Residue Weight (MRW) of CD
spectrum, which was defined as an average of molecular weight of amino acids in
which the protein contained, was calculated and submitted to K2D3 server program,

aiming to predict the secondary structure of protein (http://cbdm-01.zdv.uni-

mainz.de/~andrade/k2d3//index.html) (Louis-Jeune et al., 2011).

2.8.8 Synthesis and analysis of large-ring cyclodextrins (LR-CDs)

In this reaction, the purified enzyme of 0.05 U starch degradation
activity was incubated with 100 pl of 0.2% (w/v) pea starch in 50 mM phosphate
buffer pH 6.0 at 30°C, 150 rpm shaking for 6, 12 and 24 h. The reaction was stopped
by boiling for 10 min. After that, the mixture was treated with 8 U of glucoamylase at
40°C for 16 h and inactivated by boiling for 10 min. The LR-CDs products were
analyzed by HPAEC-PAD using Carbopac PA-100 column (Srisimarat et al., 2010) (4
x 250 mm, Dionex, USA). Sample of 110 pl was injected into the column and eluted
with a step gradient of 200 mM sodium nitrate (NaNO3) in 150 mM NaOH as follows
1) at 0 — 2 min, NaNOs increased from 4% to 8; 2) at 2-10 min, NaNOs increased from

8% to 18%; 3) at 10-20 min, NaNOs increased from 18% to 28%; 4) at 20-40 min,


http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/index.html
http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/index.html
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NaNOs increased from 28% to 35%; 5) at 40-55 min, NaNOs increased from 35% to
45%, and 6) at 55-60 min, NaNOs increased from 45% to 63% (Koizumi et al., 1999,
Srisimarat et al., 2010, Srisimarat et al., 2012). The size of the LR-CD products was

determined by comparing to the size of standard LR-CDs (Wako, Japan).

2.8.9. Determination of kinetic parameters of CJAM

In the study of enzyme Kkinetics, all kinetic parameters of CgAM
activities including Km and Vmax were calculated from Lineweaver-Burk plot. Besides,
the Kkeat (turnover number) and kea/Km values (catalytic efficiency) were also
determined.

2.8.9.1 Kinetic parameters of starch transglycosylation activity

Purified enzyme of 1 U starch transglycosylation activity was
incubated with 0.05% soluble starch and various concentrations of glucose, ranging
from 0 to 10 mM, in 50 mM phosphate buffer pH 6.0 at 30°C for 20 min. Reaction
was then stopped by boiling for 10 min. Degraded starch was detected by iodine

method as previously described in section 2.8.1.1.

2.8.9.2 Kinetic parameters of disproportionation activity

Purified enzyme carrying 4 U disproportionation activity was
incubated in 50 mM phosphate buffer pH 6.0 with various concentrations of
maltotriose (0 to 200 mM) at 30°C for 10 min. Reaction was stopped by adding 1 N
HCI and the amount of glucose in reaction was determined via the glucose oxidase

method (Knegtel et al., 1995) as described in section 2.8.1.3.
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2.8.9.3 Kinetic parameters of cyclization activity

In the reaction, purified enzyme of 0.05 U starch degradation activity
was incubated in 50 mM phosphate buffer pH 6.0 under varying concentrations of pea
starch in 3% DMSO (Vongpichayapaiboon et al., 2016) from 0 to 5 mg/ml at 30°C for
60 min. Reaction was stopped by boiling. Glucoamylase 8 U was provided and
incubation was continued at 40°C for 16 h. The reaction mixture was terminated by
boiling. The activity of cyclization activity was determined as described in section

2.8.1.4. For this activity, kinetic parameters were calculated in term of total LR-CDs.
2.9 Computational analysis of CJAM and LR-CDs in complex

2.9.1 Preparation of CgAM and oligosaccharides structure
Crystal structure of CgAM (PDB: 5B68) was used as a model. All
miscellaneous atoms in PDB file was deleted by Discovery studio 2.54¢e"s inc.
Oligosaccharide (G11) and cyclodextrins (CD25 and CD28) were built

and minimized the structure by HyperChem (TM) Professional 7.51.

2.9.2 Prediction 3-dimensional structure by docking

SwissDock is a web server for prediction the molecular interactions that
may occur between a target protein and a small molecule (Grosdidier et al., 2011b).
Amylomaltase model and oligosaccharide structure was uploaded to SwissDock
server. Due to the limited size of ligand in SwissDock, G11 is the largest molecule for
ligand that could be docked via SwissDock. An a-1,4 D glucan was inserted into G11
ligand until the size was up to 25 and 28 monomers in cyclic conformation via
Discovery studio 2.54¢s " |t was noted that amylomaltase-G11 complex was used

as a template.
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2.9.3 Initial models and system preparation for molecular dynamic simulation

The structures of the complexation between CgAM-CD25 and CgAM-
CD28 were obtained from section 6.2. AMBER14 package program was used to
perform all system preparations and MD simulation processes (Case et al., 2005). The
protonation states of the ionizable amino acids such as lysine (K), arginine (R),
histidine (H), aspartic acid (D) and glutamic acid (E) were characterized by PROPKA
3.1 (Olsson et al., 2011). The missing hydrogen atoms were added using the LeaP
module in AMBER14.

The optimum structures of the CgAM-CD25 and CgAM-CD28
complex was performed by following these steps; (i) minimized hydrogen atoms with
1500 steps of steepest descents (SD) and followed by 1500 steps of conjugated
gradient (CG) by using SANDER module implemented in AMBER14; (ii)
subsequently solvated each system with the TIP3P water model (Jorgensen et al.,
1983) in a cubic box within 10 A around the protein surface; (iii) added sodium
counterions to neutralize the total negative charge of the complex; (iv) optimized the
counterions and water molecules with 1500 steps of SD and CG minimizations,
respectively, while the protein and ligand were constrained with a force constant of
500 kcal/mol-A; (v) kept the whole complex in free of any constraint and eventually

minimized with 1500 steps each for SD and CG (Meeprasert et al., 2014).

2.9.4 Interaction analysis via molecular dynamic simulation (MD simulation)
Interaction analysis of CgAM-CD25 and CgAM-CD28 complexes
were performed by MD simulations under a periodic boundary condition with the
NPT ensemble. All covalent bonds involving hydrogen atoms in each system were

constrained with the SHAKE algorithm (Ryckaert et al., 1977). The short-range cutoff
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of 10 A for nonbonded interactions was applied, while the particle mesh Ewald
(PME) summation method (York et al., 1993) was used for calculating the long-range
electrostatic interactions. The simulation time step was of 0.2 ps. The system was
initially heated up to 298 K for 200 ps and was then simulated at this temperature at 1

atm till 100 ns. The trajectories were collected every 2 ps for analysis.

2.9.5 The root-mean square displacement (RMSD) and hydrogen bond (H-
bond)
RMSD and H-bond were explored using the ptraj module of AMBER.
The data was collected and plotted with Origin program. The result was reported in

the RMSD plot.

2.9.6 Binding Free Energy

The binding free energy (AGning) Was calculated by the MM/PBSA and
MM/GBSA approaches using mm_pbsa module (Hou et al., 2011, Li et al., 2007,
Meeprasert et al., 2014). In this study, both methods were applied to estimate the
AGying between CgAM and ligand (CD25 and CD28) by computing AAGyping as the
free energy difference between the complex (AGepx), protein (AGprot), and ligand
(AGiig) as shown in following equation; AAGpind = AGepx — (AGprot + AGiig). Each term
was obtained from the averaged free energy over 100 trajectories taken from the last
20-ns simulation. The enthalpy in the gas phase (AH) and the entropy term (—TAS)
was used to calculate the free energy of each complex as shown in following
equation; AG = AH — TAS = AEmm + AGsolv — TAS. The AH of the system was
predicted from the summation of the gas phase (AEmm) and solvation free (AGsolv)

energies. The AEmm term was the internal (AEint), electrostatic (AEee), and van der
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Waals (AEviw) energies, as shown in following equation; AEMM = AEint + AEee +
AEvdw, while the AGsov term was the sum of the electrostatic (AGelesoiv) and nonpolar
components (AGnonpolarsolv) as outlined by following equation; AGsov = AGelesolv +
AGnonpolar,solv. The AGelesolv Was monitored by the means of the Poisson—Boltzmann
(PB) and the generalized Born (GB) models, while AGnonpolar,soiv Was determined using
solvent accessible surface area (SASA) (Gohlke and Case, 2004, Kollman et al.,
2000) with a probe radius of 1.4 A using following equation; AGnonpolar solv = YSASA.
The dielectric constants of solute and surrounding solvent were set at 1 and 80,
respectively. The value for surface tension constant y of 0.0072 kcal/mol-A2 was

used.

2.9.7 Decomposition Free Energy
The per-residue decomposition free energy (Gbindiresidue) Was used to
estimate the contribution of each residue towards the ligand binding based on the

MM/ GBSA approach. One half of the electrostatic interaction ( AE! ) between atoms

ele

i and j of the protein and ligand, respectively, was used to calculate the electrostatic

contribution as followed;

i _ 144,
EI - J
ele 2; rij

; i and q; represent the atomic charges of atoms i and j, respectively, and rj; is the
distance between these two atoms.

For the per-residue intermolecular vdW interaction (E!,, ) to avoiding double
counting, the internal energy (AEin) was equal to zero and the electrostatic free

energy component was calculated based on the GB method following equation;
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1 e—KfGB q|q
AGele,solv = _E(]‘_ JZ J

€, T fes

; The dielectric constant of solvent (g,) and the Debye—Hiickel screening parameter

(x) were identified as 80 and 0, respectively. And fes was a smooth function
interpolating between atomic radii and the distance between atoms i and j, in which

the double sum runs over all pairs of atoms. The equation is following;

2 \1%
foo =| 12 +a,a, X —y
v 3 4aiqj

; The i and o; are the effective Born radii of atoms i and j, respectively. The

contribution of atom i on the electrostatic free energy could define by the following

equation;

i 1ef, e ) a4, 190,
AGeIe,soIv:_EZ(l_ Jf . +- —

y €, ag \lj 215 Lij
Moreover, the SASA of atom i in the complex and the separated parts in the nonpolar
component was calculated by following equation;

AG!

nonpolarsolv

=y X (SASAi’com - (SASA“prOt +SASA"™ ))

; The SASAiprot and SASA,iig are equal to zero depending on molecule that atom

belonged to. So, the AGymy " was summarized from Eg,, Eiqy, AGloomson and

AG(ile,soIV'

Similarly, the binding free energy contributions of the residue, backbone, and side

chain were calculated separately from the related atoms.
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CHAPTER 11

RESULTS

3.1 Cloning of mutated CgAM genes

All mutants were constructed by PCR mediated sited-directed mutagenesis,
except E231Y which was given by Asst. Prof. Kuakarun Krusong, Ph.D. PCR
products were successfully amplified and then checked by agarose gel
electrophoresis. For P228Y, A413F and G417F, all recombinant plasmids were
constructed by site-directed mutagenesis using CQAM-pET19b as a template followed
by the condition described in section 1. The size of P228Y, A413F and G417F
CgAM-pET19b recombinant plasmid was 7,838 bp. The size of PCR products was
confirmed by agarose gel electrophoresis (Figure 3.1). All mutated clones were
subjected to DNA sequencing, aiming to verify mutated amino acid of CgJAM (Figure

3.2).

10200
8000

2961

M P A GWT

Figure 3.1 Agarose gel electrophoresis of the recombinant plasmids carrying mutated
CgAM genes

Lane M = DNA Marker, P =P228Y, A = A413F and G = G417F, WT = Wild type



CLUSTAL O(1.2.1) multiple sequence alignmen

G417F 1 MTARRFLNELADLYGVATSYTDYKGAHIEVSDDTLVKILRALGVNLDTSNLPNDDAIQRQ 60
RA413F 1 MTARRFLNELADLYGVATSYTDYKGAHIEVSDDTLVKILRALGVNLDTSNLPNDDAIQRQ 60
P228Y 1 MTARRFLNELADLYGVATSYTDYKGAHIEVSDDTLVKILRALGVNLDTSNLPNDDAIQRQ 60
E231Y 1 MTARRFLNELADLYGVATSYTDYKGAHIEVSDDTLVKILRALGVNLDTSNLPNDDAIQRQ 60
CgAM 1 MTARRFLNELADLYGVATSYTDYKGAHIEVSDDTLVKILRALGVNLDTSNLPNDDAIQRQ 60

ok kkkk ok kkkk ok kk ko k ok hkkkkkkkkkkkk Kk kkkkkkkkkkkkkkkk k& kk ok

G417F 61 IALFHDREFTRPLPPSVVAVEGDELVFPVHVHDGSPADVHIELEDGTQRDVSQVENWTAP 120
A413F 61 IALFHDREFTRPLPPSVVAVEGDELVFPVHVHDGSPADVHIELEDGTQRDVSQVENWTAP 120
p228Y 61 IALFHDREFTRPLPPSVVAVEGDELVFPVHVHDGSPADVHIELEDGTQRDVSQVENWTAP 120
E231Y 61 IALFHDREFTRPLPPSVVAVEGDELVFPVHVHDGSPADVHIELEDGTQRDVSQVENWTAP 120

CgAM 61 IALFHDREFTRPLPPSVVAVEGDELVFPVHVHDGSPADVHIELEDGTQRDVSQVENWTAP 120
ok ok ok K kK ok ok ok ok K kK ok ok ok ok K ok K ok ok ok ok K ok K ok ok ok ok ok ok K ok ok ok ok ok ok K ok ok ok ok ok ok K ok Kk k ok kK kK ok

G417F 121 REIDGIRWGEASFKIPGDLPLGWHKLHLKSNERSAECGLIITPARLSTADKYLDSPRSGV 180
A413F 121 REIDGIRWGEASFKIPGDLPLGWHKLHLKSNERSAECGLIITPARLSTADKYLDSPRSGV 180
P228Y 121 REIDGIRWGEASFKIPGDLPLGWHKLHLKSNERSAECGLIITPARLSTADKYLDSPRSGV 180
E231Y 121 REIDGIRWGEASFKIPGDLPLGWHKLHLKSNERSAECGLIITPARLSTADKYLDSPRSGV 180
CgAM 121 REIDGIRWGEASFKIPGDLPLGWHKLHLKSNERSAECGLIITPARLSTADKYLDSPRSGV 180

ok ok K kK ok ok K ok K ok K ok ok K ok K ok K ok ok o ok K ok K ok ok ok ok K ok K ok ok ok ok K ok K ok ok ok ok ok K ok ok ok ok K ok Kk kK ok

G417F 181 MAQIYSVRSTLSWGMGDFNDLGNLASVVAQDGADFLLINPMHAAEPLPPTEDSPYLPTTR 240
A413F 161 MAQIYSVRSTLSWGMGDFNDLGNLASVVAQDGADFLLINPMHAAEPLPPTEDSPYLPTTR 240
P228Y 161 MAQIYSVRSTLSWGMGDFNDLGNLASVVAQDGADFLLINPMHAAEPLYPTEDSPYLPTTR 240
E231Y 161 MAQIYSVRSTLSWGMGDFNDLGNLASVVAQDGADFLLINPMHAAEPLPPTYDSPYLPTTR 240

CgAM 161 MAQIYSVRSTLSWGMGDFNDLGNLASVVAQDGADFLLINPMHAAEPLPPTEDSPYLPTTR 240
hkkk Kk kkkkhkkhk Ak kkhkhkkhkkkhkkhkhkkhkhkhkkhkh Ak kkkk KKk *hkkhkkhkkk

G417F 241 RFINPIYIRVEDIPEFNQLEIDLRDDIAEMAAEFRERNLTSDIIERNDVYAAKLQVLRAI 300
A413F 241 RFINPIYIRVEDIPEFNQLEIDLRDDIAEMAAEFRERNLTSDIIERNDVYAAKLQVLRAI 300
P228Y 241 RFINPIYIRVEDIPEFNQLEIDLRDDIAEMAAEFRERNLTSDIIERNDVYAAKLQVLRAI 300
E231Y 241 RFINPIYIRVEDIPEFNQLEIDLRDDIAEMAAEFRERNLTSDIIERNDVYAAKLQVLRAI 300
CgAM 241 RFINPIYIRVEDIPEFNQLEIDLRDDIAEMAAEFRERNLTSDIIERNDVYAAKLQVLRAI 300

ok ok ok kK ok ok ok ok K ok ok ok ok o ok ok K ok ok ok ok ok K ok ok ok ok ok ok K ok ok ok ok ok K ok ok ok ok ok K ok ok ok ok ok K ok Kk

G417F 301 FEMPRSSEREANFVSFVQREGQGLIDFATWCADRETAQSESVHGTEPDRDELTMFYMWLQ 360
A413F 301 FEMPRSSEREANFVSFVQREGQGLIDFATWCADRETAQSESVHGTEPDRDELTMFYMWLQ 360
P228Y 301 FEMPRSSEREANFVSFVQREGQGLIDFATWCADRETAQSESVHGTEPDRDELTMFYMWLQ 360
E231Y 301 FEMPRSSEREANFVSFVQREGQGLIDFATWCADRETAQSESVHGTEPDRDELTMFYMWLQ 360

CgAM 301 FEMPRSSEREANFVSFVQREGQGLIDFATWCADRETAQSESVHGTEPDRDELTMFYMWLQ 360
ko kkkkkkkk ok khkkhkkhkk ok hkkhkkhkhkkhkkhkkhkkhkkhk Kk kkkkkkkkkk k& kk ok

G417F 361 WLCDEQLAAAQKRAVDAGMSIGIMADLAVGVHPGGADAQNLSHVLAPDASVGAPPDFYNQ 420
A413F 361 WLCDEQLAAAQKRAVDAGMSIGIMADLAVGVHPGGADAQNLSHVLAPDASVGFPPDGYNQ 420
P228Y 361 WLCDEQLAAAQKRAVDAGMSIGIMADLAVGVHPGGADAQNLSHVLAPDASVGAPPDGYNQ 420
E231Y 361 WLCDEQLAAAQKRAVDAGMSIGIMADLAVGVHPGGADAQNLSHVLAPDASVGAPPDGYNQ 420
CgAM 361 WLCDEQLAAAQKRAVDAGMSIGIMADLAVGVHPGGADAQNLSHVLAPDASVGAPPDGYNQ 420

ok ok ok ok k ok ok k ok k kA kkk ok k kA kkh ok kh Ak khkkhkkhkhhkkhk Ak kkkkkhk Kk khx Xk K

G417F 421 QGQDWSQPPWHPVRLAEEGYIPWRNLLRTVLRHSGGIRVDHVLGLFRLFVMPRMQSPATG 480
A413F 421 QGQODWSQPPWHPVRLAEEGYIPWRNLLRTVLRHSGGIRVDHVLGLFRLFVMPRMQSPATG 480
P228Y 421 QGQDWSQPPWHPVRLAEEGYIPWRNLLRTVLRHSGGIRVDHVLGLFRLFVMPRMQSPATG 480
E231Y 421 QGQDWSQPPWHPVRLAEEGYIPWRNLLRTVLRHSGGIRVDHVLGLFRLFVMPRMQSPATG 480
CgAM 421 QGQODWSQPPWHPVRLAEEGYIPWRNLLRTVLRHSGGIRVDHVLGLFRLFVMPRMQSPATG 480

ok 3 ok K ok K ok ok ok K ok K ok ok K ok K ok K ok ok ok ok K ok K ok ok o ok K ok K ok ok ok ok ok K ok ok ok ok K ok Kk ok ok kK ok Kk ko

G417F 481 TYIRFDHNALVGILALEAELAGAVVIGEDLGTFEPWVQDALAQRGIMGTSILWFEHSPSQ 540
A413F 481 TYIRFDHNALVGILALEAELAGAVVIGEDLGTFEPWVQDALAQRGIMGTSILWFEHSPSQ 540
P228Y 481 TYIRFDHNALVGILALEAELAGAVVIGEDLGTFEPWVQDALAQRGIMGTSILWFEHSPSQ 540
E231Y 481 TYIRFDHNALVGILALEAELAGAVVIGEDLGTFEPWVQDALAQRGIMGTSILWFEHSPSQ 540

CgAM 481 TYIRFDHNALVGILALEAELAGAVVIGEDLGTFEPWVQDALAQRGIMGTSILWFEHSPSQ 540
ok ok kK kK kkk ok k ok kk ko k ok kkkkk ok hkk ok k ok kkkkkkkkk ok ok kkkk ok kk ok k ok k kK k

G417F 541 PGPRRQEEYRPLALTTVTTHDLPPTAGYLEGEHIALRERLGVLNTDPAAELAEDLQWQAE 600

A413F 541 PGPRRQEEYRPLALTTVTTHDLPPTAGYLEGEHIALRERLGVLNTDPAAELAEDLQWQAE 600

P228Y 541 PGPRRQEEYRPLALTTVTTHDLPPTAGYLEGEHIALRERLGVLNTDPAAELAEDLQWQAE 600

E231Y 541 PGPRRQEEYRPLALTTVTTHDLPPTAGYLEGEHIALRERLGVLNTDPAAELAEDLQWQAE 600

CgAM 541 PGPRRQEEYRPLALTTVTTHDLPPTAGYLEGEHIALRERLGVLNTDPAAELAEDLQWQAE 600
ok ok K kK ok ok K ok K ok K ok ok K ok K ok K ok ok ok ok K ok K ok ok o ok K ok K ok ok ok ok K ok K ok ok ok ok K ok K ok ok ok kK ok Kk ko

G417F 601 ILDVAASANALPAREYVGLERDQRGELAELLEGLHTFVAKTPSALTCVCLVDMVGEKRAQ 660
A413F 601 ILDVAASANALPAREYVGLERDQRGELAELLEGLHTFVAKTPSALTCVCLVDMVGEKRAQ 660
P228Y 601 ILDVAASANALPAREYVGLERDQRGELAELLEGLHTFVAKTPSALTCVCLVDMVGEKRAQ 660
E231Y 601 ILDVAASANALPAREYVGLERDQRGELAELLEGLHTFVAKTPSALTCVCLVDMVGEKRAQ 660

CgAM 601 ILDVAASANALPAREYVGLERDQRGELAELLEGLHTFVAKTPSALTCVCLVDMVGEKRAQ 660
hokkkkkkkkkhkkhkkhkkhkkhkkhkhhkk kA hkkhkhkkhkk ok k kK kk ok ok kkkhkkkk k& Kk kK k

G417F 661 NQPGTTRDMYPNWCIPLCDSEGNSVLIESLRENELYHRVAKASKRD 706
A413F 661 NQPGTTRDMYPNWCIPLCDSEGNSVLIESLRENELYHRVAKASKRD 706
P228Y 661 NQPGTTRDMYPNWCIPLCDSEGNSVLIESLRENELYHRVAKASKRD 706
E231Y 661 NQPGTTRDMYPNWCIPLCDSEGNSVLIESLRENELYHRVAKASKRD 706
CgAM 661 NQPGTTRDMYPNWCIPLCDSEGNSVLIESLRENELYHRVAKASKRD 706

ok ok ok Kk K ok ok kK ok K ok ok ok K ok K ok ok ok ok K ok K ok ok ok ok Kk Kk ok ok ok Kk Kk kR ok

Figure 3.2 Multiple sequence alignment of WT, P228Y, E231Y, A413F and
G417F sequences using Clustal W tool. The highlights indicated where the
mutation located.
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3.2 Optimization of CJAM gene expression

WT, E231Y, P228Y, A413F and G417F mutants were expressed in E. coli
BL21 (DE3). To optimize the highest level of CJAM gene expression, the effect of
temperature, concentration of inducer (IPTG) and expression time were investigated.
Induction temperature was at 16, 30 and 37°C under various time for IPTG induction
O, 2, 4, 6 and 18 h). For A413F and G417F CgAM mutants, they were expressed
insoluble form at 6 and 18 h IPTG induction time (Figure 3.4 (A), (B) and 3.5). To
increase the expression level of A413F and G417F in soluble form, 1% (w/v) of
glucose was added into LB medium, in order to tighten the protein expression control.
It was found that the expressions of mutated CgAMs in soluble form were
successfully enhanced as shown in Figure 3.4 (C) and 3.6. Figure 3.3 — 3.6 showed
that the expression level of mutated CgAMs was successfully increased by addition of
1 mM IPTG. Generally, higher level of expression of soluble CgAM was obtained
from cultivating at 16°C using 1 mM IPTG. For A413F and G417F CgAMs, 1%
(w/v) of glucose was required prior to IPTG induction. The optimum expression

conditions of all CJAMs were described in Table 3.1



Table 3.1 Expression condition of WT and CgAM mutated enzymes

CgAM | Vector Expression Remarks
pET17b, | Induction at 37°C using 0.4 mM IPTG
WT given by Asst.
pET19b for 2 h with 250 rpm shaking
Prof. Kuakarun
Induction at 16°C using 1 mM IPTG
E231Y | pET17b Krusong, Ph.D.
for 18 h with 250 rpm shaking
Induction at 16°C using 1 mM IPTG
P228Y | pET19b
for 18 h with 250 rpm shaking
Constructed by
Addition of 1% glucose before
site-directed
induction period. Induction at 16 °C
A413F | pET19b mutagenesis,
using 1 mM IPTG for 18 h with 250
subcloned and
rpm shaking
transformed to
Addition of 1% glucose before
E. coli
induction period. Induction at 16 °C
G417F | pET19b BL21(DE3)

usingl mM IPTG for 18 h with 250

rpm shaking

54
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Figure 3.3 SDS-PAGE analysis of expression level of P228Y CgAM in BL21
(DE3) using ImM IPTG for induction (A), (B) at 37°C, (C) and (D) at 16°C

Lane M = Protein marker, S = Soluble fraction, P = Pellet fraction and number =
induction time (h)

The red arrow indicates the expected P228Y CgAM band of 78.6 kDa
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Figure 3.4 SDS-PAGE analysis of expression level of A413F CgAM in BL21
(DE3) using 1mM IPTG for induction at various temperatures (A) 20°C, (B)
16°C, (C) 16°C with 1% glucose

Lane M = Protein marker, S = Soluble fraction, P = Pellet fraction and
number = induction time (h)

The red arrow indicates the expected A413F CgAM band of 78.6 kDa
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Figure 3.5 SDS-PAGE analysis of expression level of G417F CgAM in BL21
(DE3) using 1mM IPTG for induction at various temperatures (A) 37°C, (B)

20°C, (C) 16°C

Lane M = Protein marker, S = Soluble fraction, P = Pellet fraction and number
= induction time (h)

The red arrow indicates the expected G417F CgAM band of 78.6 kDa
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Figure 3.6 SDS-PAGE analysis of expression level of G417F CgAM in BL21
(DE3) with 1% glucose using 1mM IPTG for induction at various temperatures
(A) 37°C, (B) 20°C, (C) 16°C, (D) 37 and 16°C

Lane M = Protein marker, S = Soluble fraction, P = Pellet fraction and number =
induction time (h)

The red arrow indicates the expected G417F CgAM band of 78.6 kDa
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3.3 Large scale production of CJAMs and preparation of CQAM crude extract
To obtain enough enzyme concentration, scale-up production of each mutant
was performed at their optimum condition as described in Table 3.1 for at least 2 L.
Purification table of all mutants were described in Table 3.2. Crude enzyme with
specific activity of 2 and 2.3 U/mg were obtained from WT-pET17b and WT-
pET19b, respectively. The specific activity of P228Y, E231Y, A413F and G417F

CgAM were 2.7, 2.2, 2 and 1.9 U/mg, respectively (Table 3.2).

3.4 Purification of mutated CgAMs

3.4.1 Purification of E231Y by DEAE and phenyl column chromatography
E231Y was successfully purified by two-step purification; DEAE FF
and phenyl FF columns. The specific activity of crude E231Y CgAM was 2.2 U/mg,
while WT’s was also about 2.0 U/mg. The purity of E231Y after purified through

each purification step was determined by SDS-PAGE.

3.4.1.1 DEAE FF™ column chromatography

Initially, DEAE column was used to purify E231Y CgAM. Fractions
eluted with 300 mM NaCl carried higher starch transglycosylation activity than those
of eluted with 200 mM NaCl. Hence, fractions from 300 mM NaCl elution were
pooled and dialyzed against 50 mM phosphate buffer pH 7.4 before subjecting to next
purification step. E231Y CgAM was partially purified by 16.6-fold with a specific

activity of 36.6 U/mg.

3.4.1.2 Phenyl FF™ column chromatography
Partially purified E231Y CgAM from section 3.4.1.1 was subjected to

Phenyl column chromatography. Prior to use this column, (NH4)2SOs was added to
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the partial purified enzyme to the final concentration of 1 M. The result showed that
E231Y CgAM was eluted when the concentration of (NH4)2SO4 reach 0 mM. The
condition for purifying E231Y was reported in Table 3.3. A single band of purified
E231Y enzyme with the size of 84 kDa was shown in Figure 3.7. The purified

enzyme displayed a specific activity of 47.2 U/mg and the purity was increased by

21.5-fold.
Mw (A) Mw (B)
(kDa) (kDa)
116.0 WT 116.0

-
66.2 66.2

. ‘
45.0 - 45.0 -
35.0 i 35.0 :
—— ——z—
M 1 2 3 M 1 2 3

Figure 3.7 SDS-PAGE analysis of (A) WT CgAM (B) E231Y CgAM

Lane M = protein marker, lane 1 = crude extract (20 pg), lane 2 = partial purified
enzyme from DEAE column (5 pg), lane 3 = purified enzyme from phenyl
column chromatography (3 pg).

The red arrow indicates purified CJAM
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3.4.2 Purification of P228Y, A413F and G417F by His trap column
chromatography
HisTrap FF column, an affinity column that has a specificity towards
Histidine tag (His-tag) protein, was used to purify P228Y, A413F and G417F
CgAMs. The conditions for purifying these mutants were summarized in Table 3.3.
P228Y, A413F and G417F CgAMs were eluted by 200 mM imidazole in 50 mM
phosphate buffer pH 7.4 as indicated in Figure 3.8. WT enzyme was purified by 21.1-
fold with a specific activity of 48.2 while P228Y, A413F and G417F were purified by
16, 4.7 and 19.2-fold with a specific activity of 42.7, 9.3 and 36.3, respectively (Table
3.2). SDS-PAGE revealed a single band of each mutated CgAM with an estimated

MW of 84 kDa (Figure 3.9).



A
@ —o—A280 —e— Imidazole —o— Activity (U/ml)

25 (M)

2
=) E
< 15 p=
o S
g 1 |
0.5
0
0 10 20 30 40
Volume (ml)
(B) —e—A280 —e— Imidazole (M)
2.5 5 @
> S N =
< 15 g e 10
o £
o 2l L
05 g .
. :
0 10 20 30 40
Volume (ml)
(C) ——A280 —e— Imidazole (M)
2.5 2 § g
~ 2 £ g E
=) £ =
= =
< 15 = a E
o S (=}
Q 1
< l l
03 |

o

0 20 40 60
Volume (ml)

Figure 3.8 Purification profile of mutated CgAMs by HisTrap column

chromatography (A) P228Y (B) A413F (C) G417F
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Figure 3.9 SDS-PAGE analysis of purified mutated CgAMs by HisTrap
column (A) P228Y (B) A413F (C) G417F

Lane M = molecular weight marker, lane 1 crude extract (20 ug), lane 2
purified enzymes (3 pg)

The red arrow indicates purified CJAM
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Table 3.2 Purification table of WT and mutated CgAMSs
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Purification Tota.l T?t%l Speo:cfﬁca Purification | Yield
Enzyme step protein  activity | activity fold (%)
(mg) ) (U/mg)
Crude | ,171 4415 2.0 1.0 100.0
extract
DEAE
™ 124 = 438.1 353 17.6 99.3
FF
Phenyl
WT Tﬁ 2.6 111.2 42.8 21.4 25.2
FF
Crude | \o/7 16 23 1.0 100.0
extract
His Trap
Hp 2.1 103.7 48.2 21.1 24.6
Crude | 3,0 5143 2.2 1.0 100.0
extract
DEAE
Phenyl
~ 31 1464 472 215 28.5
FF
g";‘iet 2645 | 706.6 2.7 1.0 100.0
P228Y His Trap
Hp 4.1 175.1 427 16.0 24.8
fg‘i‘i 146.0  292.1 2.0 1.0 100.0
A413F Hl"s Trap
Hp 199 | 1859 9.3 4.7 63.6
C‘t'l‘“:et 307.5 = 580.9 1.9 1.0 100.0
G417F I;’:‘s Trca
Hp p 7.7 280.5 36.3 19.2 483

4assayed by starch transglycosylation activity.



65

Table 3.3 Summary of purification conditions for CgAM mutants

Purification e .
Mutant Method Purification condition
DEAE FF™ : 50 mM Phosphate buffer pH
7.4 + 0.01% B — mercaptoethanol + 300
DEAE/Phenyl (+) |mM NacCl
WT Phenyl FF™ : 50 mM Phosphate buffer pH
7.4 + 0.01% B — mercaptoethanol
. 50 mM Phosphate buffer pH 7.4 + 500 mM
Ni-NTA (+ .
! ™) NaCl + 500 mM Imidazole
DEAE FF™ : 50 mM Phosphate buffer pH
7.4 + 0.01% B — mercaptoethanol + 300
E231Y DEAE/Phenyl (+) |mM NaCl
Phenyl FF™ : 50 mM Phosphate buffer pH
7.4 + 0.01% B — mercaptoethanol
. 50 mM Phosphate buffer pH 7.4 + 500 mM
Ni-NTA (+ .
P288Y I ™) NaCl + 200 mM Imidazole
. 50 mM Phosphate buffer pH 7.4 + 500 mM
Ni-NTA (+ .
AGLSF ! ™) NaCl + 200 mM Imidazole
4+
GA17F Ni-NTA (+) 50 mM Phosphate buffer pH 7.4 + 500 mM

NaCl + 200 mM Imidazole
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3.5 Characterization of WT and mutated CgAMs

3.5.1 Enzyme assay
All activities of starch transglycosylation, starch degradation,
disproportionation, cyclization, coupling and hydrolysis were summarized in Table

3.4.

3.5.1.1 Starch Transglycosylation activity

From the Table 3.4, P228Y, E231Y and G417F CgAMs showed the
similar specific activity of transglycosylation (52.2, 61.2 and 52.3 U/mg) to the WT
enzyme (59.9 U/mg).

3.5.1.2 Starch degradation activity

The specific activities of starch degradation of WT, E231Y, P228Y
and G417F were 0.37, 0.37, 0.32 and 0.31 U/mg, respectively. A413F displayed much
lower specific activity of starch degradation (0.11 U/mg), in comparison to other
CgAMs.

3.5.1.3 Disproportionation activity

E231Y and G417F showed higher specific activities of
disproportionation than the WT enzyme (Table 3.4). However, P228Y and A413F
displayed much lower specific activity of disproportionation than WT CgAM. The
specific activities of disproportionation of WT, G417F, E231Y, P228Y and A413F
were 43.5, 53.5, 50.2, 16.3 and 9.04, respectively.

3.5.1.4 Cyclization activity

The result indicated that E231Y had cyclization activity (0.013 U/mg)

at the same level of the WT enzyme (0.012 U/mg). Meanwhile, P228Y and G417F
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possessed lower cyclization activity than the WT by 2-fold. Among all mutants,

A413F showed the lowest cyclization activity of about 0.0001 U/mg.

3.5.1.5 Coupling activity

E231Y displayed the similar coupling activity (0.0010 U/mg) to the
WT enzyme (0.0012 U/mg). Meanwhile, P228Y, A413F and G417F showed lower
coupling activity of 0.0002, 0.0001 and 0.0004 U/mg, respectively (Table 3.4).

3.5.1.6 Hydrolytic activity

Table 3.4 showed that specific activities of hydrolysis of all CgAMs
were not significantly different. The specific activities of hydrolysis of WT, P228Y,
E231Y, A413F and G417F CgAMs were 0.03, 0.02, 0.02, 0.01 and 0.03 U/mg,

respectively.



Table 3.4 Specific activity of WT and mutated CgAMs
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Specific activity (U/mg protein)
CgAM activity

WT P228Y E231Y A413F G417F
Starch 59.9 + 522+ 61.2 + 18.8 523+

transglycosylation 2.29 0.54 1.10 1.99 1.07
0.37+ 032+ 0.37 0.11 + 0.31 +

Starch degradation

0.02 0.01 0.00 0.02 0.01

435+ 16.3 + 50.2+ 9.04 + 535+
Disproportionation
0.64 1.05 1.36 1.05 1.21
0.0012+ | 0.0009 + | 0.0013+ | 0.0001+ | 0.0007 =
Cyclization
0.0005 0.0001 0.0001 0.0001 0.0003
0.0012+ | 0.0002 + | 0.0010+ | 0.0001 + | 0.0004 =
Coupling
0.0007 0.0001 0.0005 0.0001 0.0001
0.03 £ 0.02 £ 0.02 £ 0.01+ 0.03 +
Hydrolysis
0.00 0.00 0.00 0.00 0.00

*Data was shown in term of mean = S.D. from three independent repeats
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3.5.2 Effect of temperature on starch transglycosylation activity
To determine the optimum temperature on CgAM activity, all purified
CgAMs were tested for starch transglycosylation activity assay at various
temperatures (20, 30, 35, 40, 50, 60 and 70°C). Transglycosylation activity was
measured by iodine method. WT and G417F showed the same optimum temperature
at 30°C whereas P228Y and A413F displayed optimum temperature at 25°C and
35°C, respectively (Figure 3.10). The optimum temperature of E231Y was 35°C

which was reported in previous research (Pathomsoonthornchai, 2015).
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Figure 3.10 Effect of temperature on starch transglycosylation activity (A)
wild-type (B) P228Y (C) A413F (D) G417F
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3.5.3 Effect of temperature on starch transglycosylation stability

To determine the effect of temperature on CgAM stability, purified
enzymes were pre-incubated at different temperature (20, 30, 35, 40, 50, 60 and 70°C)
for 1 h before investigating residual starch transglycosylation activity by iodine
method as described in section 2.8.1.1. The results showed that the enzyme
maintained 80% of its activity in range of 20 to 30°C. At higher temperature than
30°C, the activity of all mutated CgAMSs was dramatically dropped (Figure 3.11). The
temperature  stability of E231Y was reported in previous research

(Pathomsoonthornchai, 2015).
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Figure 3.11 Effect of temperature on CgAM stability assayed by starch
transglycosylation (A) wild-type (B) P228Y (C) A413F (D) G417F
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3.5.4 Effect of pH on starch transglycosylation activity

The effect of pH on enzyme activity was examined at different pHs of

three separately buffer systems as described in section 2.8.5. Starch transglycosylation

activity was measured by iodine method as described in section 2.8.1.1. WT and

P228Y displayed the optimum pH at pH 6.0. For G4117F CgAMs, the optimum pH

was at pH 6.5. Meanwhile, the optimum pH of A413F CgAM was pH 7.5 (Figure

3.12). The optimum pH of E231Y was at pH 6.5, which was reported in previous

research (Pathomsoonthornchai, 2015).
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3.5.5 Effect of pH on starch transglycosylation stability

In order to determine the effect of pH on CgAM stability, purified

enzymes were pre-incubated in different buffer, ranging from pH 3.5 to pH 10.0, for 1

h before determining residual starch transglycosylation activity by iodine method as

described in section 2.8.1.1. The results revealed that WT and all mutated CgAMs,

except A413F, were stable in pH range of 5.5 to 9.0 (Figure 3.13). In case of A413F

CgAM, starch transglycosylation dropped by 40% under pH range of 7.0 to 10.0. The

pH stability of E231Y was reported in previous research (Pathomsoonthornchai,

2015).
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3.5.6 Substrate specificity of CJAM
Substrate specificity of CgAM towards different malto-oligosaccharides
(G2 — G7) was observed by disproportionation activity assay. As shown in Figure
3.14, maltotriose (G3) was the best substrate for all CJAMs. E231Y CgAM displayed
higher affinity towards G3 than the WT CgAM. The order of preferable substrate of

P228Y, E231Y, A413F and G417F CgAM was G3 >G4 >G5 ~ G6 ~ G7 > G2.
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Figure 3.14 Substrate specificity WT and mutated CgAMs assayed by

disproportionation activity
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Table 3.5 Biochemical characteristics of WT and 4 mutant CgAMs (P228Y,

E231Y, A413F and G417F)

Characteristic WT P228Y | E231Y*** | A413F | G417F
Optimum
30 25 35 35 30
temperature* (°C)
Temperature
20-35 20-35 20-40 20-40 | 20-30
stability* (°C)
Optimum pH* 6.0 6.0 6.5 7.5 6.5
5.0-
pH stability* 5.5-10.0 | 5.0-10.0 5.5-9.0 5.0-9.5
10.0
Substrate
G3 G3 G3 G3 G3

specificity**

* py starch transglycosylation activity

** by disproportionation activity

*** obtained from previous research (Pathomsoonthornchai, 2015)
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3.5.7 Enzyme conformation

Secondary structure of CgAMs was analyzed using circular dichroism
spectrophotometry. The graph illustrated that the CD spectra of WT, A413F and
G417F were almost the same, whereas a slight change was observed on P228Y
spectrum (Figure 3.15). The percentage of secondary structure composition of all

CgAMs was summarized in Table 3.6.
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Figure 3.15 Circular dichroism spectra of CJAMs

Table 3.6 Percentage of secondary structure composition of CJAMSs

estimated by K2D3 program

Percentage of secondary structure composition
CgAM
a-helix B-sheet Others
Wild type 38% 16% 46%
P228Y 44% 14% 42%
A413F 38% 16% 46%
G417F 33% 18% 49%
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3.5.8 Synthesis of large-ring cyclodextrins

To observe the LR-CDs production profile, purified enzyme carrying
of 0.05 U of starch degradation activity was used to synthesize LR-CDs from pea
starch at incubation time of 6, 12 and 24 h. LR-CDs products profiles were analyzed
by HPAEC-PAD. At 6 h incubation time, principal CDs of WT was CD28. Under the
same incubation time of 6 h, E231Y gave smaller principal CD (CD26), while major
LR-CDs were shifted upwards to CD36, CD40 and CD36 for P228Y, A413F and
G417F, respectively. At 12 h incubation time, the major LR-CDs products were not
significantly different from those of 6 h incubation time. For 24 h incubation time, the
size of major products shifted to be smaller in comparison to these at 6 and 12 h
incubation time. At 24 h, WT produced CD25 as the principal CD while E231Y,
A413F and G417F produced CD25, CD33 and CD28 as the principal CD,
respectively. It was noticed that P228Y maintained their major LR-CDs product

although they were incubated under longer time (Table 3.7 and Figure 3.16).
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Table 3.7 The principal product of LR-CDs at 6, 12 and 24 h for WT and all mutants

Major LR-CDs

roduct 6h 12 h 24 h
Wild type CD28 CD27 CD25
P228Y CD36 CD36 CD36
E231Y CD27 CD25 CD25
A413F CD40 CD38 CD33
G417F CD36 CD32 CD28
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Figure 3.16 LR-CDs product patterns, analyzed by HPAEC-PAD,
CgAMs of 0.05 U starch degradation activity were incubated with pea
starch at various incubation times (A) wild-type (B) P228Y (C) E231Y
(D) A413F (E) G417F
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3.5.9 Determination of kinetic parameters
In this research, kinetic parameters of CgAMs were determined from
three activities; starch transglycosylation, disproportionation and cyclization. Kinetic
parameters including Km and Vmax were calculated from Lineweaver-Burk plot.
Moreover, Keat Or turnover number and Kkea/Km oOr catalytic efficiency were also

determined.

3.5.9.1 starch transglycosylation activity

The reaction was performed as described in section 2.10.2 by varying
concentrations of glucose acceptor. The result from Table 3.8 revealed that P228Y
showed the highest kca/Km value (5.92 mM™* min™), followed by WT and E231Y
(5.74 mM* mint) and G417F (4.64 mM* min™).

3.5.9.2 disproportionation activity

WT, E231Y and G417F showed similar disproportionation activity
With Kea/Km 0f 3.42, 4.52 and 3.69 x10> mM™ min, respectively. P228Y possessed
much lower disproportionation activity (1.39 x102 mM* min) than the WT enzyme.

This was due to P228Y had much lower kcat than the WT while K, was similar.

3.5.9.3 cyclization activity

Pea starch in 3% DMSO was used as substrate for this assay and the
LR-CDs product profiles were analyzed by HPAEC-PAD. WT, P228Y and E231Y
showed similar efficiency on cyclization. However, G417F showed much lower

cyclization activity than the WT enzyme. G417F mutation affected both kcarand K.



Table 3.8 Kinetic parameters of WT and CJAM mutants
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Starch transglycosylation activity

coamt T g o7y e (DO K (o
WT 9.08 +1.24 8.22+2.63 4.37 +0.60 5.74+0.78
P228Y 129+ 1.75 7.41 +0.00 4.37 +0.60 5.92+0.98
E231Y 17.6 + 1.00 18.6 +£2.33 10.76 + 0.68 5.74 +£0.64
G417F 10.5+1.12 7.18 £1.31 3.27+0.38 4.64+0.76
Disproportionation activity
CsAM (umlgf/arxnin) Kon (mM) kcat[ gr(l)l;]nl) k;:lfrll{ ’ln) ([1?(1)\;[]-1
WT 0.006 +0.001  18.1+2.28 6.18+1.11 3.42+0.53
P228Y 0.012+0.001 19.7+4.74 2.63+£0.22 1.39+0.34
E231Y 0.013+0.004 15.4+6.03 6.68 £3.65 4.24+0.36
G417F 0.008 £0.000  22.9+3.04 8.37+0.03 3.69 +£0.48
Cyclization activity
cAM (e Ky 0 (ml/rf;%]fﬁ) [0
WT 0.022 +0.004 6.14 £0.55 16.64 + 4.24 2.73+0.75
P228Y 0.046 +0.010 571+1.45 13.68 + 2.55 2.41+0.22
E231Y 0.022 + 0.006 5.33+£0.52 16.75 + 3.62 297 +1.26
G417F 0.010 +0.001 2.38£0.26 4.53 £0.45 1.92+0.22

*Data was represented as mean = S.D. and derived from three independent repeats
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3.6 Computational analysis

3.6.1 Preparation amylomaltase and oligosaccharides structure

According to published 3D structure of CgAM, amylomaltase model from
crystal structure (Protein Data Bank (PDB) entry code 5B68) (Joo et al., 2016) was
downloaded and deleted all miscellaneous atoms in PDB file by Discovery studio
2.5Acens inc. - Oligosaccharide and cyclodextrins (CD1 — CD28) was built and
minimized the structure by HyperChem (TM) Professional 7.51. Figure 3.17A
showed the amylomaltase models after deleted all miscellaneous atoms. Figure 3.17B
showed oligosaccharides structure in both linear and cyclic conformations which were

constructed based on a-1,4-glucose.
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Figure 3.17 (A) CgAM crystal structure and (B) oligosaccharides (G1 - G11)
both linear and cyclic conformation
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3.6.2 Prediction 3-dimensional structure by molecular docking

Among docking web server such as SwissDock webserver (Grosdidier
et al., 2011b, Grosdidier et al., 2011a), PatchDock Server (Schneidman et al., 2005),
ZDOCK Server (Pierce et al., 2014), Molecular Docking Server (Bikadi and Hazai,
2009), and Haddock (Van Zundert et al., 2016, Dominguez et al., 2003), SwissDock
webserver was used for this research. SwissDock web server used for prediction the
molecular interactions between a target protein and a small molecule (Grosdidier et
al., 2011b, Grosdidier et al., 2011a). Amylomaltase (Joo et al., 2016), oligosaccharide
and cyclodextrins model, prepared from section 3.6.1, were uploaded to SwissDock
web server. CJAM and each oligosaccharide was docked via SwissDock web server.
The results displayed that only linear oligosaccharide was successfully docked into
the active site. However, the maximum size of oligosaccharide which could dock into
the active site is linear G11. This is due to the limited size of ligand in SwissDock
which was not more than 250 atoms (Grosdidier et al., 2011b) (Figure 3.18).
According to the limited size of ligand in SwissDock, G11 is the largest molecule for
ligand that can dock via SwissDock. An a-1,4 D glucan was added into ligand
molecule until the size increased up to 25 and 28 molecules in cyclic conformation
using amylomaltase-G11 complex as a template. Discovery studio 2,50 I"c \yas

used for this step.



Rotate 90°

Figure 3.18 Docking complex between CgAM and G11 via SwissDock web
server
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3.6.3 Interaction analysis using molecular dynamic (MD) simulation
3.6.3.1 Starting models and system preparation
According to the docking complex that obtained from section 3.6.2, a-
1,4 D glucan was added into initial conformation structure to increase ligand size up
to 25 and 28 molecules in cyclic conformation using Discovery studio 2.5A¢es inc.
Both of two complexes were prepared and minimized by AMBER14 package
program (Case et al., 2014). The starting models for MD simulation was shown in

Figure 3.19.

Figure 3.19 CgAM in complex with (A) CD25 (B) CD28 for MD
simulation
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3.6.3.2 Molecular dynamics (MD) simulations

MD simulation, which is a computer simulation method, was used for
studying the physical movements of atoms and molecules. Docking complex was used
as starting structure to study the possible binding between amylomaltase and LR-CDs.
MD simulation of CJAM-CD25 and CgAM-CD28 complexes was performed at 298
K using 100-ns. According to the distance between Ci:-Os bonding (3 A),
cyclodextrins (CD25 and CD28) cleaved at glucose residue between subsite -7 and -8
while MD simulation was performed. Although the movie from MD simulation
showed that both cyclic oligosaccharides (CD25 and CD28) in two systems were
broken after 10 ns, the binding interaction between CgAM and ligand at active site
was the same position. To determine the results from MD simulation, five analysis
methods were used to investigate the interaction between CgAM and ligand (CD25 or
CD28). The parameters of each method were as follows; root-mean square
displacement (RMSD), root-mean square fluctuation (RMSF), B-factor, hydrogen
bond (H-bond) interaction and total energy (total binding free energy and per-residue

decomposition free energy).

3.6.3.3 Stability of global structures

To determine the stability of both complex systems in MD simulation,
the RMSDs of all atoms relative to these of initial structure versus the simulation time
were plotted in Figure 3.20. The binding site of LR-CD displayed in Figure 3.21. The
RMSD values of complex atoms increased in the first 10 ns and fluctuated around 2 to
3 A till 100 ns. Both complexes tend to stabilize after passed 50 ns. Ligand showed
the higher RMSD value in comparison with complexes. At 80 — 100 ns, ligand in

CgAM-CD25 model showed the higher RMSD values than CgAM-CD28 system.
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This meant that ligand in CgAM-CD25 model was more flexible than CgAM-CD28
system. This is therefore the MD trajectories from 80 — 100 ns of the two systems
were extracted for further determination.

(A) — CgAM-CD25 ——— CgAM —— CD25
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Figure 3.20 RMSD plots tor an atoms or LgAaivi In complex with (A)
CD25 and (B) CD28 (black) as well as the CgAM (red) and LR-CD
(blue) alone.



Figure 3.21 Binding site of CJAM in complex with CD28. Three catalytic
residues (D460, E508 and D561) interacted with glucose residue in the
subsite -1 and -2. CgAM was indicated in white ribbon. Amino acid
residues displayed in light blue. Glucose units were labeled as -14 to +14
followed by subsite position.
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3.6.3.4 Flexibility of protein structure

To evaluate the flexibility of the structure dynamics and fluctuation of
each amino acid of CgAM along MD simulation, the RMSF and B-factor were
investigated over the last 20 ns of the MD trajectories. Both protein models in
complex with different CDs showed the same pattern of RMSF values. According to
Figure 3.22, the amino acids in the position of 400 - 500 (binding site) were less
fluctuated than the other regions which was in a same trend with B-factor (dark blue).
Interestingly, the residues in a range of 250 to 300 in CgAM-CD28 complex had a
higher RMSF value than those of another system. These residues located on surface
area of CgAM. B-factor usually showed the rigid and flexible area in the protein
structure. In Figure 3.23, the result showed that the binding site between CgAM and
cyclodextrin (CD25 or CD28) had a rigid structure, shown as a dark blue. In contrast,

the protein in surface area showed in a lighter color, was more flexible.
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Figure 3.22 Root-mean square fluctuations (RMSFs) for all amino acids in
CgAM from MD simulation (A) CJAM-CD25 (B) CJAM-CD28
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Figure 3.23 B-factor analysis for CgJAM in complex with (A)
CD25 and (B) CD28
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3.6.3.5 Hydrogen bond interactions

The intramolecular hydrogen bonding interactions (H-bond) between
CgAM and ligand (CD25 and CD28) were also essential for the binding strength of
complexes. Therefore, it was important to consider the hydrogen interactions
throughout the production phase of simulation. CJAM in complex with CD25 and
CD28 had an H-bond interaction at the binding area. The criteria of H-bond was as
follows; (i) the distance between H-bond donor and acceptor atoms had to less than or
equal 3.5 Angstrom (ii) the angle of H-bond must be more than 120 degree. The H-
bond occupations between CgAM and LR-CD were summarized in Figure 3.24. The
result showed that the maximum % hydrogen bond occupation for CgAM-CD25
complex was 82.3% which was the bonding between E231 and the glucose residue in
subsite -6. For CgAM-CD28 complex, the maximum percentage of hydrogen bond
formed between D561 and glucose residue in subsite -1 was 79.6%. Although the
maximum % hydrogen bond in CgAM-CD25 was higher than CgAM-CD28, but
CgAM-CD28 had more residues that showed high % H-bond occupation (more than
70% occupation). The three catalytic residues (D460, E508 and D561) also had H-
bond interaction with CD25 and CD28. E508 in both complex had an interaction with
glucose residue in subsite +1 whereas D460 and D561 were different. D460 in
CgAM-CD25 complex formed H-bond with glucose residue in subsite -1 and D561
formed with glucose residue in subsite -2 and -1. For CgAM-CD28 complex, it was
conversed. D460 had H-bond interaction with glucose residue in subsite -2 and -1
while D561 formed only with glucose residue in subsite -1. Moreover, E231 showed
the different interaction position with glucose residues. In CJAM-CD25, E231 form

H-bond with glucose residue in subsite -5 and -6 whereas in CJAM-CD28 shifted to
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-6 and -7. W425 that was reported as an essential residue for substrate binding and
supporting catalytic molecule (Rachadech et al., 2015) also showed H-bond

interaction between CgAM-CD25 and glucose residue in subsite -3.
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Figure 3.24 Hydrogen bond occupation between the (A) twenty-five
glucose units (glucose residue in subsite of -12 to +13), (B) twenty-
eight glucose units (glucose residue in subsite of -14 to +14) and the
binding residues in CgAM. Each color showed glucose residue in
each subsite. Starting bar graph in black color was glucose residue in
subsite -7. The order of the bar graph was -6, -5, -4, -3, -2, -1, +1, +2,
+3, ..., +13, -12, -11, ..., -8 for CgJAM-CD25 complex whereas
another order (-6, -5, -4, -3, -2, -1, +1, +2, +3, ..., +14, -14, -13, ..., -
8) was for CJAM-CD28 complex.
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3.6.3.6 Key residues of ligand binding

Total binding energy was calculated from two methods; MM/PBSA
and MM/GBSA. From Table 3.9, total energy of CQJAM-CD25 complex was -85.3
and -82.9 kcal/mol for MM/PBSA and MM/GBSA, respectively; whereas CgAM-
CD28 complex was -73.5 kcal/mol for MM/PBSA and -102.1 kcal/mol, for
MM/GBSA. Total energy of CJAM-CD25 complex was lower than CgAM-CD28
complex for MM/PBSA. In contrast, MM/GBSA calculation showed that CgAM-
CD28 complex provided lower energy than MM/PBSA. The huge different values
between MM/PBSA and MM/GBSA were from AGelesol and AGsol. Moreover, amino
acids that had an interaction with ligand (CD25 and CD28) was reported in Figure
3.25. The per-residue decomposition energy of both complexes was examined using
the MM/GBSA. The positive and negative values of per-residue decomposition
energy specify the ligand destabilized and stabilized, respectively. According to per-
residue decomposition free energy, R667 in CgAM-CD25 complex had a lowest
energy which was -7.52 kcal/mol while in CgAM-CD28 system, H458 showed a
lowest energy which was -7.61 kcal/mol. With per-residue decomposition free energy
less than -1 kcal/mol, Y418, M474, L510, F534, Y23, R458, Q423, T666, Q475,
L236, Q421, E231, Q420, N419 and Y235 in CJAM-CD25, ordered from the lower to
higher (around -4 to -1 kcal/mol), had also shown favorable energy for binding to
CD28. In CgAM-CD28 complex, there were several residues that provided low
energy, but some residues were also shared key binding residues with CJAM-CD25
including Y23, Y235, Y418, L510, F534, and T666. Surprisingly, E231 in CgAM-
CD25 showed a low energy which helped to stabilized in complex whereas in CJAM-

CD28, E231 preferred to non-stabilize the complex and provided high energy. For
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catalytic residues (D460, E508 and D561), total energy of each residues in both
complexes was high (AE = +) except D460 in CQJAM-CD25 complex. These results
demonstrated that those residues in both complexes were considered as important

residues for binding between CgAM and CD.



Table 3.9 The results from MM/PBSA approach giving the energy components

and average binding free energies for both complexes

CgAM-CD25 CgAM-CD28
MM/PBSA | MM/GBSA | MM/PBSA | MM/GBSA

AEeie -341.0 + 34.7 -339.0 +31.1

AEvaw -171.8 + 13.4 2132497

AEmM -512.8 +40.5 -552.2 + 33.7
AGronpolarsol | -27.8+ 1.2 249+ 1.4 314+11 | -298+12
AGelesol | 455.3+30.7 | 454.8+28.2 | 510.1+35.1 | 479.9+295
AGsol 4275+30.0 | 4299+27.4 | 478.7+345 | 450.2 +28.8
AGrotal 85.3+16.8 | -82.9+18.1 | -735+151 | -102.1+9.8
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CHAPTER IV

DISCUSSIONS

4.1 Site-directed mutagenesis of amylomaltase gene (P228Y, E231Y, A413F and
G417F)

Corynebacterium glutamicum ATCC 13032 was obtained from Thailand
institute of Scientific and Technological Research (TISTR) (Srisimarat et al., 2010).
The open reading frame (ORF) of Corynebacterium glutamicum amylomaltase gene
(CgAM) was 2,121 bp which was translated to 706 amino acids. From the amino
acids sequence analysis, CJAM exhibited a low sequence identity when compared
with other organisms (27.7% identity and 43.7% similarity of Escherichia coli
(Krempl et al., 2014), 16.2% identity of Thermus aquaticus (Terada et al., 1999), 16.3
% identity of Thermus thermophiles (Terada et al., 1999), 17.7% identity of Thermus
filiformis (Kaewpathomsri et al., 2015) , 16.2% identity of Streptococcus pnuemoniae
(Lacks et al., 1982)), % identity was calculated by EMBOSS Needle program (Rice et
al., 2000) (Figure 4.1) (Srisimarat et al., 2010). C. glutamicum was mesophilic
bacteria as same as E. coli, so the identity of amino acids sequence between CgAM
and EcMalQ was closer than other organisms (Weiss et al., 2015, Srisimarat et al.,
2010). This is possible that the mechanism of CgAM was similar to EcMalQ (Joo et
al.,, 2016). The crystal structure from CgAM revealed that it consisted of two
domains, N-terminal (Metl - Arg165) and C-terminal domain (Leul66 - Asp706). N-
terminal domain can be splited into two subdomains, subdomain N1 (Metl - Pro72)
and subdomain N2 (Leu73 - Argl165), while C-terminal domain was divided into four

subdomains, one core subdomain (CC-subdomain) and three auxiliary subdomains.
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Catalytic site embedded in CC-subdomain. The catalytic residues located at Asp460,
Glu508 and Asp561 (Joo et al., 2016). In this research, we mutated amino acids at the
250s and 410s loops which located on C-terminal domain of CgAM (P228Y, E231Y,
A413F and G417F). P228Y and E231Y were for auxiliary subdomain | (CAl
subdomain), while A413F and G417F were for auxiliary subdomain Il (CA2

subdomain) which was on 410s loop.
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Figure 4.1 Amylomaltase amino acids sequence alignment of SP
Streptococcus pneumoniae (AAA26923.1), TF Thermus filiformis
(AKR04336.1), TA Thermus aquaticus (EED09753.1), TT Thermus
thermophiles  (BAA33728.1), CG  Corynebacterium  glutamicum
(AKR04335.1) and EC Escherichia coli (CDZ22191.1). Catalytic residues
were shown in black boxes. Positions of mutated residues were shown in
red boxes. Deletion mutated in yellow box. Asterisk, colon and dot across
the aligned sequences were represented identical, conserved substitutions
and semi-conserved substitutions, respectively. (Srisimarat et al., 2010)
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4.2 Condition for mutated amylomaltase gene expression

In this research, IPTG was used for induction. The mutants E. coli that
contained corrected mutated gene was grown in LB medium containing ampicillin
100 pg/ml. For A413F and G417F, 1% glucose was added into LB broth for reduction
and maintaining a low basal expression levels of T7 RNA polymerase in the ADE3
lysogenic expression hosts (Novy and Morris, 2001). In this research, we used E. coli
BL21(DE3) as a host cell. Although WT CgAM was induced by 0.4 mM IPTG for 2 h
(Srisimarat et al., 2010), the mutants preferred to be expressed at low temperature
(16°C) with 1 mM IPTG. In this research, crude enzyme of WT-pET17b and pET19b
contained 2 and 2.3 U/mg of specific activity, similar to previous reports (Srisimarat
et al.,, 2010, Srisimarat et al., 2012). The specificity activities of WT enzymes
produced in pET17b and pET19b expression vector were not different. The specific
activity of P228Y, E231Y, A413F and G417F crude CgAM were 2.7, 2.0, 2.0 and 1.9

U/mg, respectively.

4.3 Purification of mutated amylomaltase

4.3.1 E231Y
HiTrap DEAE FF column and Phenyl column were used to purified
WT and E231Y. The result from SDS-PAGE showed the single band of enzyme after
it was purified with DEAE and Phenyl column, respectively. While WT and E231Y
had a higher purity, the percentage yield of WT and E231Y were 25.2% and 24.6%,
respectively. The purification fold of WT and E231Y was 17.6 and 5.8, respectively

for DEAE column and was 21.4 and 14.7, respectively for Phenyl column. According
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to the result, DEAE column can be applied to purify enzyme but the purity was not

enough. So, it was necessary to further purify enzyme using Phenyl column.

4.3.2 P228Y, A413F and G417F

SDS-PAGE displayed a single band after mutants (P228Y, A413F and
G417F) were purified by HisTrap column. The purification fold was 21.1, 16.0, 4.7
and 19.2 while %yield was 24.6, 24.8, 63.3 and 48.3% for WT, P228Y, A413F and
GA417F, respectively. Previous report of WT CgAM purification fold showed 10.8 fold
which was 30.2% vyield (Srisimarat et al., 2010) which was closely to our mutated
enzyme except A413F. Moreover, amylomaltase from Synechocystis sp. PCC6803
was 2.9 purification fold with 84.5% vyield (Lee et al.,, 2009) and from Thermus
brockinus was 35 purification fold with 67% yield (Bang et al., 2006). SDS-PAGE

showed a single band of purified enzyme after purification by HisTrap column.

4.4 Characterization of WT and mutated CgAM enzymes

4.4.1 Enzyme assay

The activities of amylomaltase was observed via 6 reactions; starch
transglycosylation, starch degradation, disproportionation, cyclization, coupling and
hydrolysis activity. WT, P228Y, E231Y and G417F had similar specific activities of
starch transglycosylation and starch degradation (Table 3.4), suggesting that P228Y,
E231Y and G417F mutation had no strong effects on starch transglycosylation and
starch degradation. However, P228Y mutation seemed to affect disproportionation
activity. E231Y possessed similar cyclization activity as the wild-type enzyme, while
P228Y and G417F had lower cyclization activity, in comparison to the wild-type

enzyme. It should be mentioned that A413F exhibited significantly lower activity of
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starch transglycosylation, starch degradation, disproportionation and cyclization than
the WT enzyme. This suggested that A413 might play a role in starch
transglycosylation, starch degradation, disproportionation and cyclization.

In general, amylomaltase enzymes showed lower coupling activity, in
comparison to CGTase enzyme (Van Der Veen et al., 2000). From Table 3.4, WT and
E231Y had similar coupling activity, while P228Y, A413F and G417F showed less
coupling activity than the WT enzyme. It is possible that P228, A413 and G417 play a

role in coupling reaction.

4.4.2 Effect of temperature and pH on starch transglycosylation activity

According to the result, the optimum temperature of WT and mutants
were around 25 - 35°C. When temperature increased up to 40°C, all enzymes had lost
their activity. Optimum temperature for starch transglycosylation of CgAM was
closely to other mesophilic bacteria such as E. coli (35°C and pH 6.5) (Kitahata et al.,
1989), Synechocystis sp. (45°C and pH 7) (Lee et al., 2009), Pseudomonas stutzari
(37°C and pH 7.7) (Schmidt and John, 1979) while amylomaltase from Thermus sp.
like TaAM (75°C and pH 5.5) (Fujii et al., 2005, Terada et al., 1999) and TfAM (60°C
and pH 6.5) (Kaewpathomsri et al., 2015) had high activity at high temperature. The
proper pHs for starch transglycosylation activity of WT and mutants were around pH
6.0 - 7.5 in phosphate buffer. This optimum pH range was similar to previous report
of CgAM (Srisimarat et al., 2010, Srisimarat et al., 2012, Nimpiboon et al., 2016a,
Nimpiboon et al., 2016b) and other amylomaltase enzymes from Thermus species eg.

TaAM (Fujii et al., 2005) and TTAM (Kaewpathomsri et al., 2015).
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4.4.3 Effect of temperature and pH on starch transglycosylation stability

All enzymes were stable and maintained their activity at 20°C for 1 h.
When temperature increased from 30°C to 70°C, the activity of all mutants decreased
and finally lost all activity. This was the same pattern in previous research of WT-
CgAM (Srisimarat et al., 2010). Previous research showed that A406V had improve
thermostability (Nimpiboon et al., 2016a), In contrast, Thermus sp. was thermophilic
bacteria and amylomaltase enzymes from Thermus sp. have a high activity in extreme
temperature (Fujii et al., 2005, Kaewpathomsri et al., 2015). All CJAM mutants had a

stability in range of pH 5.5 to pH 9.0.

4.4.4 Substrate specificity of amylomaltase

Substrate specificity of amylomaltase in disproportionation reaction
was investigated by various oligosaccharides (G2 — G7) as a substrate. In the previous
research showed that G3 is the best substrate for WT CgAM including other CQAM
mutants such as Y172A, A406V, A406L and N287Y (Srisimarat et al., 2012,
Srisimarat et al., 2013, Nimpiboon et al., 2016a, Nimpiboon et al., 2016b). The
descending order of preferred substrate of WT CgAM was G3 > G4 > G5 > G6 > G7 ~
G2. Moreover, amylomaltase from other organisms such as Thermus thermophilus
HB8 (Kaper et al., 2007) and Pyrobaculum aerophilum IM2 (Kaper et al., 2005) also
had a same order of substrate preference. However, the pattern of substrate specificity
of amylomaltase from Thermus filiformis was different (G3 > G4 ~ G5 > G7 > G6 >>
G2) (Kaewpathomsri et al., 2015). In this research, the substrate specificity of P228Y,

E231Y, A413F and G417F were G3 >G4 >G5 ~ G6 ~ G7 > G2.
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4.4.5 Enzyme conformation

Circular dichroism was one of methods for determination the
secondary structure composition of the enzyme based on different array alignments of
polypeptide backbone. The optical transition of the secondary structure was observed
and reported in CD spectrum for each structure comparing with the reference
spectrum (Louis-Jeune et al., 2011, Greenfield and Fasman, 1969, Greenfield, 2006).
From the result, CD spectra of WT CgAM and mutant enzymes (P228Y, A413F and
G417F) were closely to the previous report (Rachadech et al., 2015, Nimpiboon et al.,
2016a, Nimpiboon et al., 2016b). In addition, K2D3 program (Louis-Jeune et al.,
2011) was used to predict the secondary structure. The results showed that the
secondary structure of mutated was not changed. So, the different specific activity of

mutated enzyme was not from conformation change.

4.5 Synthesis of large-ring cyclodextrins

The amount of enzyme, incubation time, temperature and pH affected to size
and amount of LR-CDs production (Srisimarat et al., 2012, Nimpiboon et al., 2016a,
Terada et al., 1999, Vongpichayapaiboon et al., 2016). In this research, at 6 h, the
principle LR-CDs product from WT, E231Y, A413F and G417F CgAM was CD29,
CD27, CD40 and CD36, respectively. P228Y gave a CD36 as principle products. This
was similar with LR-CDs product from TfAM which gave CD25 — CD29 as a
principal product at 4 h (Kaewpathomsri et al., 2015). At 12 h, size of major LR-CDs
product had a bit shift in WT, E231Y, A413F and G417F which became CD27,
CD25, CD38 and CD32, respectively. Surprisingly, major LR-CDs product of P228Y
remained at CD36. And at 24 h (long incubation time), CD24, CD36, CD25, CD33

and CD32 were principal products from WT, P228Y, E231Y, A413F and G417F,
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respectively. In WT and all mutants, except P228Y, the product pattern seemed to be
changed from larger to smaller size LR-CDs for long time incubation. This was
similar to results from previous reported WT CgAM (Srisimarat et al., 2010), CgAM
mutants (Srisimarat et al., 2012, Nimpiboon et al., 2016a, Nimpiboon et al., 2016b),
TaAM (Terada et al., 1999), TfAM (Kaewpathomsri et al., 2015) and potato D
enzyme (Takaha et al., 1996). Principal LR-CDs product from all mutants were
different from WT CgAM. E231Y gave smaller LR-CDs while other mutants (P228Y,
A413F and G417F) gave larger products. So, this showed that changing the sidechain
amino acid to more hydrophobic side chain (Y and F) at position 228, 413 and 417 of
CgAM had an affected to increase size of LR-CDs product. The order of
hydrophobicity amino acid sidechain, was calculated from pH 7 system, was F > | >
W>L>V>M>Y>C>A>T>H>G>S>Q>R>K>N>E>P>D (Monera
et al., 1995). The %yield of LR-CDs production from all mutants was lower than WT
whereas in previous mutant CgAM research, A406V, A406L and N287Y gave higher
yield than WT (Nimpiboon et al., 2016a). The amount of LR-CD products from

P228Y at 6 h, 12 h and 24 h incubation time did not significantly change.

4.6 Determination of kinetic parameters
According to low specific activity of A413F, only three mutants (P228Y,

E231Y and G417F) was used for determination of kinetic parameters.

4.6.1 Starch transglycosylation activity
Concentration of glucose was varied to determine the Kinetic

parameters. WT, P228Y, E231Y and G417F had similar kca/Km. However, E231Y
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mutation significantly increased kcat and Km. It is likely that E231 was important for

both catalysis and binding.

4.6.2 Disproportionation activity

In previous research, disproportionation activity was usually used to
determine kinetic parameter from WT-CgAM and some mutant-CgAM (Srisimarat et
al., 2012, Nimpiboon et al., 2016a, Nimpiboon et al., 2016b). Kinetic parameter of
WT was close to those in previous report. kea/Km of E231Y was 425 mM*min? which
was slightly higher than WT. E231Y mutation significantly increased both kcar and
Km. A406V and A406L in previous report was also give a high value of Kcat/Km
comparing with WT (Nimpiboon et al., 2016a). The kca/Km of P228Y was
significantly lower than that of WT. This was due to the fact that P228Y had the
effect on catalysis. N287Y also showed the low value of kca/Km (Nimpiboon et al.,
2016b). This may occur from increasing hydrophobic interaction in CAl subdomain

(both of P228Y and N287Y were located on CAl) (Joo et al., 2016).

4.6.3 Cyclization activity
The kca/Km values of cyclization of WT, P228Y and E231Y was

similar values, while G417F showed much lower kcat/Km 0f cyclization than those of
WT and mutants (Table 3.7).

In this research, we divided our mutated enzyme into 2 group depending on
their subdomains of CgAM; CAI subdomain and CAIl subdomain.

The overall structure of C domain of CgAM quite well matched with other
organisms such as EcMalQ, TaAM, TtAM and AtDPE1 (Weiss et al., 2015, Joo et al.,

2016, Barends et al., 2007, Terada et al., 1999, O'neill et al., 2015). We interested in
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CAl and CAIl subdomain which contained loop nearly the catalytic site in CgAM
structure (Joo et al., 2016).

P228Y and E231Y located on CA | subdomain. To create more
hydrophobicity interaction, both of P228 and E231 were mutated to be tyrosine (Y), a
polar and neutral side chain. As tyrosine contained the aromatic ring in the structure
so sometime it also represented hydrophobic interaction (Monera et al., 1995). P228Y
gave a lower activity in disproportionation while starch transglycosylation and starch
degradation were similar to WT. This result showed that P228Y was prefer to use
long chain substrate like starch more than maltotriose (G3). This leaded to a lower
level of kcat/Km from disproportionation reaction in P228Y. Since P228Y showed
similar kcat/Km Of cyclization to the WT enzyme. It is possible that P228Y functions in
inter-transglycosylation Although P228Y prefer to use starch, judging from the Keat/Km
of starch transglycosylation the size of principal LR-CDs remained the same at long
incubation time. This indicated that P228 may also play a role in coupling activity.

A413F and G417F located on CA Il subdomain which was a 400s or 250s
loop comparing in EcMalQ (Weiss et al., 2015) and TaAM (Przylas et al., 2000a):
Previous research reported that the conformation of 400s (250s) loop was flexible and
it involved in substrate binding at reducing end of scissile bond (Przylas et al., 2000b,
Weiss et al., 2015, Jung et al., 2011). Both of mutants were mutated from aliphatic
side chain to aromatic side chain. A413F and G417F significantly decreased their
activities, especially A413F, by 3.19, 4.81 and 3.36 times in starch transglycosylation,
disproportionation and starch degradation reaction. Although most of G417F activities
were decreased, disproportionation activity was slightly increased in comparison to

the WT. Synthesis of LR-CDs by A413F and G417F resulted in larger principal



111

products than the WT (CD36-CD40). In longer incubation time, LR-CDs from A413F
was slightly decreased degree of polymerization (CD38 for 12 h and CD33 for 24 h),
but for G417F, the dominant product was shifted to CD 32 at 12 h and become CD28
at 24 h. According to a low activity in A413F, we focused the kinetic parameter only
in G417F. From starch transglycosylation and cyclization showed that Kca/Km of
G417F was lower than WT, while kcat/Km of disproportionation was not different from
WT. So, mutation at G417 to F417 affected the activity that used starch as a substrate.
Changing position in CAIl subdomain of CgAM to aromatic ring side chain may

affect to the activity to bind with substrate including pattern of LR-CDs production.

4.7 Computational analysis

Docking complex was used to study the interaction between amylomaltase and
cyclodextrin via AMBER14 program (Case et al.,, 2014). Root-mean square
displacement (RMSD), root-mean square fluctuation (RMSF), B-factor, hydrogen
bond (H-bond) interaction and total energy (total binding free energy and per-residue
decomposition free energy) were analyzed. From the movie showed that cyclic of
ligand (CD25 and CD28) was broken after pass 10 ns of MD simulation. This may
cause from the long distance (3 A) between C;1-O4 bonding at glucose residue in
subsite -7 and -8. The interaction between CgAM and ligand (CD25 and CD28) at
binding site pocket was the same while the changing interaction came from the end of
oligosaccharide that could attach to several amino acids. According to no changing
interaction in binding site, the complex was determined for MD simulation. The
RMSD values of both complexes showed that both complexes tend to stabilize after
passed 50 ns. In addition, after 80 ns, ligand in CgAM-CD25 model showed the

higher RMSD values than CgAM-CD28 system. This meant CJAM-CD25 model was
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more flexible than CgAM-CD28 model. Using range 80 -100 ns, RMSF, H-bond, B-
factor and total energy of both complexes were determined. Both RMSF and B-factor
were used to investigate the flexibility of amino acids in complex. From RMSF result,
amino acid in range 400 - 500 (Binding site) were fluctuated in low range of RMSF
values which was a same trend with B-factor. The result showed that the binding site
between CgAM and cyclodextrin (both CD25 and CD28) had a rigid structure while
surface area was more flexible. CJAM in complex with CD25 and CD28 had an H-
bond interaction at the binding area. The result showed that three catalytic residues
(D460, E508 and D561) had H-bond interaction with CD25 and CD28. E508 in both
complex had an interaction with glucose residue in subsite +1 whereas D460 and
D561 were different. D460 in CgAM-CD25 complex formed H-bond with glucose
residue in subsite -1 and D561 formed with glucose residue in subsite -2 and -1. For
CgAM-CD28 complex, it was conversed. D460 had H-bond interaction with glucose
residue in subsite -2 and -1 while D561 formed only with glucose residue in subsite -
1. Moreover, E231 showed the different interaction position with glucose residues. In
CgAM-CD25, E231 form H-bond with glucose residue in subsite -5 and -6 whereas in
CgAM-CD28 shifted to -6 and -7. W425 that was reported as an essential residue for
substrate binding and supporting catalytic molecule (Rachadech et al., 2015,
Nimpiboon et al., 2016a, Nimpiboon et al., 2016b) also showed H-bond interaction
between CgAM-CD25 and glucose residue in subsite -3.

The total binding energy was calculated from two methods; MM/PBSA and
MM/GBSA. From the result in Table 3.8, total energy of CJAM-CD25 complex was
lower than CJAM-CD28 complex for MM/PBSA. In contrast, MM/GBSA calculation

showed that CJAM-CD28 complex provided lower energy than MM/PBSA. The huge
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different values between MM/PBSA and MM/GBSA were from AG,, ,, and AG,.

The per-residue decomposition free energy showed that R667 in CgAM-CD25
complex and H458 in CJAM-CD28 complex had a lowest energy in their systems.
According to the Figure 3.25, the key shared binding residues in both complexes that
provided low energy which was follows; Y23, Y235, Y418, L510, F534, and T666.
Surprisingly, E231 in CJAM-CD25 showed a low energy which helped to stabilized
in complex whereas in CJAM-CD28, E231 preferred to non-stabilize the complex and
provided high energy. For catalytic residues (D460, E508 and D561), total energy of
each residues in both complexes was high (AE = +) except D460 in CgAM-CD25
complex. These all results demonstrated that those residues in both complexes were

considered as important residues for binding between CgAM and CD.
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CHAPTER YV

CONCLUSIONS

P228Y, A413F and G417F CgAM mutants were successfully generated by
site-directed mutagenesis.

Expression condition for P228Y was induction with 1 mM IPTG at 16°C for 6
h. A413F and G417F were grown in LB media containing 1% glucose prior to
induction by 1 mM IPTG at 16 °C for 18 h.

. E231Y was successfully purified by DEAE and Phenyl sepharose columns,
while P228Y, A413F and G417F were purified by Nickle column.

. For starch transglycosylation, P228Y had an optimum temperature at 25°C and
optimum pH at 6.0. G417F showed an optimum temperature and pH at 30°C
and pH 6.5. A413F exhibited an optimum temperature of 35°C and optimum
pH of 7.5.

. All mutant enzymes (P228Y, A413F and G417F) were stable in pH range 5.5
— 9 but unstable at temperature above 40°C.

In comparison to WT, P228Y, E231Y and G417F, A413F gave the lowest
specific activity of all reactions (starch transglycosylation, starch degradation,
disproportionation, cyclization, coupling and hydrolysis).

. Although P228Y showed similar specific activities of starch
transglycosylation and starch degradation to the WT enzyme, P228Y exhibited
much lower disproportionation, cyclization and coupling than the WT enzyme.
. All mutated enzymes can catalyze intermolecular transglycosylation reaction

(disproportionation reaction) from malto-oligosaccharides G2 - G7.
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Maltotriose (G3) is the best substrate for all enzymes. In addition, Glucose
(G1) cannot use to be a substrate.

A preference order of substrate specificity for most of mutants (P228Y,
E231Y, A413F and G417F) was G3 > G4 > G5 ~G6 ~G7 > G2.

For LR-CDs synthesis, principal product of WT at 6 h was CD29 while
E231Y gave a smaller CD (CD27). In contrast, the other mutants (P228Y,
A413F and G417F) gave larger size of principal LR-CDs (CD36, CD40 and
CD36, respectively).

P228Y gave the same size of major LR-CD products although reaction was
incubated for longer time. This may due to the fact that P228Y exhibited low
coupling activity.

P228Y mutation affected disproportionation activity by lowering keat but not
Km.

G417F mutation affected both keatand K of cyclization activity.

From MD simulation, Y418, M474, L510, F534, Y23, R458, Q423, T666,
Q475, L236, Q421, E231, Q420, N419 and Y235 might have an interaction

with LR-CDs.
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Appendix 1

Preparation for Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

Stock reagent

1. 1 M Tris-HCI (pH 6.8)
Tris(hydroxymethyl)-aminomethane 121 ¢
Adjusted pH to 6.8 with 1 N HCI and volume to 100 ml with distilled water
2. 1.5 M Tris-HCI (pH 8.8)
Tris(hydroxymethyl)-aminomethane 18.15 ¢

Adjusted pH to 8.8 with 1 N HCI and volume to 100 ml with distilled water

3. 10% APS
Ammonium persulfate 01 g
Distilled water 1 ml

4. 10% (w/v) SDS
Sodium dodecyl sulfate 10 g
Adjusted volume to 100 ml with distilled water
5. 50% (v/v) Glycerol
100% Glycerol 50 ml
Distilled water 50 ml
6. 1% (w/v) Bromophenol blue
Bromophenol blue 100 mg

Distilled water 10 ml



The solution was stirred until it dissolved. To remove aggregated dye, use
filter (Whatman No 2).

Working solution

1. 5x SDS loading dye (Total volume 10 ml)
1% (w/v) Bromophenol blue 1 ml
2-Mercaptoethanol 05 ml
50% (v/v) Glycerol 5 ml
10% SDS 2 ml
1 M Tris-HCI pH 6.8 06 ml
Distilled water 09 mi

2. Coomassie destaining solution (Total volume 1 1)
Glacial acetic acid 100 ml
Methanol 100 ml
Distilled water 800 mi

3. Coomassie staining solution (Total volume 11)
Coomassie Brilliant Blue R-250 1 g
Glacial acetic acid 100 ml
Methanol 450 mi

Distilled water 450 ml
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4. Electrophoresis buffer (Total volume 1 1)
Tris(hydroxymethyl)-aminomethane 3 g
Glycine 144 ¢
Sodium dodecyl sulfate 1 g

Adjust volume to 1 litre with distilled water

5. Separating Gel 8% (Total volume 10 ml)
Distilled water 460 mi
1.5 M Tris-HCI (pH 8.8) 253 ml
30% Acrylamide mix 2.67 ml
10% SDS 100 pl
10% APS 100
TEMED 4 pl

6. Stacking Gel 5% (Total volume 4 ml)
Distilled water 275 ml
1 M Tris-HCI (pH 6.8) 0.5 ml
30% Acrylamide mix 0.67 ml
10% SDS 40 pl
10% APS 40

TEMED 4 ul
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Appendix 2

Preparation of lodine solution

lodine solution (0.2% 12/ 2% KI)

Potassium iodide 2 g

lodine 02 g

Adjusted to 100 ml with distilled water and stir the solution overnight prior to

use



Appendix 3

Preparation of DNS reagent

DNS Reagent

2-hydroxy-3,5-dinitrobenzoic acid 5
2 N NaOH 100
Potassium sodium tartrate 150

Adjusted to 500 ml with distilled water

ml
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Appendix 4

Preparation of bicinchoninic acid reagents

bicinchoninic acid reagent

1. Solution A

4,4’-dicarboxy-2,2’- biquinoline

Dissolved in 85 ml of distilled water

NaCO3

Adjusted to 100 ml with distilled water

2. Solution B

Component 1

L-aspartic acid

NaCO;

Dissolved in 15 ml of distilled water

Component 2

CuS0Oq4

Dissolved in 5 ml of distilled water

0.1302 g

6.2211 g

0.642 ¢

0.8681 g

0.1736 g
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Mix component 1 and 2 and then adjusted volume to 25 ml with distilled water

*** Mix solution A 24 ml with solution B 1 ml and used within 24 h.***
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Appendix 5

Restriction map of pET-17b (Novagen)

PET-17b sequence landmarks Xho Ij141)
"7 promoter 33310 Nat lrten
TT transcription start 13z

TT+Tag coding sequence  237-269
Multiple cloning sites

(Hird 111 - XhoT) 141-228

T7 terminator 28-T4

pBR322 origin 1480 T
bia coding sequence 2241-3098

Hinc llizes2)
Sca lzren

Pvu li2881)
o
&
| *" | <
Al ET-17b
Bal 12431} p{33[}6 bp) |
BsrF li22em)

BspG ljgsd)

Pi1108 lizaze)
Eam1105 1(2311)

Pvu llj1009)
BsmB l{1053)

— Tth111 l1183)
BsaA lj1170)
Acc Ibnasj
Bst1107 li1120)
Sap lj1302)
BspLU11 lj1a1z)

Afl Mi1418)

T7 promater primer #G0348-3

Bglll T7 promoter
—

T7 terminator

TT terminator primer #50337-3

PET-17b cloning/expression region
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Appendix 6

Restriction map of pET-19b (Novagen)

PET-15b sequence landmark Bpu1102 l(ze7)
T7 promoter 172188 EcoR lis715)
TT7 transcription start 471 Aat lliseas)
His*Tag coding sequence  366-395 Ssp |(5528)
Multiple cloning sites Sca lis202)
(Ndel-BamH]I) 319.335 Pvu lis002)
TT terminator 213-259 Pt liazem)
facl coding sequence 875-1954 EcoN I7an)
pBR322 origin 3891
bla coding sequence 4652-5500 Bsa li4783) Drd lljg4s)
Eam1105 li4722)
Miu lg1225)
( %— Bel li123e)
11
[+-]
Al 114245 - BstE ll{1406)
I J* pET_1 9b o ‘ ‘ kBmg I[1424)
|| {5?1?[0[)) é || [ Apa |(143&J
£y
% BssH llj1828)
% Hpa l(1731)
E
BspLU11 liza2g) BsaX Ij12e4)
Sap liz713)
Bst1107 lj2800) PshA lizo70)
Acc l(3se9)
BsaA lj3s81)
Tth111 li2574)
-—-[ —1 T BspM liz40g)
Bpuid | | | 1Bsm liz713)
putlhizezs) I Msc lizaom)
T7 promoter primer $53345-3

daull ol aklal frklsd

R R SR AT TGl T frae T

CalOGAL G el T COGRITEC AN AAN
shaphap AapAaply aHo aPe il st ulap Frei ol alasiys
Sputinz | " Emorokns ' 17 terminator
T TN T AT Y AT T

T7 terminaior primer $65337-3

PET-19b cloning/expression region
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Appendix 7

Standard curve for protein determination by Bradford assay
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Appendix 8

Standard curve for starch determination by starch degradation assay
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Appendix 9

Standard curve for glucose determination by glucose oxidase assay
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H H

HgNXCOOH
Glycine (Gly, G)
MW: 57.05

Hydrophobic

Alanine (Ala, A)

Appendix 10

Amino acid reference chart

Nucleophilic
OH

L

HzN COOH

Serine (Ser, S)
MW: 87.08, pK, ~ 16

X

COOH

Valine (Val, V)
MW: 99.14

Aromatic

COOH HN" "COOH
Phenylalanme (Phe, F) Tyrosine (T yr Y) Tryptophan (Trp, W)
MW: 147.18 MW: 1 MW: 186.21
Amide Basic
o 5
HN \NH+
M"‘z =
Fght X0 H,N” “COOH

Asparagine (Asn, N) Glutamine (Gin, Q)

MW: 114.11

Leucine (Leu, L)

Isoleucine (lle, 1)
MW: 113.16

Ve

Histidine (His, H)

MW: 137.14, pK 3 = 6.04

X
H,N”~ ~COOH

Threonine (Thr, T)
MW: 101.11, pK; ~ 16

s/

H,N” ~COOH

Methionine (Met, M)
MW: 131.19

Acidic
ﬁ“‘
H;N~ "COOH
Aspartic Acid (Asp, D)
MW: 115.09,pK 3= 3.9

NH o+

H,N” “COOH

Lysine (Lys, K)

MW: 128.17, pK g = 10.79
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SH

L

H,N” ~COOH

Cysteine (Cys, C)
MW: 103.15, pK o = 8.35

1

H

Proline (Pro, P)
MW: 97.12

COOH

H,N” “COOH

Glutamic Acid (Glu, E)
MW: 129,12, pK o = 4.07

HoN YNHZ*

NH
HzN~ "COOH
Arginine (Arg, R)

MW: 156.19, pK 3 = 12.48
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