mslsuilgennuadasdennuiouvesezaiiualalasdiuaain

Aeromanas hydrophila ag3s SITE DIRECTED MUTAGENESIS

= v d Y
Wig MG vy 1h

a U A

a a ¢ k1 & % A
’mﬂmwuﬁﬁsﬂud’mﬂﬁwmmsﬁnmmuﬂangmﬂ‘stym’mmmamuﬂmmm

v

a = = a IS IS
A1UNIBTIBIAN NIAIBIV AN

a 3 d a (Y]
AUSINYIATART IWIAINIUNYITINE a8

Umsdnmn 2546
ISBN 974-17-5383-7
dvaniuesgwiasnsaiumIneas



THERMOSTABILITY IMPROVEMENT OF
ALANINE DEHYDROGENASE FROM Aeromonas hydrophila
BY SITE DIRECTED MUTAGENESIS

Mr. Jeerapan Machaopa

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Sciencein Biochemistry
Department of Biochemistry
Faculty of Science
Chulalongkorn University
Academic Year 2003
| SBN 974-17-5383-7



Thesis Title THERMOSTABILITY IMPROVEMENT OF
ALANINE DEHY DROGENASE FROM Aeromonas hydrophila
BY SITE DIRECTED MUTAGENESIS

By Mr. Jeerapan Machaopa
Field of Study Biochemistry
Thesis Advisor Assistant Professor Kanoktip Packdibamrung, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partia
Fulfillment of the Requirements for the Master’s Degree

.......... Dean of the Faculty of Science

(Professor Plamsak Menasveta, Ph.D.)

THESISCOMMITTEE

cevennen...Chairman
(Associate Professor Plamsook Pongsawasdi, Ph.D.)

cevenieee.. Thesis Advisor
(Assistant Professor Kanoktip Packdibamrung, Ph.D.)

ceeeenn.. Member
(Associate Professar Siriporn Sittipraneed, Ph.D.)

cereenn... Member
(Associate Professor Pairoh Pinphanichakarn, Ph.D.)



= 4

1 [ = ' Y A a
VISNUT nsnth ﬂﬁﬂi'ﬂ‘ﬂﬁqﬂﬂ’ﬂﬂlﬁﬂﬂﬁﬁﬂﬂ’ﬂlliﬂuﬂlﬁ)ﬂ@%a']uuﬂVlﬁiﬂimuﬁﬁ]']ﬂ

Aeromanas hydrophila 1ag33 SITE DIRECTED MUTAGENESIS (THERMOSTABILITY

IMPROVEMENT OF ALANINE DEHY DROGENASE FROM Aeromonas hydrophila BY SITE
DIRECTED MUTAGENESIS)

A (= . A ¢ ow Ao v
9191560150 Y1 | WA.AT.AUNNNE ANALITY, XXX WU, ISBN XXX-XXX-XXXX-X

pvaniiudlalasiiug  (EC 1.4.1.1) walfiseimsasmjesidlunnuea-ozariiulindadusiae

~ E g aaa Ao Y IS aaa
wonTudlow, ‘lwgn uaz NADH Fuilulljfsoiidundulduazdesns NAD™ Wulaweuland amlgise
@ =K Iy o d'dy 9 [ o a q’;} o Iq Y aa o
aanande lalimaiveu laitinldlumsdunsziniaeziiTu saaihlszgnalslumsitnelsa

A A a d' Y . = aad 13 1 [
pzantiud lalasdmanuonldvin Aeromonas hydrophila fiteaadauazanus umizasdumasngUnmIzay

a 1

o @ a a T 1 <3 an [ <3 @ 1 H
ﬁmsu“l%’wamﬂmazﬂu Lm@EJN]l‘iﬂﬂ”Illll;’é]ﬂﬁiaﬂlﬁﬂlﬂull%ﬁﬁﬂﬁﬁﬂEJN'i’J@]Li’J?iﬁ\i%Wﬂﬂﬁ‘]_lllﬁ’qmﬁﬂllQ(\iﬂ'J

Q

P
a =

J A I A o eazl 2 o [ A A a Y = 1
55 pasnaaided Hunal 10 Wik suiudshmslsuliesaiiud lalastualdlianuatosaoguugiigeiu
Taol935 site-directed mutagenesis rieulaounsaozaily Aguiis Inadu 38, gdu 101 nazezaiiiu
I a csyw A ~ = = I a s 4 a 1Y
2311ilu nsanganiin uenandunlAoui gFu 58 wazinsau 168 1ue1satiu iemsinaiusy
a a A & ] ¥ o w 1 = 1 9 A A a
saninsauedn  luldsAugelisnieanaiuihisdngyaennuaiosaennudonvesezariiudlalasdua
v o A s - .
TawSouReunuiuseiny lueu lsinnuuaiiSenuiou Bacillus stearothermophilus 31nn13NAADS
o ' P ° ' ~ I A
Tugsazate o laivenuwudueu lsinnlasunlasdmia gdu 101 n5e ozariiu 231 Wunsangaiin
9 1 aé‘ = 19 = = I a = 1 9 A =
nudoumnniveu laiauan uanalasulnadu 38 Wunsangain lulinaaemsnusou Tuvazinslaeu
a A = I oda A = Y o = wva Y o u’)’ =2 FURY a a
9% 58 w30 Tnsau 168 Wuensanu Twaldeu lmigydeguauianuiou duiudaldhmsulasunsaeziilu

I =

& o vy o "o qu a A & S odq v
MNEADIA N UINTDUNU (Z:Ilclfu 101 dagdaidu 231) W‘Uﬂ%ﬂﬁﬂmmﬁﬂﬂimu@ﬂ‘uu ﬁ]]ﬂuuu“@u"l‘]fllﬂiﬁ

o

9 dté’ 3 Y a Q'{ d' a Y a N A A 1 I a a
panusouRTu I IRUTans e nTzidaedian Ins Wi sauuu ludednmwuineu laiianuusqns
' & o : 4 (4 = A A ¢d a & g A
1NN 90 wlesidug nazudaziou lainnldsunlasdlimsnaeuianinen laiduay Fuiluwannmsiy
Uszyavuulwanavewen el vaziinismasuivewsu lsivinmsidan Ins i Fauuudsanmlina
] 1 ‘r’z a = = 1 9 =& 9 I 1 = 1 o
Tiuanaraneu lsiauan nsAnmanuatesaenuseudelsn Ty iWumudasninuados wudnou lan]
Aa A a &’j o ] IS =} U J o’g a
nimslasunlansaezl Tuisaosdwmis @Fu 101 sazezaiiy 231) waaas Ty geniveu lyiauay

a

I 1 Ia g o 1A Y a 4? J A qycu v
3 ossnaaitod dauou lainnlaeuuasdmiadorTiraminiu 2 esnwadiBoa wenvniidamungumngl
A o aaa I a :J‘ a A d? a I A I
Amunzanlumsiignsewesen lsifgnalaswmlasioviualimsmuiuaingy 50 esaaddoa 11
52.5 paAUYARLTd uANaved pH AT uMzAUFUaaTN aza Ky, Aeuea-axa1iiu uag NAD' wuh
1 9

Tiuandadu - Hlfmemsal I8 wsnus wiiser lignaldsunilas | wanisvaaesimuaglid

A A ~ ~ I A 0 q ¥ ) = ' v
m3nlasuuilasnsaeziiTug®u 101 wazezaiin 231 Wunsangaa ildeu lsifinnuaissaonnudon

A dg’ d' a @ a a d' 3 4 ] d‘
L‘Wllellu!uﬂ\i%1ﬂﬂ1‘5£ﬂﬂwu‘ﬁ?;ElmﬂI‘V]iﬁlL@lﬁﬂiﬂﬂﬂﬂﬁﬂ%ﬂlﬂl@\ilﬁuv]ﬁm\lhlll!,‘]_]ﬁﬂuu‘l]ﬁﬁ

a = = A A an
AV ... FUAN. oo AIUDYDUTRN ...

a = = A A ]
AV NIB............ PUAN ..., meJJE]GIfE)E)WﬁfJT]‘IJiﬂBW ....................................



## 4272238323 : MAJOR BIOCHEMISTRY

KEY WORD: alanine dehydrogenase/ site directed mutagenesis/ thermostability/
electrostatic interaction
JEERAPAN MACHAOPA: THERMOSTABILITY IMPROVEMENT OF ALANINE
DEHYDROGENASE FROM Aeromonase hydrophila BY SITE DIRECTED
MUTAGENESIS. THESIS ADVISOR: ASST. PROF. KANOKTIP
PACKDIBAMRUNG, Ph.D., xxx pp. ISBN XXX-XXX-XXXX-X

Alanine dehydrogenase (EC 1.4.1.1) catalyzes the NAD*- dependent reversible
oxidative deamination of L-alanine to form ammonia, pyruvate, and NADH. The enzyme
is important as a catalyst for the synthesis of amino acids. Moreover, it is therefore
applicable to diagonosis of malignant hematopoietic disease. Alnine dehydrogenase
from Aeromonas hydrophila has high activity and high substrate specificity, so it is
suitable for L-alanine production. However, the enzyme activity lost rapidly upon
the incubation at temperature above 50°C for 10 min. To improve the enzyme
thermostability, site-directed mutagenesis was performed. Uncharged amino acids were
replaced by charge residues. G38E, L58R, L101E, P168R and A231E were selected for
electrostatic interaction formation based on three dimensional structure of thermophilic
counterpart enzyme from Bacillus stearothermophilus. In crude enzyme, L101E and
A231E showed higher stability than wild type. While G38E showed similar enzyme level
with wild type, L58R and P168R showed lower. Thus, residues of Leu 58 and A231
were chosen for double mutation. Alanine dehydrogenase from L101E, A231E and
L101E/Arg231 were purified for comparison of their characters with wild type.
The purity of wild type and all mutant enzymes were more than 90%, estimated by native
PAGE. Mobility of mutant enzymes on native gel was faster than that of wild type.
Whereas, no difference was detected by SDS-PAGE. This evidence reflected the net
charge on molecule of enzymes. Ty, of L101E/A231E increased 3°C while single mutants
showed 2°C higher than wild type. Furthermore, optimum temperature of mutants shifted
up from 50°C in wild type to 52°C. The optimum pH, substrate specificity and Ky, for
L-alanine and NAD" of all mutants were not differed from wild type, so no change in
an active site of enzyme was occurred. Thus, replacement of Leu 101 and Ala 231 with

Glu could form electrostatic interaction which could enhance thermostability.
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CHAPTER |

INTRODUCTION

1.1 Amino acid dehydrogenase

Amino acid dehydrogenases (EC 1.4.1.-) catalyze the reversible deamination of
amino acids to the corresponding keto acids in the presence of pyridine nucleotide
coenzymes, NAD(P)". The general equation for this reaction can be illustrated as shown
in Figure 1.1 (Brunhuber and Blanchard, 1994). They catalyze the removal of the amino
group, generaly from L-amino acids, to formation of the corresponding keto acids by
reductive amination. Keto acid and ammonia can be conversed to L-isomer of amino acid.
Many kinds of amino acid dehydrogenase are found in an extensive number of diverse
prokaryotic and eukaryotic organisms (Table 1.1). They are known as important enzymes,
which provide aroute for interconversion of inorganic nitrogen with organic nitrogen. In
other words, they serve as a connecting link between amino acid and organic acid
metabolism. Their metabolic function can be described as the balance of both amino acid
and keto acid syntheses. The amino group is firstly removed as free ammonia before the
carbon skeleton of an ‘amino acid can be metabolized for energy through glycolysis
and/or TCA cycle. Coenzymes, NAD(H) and NADP(H), are involved in reaction. They
can be dissociated easily and need second reaction with another metabolite for generation.
These properties are one of the means by which nature directs the flow of intermediates
in response to biosynthetic needs. The participation of NAD(P)" makes these enzyme
systems a valuable tool for the analysis of L-amino acids or their corresponding keto

acids. By reductive amination of the keto acid, L-amino acid can be obtained in alot of



AN

NAD(P)" + C + H,0 «——2 NAD(PH + C +NH," + H"

/N /\

CO; R COy

amino acid keto acid

H NH3" @)

Figure 1.1 The general reaction of L-amino acid dehydrogenases

H NH" 0]
N\
AN |
NAD" + C + HHOEe=———> NADH + C + NH;” + H'
HsC COz HsC COy
L-alanine pyruvate

Figure 1.2 The reaction of L-alanine dehydrogenase



Table 1.1 The group of NAD(P)" - dependent amino acid dehydrogenase

EC Enzyme Coenzymes Major source
number

1411 AlaDH NAD Bacteria (Bacillus, Streptomyces, Anabena,
Pseudomonas, Rhodobacter, Arthrobacter, Thermus,
Enterobacter, Phormidium) chrorella

14.1.2 GluDH NAD Plants, fungi, yeasts, bacteria

1413 GluDH NAD(P) Animals (bovine liver, chicken liver), tetrahymena,
bacteria (Clostridium, Thiobacillus)

14.14 GlubH NADP Plants, Euglena gracilis, Chrorella sarokiniana, fungi,
yeasts, bacteria

14.15 L-Amino acidDH | NADP Bacteria (Clostridium sporogenes)

14.1.7 SerDH NAD Plants (parsley)

14.1.8 VaDH N A D , | Bacteria(Sreptomyces, Alcaligenes faecalis,

NADP Planococcus), plants (pea, whesat)

14.1.9 LeuDH NAD Bacteria (Bacillus, Clostridium, Thermoactinomyces)

1.4.1.10 GlyDH NAD Bacteria (Mycobacterium tubercul osis)

14111 DAHDH N A D , | Bacteria(Clostridium, Brevibacterium)

NADP

14112 | DAPDH NAD(P) Bacteria (Clostridium)

14115 LysDH NAD Human liver

14.1.16 DAPMDH NADP Bacteria (Corynebacterium glutamicum,
Brevibacterium sp., Bacillus sphaericus)

14.1.17 MethylalaDH NADP Bacteria (Pseudomonas sp.)

14.1.18 L yv s D H|NAD Bacteria (Agrobacterium tumefaciens, Klebsiella

(Lys-6-DH) pneumoniae)

1.4.1.19 TryDH NAD(P) Plants (Nicotiana tabacum, Pisum sativum,
Spinacia ol eracea)

1.4.1.20 PheDH NAD Bacteria (Sporosarcina ureae, Bacillus sphaericus,
Rhodococeus marinas, Thermoactinomyces
intermedius)

14.1.- AspDH NADP Bacteria (Klebsiella pneumoniae)

DH, dehydrogenase; NAD(P),

NAD and NADP-nonspecific;

DAHDH: L-erythro-3,5-

diaminohexanoate dehydrogenase; DAPDH, 2,4-diaminopentanoate dehydrogenase; DAPMDH,

meso-2,6-diaminopi mel ate dehydrogenase; MethylalaDH, N-methyl-L -alanine dehydrogenase.
Source: Ohshima and Soda, 2000




yield because the equilibrium of the reaction favors amino acid formation. Thus, amino
acid dehydrogenases have been extensively studied in the past and have found
widespread application in amino acid production for clinical and food analyses.
Nowadays, L-amino acids are widely used in various compounds synthesis, for
example, L-glutamic acid, L-lysine, L-alanine and L-leucine. It appears technically
feasible to carry out such reaction aso on a large scale. Economic consideration shows,
however, that the enzyme-catalyzed production of L-amino acid competes with the
fermentation or biotransformation route, which employs cheap substrates, such as
molasses or methanol and ammonia, and highly producing strains optimized by classical
mutation methods or genetic engineering. In recent years, enzyme and whole-cell
bioreactor methods as well as chemical methods have been developed for L-amino acid
production. For example, leucine dehydrogenas (LeuDH), alanine dehydrogenase
(AlaDH) and phenyldanine dehydrogenase (PheDH) are used for the continuous
production of L-leucine, L-alanine and L-phenylalanine, respectively (Ohshima and
Soda, 1990). The products, L-amino acids are used as food and feed additives such as L-
phenylalanine, an important starting material for an artifical sweetener, aspartame (Suye
et al. 1992). Moreover, PheDH can be used in the synthesis of DOPA (3, 4
dihydroxyphenylalanine) which is the precursor of many chemical compounds such as
melanine in hair and skin which the defect of DOPA aso cause Pakinson’'s disease
(Reinhold et al., 1987). In addition, a continuous production of L-amino acids and their
derivatives, amino acid dehydrogenases are used for the preparation of *°N-labeled amino
acids such as L-"*N-alanine (Mocanu et al., 1982), L-"*N-glutamate (Bojan et al., 1980)

and L-"N-leucine (Wandrey et al., 1984).



Enzymatic analysis of amino acids, keto acids and ammonia is an important tool
in clinical chemistry, bioprocess control and nutrition studies. The methods are based on
the increase and decrease in concentration of NADH in the enzyme reaction of amino
acid dehydrogenase which can be detected by spectrophotometer. Amino acid
dehydrogenase are applicable in the assay of marker enzyme of human diseases, for
example LeuDH is used for the assay of serum leucine aminopiptidase (Takamiya et al.,
1983), which is related to liver disease and AlaDH is for erythrocytic y-glutamyl
cyclotransferase, which is a marker of malignant hematopoietic disease (Takahashi et al.,
1987). Furthermore, PheDH is used for the specific determination of L-phenylalanine and
phenylpyruvate, and is therefore applicable to diagnosis of neonatal
hyperphenylalaninemia and phenylketonuria (Ohshima et al., 1990b). Thermostable
amino acid dehydrogenases are advantageous for these analyses because of their high
stability. Nowadays, the genes for thermostable amino acid dehydrogenases have been
cloned into E. coli. Since enzyme productivity has been enhanced and purification has
been facilitated, the thermostability enzymes are proved to be very useful as industrial

and analytical biocatalysts.

1.2 Alanine dehydrogenase (AlaDH)

Alanine dehydrogenase catalyzes the reversible oxidative deamination of L-
alanine to pyruvate by using NAD(P)" as coenzyme (Figure 1.2).  L-alanine itself is an
important product, which approximately 250 tons were consumed in 1980 (Calton et al.,
1992). It is used in seasonings, enteral and parenteral nutrition, and drug synthesis.
|sotopically labeled alanines and pyruvate, such as the *°N-, *'C-, and *C-labeled species,

have been produced using AlaDH for biological research application of NMR and



positron emission tomography (PET) (Mosanu et al., 1982). The enzyme also has been
employed for synthesis of 3-fluoro-alanines, L-f-chloroaanine, (R)-3-fluorolactate, and
(S)-2-amino-5-(1,3-dioxolan-2-yl)—pentanoic acid, which are useful unnatural amino acid
drug intermediates. In application of AlaDH to industrial production of amino acids,
multienzyme reaction system for simultaneous coenzyme regeneration has been
proposed. Yamamoto et al., (1980) studied continuous production of L-alanine from
pyruvate and ammonia using an ultrafiltration membrane reactor containing AlaDH,
formate dehydrogenase and NAD(H) which bound covalently to polyethyleneglycol
(PEG) (Figure 1.3). The formate dehydrogenase is used to catalyze the regeneration of
the PEG-NADH co-enzyme. The system can be used to produce several L-amino acids.
Otherwise, the synthesis of various D-amino acids by a multienzyme system has been
developed. In this system, D-amino acids are produced from the corresponding keto acids
and ammonia by coupling four enzyme reactions catalyzed by L-alanine dehydrogenase,
D-amino acid aminotransferase, alanine racemase, and formate dehydrogenase as shown
in Figure 1.4. This is based on the high substrate specificity of alanine racemase and the
strict enantioselectivity and low structural specificity for the substrates of D-amino acid
aminotransferase. D-alanine and NADH are regenerated with alanine dehydrogenase and
formate dehydrogenase, respectively (Gakin et al., 1997h). Furthermore, Vadas et al.,
(2002) synthesized L-aanine by reductive amination of pyruvate using AlaDH from
hyperthermaophilic archaeon Archaeoglobus fulgidus. The reaction mixture included yeast
formate dehydrogenase for regeneration of NADH. The synthesis of L-alanine at room
temperature was accompanied by no detectable loss of aanine dehydrogenase activity

over 139 h with >99% consumption of pyruvate.
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Among amino acid dehydrogenase, Alanine dehydrogenase is the first enzyme
that has been studied. It was found in Bacillus subtilis by Y oshida and Freeze (1964). The
enzyme was purified and its molecular mass was estimated by the sedimentation
equilibrium method to be 228 kDa. Subsequently, Vali et al., (1980) studied AlaDH in
Thermus thermophilus. The enzyme has a molecular mass of 290 kDa as detected by the
sedimentation equilibrium method, and is composed of six subunits of identical. The
thermostability of the T. themophilus enzyme is much grater than that of B. subtilis
enzyme. Ohshima et al., (1990) studied the production of AlaDH from Bacillus
sphaericus and found that the enzyme has molecular mass 230 kDa and composes of six
subunits (38 kDa).The enzyme has high specificity on L-alanine (K, 18.9 uM). The pH
optimum for reductive amination is around 9.0 and between 10.0-10.5 for oxidative
deamination. The properties of the enzyme are closely to those of Bacillus subtilis, but it
is more stable at high temperature. In 1994, Sawa et al., purified and characterized
alanine dehydrogenase from cyanobacterium Phormidium lapideum and found that the
molecular mass of native enzyme was 240 kDa, and SDS-PAGE revealed a minimum
molecular mass of 41 kDa, suggesting a six-subunit structure. The pH optima are 8.4 for
reductive amination of pyruvate and 9.2 for oxidative deamination of L-alanine. The K,
values are 5.0 mM for L-alanine and 0.04 mM for NAD™, 0.33 mM for pyruvate, 60.6
mM for NH;" (pH 8.7), and 0.02 mM for NADH. Not only in vegetative cells, had
AlaDH also been found in spores of various bacteria. Siranosian et al., (1993) found the
sporulation defect caused by null mutations in AlaDH. This defect was partly relieved by
the addition of pyruvate at a high concentration, indicating that the normal role of alanine
dehydrogenase in sporulation might be to generate pyruvate as provide an energy source

for sporulation.
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For gene cloning, there are few reports about alanine dehydrogenase available. In
1990, Sakamoto et al. studied gene cloning, purification and characterization of
thermostable AlaDH of Bacillus stearothermophilus. The alaDH gene was cloned and
expressed in E. coli C600. The enzyme was purified 30 fold with 46 % yield. It showed
immunochemically identical with that of B. stearothermophilus. The enzyme has a
molecular mass of 240 kDa and consists of six subunits identical in molecular mass (40
kDa). The enzyme is not inactivated by heat treatment at pH 7.2 and 75°C for 30 min; at
55°C and various pHs between 6.0 and 11.5 for 10 min. The enzymological properties of
AlaDH from B. stearothermophilus are very similar to those of the mesophilic B.
sphaericus enzyme except for thermostability. This research group also reported gene
cloning of B. sphaericus in the same year (Kuroda et al., 1990). alaDH gene from B.
sphaericus and B. stearothermophilus were analyzed for their nucleotide sequences. They
found that each alaDH gene consists of a 1,116 bp and encodes 372 amino acid residues
corresponding to subunits of the hexamer. The similarity of amino acid sequence between
two AlaDH is very high (>70%) whereas the both enzymes differed in thermostability.
The B. stearothermophilus enzyme retained about 50% of its initial activity when heated
at 85°C for 5 min, whereas the B. sphaericus enzyme lost its activity when heated at 65°C
for 5 min. Moreover, Chowdhury et al., (1998) purified AlaDH from Enterobacter
aerogenes | CR 0220. The enzyme has a molecular-mass of about 245 kDa and consists of
six identical subunits. The enzyme showed maximal activity at about pH 10.9 for the
deamination of L-alanine and about pH 8.7 for the amination of pyruvate. Initial-velocity
and product inhibition studies suggested that the deamination of L-alanine proceeded
through a sequential ordered binary-ternary mechanism in which NAD™ bound first to the

enzyme followed by L-alanine and the products were released in the order of ammonia,
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pyruvate, and NADH (Figure 1.5). The K, were 0.47 mM for L-alanine, 0.16 mM for
NAD", 0.22 mM for pyruvate, 0.067 mM for NADH, and 66.7 mM for ammonia. The
enzyme gene was cloned into Escherichia coli IM109 cells and the nuclectides were
sequenced. The deduced amino acid sequence was very similar to that of the aanine
dehydrogenase from B. subtilis.

Chemical modification of aanine dehydrogenase in B. subtilis was studied by
Delforge et al., (1997) and its amino acid sequence was also compared with those of
AlaDH from various bacteria and pyridine nucleotide transhydrogenase from various
species. From this report, Lys- 74 was found to be the substrate binding site and the
enzyme probably has a different active site from other B-stereospecific amino acid
dehydrogenase, since aanine dehydrogenase is A-stereospecific and no sequence
similarity was found between alanine dehydrogenase and other B-stereospecific amino
acid dehydrogenase such as glutamate dehydrogenase and leucine dehydrogenase, except
the coenzyme binding site. The three dimensional structure of alanine dehydrogenase
from Phormidium lapideum was studied by Baker et al. (1998). It was found that the
enzyme subunit folds compact into two domains. Both domain 1 (residues 1-128 and
306-361) and domain 2 (residues 129-305) are constructed from a mainly parallel central
[-sheet, flanked by helices (Figure 1.6). Six subunits of AlaDH pack together to form a
hexamer, a trimer of dimer. The refined structure of the L-alaDH-NAD" binary complex
revealed that the NAD? binds to the C-terminal end of the strands in domain 2 of each in
amanner similar to that seen in other dehydrogenases. The adenine ring of NAD" sitein a
mainly hydrophobic pocket bound by Ile 198, Va 238, Leu 248, Ser 219 and Gly 174

with formed a hydrogen bond between the side chain of Ser 219 and nitrogen of adenine
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Figure 1.6 Assembly of the hexamer of AlaDH. a, The Ca stereo backbone of a single
subunit, with every 10" residue drawn as a black dot and every 20" numbered. b, A
schematic diagram of the dimer, with domain 1 furthest from the two-fold axis and the
dinucleotide binding domain 2 closest to the two-fold axis. ¢, A space filling
representation of the hexamer viewed down the three-fold axis.

Source; Baker et al., 1998
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ring. In addition, the refined structure of the L-AlaDH-pyruvate binary complex showed
that the pyruvate binding site locates near the binding site of the nicotinamide ring and
deep in the cleft between the two domains. The methyl group packs against the
hydrophobic residues Tyr 93, Met 132 and Leu 129 with the carboxyl hydrogen bonded
to the side chain of Arg 15. The side chain amino acid group of Lys 74 interacts with both
the carbonyl oxygen of the pyruvate and one of its carboxyl oxygen. A hydrogen bond is
also made between the carbonyl oxygen of the pyruvate and the side chain of His 95, and
N2 from the side chain of Asn 299 interacts with one of the carboxylate oxygens of the
pyruvate. All of the above residues are identical in all the L-AlaDHs sequenced. Baker et
al. also proposed that in the binary complex of pyruvate with AlaDH, the pyruvate
carboxyl is bound by the side chain of both Lys 74 and Arg 15. The close proximity of
the imidazole ring of His 95 to the pyruvate carbonyl group suggested that this residue
could well act as the acid base catalyst.

In 1999, Gakin et al. studied the cold-adapted alanine dehydrogenase from
Shewanella sp. stain Acl0 (SheAlaDH) and Carnobacterium sp. stain St2 (CarAlaDH).
The enzyme gene were cloned and expressed in Escherichia coli. SheAlaDH has
molecular mass of 240 kDa and consists of 6 identical subunits like Bacillus enzymes.
The amino acid sequences of SheAlaDH ‘and  CarAlaDH were compared with the
sequences of AlaDH from other bacteria sources. CarAlaDH exhibited the highest
overal levels of identity (58.5 to 62.8%) with the enzymes from members of the same
group of bacteria (the low-G+C-content gram-positive bacteria), such as B.
stearothermophilus, while, SheAlaDH was most similar (level of identity, 76.5%) to
Vibrio proteolyticus, that is a mesophilic gram-negative bacterium. The optimum

temperature for catalytic activity of SheAlaDH and CarAlaDH are in the same range as
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the half-inactivation temperatures (Table 1.2). SheAlaDH was more stable than
CarAlaDH but less stable than al of the AlaDHs from mesophilic (B. subtilis) and
thermophilic stains (B. stearothermophilus). The total numbers of salt bridges declined in
the order thermophilic AlaDH-mesophilic AlaDHs-psychrotrophic AlaDHs when
AlaDHs from members of the same bacterial subgroups (SheAlaDH and VprAlaDH; and
BstAlaDH, BsuAlaDH, and CarAlaDH) were compared (Table 2). The structural model
for CarAlaDH indicates that it has two and five fewer arginine residues forming salt
bridges per subunit than BsuAlaDH and BstAlaDH, respectively (Fig. 1.7). The thermal
instability of CarAlaDH may be explained by the lower total number of salt bridges, in
particular salt bridges formed by arginine residues, in the enzyme. However, other
structural features often found in proteins isolated from cold-adapted organisms, such as
lower numbers of extended surface loops and aromatic-aromatic interactions, were not
evident in the structural models of the psychrotrophic AlaDHs. Thus, salt bridge content

is proposed to be the primary factor on thermal stability of AlaDHSs.

1.3 Structural basis of protein thermostability

Numerous studies have identified a number of potential interactions that nature
may use to render proteins extremely thermostable (Jaenicke and Bohm, 1998). Among
them are (1) an increase in the number of hydrogen bond, (2) additional or improved
electrostatic interactions caused by salt bridges or networks there of, (3) optimized
hydrophobic interactions, (4) increased compactness or packing densities, (5) increased
polar compared with non-polar surface areas, (6) increases in a-helical content and .-
helix stability, (7) the (improved) binding of metal ions, (8) improved fixation of the

polypeptide chain termini to the protein core, (9) replacement of residues with



Table1.2 Propertiesof AlaDHs

Source of alaDH gene

v-Subdivision of the Proteobacteria

L ow-G+C-content gram-positive bacteria

Parameter
V. proteolyticus | Shewanellasp. | B. stearothermophilus B. subtilis | Carnobacterium sp.
strain Ac10 strain St2
Optimum growth temp (°C) 37 20 57 37 20
Thermostability (°C)? 63 59 81 64 412
Maximum activity temp (°C) 53-57 47-50 60-64 60-64 35-38°
Km for L-alanine (mM) 30 7.6 ND* 1.73 3.82
Arg/(Arg + Lys) ratio 0.39 0.47 0.5 0.34 0.19
Proline content (%) 4.5 4.3 4.3 5.0 5.0
Glycine content (%) 8.8 9.4 10.8 10.1 10.1
No. of salt bridges 117 87 132 99 60
No. of aromatic interactions 36 30 54 42 48
No. of hydrogen bonds 1,892 1,986 1,936 1,947 1,962
Hydrophobic interactions 2.2 2.1 2.2 2.2 2.1
No. of loop insertions/no. of deletions 2/0 2/0 3/1 2/1 2/1

2Temperature at which the enzyme loses 50% of its original level of activity after 30 min of incubation.

b The values were estimated from the results obtained with a.crude enzyme preparation.

€ND, Not determined.
Source: Galkin et al, 1999

9l
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Figure 1.7 Location of arginine residues in the three-dimensional structural models of

AlaDHs from the thermophilic organism B. stearothermophilus (A), the mesophilic
organism B. subtilis (B), and the psychrotrophic organism Carnobacterium sp. strain St2
(C). The arginine residues are shown as space-filling models, and the residues that form
salt bridges are indicated by arrows. The lines indicate the C, traces of the protein

monomers.

Source: Galkin et al., (1999)
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energetically unfavorable conformations by glycine, (10) truncation of solvent-exposed
loops, (11) a higher number of prolines and B-branched amino acids in loops, (12)
association to oligomers, (13) reduction of the content of the thermally labile amino acids
asparagines, glutamine, cysteine and methionine. These stabilizing features can occur at
all structure levels, from the amino acid sequence to the quaternary structure of proteins.
The growing amount of whole genome sequences from mesophilic and (hyper)
thermophilic organisms and the enormous speed with which new X-ray structure become
available, now allow systematic comparison between proteins from mesophiles and

(hyper) thermophilesthat promises a more general insight into the problem.

1.4 Electrostatic interaction of ion pair

The electrostatic interactions such as salt bridge or ion pair play important rolesin
protein structure and function, such as in oligomerization, molecular recognition, domain
motions, a-helix capping, and thermostability (Kumar and Nussunov, 2002). Oppositely
charged residue pairs often form ion pairs in protein. In NMR conformers, the ion pair is
classified as salt bridges, nitrogen-oxygen (N-O) bridges and longer-range ion pair on the
basis of geometrical criteria (Figure 1.8). In salt bridge, centroids of the side-chain
positive charged groups (basic amino: Arg, Lys or His) and side-chain negative charged
groups (acidic amino: Asp or Glu), aswell as at least a pair of nitrogen and oxygen atom
of the ion-pair residues are within a 4 Angstrom distance. In N-O bridges, at least a pair
of the side-chain nitrogen and oxygen atom of the ion-pairing residues is within 4 A
distance, but the distance between the side-chain charged group centroids is greater than
4 A. In the longer-range ion pairs, the side chain charged groups centroids as well as the

side-chain nitrogen and oxygen atoms are more than 4 A apart. The electrostatic
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Salt Bridge N--O Bridge Longer Range lon Pair

Figure 1.8 Different types of ion pairs in proteins. Salt bridge, N-O bridge, and longer-
range ion pair types are shown for Glu-Arg. The separation of side-chain charged groups
increases in N-O bridges and longer-range ion pair. Atoms are color coded. Oxygen
atomsare inred, nitrogen.in blue, and carbon.in green.

Source: Kumar and Nussunov (2002)
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interaction between side-chain charged groups of the ion-pairing residues is the strongest
for salt bridges, considerably weaker for N-O bridges, and the weakest for longer-range

ion pairs.

1.5 Sequence and structural differences in thermophilic and mesophilic

proteins

Recently, different strategies adopted by thermophilic proteins to achieve stability
and activity at high temperatures have been proposed. These principles are behind the
various sequence and structural factors seen in thermostable proteins, with different
thermophilic proteins adopting different single or combination of strategies. Interactions
that impart thermostability are of tin characteristic of a protein family. Hence,
comparison of a number of families containing homologous proteins from
hyperthermophilic, thermophilic, and mesophilic organisms is a powerful method to
understand the microscopic sequence/structure basis of protein thermostability.
Furthermore, such comparisons may be useful for the rational design of thermostable
proteins and interpreting directed-evolution experiments.

Kumar et al., (2000) studied structural and sequence parameters in representatives
of 18 non-redundant families of thermaphilic and mesophilic proteins. They looked for
systematic differences among thermophilic and mesophilic proteins across the families.
They observed that both thermophilic and mesophilic proteins have similar
hydrophobicities, compactness, oligomeric states, polar and non-polar contribution to
surface areas, main-chain and side-chain hydrogen bonds. Insertion/deletions and proline
substitutions do not show consistent trends between the thermophilic and mesophilic of

the families. On the other hand, salt bridges and side chain-side chain hydrogen bonds
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increase in the majority of the thermophilic proteins. Additionally, comparison of the
sequences of the thermophile-mesophile homologous protein pairs indicate that Arg and
Tyr are significantly more frequent, while Cys and Ser are less frequent in thermophilic
proteins. Thermophiles have both a larger fraction of their residues in the a-helical
conformation and avoid Pro in the a-helices to a greater extent than the mosophiles. In
addition, Szilagyi and Zavodszky (2000) compared 13 different structure features in 64
mesophilic and 29 thermophilic proteins representing 25 protein families. They also
observed increased ion pair formation in thermophiles and hyperthermophiles and found
that hyperthermophilic proteins are stabilized in a different way than the moderately
thermophilic proteins. Moreover, the number of ion pairs, atom packing, exposed polar
surface area, and secondary-structure content were different in these two groups. The
same results were reported by Cambillau and Claverie (2000). They compared the
composition of proteins from 30 complete genomes (22 mesophiles, 1 thermophile, and 7
hyperthermophiles) and found a statistically significant increase in the proportion of
charged residues (Lys, Arg, Asp, Glu) for proteins in the hyperthermophiles and in the
thermophile. A decrease in the proportion of uncharged polar residues (Asn, Gln, Ser, and
Thr) was also statistically significant. The comparison of water-accessible surface areas
for each amino acid in 131 mesophilic proteins and 58 hyperthermophilic proteins
showed that the hyperthermophilic proteins have agreater proportion of charged residues
at the surface.

Furthermore, the number of amino acid differences in counterpart soluble proteins
from thermophilic and mesophilic organism were reported by Chakravarty and
Vardargjan (2000). They compared amino acid sequences of soluble proteins in complete

genomes of 8 thermophilic and 12 mesophilic organisms. On average, thermophilic
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proteins were found to contain fewer residues (268+38) than the mesophilic proteins
(310+16). The increase in proportion of charged residues (Arg, Lys, His, Asp, Glu) and
hydrophobic B-branched amino acids and decrease in proportion of uncharged polar
residues (Ser, Thr, GIn, Asn, Cys) in thermophilic proteins are statisticaly significant.
Whereas, factor such as the relative proportion of residues in loops, proline and glycine
content and helix capping do not appeared to be important. In addition, Thompson and
Eisenberg (1999) found a statistically significant trend for shorter sequence lengths in
thermophilic proteins in a comparison involving the complete genomes of 20 mesophilic,
thermophilic, and hyperthermophilic organism. The sequence deletion sites in
thermophilic proteins correspond to the exposed loop regions. Hence, they concluded that
deletion of exposed loops is a natural mechanism for enhancing protein thermostability,
in addition to improving electrostatic interactions. From severa studies of sequence and
structural differences in thermophilic and mesophilic proteins which have been reported,
an increase in the proportion of charged residues and el ectrostatic interaction are the most

consistent mechanisms for increasing protein thermal stability.

1.6 Protein thermostability and electrostatic inter actions

While there may be several strategies to attain thermostability, nature appears to
use an improvement in electrostatic interaction most frequently. Electrostatic interaction
such as salt bridges and their network have important roles in protein folding, structure,
and function. Yip et al. (1998) carried out homology-based modeling studied using
sequences of a range of glutamate dehydrogenases. They aso observed a similar
correlation between salt bridge networks and thermostabilities from severa

hyperthermophilic, thermophilic, and mesophilic enzymes. The results of analysis
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indicated that the ion pair network become more fragmented as the temperature stability
of the enzyme decreases and are consistent with a role for the involvement of such
networks in the adaptation of enzyme to extreme temperature. In addition, Takano et al.
(2000) elucidated the net contribution of a surface salt bridge to the conformational
stability of a protein by determination of 1) systematic mutant human lysozymes,
containing one Glu to GIn (E7Q) and five Asp to Asn mutations (D18N, D49N, D67N,
D102N, and D120N) at residues where a salt bridge is formed near the surface in the
wild-type structure and 2) the thermodynamic parameters for denaturation between pH
2.0 and 4.8. They found that the contribution of salt bridge correlate with the solvent
inaccessibility. Strop and Mayo (2000) presented NMR structure for analyzed two salt
bridges in a hyperthermophilic rubredoxin by double mutant cycles. The anaysis showed
that the surface side-chain to side-chain salt bridge between Lys 6 and Glu 49 dose not
stabilize rubredoxin.

Contribution of electrostatic interactions such as salt bridges and their networks
toward protein stability can be stabilizing or destabilizing. Makhathdze et al (2003),
analyzed the net strength of lysine 11 (K11) / glutamic acid 34 (E34) and mutant,
inverted E11/K34 surface salt bridge of ubiquitin. They found that the salt bridge of
E11/K34 can be formed with similar strength to that of the K11/E34 pair. However, the
global stability of K11/E34 (wild type) was higher than that of E11/K34. The difference
in the contribution of opposing salt bridge orientations to the overall stability of the
ubiquitin molecule is attributed to the difference in the charge-charge interactions
between residues forming the salt bridge and the rest of the ionizable groups in this
protein. Thus, the surface salt bridges are stabilizing, but their contribution to the overall

protein stability is strongly context-dependent, with charge-charge interactions being the
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largest determinant. Lebbink et al., (1998) demonstrated that the engineered ion-pair
interactions in the hinge region of glutamate dehydrogenase from Thermotoga maritima
did not affect the stability towards temperature or guanidinium chloride-induced
denaturation but rather affected the specific activity of the enzyme and the temperature at
which it functioned optimally. In contrast Vetriant et al. (1998) improved stability of
haxameric glutamate dehydrogenase of Thermococcus litoralis by comparison of its
structure with the enzyme from hyperthermophilic Pyrococcus furiosus using homol ogy-
based modeling. Glu 138 of P. furiosus can form triple ion-pair interaction with Arg 35,
subunit ¢; Arg 165, subunit b; and Lys 66, subunit b; however, none of these interactions
isjoined a Thr 138 of and T. litoralis enzyme. Thus substitution of Thr with Glu, which
was performed T138E, itself could not raise the thermostability. On the contrary, T, of
T138E was decreased from 109.0°C (wild type) to 103.5°C. With the assistance of Asp
167 which was unshielded and its carboxyl group were buried away from the lumen on
the three fold axis, T138E/D167T mutant of GDH from T. litoralis could elevate the T,
value to 111.5°C. These result suggested that extensive ion pair networks may provide a
genera strategy for manipulating enzyme thermostability of multisubunit enzymes. In
addition, Trejo et al., (2001) engineered electrostatic interactions to stabilize cytosolic
malate dehydrogenase “from Thermus thermophilus. Since comparison between
homologous thermophilic and mesophilic enzymes from a given structural family can
reveal structural features responsible for the enhanced stability of thermophilic proteins,
structures from pig heart cytosolic and Thermus flavus malate dehydrogenases (MDH)
were compared. Three potential salt bridges were selected on the basis of their location in
the protein (surface R176-D200, inter-subunit E57-K168 and intrasubunit R149-E275).

Mutant containing E275 were not produced any detectable amount of activity. The salt
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bridge R149-E275, if formed, did not enhance stability enough to overcome this effect.
The remaining mutants were expressed and no differences from wild-type other than
stability were found. Of the mutants assayed, Q57E/L 168K led to increase stability. This
resultsin a 15°C shift in the optimum temperature, thus confirming that the inter-subunit
salt bridge was formed in cytosolic MDH. Wada et al., (2001) replaced Ser 89 with
glycine, aanine, threonine, glutamic acid, or aspartic acid using PCR-mutagenesis
method to enhance thermostability of inorganic pyrophosphatase (PPase) from
thermophilic bacterium PS-3. S89G, S89A and S89T as well as the wild type PPase were
stable in the presence of 5 mM MgCl; at 70° for 1 hour, but were inactivated rapidly at

80°C. On the other hand, S89D and S89E were stable at 80°C, 1 hour incubation.

1.7 Proteins engineering for thermostability

Protein thermostablility has been vigorously studied in the biophysica and
biotechnologica research areas, because protein instability at high temperature is main
bottleneck in extending the application of protein. The industrial use of enzymes is often
limited by lack of stability. Additionally, high stability can be utilized to increase reaction
rates, control reaction specificity, and to reduce microbial contamination. Understanding
the structural basis for enhanced thermostability Is an important practical goa in the
industrial_ application of enzymes. However, protein engineering demonstrated that it is
possible to utilize the information gained from naturally occurring thermostable enzymes
to engineer enhanced thermal stability. Engineering proteins for thermostability is a
particularly exciting and challenging field, as it is crucial for broadening the industrial

use of recombinant proteins.
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With the advent of mutation techniques, protein engineering has received a fresh
impetus. Protein engineering is currently a very active area of research, thus the basis
assumption of protein engineering based on rational design principle or directed evolution
(Lehmann and Wyss, 2001). Rational design principle is one strategy for identifying
thermostability mutations involves the comparison of more stable proteins with less
stable ones, with the goal of identifying amino acid sequence patterns that correlate with
thermostability. In additional, the rational approaches for thermostability engineering can
be grouped in two main classes: (1) comparison of the amino acid sequence of protein of
interest with that of a more thermostable, homologous counterpart, followed by
replacement of selected amino acids by site-directed mutagenesis;, and (2) detailed
inspection of the 3D structure of the protein of interest, structure-based prediction of
promising amino acid exchanges by applying current concepts of thermostability
engineering, and subsequent verification as single mutations in the wild type protein. Perl
et al. (2000) compared the cold shock proteins from the thermophile Bacillus caldolyticus
and the mesophile Bacillus subtilis, which differ in only 12 out of 67 residues but display
a considerable difference in stability. Site-directed mutagenesis of all 12 residues in the
Bacillus caldolyticus enzyme revealed that the difference in thermostability can be fully
accounted for by only two amino acid substitutions (E3R, E66L) on the surface of the
molecule. In thisillustrative example, with small proteins that exhibit high homology and
a pronounced difference in thermastability, it is noted that less than 20% of the amino
acid substitutions actually contribute to the difference in stability. This observation
highlights the problem of identifying the relevant thermostabilising mutations in larger

and less homol ogous sets of proteins.
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The term “directed evolution’ is encompasses a series of experimental techniques
that reproduce, on an accelerated timescale in the test tube, the evolution of natural
diversity and environmental adaptation. This is achieved through mutation and
recombination and by giving the process a ‘direction’ towards the optimization of one or
more properties of interest. Either a selective pressure is applied, or in each round of
mutagenesis and/or recombination the library of variants obtained is screened for the
desired trait. Giver et al., (1998) studied directed evolution of p-nitrobenzyl esterase from
Bacillus subtilis by random mutagenesis and DNA shuffling. They succeeded to engineer
the thermostable enzyme which increased in T, over 14°C with 8 amino acid

substitutions in six generation of directed evolution.

1.8 Site-directed mutagenesis

Protein engineering, usualy performed through site-directed mutagenesis, is the
favorite mode of experiment analysis and stability enhancement. Specific mutations were
introduced into a part of a gene by using oligonucleotide primers for change nucleotide
sequence. There are many types of mutagenesis protocols available such as Kunkel
method (Kunkel, 1985) which uses circle single strand DNA from M13 as a template.
However this method has disadvantage since preparation of single strand DNA is difficult.
Nowadays, “many - researches -usually. used PCR- site-directed mutagenesis or PCR
mutagenesis which bases on principle of PCR. The advent of PCR has greatly smplified
DNA manipulations. One of the most basic of these manipulations is mutagenesis of a
gene in order to characterize its function. Oligonucleotide-directed mutagenesis during
PCR is a wonderfully simple and efficient technique for introducing specific, site-

directed mutations. Misses, nonsense, deletion and substitution mutations can be created.
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Site directed mutagenesis is also a powerful tool for producing mutants to assess the
importance of specific amino acid residues in a protein's structure and function.

Currently, one of protocols that are frequently used in research labs is the Quik-
Change Site Directed Mutagenesis made by the local biotech company, Stratagene (La,
Jolla CA). This protocol requires a doubled stranded plasmid that contains the gene to be
mutated and two complementary synthetic oligonucleotide primers, one of which
contains the desired mutation. A high fidelity Pfu Turbo DNA polymerase is used to
extend the primers during temperature cycling. The resulting PCR product and the
plasmid template is then treated with Dpn | restriction enzyme that cuts at methylated
GATC sequences. Since the PCR product is created in vitro, and hence is not methylated,
only the template plasmid DNA is digested. The whole reaction is then transformed into
bacterial competent cells. Bacterial DNA repair enzymes repair the Dpn I-nicked plasmid
using the PCR product containing the mutation as a template.

Although the Quik-Change protocol Is usually successful, Wang and Malcolm
(1999) developed a two-stage procedure, base on the Quik-Change Site-directed
mutagenesis. The plasmid pUC4K containing two anitibiotic-resistant genes. bla
conferring ampicillin resistance and Tnh903 yielding kanamycin resistance was used as the
mutagenesis template. The mutagenesis primers were designed to disrupt the bla gene by
introducing nonsense mutation through point mutations, frameshifts, insertions or
deletion, so that the mutagenesis could be easily scored by antibiotic selection. They
found that the mutagenesis efficiency determined by antibiotic selection ranged from
65% to 95%, which was comparable to the efficiency of a standard mutagenesis using the
Quik-Change Site-directed mutagenesis. In 2000, Sawano and Miyawaki developed

transformation efficiency by using an in vitro technique, LDA (ligation-during-
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amplication) with added Tagq DNA ligase for increase efficiency to 70%. This technique
allows introduction of 2 or more mutations by random mutagenesis with degenerative
primers.

Aeromonas hydrophila, screened from soil in Bangkok (Phungsangthum,
1997), is one of bacteria with high activity of aanine dehydrogenase. The previous
research presented that alanine dehydrogenase from this bacterium has molecular mass of
about 230 kDa and consists of 6 identical subunits. The enzyme is highly specific for L-
alanine and NAD®. Optimum temperature for reductive amination and oxidation
deamination are 45 and 55°C, respectively. For thermostability the enzyme dose not lose
activity after incubation at 55°C for 16 hours. The optimum pH for reductive amination is
8.0 while the reverse reaction rate is highest at pH 10.5. The steady state kinetic studies
including product inhibition on the enzyme reaction indicate that the oxidative
deamination proceeds through a sequential ordered binary-ternary mechanism in which
NAD" binds first to the enzyme followed by L-alanine and products are released in the
order of pyruvate, ammonia and NADH, respectively. The K, values for NAD", L-
alanine, pyruvate, ammonia and NADH, were 0.17, 20, 1.33, 77 and 0.24 mM,
respectively. Subsequently, Poomipark (2000) sequenced and cloned the enzyme gene
into E. coli IM109. This gene has open reading frame of 1,113 base pair which encodes
for 371 amino acids. Comparison of ‘deduced amino acid sequence with AlaDHs from
other bacteria shows over 50% similarity. The transformant has specific activity 50 times

higher that of the enzyme from wild type.
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In this study, improvement thermostability of alanine dehydrogenase from
Aeromonas hydrophila by site-directed mutagenesis, based on structure and amino acid

sequence comparison with thermophilic Bacillus stearothermophilus will be performed.



CHAPTER I

MATERIALSAND METHODS

2.1 Equipments

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

Autopipette: Pipetman, Gilson, France

Camera: Pentax super A, Asahi Opt. Co., Japan

Centrifuge, refrigerated centrifuge: Model J2-21, Beckman Instrument
Inc., U.SA.

Centrifuge, microcentrifuge: Model MC-15A, Tomy Seiko Co., Ltd., Japan
and KUBOTA 1300, KUBOTA, Japan

Centrifuge tube: Nelgene, U.S.A.

Concentrator centrifuge: UNIVAPO, UNIEQUIP, Germany

DNA Sequencer Applied Biosystem 3100 with a PRISM Kkit:
Perkin Elmer, U.SA.

Electrophoresis unit: Hoefer™ miniVE, Amersham Pharmacia Biotech.,
U.S.A.; 2050 MIDGET, LKB, Sweden; Mini protein, Bio-Rad,
U.S.A. and submarine agarose gel electrophoresis unit

Filter paper No.1, Whatman, England

Gene Pulser™/E. coli Pulser™ Cuvettes: Bio-Rad, U.S.A.

Gel Document: SYNGEND, England

Heating box: Type 17600 Dri-Bath, Thermolyne, U.S.A.

Incubator, waterbath: Model M20S, Lauda, Germany and BioChiller

2000, FOTODYNE Inc., U.SA. and ISOTEMP 210, Fisher Scientific, U.S.A.



Incubator shaker: Innova™ 4080, New Brunwick Scientific, U.SA.
Light box: 2859 SHANDON, Shandon Scientific Co., Ltd., England.
Laminaflow:HT123, ISSCO, U.SA.
Magnetic stirrer: Model Fisherbrand, Fisher Scientific, U.S.A.
Membrane filter: cellulose nitrate, pore size 0.45 um, Whatman, England
Microcentrifuge tubes 0.5 and 1.5 ml, Axygen Hayward, U.S.A.
Microwave oven: Model TRX1500, Turboralnternational Co., Ltd., Korea
Orbital incubator: Model 1H-100, Gallenkamp, England
Orbital shaker: Orbital shaker 03, Stuart Scientific, England
pH meter: Model PHM 95, Radiometer Copenhegen, Denmark
Power supply: Model POWER PAC 300, Bio-Rad, U.S.A.
Shaking waterbath: Model G-76, New Brunswick Scientific Co., Inc., U.S.A.
Sonicator: SONOPUL S Ultrasonic homogenizers, BANDELIN, Germany
Spectrophotometer: DU Series 650, Beckman, U.S.A.
Thermal cycle: Gene Amp PCR system 2400, Perkin Elmer Cetus, U.SA.
Thin-wall microcentrifuge tubes 0.2 ml, Axygen Hayward, U.S.A.
Ultrafilter: Suprec™™ "™ pore size 0.20 um and 0.22 um,
Takara Shuzo Co, Ltd., Japan
UV transluminator: Model 2011 Macrovue, San Gabriel California, U.S.A. and M-26,
UVP, U.SA.

Vortex: Model K-550-GE, Scientific Industries, Inc, U.S.A.

2.2 Chemicals

Acrylamide: Merck, Germany
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Agar: Merck, Germany

Agarose: SEKEM LE Agarose, FMC Bioproducts, U.S.A.
Ammonium persulphate: Sigma, U.S.A.

Ammonium sulphate: Carlo Erba Reagent, Italy
Ampicillin: Sigma, U.S.A.

Boric acid: Merck, Germany

Bovine serum albumin: Sigma, U.SA.

5-Bromo-4-chloro-3-indolyl-3-D-gal actosidase (X-gal): Sigma, U.S.A.

Bromphenol blue: Merck, Germany

Casein hydrolysate: Merck, Germany
Chloroform: BDH, England

Coomassie brilliant blue R-250: Sigma, U.S.A.

Copper sulfate: Merck, Germany

di-Potassium hydrogen phosphate anhydrous: Carlo Erba Reagenti, Italy

di-Sodium ethylene diamine tetra acetic acid: M& B, England

DNA marker: Lamda (A) DNA digested with Hindlll, BioLabs, Inc., U.S.A.

100 base pair DNA ladder, Promega Co., U.SA.

dNTP mix: Stratagene, U.S.A.

Ethidium bromide: Sigma, U.S.A.

Ethyl alcohol absolute: Carlo Erba Reagenti, Italy

Ethylene diamine tetraacetic acid (EDTA): Merck, Germany
Ficoll type 400: Sigma, U.SA.

Glacia acetic acid: Carlo Erba Reagenti, Italy

Glycerol: Merck, Germany
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Glycine: Sigma, U.S.A.

Glucose: BDH, England

Hydrochloric acid: Carlo Erba Reagenti, Italy
8-Hydroxychinolin: Merck, Germany

Isoamyl alcohol: Merck, Germany

| sopropanol: Merck, Germany

| sopropylthio-p-D-galactosidase (IPTG): Sigma, U.S.A.
L-Alanine: Sigma, U.S.A.

Magnesium sulphate: BDH, England

2- Mercaptothanol: Fluka, Switzerland
Methylalcohol: Merck, Germany
N,N-Dimethyl-formamide: Fluka, Switzerland

N,N’'-Methylene-bis-acrylamide: Sigma, U.S.A.

N,N,N’,N’-Tetramethyl-1, 2-diaminoethane (TEMED): Carlo Erba Reagent, Italy
B-Nicotinamide adenine dinucleotide (oxidized form) (NAD"): Sigma, U.S.A.
B-Nicotinamide adenine dinucleotide (reduced form) (NADH™): Sigma, U.S.A.
Nitroblue tetrazolium: Koch-Light Laboratories Ltd., Japan

Peptone from casein pancreatically digested: Merck, Germany

Phenazine methosulfate: Nacalai Tesgue, Inc., Japan
Phenol: BDH, England

Phenylmethylsulfonyl fluoride (PMSF): Sigma, U.S.A.
Potassium acetate: Merck, Germany

Potassium chloride: Merck, Germany

Potassium hydroxide: Carlo Erba Reagenti, Italy
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Potassium phosphate monobasic: Carlo Erba Reagenti, Italy
QIA quick Gel Extraction Kit: QIAGEN, Germany

Sodium acetate: Merck, Germany

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

Sodium citrate: Carlo Erba Reagenti, Italy

Sodium dodecyl sulfate: Sigma, U.S.A.

Sodium hydroxide: Merck, Germany

Standard protein marker: Amersham Pharmacia Biotech Inc., U.S.A.
Sucrose: Sigma, U.SA.

Tris (hydroxymethyl)-aminomethane: Carlo Erba Reagenti, Italy

Y east extract: Scharlau micraobiology, European Union

2.3 Enzymes and Restriction enzymes

QuikChange® Site-Directed Mutagenesis Kit: Stratagene, U.S.A. consists of
PfuTurbo® DNA polymerase and Dpn | restriction enzyme

Proteinase K: Sigma, U.SA.

Restriction enzymes: GIBCOBRL, U.S.A., Amersham Pharmacia Biotech Inc., U.S.A.,
New England BioLabs, Inc., U.S.A. and Zibenzyme, Sweden.

RNaseA: Sigma, U.SA.

T4 DNA ligase: GIBCOBRL, U.S.A., New England BioL abs, Inc., U.S.A. and

Zibenzyme, Sweden.
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2.4 Oligonuclectide primers

G38E For 5 CGT TTT CGT CCA AAG CGA AGC AGGAAA TGG CATTGG 3
G38E Rev 5 CCAATGCCATTT CCT GCTTCGCTT TGG ACGAAA ACG I
L58R For 5 GAT CCGGGCCTCTGC GG 3

L58R Rev 5 CCG CAGAGG CCCGGA TCY

P168R For 5 GCG TGG AAC GGG CCA AGG TG 3

P168R Rev 5 CACCTT GGC CCG TTCCACGC 3

L101E For 5 CTG GCG CCA GAC GAG GCCCAGACCCGGGAGCTG
L101E Rev 5 CAGCTC CCG GGT CTG GGC CTC GTCTGG CGC CAG ¥
A231EFor 5 GGA GCG CCA TCT GCT GGA GGC AGA CCT GGT CATCG 3
A231ERev 5 CGA TGA CCA GGT CTG CCT CCA GCA GAT GGC GCT CC Y

Note: Position of mutated sequences are shown by underline

2.5 Bacterial strainsand plasmids

Escherichia coli JM109 contained pUC18 carrying alanine dehydrogenase gene
(alaDH gene) from Aeromonas hydrophila (Poomipark, 2000) was used as a source of
alaDH gene.

Escherichia coli IM109, genotype: F' [traD36 proAB" lacl® lacZAM15] recAl
supE44 endAl hsdR17 gyrA96 relAl thi A (lac-proAB). was used as a host for
transformation.

Escherichia coli XL1-Blue, genotype: F' [proAB+ lacZAM15,::Tn10(Tet")] recAl
supE44 endAl hsdR17 gyrA96 relAl thi lac was used as a host for transformation.

pUC18 was used as a vector for cloning alanine dehydrogenase gene into E. coli

JM109 (Appendix A).
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2.6 Selection of amino acid residue for contribution of electrostatic interaction
2.6.1 Construction of three-dimensional structure

Three-dimensional  structure (3D-structure) was constructed by
homology modeling program from SWISS MODEL (http://swissmodel .expasy.org) that
is a server for automate comparative modeling of three-dimensional protein structure. All
homol ogy-modeling methods consist of the following four steps: (i) template selection;
(i) target template alignment; (iii) model building; (iv) evolution. Protein sequences of
thermophilic aanine dehydrogenase (AlaDH) from Bacillus stearothermophilus and
mesophilic AlaDH from Aeromonas hydrophila were submitted to the SWISS MODEL
using protein structure of aanine dehydrogenase from Phormidium lapideum deposited in
Protein Data bank (accession number 1PJB) as template. The resulting protein structure
model can be visualized and analyzed using the integrated tool (Swiss PdbViwer 3.7 and

Rastop program).

2.6.2 Calculation of electrostatic interaction
Three-dimensional structures of AlaDHs from SWISS MODEL in section
2.6.1 were submitted to http://www.cmbi.kun.nl/gv/serverssWIWWWI/ for calculation of
electrostatic interaction which is occurred between a negative atom (side chain oxygens
in Asp or Glu) and a positive atom (side chain nitrogens in Arg, Lys or His) with an
interatomic distance less than 7.0 Angstrom. The number and position of electrostatic
interaction were compared between AlaDH from Aeromonas hydrophila and AlaDH

from thermophilic Bacillus stearothermophilus.
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2.6.3 Selection of amino acid residue

All amino acid sequences of AlaDHs from GENBANK were aligned by
using Clustal X. Conserved sequences, especially the amino acid residuesin an active site
of this enzyme referred to X-ray crystalography structure of Phormidium lapideum
AlaDH (Baker and Sawa. et. al.1998) were determined. The information from three-
dimensional structure (section 2.6.1), number and position of electrostatic interaction
(section 2.6.2) and amino acid aignment of mesophilic AlaDH (A. hydrophila) compared
to its thermophilic counterpart from B. stearothermophilus were used for engineering of
the interaction thought to be responsible for thermostability into A. hydrophila AlaDH.

This study points toward the increased position of electrostatic interaction
which is not conserved sequence or important amino acids in an enzyme active Site as a
critical factor in an enhancement of thermostability. After replacement target uncharged
amino acid in A. hydrophila AlaDH with charged amino acid (Glu, Asp, Arg or Lys), the
mutated sequences were then submitted for construction of their three dimensional
structure and calculation of electrostatic interaction (Figure 2.1). The suitable positions
which led to the increment of electrostatic interaction were selected for site-directed

mutagenesis.

2.7 Site-directed mutagenesis

2.7.1 Plasmid extraction
In this study, the E. coli IM 109 harboring alaDH gene in plasmid pUC18
which cloned by Poomipark (2000) was used as a source of DNA template for site-
directed mutagenesis. The bacteria clone was grown in LB-medium (1 % peptone, 0.5 %

NaCl and 0.5 % yeast extract, pH 7.2) containing 100 pg/ml ampicillin overnight at 37°C
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with rotary shaking. The cell culture was collected by centrifugation at 10,000 rpm for 5
minutes. Then 100 pl of ice-cold Solution I (50 mM glucose, 25 mM Tris-HCI and 10
mM EDTA, pH 8.0) was added and the cell pellet was resuspended and left at room
temperature for 10 minutes. After that, the 200 pl of freshly prepared Solution 11 (0.2 N
NaOH and 1 % SDS) was added, gently mixed by inverting the tube for five times and
placed on ice for 10 minutes. Then the 150 ul of cooled Solution I11 (3 M sodium acetate,
pH 4.8) was added and the tube was placed on ice for 10 minutes. The mixture was
centrifuged at 10,000 rpm for 10 minutes and then the supernatant was transferred to a
new tube. An equal volume of phenol-chloroform-isoamyl alcohol (25: 24: 1) was added,
mixed and centrifuged at 12,000 rpm for 10 minutes. The upper-phased liquid was
transferred to a new tube. The plasmid DNA was precipitated with absolute ethanol and
washed with 70 % ethanol. After drying, the pellet was finally dissolved in an appropriate

volume of TE buffer, pH 8.0 containing 20 pg/ml of DNase-free pancreatic RNase.

2.7.2 Agarose gel electrophoresis
Electrophoresis through agarose is the standard method used to separate, identify, and
purify DNA fragments. The 0.7% of agarose powder was added to 100 ml electrophoresis
buffer (89 mM TrissHCI, 8.9 mM boric acid and 25 mM EDTA, pH 8.0) in an
Erlenmeyer flask and heated until complete solubilization in a microwave oven. The
agarose solution was cooled down below to 60°C until all air bubbles were completely
eliminated. The solution was then poured into an electrophoresis mould. After the gel was
completely set, the comb and seal of the mould was carefully removed. When ready, the
DNA samples were mixed with one-fifth volume of the desired gel-loading buffer

(0.025% bromphenol blue, 40% ficoll 400 and 0.5% SDS) and slowly loaded the mixture
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into an appropriate percentage of agarose gel. Electrophoresis had been performed at
constant voltage of 10 volt/cm until the faster migration dye (bromphenol blue) migrated
to approximately 1 cm from the bottom of the gel. The gel was stained with 2.5 ug/ml
ethidium bromide solution for 5 minutes and destained to remove unbound ethidium
bromide in distilled water for 10 minutes. DNA fragments on agarose gel were visualized
under along wavelength UV light and photographed through ared filter using Kodak Tri
X pan 400 film. The concentration or molecular weight of DNA sample was compared

with the intensity and relative mobility of the standard DNA fragment.

2.7.3 Site directed mutagenesis (QuikChange site-directed mutagenesis
Kit)

Recombinant plasmid from section 2.7.1 was used as template for site
directed mutagenesis. The QuikChange site-directed mutagenesis kit was used to make
point mutations (see Figure 2.2). The 50 ul of reaction mixture contained 50-200 ng of a
supercoiled double-stranded DNA (dsDNA) pUC18 vector with an insert of alaDH gene,
each 125 ng of two synthetic oligonucleotide primers containing the desired mutation
1 ul dNTP stock solution and 2.5 U of PfuTurbo DNA polymerase in the 1x QuikChange
site-directed mutagenesis buffer. The extension reaction was initiated by preheating the
reaction mixture 95°C for 30 seconds and then continued with 12 cycles of 95°C for 30
seconds, 55°C for1 minute and 68°C for 4 minutes. The reaction for synthesized mutant
strand and QuikChange mutagenesis control (see in Appendix B) were performed at the
same time. The oligonucleotide primers, each complementary to opposite strands of the
vector, were extended during temperature cycling. Incorporation of the oligonucleoctide

primers generated a mutant plasmid containing staggered nicks. After temperature
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with Dpnl
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Transform mutated
molecule into competent
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Figure 2.2 QuikChange™ site-directed mutagenesis kit method
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cycling, PCR product was treated with 10 U of Dpn I, at 37°C for 1 hour before
transformation. The Dpn | endonuclease (target sequence: 5-Gm6ATC-3") specific for
methylated as well as hemimethylated DNA, is used to digest the parental DNA template
to select for mutation-containing synthesized DNA. DNA isolated from almost all E. coli
strains is dam methylated and therefore susceptible to Dpn | digestion. The nicked
plasmid of the Dpn I-treated DNA containing the desired mutations was then transformed
into E. coli XL1-Blue supercompetent cells. The transformation reaction was gently
mixed and incubated on ice for 30 minutes. After that the transformation reaction was
heated at 42°C for 45 seconds and then placed on ice for 2 minutes. The transformed
reaction was added to 0.5 ml of NZY * broth (Appendix C) which was preheated at 42°C
and incubated at 37°C for 1 hour with shaking at 250 rpm. Findly, this transformed
culture was spread onto the LB agar plate containing 80 pg/ml ampicillin, 25 ug/ml IPTG
and 20 ug/ml X-gal, and then incubated at 37°C for 16 hours. Cells containing the
recombinant plasmids, which formed white colonies, were picked and the plasmids were

further extracted.

2.7.4 Plasmid extraction of mutant alaDH gene
The recombinant plasmids, which harbored mutant alaDH gene, were
extracted from E. coli XL1-Blue by the method described in section 2.7.1. The plasmids
were completely digested with EcoRI and Hindlll. The size of recombinant plasmid was
estimated by submarine agarose gel electrophoresis compared with relative mobility of

DNA marker for checking size of mutant plasmids.
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2.8 Enzyme activity assay and Protein assay

2.8.1 Crude extraction preparation

E. coli XL1-Blue cells, which contained the recombinant plasmid, were
grown a 37°C in 10 ml of LB-medium supplemented with 100 pug/ml ampicillin
overnight in a rotary shaker. After that, 10% of the cell culture was inoculated into 100
ml LB-medium containing 100 pg/ml ampicillin and 75 pug/ml isopropylthio-p-D-
galactosidase (IPTG). Cell culture was grown at 37°C with shaking speed 250 rpm for 20
hours. The cells were harvested by centrifugation at 8,000 rpm for 15 minutes, then
washed with cold 0.85% NaCl and centrifuged at 8,000 rpm for 15 minutes. After that,
the cell pellet was washed once in cold extraction buffer (0.1 M potassium phosphate
buffer, pH 7.4 containing 0.1 mM PM SF, 0.01 % 2-mercaptoethanol and 1.0 mM EDTA)
and centrifuged again. The cell pellet was stored at —80°C until the next step. For enzyme
extraction, the cell pellet was resuspended in 5 ml of cold extraction buffer and broken by
discontinuously sonication on ice with half second pulse and half second stop interval for
10 minutes by sonic dismembrator (3 mm diameter-stepped microtip, 10 amplitude).
Unbroken cell and cell debris were removed by centrifugation at 10,000 rpm for 45

minutes. The supernatant was stored at 4°C for enzyme and protein assays.

2.8.2 Enzyme activity assay
The activity of aanine dehydrogenase for oxidative deamination of
alanine was spectrophotometrically assayed. One milliliter of reaction mixture of
comprised 200 umol of glycine-potassium chloride-potassium hydroxide buffer, pH 10.5,
20 pmol of L-alanine, 1 umol of NAD", and enzyme. In a blank tube, L-alanine was

replaced by distilled water. Incubation was carried out at 30°C in a cuvette of 1-cm light



45

path. The reaction was started by addition of NAD™ and was monitored by measuring the
initial change in absorbance of NADH at 340 nm.

One unit of the enzyme is defined as the amount of enzyme that catalyzes the
formation of 1 umol of NADH in 1 minute. Specific activity is expressed as units per

milligram of protein.

2.8.3 Protein measurement
Protein concentration was determined by the method of Lowry et al.
(1951), using bovine serum albumin (BSA) as the protein standard. The reaction mixture
5 ml containing 20-300 ug of protein, 100 pl of solution A, 5 ml of solution B was mixed
and incubated at 30°C for 10 minutes. After that, the solution mixture was incubated with
0.5 ml of solution C at room temperature for 20 minutes. Preparation of the solutions was
described in Appendix D. The protein concentration was derived from the absorbance at

610 nm and calculated from the curve of protein standard (BSA).

2.9 Nucleotide sequencing

After plasmid extraction and enzyme assay, the nucleotide sequence of mutant
were determined in the both directions by the dideoxynucleotide chain termination
method of Sanger et al., using an Applied Biosystems 373 A DNA sequencer with a
PRISM kit (Perkin Elmer, U.SAA.). The universa primers, M13 Forward and M13
Reverse, were used for nucleotide sequencing. The nucleotide sequences of mutant gene

were then compared with that of wild type using the CLUSTAL X program.
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2.10 Transformation into E. coli JM 109

The recombinant plasmids from section 2.7.4 were introduced into a competent
of E. coli strain JM 109 by electroporation. In the electroporation step, 0.2 cm cuvettes
and dliding cuvette holder were chilled on ice. The Gene Pulser apparatus was set to the
25 uF capacitor, 2.5 kV, and the pulse controller unit was set to 200Q2. Competent cells
which were prepared by the method of Dower (1988) (see Appendix E). were gently
thawed on ice. One to five microliter of recombinant plasmid from section 2.7.4 was
mixed with 40 ul of the competent cells and then placed on ice for 1 minute. This mixture
was transferred to a cold cuvette. The cuvette was applied one pulse at the above settings.
Subsequently, one milliter of LB medium was added immediately to the cuvette. The
cells were quickly resuspended with a Pasteur pipette. Then the cell suspension was
transferred to new tube and incubated at 37°C for 1 hour with shaking. Finaly, this
suspension was spread onto the LB agar plates containing 100 ug/ml ampicillin, 25 ug/mi
IPTG and 20 pg/ml X-gal, and was incubated at 37 °C for 16 hours. Cells containing the
recombinant plasmids, which formed white colonies, were picked. Subsequently, the
recombinant plasmids were extracted and completely digested with EcoRIl and BamHI.
The size of recombinant plasmid was estimated by submarine agarose gel electrophoresis

compared with relative mobility of DNA marker.

2.11 Rurification of alanine dehydrogenase
2.11.1 Bacterial cultivation
2.11.1.1) Starter inoculum
One colony of E. coli IM109 containing alaDH gene in puC18

from agar dlant was grown in 50 ml LB-medium supplemented with 100 pg/ml
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ampicillin, at 37°C with 250 rpm shaking overnight before the culture was inoculated into
LB-medium 500 ml containing 100 ug/ml ampicillin. Cell culture was grown at 37°C

with 250 rpm overnight.

2.11.1.2) Enzyme production
The starting inoculum from section 2.11.1.1 was transferred
into 5 liters of LB-medium, pH 7.2 containing 100 pug/ml ampicillin and 75 pg/ml
(IPTG). Cell culture was grown at 37°C for 20 hours. The bacteria cells were harvested
after 20 hrs by centrifugation at 8,000 xg for 15 minutes at 4°C. The collected cells were
washed with 0.85% sodium chloride before rewashing with extraction buffer (0.1 M
potassium phosphate buffer, pH 7.4 containing 0.1 mM PMSF, 0.01% 2-mercaptoethanol

and 1 mM EDTA). Harvested cells were stored at -80°C before the purification.

2.11.2 Preparation of crude enzyme solution
The seventeen grams of collected cells from section 2.11.1.2 were
resuspended in 80 ml of cold extraction buffer and then broken by discontinuously
sonication on ice for 10 minutes;, stop 10 minutes with 6 cycles by high intensity
ultrasonic processor (6 mm diameter-stepped microtip, 25 amplitude). Unbroken cells
and cell debris were removed by centrifugation at-10,000 xg for 30-minutes at 4°C. The
crude enzyme solution was collected for the determination of oxidative deamination

activity and protein concentration as described in section 2.8.2 and 2.8.3, respectively.
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2.11.3 Purification procedures of enzyme
The crude enzyme from section 2.11.2 was purified according to Figure
2.3. All operations were done at 4°C. The buffer used in all steps was 10 mM potassium

phosphate buffer (KPB), pH 7.4 containing 0.01% 2-mercaptoethanol and 1 mM EDTA.

2.11.3.1) Ammonium sulfate precipitation

The precipitation of crude enzyme was done by slowly added
the initial concentration 0 - 20% saturated ammonium sulfate into enzyme solution with
gentle stirred by magnetic stirrer. After 30 minutes, the supernatant was removed by
centrifugation at 10,000 xg for 30 minutes then brought to final concentration at 40%
saturated with solid ammonium sulfate and left for 30 minutes and centrifugation at
10,000 xg for 30 minutes. The precipitate was dissolved in 10 mM KPB, pH 7.4. The
protein solution was dialyzed against the same buffer, at least 4 hours with 3 changes of
buffer at 4°C before determination of the enzyme activity and protein concentration as

described in section 2.8

2.11.3.2) DEAE-Toyopear| column chromatography
DEAE-Toyopearl was  activated by washing with 0.5 N
sodium hydroxide for 2-3 times before rewashing by deionized water until the pH
reached 8.0. The activated DEAE-Tayopearl was resuspended in the buffer and pack into
2.2 x 20 cm column followed by equilibrating with the same buffer for 5-10 column
volume at flow rate 1 ml/min. The dialyzed protein solution from section 2.11.3.1 was
applied to the DEAE-Toyopearl column. The unbound proteins were eluted from the

column with the buffer. Normally, keep washing until the absorbance at 280 nm of eluant



Crude enzyme

:

20-40% saturated ammonium sulfate precipitation

8

DEAE-Toyopear| column
(Linear gradient eluted with 0-1 M K CI solution)
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Blue Sephar ose high performance column
(cibacron blue 3G-A affinity column)
(Linear gradient eluted with 0-2 M K CI solution)

. 1

Purified enzyme solution

Figure 2.3 Flow chart of purification process of alanine dehydrogenase
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decreased to a low value. After the column was washed thoroughly with the buffer, the
bounded proteins were eluted from column with linear salt gradient of 0 to 1 M potassium
chloride in the same buffer. The fractions of 5 ml were continuously collected using
fraction collector. The elution profile was monitored for protein by measuring the
absorbance at 280 nm. The enzyme activity was determined as described in section 2.8.2.
The potassium chloride concentration was investigated by measuring the conductivity.
The active fraction were pooled for further purification step and then dialyzed against the
buffer at least 4 hours for 3 times. The enzyme activity and protein concentration were

measured as described in section 2.8.

2.11.3.3) Blue Sephar ose column chromatography

Blue Sepharose column was used to separate the pyridine
nucleotide-dependent enzyme. It contained cibacron blue 3G-A which is specific for
NAD(P)*-dependent enzyme. The other protein such as albumin are bound to the column
with weak force, hydrophobic interaction and/or electrostatic force, than NAD(P)*-
dependent dehydrogenase so separation of NAD(P)' -dependent dehydrogenase from
other protein was occurred by eluted with the lower concentration of coenzyme or
increasing the ionic strength of elute. In this experiment, the Blue Sepharose column
(Phamacia) with void volume 5 ml was used. The column was equilibrated with 10 mM
KPB, pH 7.4 for 5 column volume (25 ml) at flow rate 1 ml per min. The dialyzed
enzyme from 2.11.3.2 was filtered through a 0.45 um filter and then applied into Blue
Sepharose column by pumping with flow rate 1 ml per min. The 10 mM KPB, pH 7.4
were used to elute the unbound protein, fraction of 2 ml were continuously collected and

measured for the protein at absorbance 280 nm until the absorbance decreased to low
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value. The bound proteins were eluted with 0-2 M potassium chloride linear salt gradient
elution. Fractions of 1.0 ml were collected. The determination of the enzyme activity,
protein and conductivity of potassum chloride were similar to section 2.11.3.2. The
active fractions were pooled before concentrating with aquacide, and then dialyzed
against 10 mM KPB, pH 7.4 for 4 hours, at 4°C with 3 times changes. The protein

concentration and enzyme activity were determined as described in section 2.8.

2.12 Polyacrylamide gel electrophoresis

2.12.1 Non-denaturing polyacrylamide gel electrophoresis (Native PAGE)
2.12.1.1) Pouring the separating gel (7 % acrylamide)

The gel sandwich was assembled according to the manufacturer’s
instruction. For 2 slab gels, the 2.33 ml of solution A (30 % (w/v) acrylamide, 0.8 %
(w/v) Bis-acrylamide) and 2.5 ml of solution B (1.5 M Tris-HCI, pH 8.8) were mixed
with 517 ml of distilled water in a 25 ml Erlenmeyer flask. Then 50 ul of
10 % ammonium persulfate and 10 ul of TEMED were added and mixed rapidly by
swirling or inverting gently. Care by introduced solution into gel sandwich by using a
pasteur pipette. After the appropriate amount of separating gel solution was added, water
was gently layered on top of the separating gel solution about 1 cm height. The gel was
allowed to polymerize, distinguished by clear interface between the separating gel and the

water. The water was then poured off.

2.12.1.2) Pouring the stacking gel (5 % acrylamide)
The 0.67 ml of solution A (30 % (w/v) acrylamide, 0.8 % (w/v) Bis-

acrylamide) was mixed with 1.0 ml of solution C (0.5 M Tris, pH 6.8) and 2.3 ml of
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distilled water in a 25 ml Erlenmeyer flask and mixed. Subsequently, 30 ul of 10 %
ammonium persulfate and 5 ul of TEMED were added and mixed rapidly. This stacking
gel solution was loaded onto separating gel until solution reached top of short plate. Then
the comb was carefully inserted into gel sandwich. After stacking gel was polymerized,
the comb was removed carefully. Then the gel was placed into electrophoresis chamber.
The electrophoresis buffer (25 mM Tris, 192 mM glycine, pH 8.8) was added into the
inner and outer reservoir. The air bubbles, which were occurred in the well, were

removed.

2.12.1.3) Sample preparation
The protein sample was mixed with 5 x sample buffer (0.3 mM Tris-HCI,
50 % glycerol and 0.05 % bromophenol blue) in an Eppendorf tube and mixed. Then the

sample solution was introduced into well by using syringe.

2.12.1.4) Running the gel
An electrode plugs were attached to proper electrodes. Current was flowed
towards the anode for pH 8.8 gels. The power supply was turned on at constant current
(30 mA). For activity ‘staining electrophoresis, the experiment was done at 4°C.
Electrophoresis was continued until -the dye front reached the bottom of the gel. Power
supply was turned off and then the electrode plugs were removed from electrodes. The
gel plates were removed from electrophoresis chamber. Then the gel was removed from

glass plates and transferred to a small container.
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2.12.1.5) Staining Procedure
Protein staining
The gel from 2.12.1.4 was transferred to a small container containing
Coomassie stain solution (1 % Coomassie Blue R-250, 45 % methanol, and 10 % glacial
acetic acid). The gel was agitated for 10-20 minutes on a shaker. The stain solution was
poured out and the Coomassie destain solution (10 % methanol and 10 % glacial acetic
acid) was added. The gel was shaked slowly. To complete destain, the destain solution
was changed many times and agitated overnight or until the blue-clearly bands of protein

were occurred.

Activity staining (Gabriel, 1971 cited in Bollag et al., 1993)
After electrophoresis at 4°C was done, the gel was transferred to a small
container containing 10 ml of activity staining solution (4.25 mmole of Tris-HCI, pH 8.5,
40 pmole of L-phenylaanine, 50 umole of NAD®, 25 pg/ml of phenazine methosulfate
and 250 pg/ml of nitroblue tetrazolium) and agitated for 30 minutes at room temperature.

After purple bands were occurred, the gel was then destained with distilled water.

2.12.2 SDS-polyacrylamide gel electrophoresis
The SDS-polyacrylamide system was performed according to the section
2.12.1. For 2 dab gels, separating gel (12 % acrylamide) consisted of 3.0 ml of solution A
(30 % (w/v) acrylamide, 0.8 % (w/v) bis-acrylamide), 2.5 ml of solution B (1.5M Tris-
HCI, pH 8.8, 4% SDS) and 1.89 ml of distilled water. Stacking gel (4 % acrylamide)
consisted of 0.67 ml of solution A (30 % (w/v) acrylamide, 0.8 % (w/v) bis-acrylamide),

1.0 ml of solution C (0.5 M Tris, pH 6.8, 4% SDS) and 3.27 ml of distilled water. Protein
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sample was mixed with 5 x sample buffer (0.3 mM Tris-HCI, 50 % glycerol, 20% SDS,
5% 2-mercaptoethanol and 0.05 % bromophenol blue) in an Eppendorf tube and was
boiled 10 min at 95°C and cooled at room temperature. Then the sample solution was
introduced into gel by using syringe. The electrophoresis buffer (25 mM Tris, 192 mM
glycine and 0.1% SDS, pH 8.8) was used for gel running. After electrophoresis, proteins

in the gel were visualized by protein staining as described in section 2.12.1.5.

2.13 Characterization of alanine dehydrogenase and mutated enzymes

2.13.1 Effect of temperature on AlaDH activity
The purified AlaDHs were used to investigate the effect of temperature
on their activity. The enzyme was assayed as described in section 2.8.2 at various
temperatures from 30 to 62°C, in oxidative deamination. The result was expressed as a
percentage of the relative activity. The temperature at which maximum activity was

observed for each reaction was set as 100%.

2.13.2 Effect of pH on AlaDH activity
The purified AlaDHs was used to study the effect of pH on their activity.
The enzyme was assayed as described in section 2.8.2 at various pHs. The 200 mM of
glycine-KCI-KOH were used as reaction buffer for 8.5 - 12.5, in oxidative deamination.
The pH of each reaction mixture was measured with a pH meter at room temperature
after reaction. The result was expressed as a percentage of the relative activity. The

temperature at which maximum activity was observed for each reaction was set as 100%.
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2.13.3 Effect of temperature on AlaDH stability
The thermostability of the enzyme was investigated over the range of 30
to 70°C. The purified enzyme was preincubated at various temperatures for 10 minutes
before determination of enzyme activity in oxidative deamination as described in section
2.8.2. The result was expressed as a percentage of the relative activity. The highest
activity was defined as 100% for T, determination.
Thermostability (T,) of enzyme was determined from temperature at

which the enzyme loses 50% of its original level activity after incubation.

2.13.4 Substrate specificity of alanine dehydrogenase
The ability of the enzyme to catalyze the oxidative deamination
of various amino acids and L-alanine analogs was determined at a final substrate
concentration of 20 mM for D-alanine, D-aspartate, L-aspartate, L-phenylalanine, L-
leucine, D-leucine, L-methionine, L-Threonine, L-isoleucine, D-trytophan, L-valine,
glycine, L-glutamate, L-cysteine, L-asparagine, L-lysine, L-serine D-serine and L-a-
amino-N-butyrate. L-alanine was replaced by various amino acids and L-alanine analogs
as substrates for the reaction and enzyme activities were determined as described in

section 2.8.2. The result was expressed as a percentage of the relative activity.

2.14 Kinetic parameter of alanine dehydr ogenase

Steady-state kinetic analyzes were carried out to investigate the kinetic

parameters and reaction mechanism as described below.

Initial velocity analysisfor the oxidative deamination
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Initial velocity studies for the oxidative deamination reactions were carried
out under the standard reaction condition (as described in section 2.8.2) except that
various amounts of L-alanine and NAD™ were used. The concentrations of L-alanine used
were 2.5, 5, 10 and 20 mM and those of NAD" used were 0.25, 0.5 and 1.0 mM. The
Lineweaver-Burke plots (double-reciprocal plots) of initial velocities against L-alanine
concentrations at a series of fixed concentrations of NAD" and the secondary plots of y
intercepts against reciprocal concentrations of NAD" were made from the data. Ky, of L-
alanine and NAD" were caleulated and determined from these two plots, respectively. Ky,

from wild type and mutant were compared.



CHAPTER 11

RESULTS

3.1 Sdlection of amino acid residues for contribution of eectrostatic

interaction

3.1.1 Construction of three-dimensional structure

Amino acid sequences of AlaDH from A. hydrophila and B.
stear othermophilus were submitted and three-dimensional structures were constructed by
SWISS-MODEL automate protein homology-modeling server. The X-ray
crystallography structure of AlaDH from Phormidium lapideum deposited in the Protein
Data Bank (accession number 1PJB), was used as template. The SWISS-MODEL
automate modeling procedure is started when at least one modeling template that has a
sequence identity of more than 25% with target sequence is available. The server builds
the model based on the given amino acid alignment with template. However, the model
reliability decreases as the sequence identity decreases and that target-template pair
shares less than 50% sequence identity. The resulting model can be visualized and
analyzed using Swiss-pdb Viewer. Since amino acid sequence of AlaDH from A.
hydrophila and B. stearothermophilus resulted in 53.10% and 54.03% identity with that
of the P. lapideum ‘template respectively, their three-dimensional structures were
constructed with high accuracy. Their structures looked very similar as shown in Figure

3.1



58

Phormidium lapideum (1JPB) Aeromonas hydrophila Bacillus stearothermophilus

Figure 3.1 Three-dimensional structure of AlaDHs. Structures of AlaDH from Aeromonas hydrophila and Bacillus stear other mophilus constructed
by SWISS-MODEL automated homology-model serve using X-ray diffraction structure of AlaDH from Phormidium lapideum (1JPB)
deposited in Protein Data Bank as atemplate.
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3.1.2 Calculation of electrostatic interaction and amino acid sequence
alignment

Comparison of three-dimensional structure of aanine dehydrogenase
from SWISS-MODEL between A. hydrophila and B. stearothermophilus AlaDH
revealed several electrostatic interaction differences as shown in Appendix F.
From these data, the constructed structures were analyzed for which position of
amino acid residue from B. stearothemophilus AlaDH should be introduced to
form salt bridge or electrostatic interaction in A. hydrophila AlaDH. Rational
design technique was used to choose amino acid residues for site-directed
mutagenesis. Firstly the amino acid residues located on surface of enzyme subunit
which were appeared to form electrostatic interaction in B. stearothermophilus
AlaDH but missed from that of A. hydrophila were considered. Subsequently, the
amino acid residues which were conserved among amino acid sequence of AlaDH
from various organisms (Figure 3.2) were omitted. Five selected uncharged amino
acids were then chosen to be substituted with charge residues according to the
seguence of thermophile as G38E, L58R, L101E, P168R and A231E (Figure 3.3).
Electrostatic interaction formed in mutant models with the distance of side chain
basic amino acid and acidic amino acid < 7 A-were shown in Table 3.1. All
selected residues are located on surface of molecule far from an active site as

shown in Figure 3.4.
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CLUSTAL X (1.64b) multiple sequence alignment

A.hyd MIIGVPKEIKNHEYRVGMVPASVRELTARNHT-VFVQSGAGNGIGFSDADYLAAG-AEIL
Shew MIIGVPTEIKNHEYRVGMVPSSVRELTIKGHV-VYVQSDAGVGIGFTDQDYIDAG-ASIL
V.pro MIIGVPKEIKNHEYRVGMIPASVRELISHGHQ-VFVETNAGAGIGFSDDDYIAVG-ASIL
E.aer MIIGVPKEIKNNENRVAMTPAGVVHLLNAGHK-VIIETNAGLGSGFTNEEYKQAG-AEII
B.sub MIIGVPKEIKNNENRVALTPGGVSQLISNGHR-VLVETGAGLGSGFENEAYESAG-AEII
B.ste MKIGIPKEIKNNENRVAITPAGVMTLVKAGHE-VYVETEGGAGSGFSDSEYEKAGAADRC
B.sph MKIGIPKEIKNNENRVAMTPAGVVSLTHAGHERLAIETGGGIGSSFTDAEYVAAG-AAYR
Carn MKIGIPKEIKNNENRVAISPAGVYSLTEGGHE-VLVEASAGKTAGFTDAEFEESG-AKIV
P.lap MEIGVPKEIKNQEFRVGLSPSSVRTLVEAGHT-VFIETQAGIGAGFADQDYVQAG-AQVV
M. tub MRVGIPTETKNNEFRVAITPAGVAELTRRGHE- VLIQAGAGEGSAITDADFKAAG AQLV

* * * * k% . * ** : *"* * .* : [ ‘* L : : * *
A.hyd ASAADVFAKAEMIVKVKEPQAVERAMLRPGQTLFTYLHLAPDLAQTRELVDSGAICIAYE
Shew ATAAEVFAKSDMIVKVKEPQAVERAMLRHDQILFTYLHLAPDLPQTEELITSGAVCIAYE
V.pro PTAAEVFAQADMIVKVKEPQAVERAMLKEGQILFTYLHLAPDFPQTEDLIKSKAVCIAYE
E.aer ESASDVWTKADMIMKVKEPLASEYGYFRKGLILFTYLHLAAEPELTKALVDSEVIAIAYE
B.sub ADPKQVWD-AEMVMKVKEPLPEEYVYFRKGLVLFTYLHLAAEPELAQALKDKGVTAIAYE
B.ste RTWRDAWT -AEMVLKVKEPLAREFRYFRPGLILFTYLHLAAAERVTKAVVEQKVVGIAYE
B.sph CIGKEAWA-QEMILKVKEPVASEYDYFYEGQILFTYLHLAPRAELTQALIDKKVVGIAYE
Carn NNADDVWA-ADMVIKVKEPLPEEYGYFREGLIIFTYLHLAAAKELTEKLMETGVTAIGYE
P.lap PSAKDAWS -REMVVKVKEPLPAEYDLMOQKDQLLFTYLHLAAARELTEQLMRVGLTAIAYE
M. tub GTADQVWADADLLLKVKEPIAAEYGRLRHGQILFTFLHLAASRACTDALLDSGTTSIAYE

***** . * : . ** **** : : * **

A.hyd TVTDGRGGLPLLAPMSEVVGRMSIQAGAQALEKSRGGSGVLLGGVPGVEPAKVVIIGGGV
Shew TVTDDRGGLPLLAPMSEVAGRMSIQAGARALEKSLGGRGMLLGGVPGVEPAKVVIIGGGM
V.pro TVTDNMGRLPLLAPMSEVAGRMSIQAGAQTLEKSHGGRGLLLGGVPGVEPAKVVIVGGGV
E.aer TVTVNR-TLPLLSPMSEVAGRMAAQVGAQFLEKTQGGKGILLSGVPGVKRGKVTIIGGGM
B.sub TVSEGR-TLPLLTPMSEVAGRMAAQIGAQFLEKPKGGKGILLAGVPGVSRGKVTIIGGGV
B.ste TVQLANGSLPLLTPMSEVAGRMSVQVGAQFLEKPHGGKGILLGGVPGVRRGKVTIIGGGT
B.sph TVQLANGSLPLLTPMSEVAGKMATQIGAQYLEKNHGGKGILLGGVSGVHARKVTVIGGGI
Carn TMEKDG-VLPLLTPMSQVAGRMAVQIGAQFLENNYGGKGLLLGGTPGVSTGNVVIIGGGV
P.lap TVELPNRSLPLLTPMSITIAGRLSVQFGARFLERQQGGRGVLLGGVPGVKPGKVVILGGGV
M. tub TVQTADGALPLLAPMSEVAGRLAAQVGAYHLMRTQGGRGVLMGGVPGVEPADVVVIGAGT

*: ****:*** :‘*::: * Kk k * - * % *:*:.*..** ‘*.::*.*
A.hyd VGSNAARMAIGLRADVTILDNNIDTLRRLDSEFQGAAKVVYSNRETLERHLLAADLVIGG
Shew VGTNAAQMAVGMGADVVVLDRSIDALRRLNVQFGSAVKAIYSTADAIERHVLEADLVIGG
V.pro VGANAARMAVGMRADVTILDRNIDTLRKLDEEFQGRAKVVYSTEDAIEKHVLAADLVIGA
E.aer VGTNAAKIAVGLGADVTIIDLNPDRLRQLEDIFGTSVQTLMSNPYNIAEAVKESDLVIGS
B.sub VGTNAAKMAVGLGADVTIIDLNADRLRQLDDIFGHQIKTLISNPVNIADAVAEADLLICA
B.ste AGTNAAKIGVGLGADVTILDINAERLRELDDLFGDHVTTLMSNSYHIAECVRESDLVVGA
B.sph AGTNAAKIAVGMGADVTVIDLSPERLRQLEDMFGRDVQTLMSNPYNIAESVKHSDLVVGA
Carn SGMHAAKMAVGLGADVTILDVNPARLAELGNIFGNSVTTLMSNEYNIAEQVKTADLVIGA
P.lap VGTEAAKMAVGLGAQVQIFDINVERLSYLETLFGSRVELLYSNSAEIETAVAEADLLIGA
M. tub AGYNAARIANGMGATVTVLDINIDKLRQLDAEFCGRIHTRYSSAYELEGAVKRADLVIGA

F Wi:f. C:O0O0™~ K € 3 J e 3 : Hidh
(Continued)

Figure 3.2 Linear alignment of the amino acid sequence of alanine dehydrogenase from
various sources. A. hyd = Aeromanas hydrophila, Shew = Shewanella sp., V
.pro = Vibrio proteolyticus, E. aer = Enterobacter aerogenes, B. sub =
Bacillus subtilis, B. ste = Bacillus stearothermophilus, B. sph = Bacillus
sphearicus, Carn = Carnobacterium sp., P. lap = Phormidium lapideum, M.
tub = Mycobacterium tuberculosis.
Conserveresidues are indicated by asterisks.



(Continued)

61

VLVPGATAPKLVSRDHIARMKPGSAIVDVAIDQGGCVETS-HATTHEDPTFIVDDVVHYC
VLVPGAAAPKLITRDMVKRMKPGSAIVDVAIDQGGCVETS-HATTHQDPTYIVDDVVHYC
VLIPGAAAPKLVTKEHIAKMKPGAAVVDVAIDQGGCFETS-HATTHADPTYIVDDVVHYC
VLIPGAKAPKLVTEEMVKSMQPGSVIVDVAIDQGGNFETVDHITTHDDPTYVKHGVVHYA
VLIPGAKAPTLVTEEMVKQMKPGSVIVDVAIDQGGIVETVDHITTHDQPTYEKHGVVHYA
VLIPGAKA-KLVTEEMVRSMTPGSVLVDIAIDQGGIFETTDRVTTHDDPTYVKHGVVHYA
VLIPGAKAPKLVSEEMIQSMQPGSVVVDIAIDQGGIFATSDRVTTHDDPTYVKHGVVHYA
VLIPGSKAPTLVTEEMVESMEEGSVIVDIAVDQGGIVETADKVTTHDNPVYTRHGVLHYA
VLVPGRRAPILVPASLVEQMRTGSVIVDVAVDQGGCVETL-HPTSHTQPTYEVFGVVHYG
VLVPGAKAPKLVSNSLVAHMKPGAVLVDIAIDQGGCFEGS-RPTTYDHPTFAVHDTLEFYC

Kok okk ok ko .k k. ckk ok kkkk sk k. R

VANMPGAVARTSTVALNNATLPFIIKLAEQGYRNALLSDPHLRHGLNVMAGKITCKEVAV
VANMPGAVARTSTFALNNATLPY I IKLANQGYKQALLNDKHLLNGLNVMHGKVVCKEVAE
VANMPGAVARTSTFALNNATLPYIVKLANKGYREALLADHGFLEGLNVIHGKVTCKEVAE
VANMPGAVPRTATIALTNVTIPYAVQIATKGVVKAVNDNPAIKAGVNVANGHVTFEAVAN
VANMPGAVPRTSTIALTNVITVPYALQTANKGAVKALADNTALRAGLNTANGHVTYEAVAR
VANMPGAVPRTSTFALTNVTIPYALOQTIANKGYRAGCLDNPALLKGINTLDGHIVYEAVAA
VANMPGAVPRTSTIALTNNTIPYALQIANKGYKQACIDNPALKKGVNALEGHITYKAVAE
VANMPGAVAKTSTMALTNVTIPYALEIANKGVVQASQDNPTVYGGINVMDYKLTKKEVAQ
VPNMPGAVPWTATQALNNSTLPYVVKLANQG-LKALETDDALAKGLNVQAHRLVHPAVQQ
VANMPASVPKTSTYALTNATMPYVLELADHGWRAACRSNPALAKGLSTHEGALLSERVAT

LI T R O R PR T RO . : . *o. : *

AHNLAYTDPLTLLN--------
ALNLEFTEPKSLLA--------
AFNLEYVQPETAIAMFEN- - - - -
DLGYKYVTVEEAISKEAINA- -
DLGYEYVPAEKALQDESSVAGA
AHNMPYTDVHSLLHG-------
AQGLPYVNVDELIQ--------
SLDIDYVEASTCEFNK-------
VFPDLA - ——ii= A
DLGVPFTEPASVLA--------

Figure 3.2 Linear alignment of the amino acid sequence of alanine dehydrogenase from
various sources. A. hyd = Aeromanas hydrophila, Shew = Shewanella sp., V.
pro = Vibrio proteolyticus, E. aer = Enterobacter aerogeness, B. sub =
Bacillus subtilis, B. ste = Bacillus stearothermophilus, B. sph = Bacillus
sphearicus, Carn = Carnobacterium sp., P. lap = Phormidium lapideum, M.
tub = Mycobacterium tuberculosis.

Conserveresidues are indicated by asterisks.
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CLUSTAL X (1.83) multiple sequence alignment

hyd MIIGVPKEIKNHEYRVGMVPASVRELTARNHTVEVQIGAGNGIGFSDADYLAAGAEILAS 60

B. ste MKIGIPKEIKNNENRVAITPAGVMTLVKAGHEVYVETEGGAGSGFSDSEYEKAGAA R
* kkokkkkkk . ok Kk . *kk Kk Kk Kk k.k. . k ok kkkk. .k  kk*k

hyd AADVFAKAEMIVKVKEPOQAVERAMLRPGOTLFTYLHLAP QTRELVDSGAICIAYETV 120
B. ste TWRDAWTAEMVLKVKEPLAREFRYFRPGLILFTYLHL VTKAVVEQKVVGIAYETV
.***::***** * % sk kk ********. *: :*:‘ . *kkkkk

hyd TDGRGGLPLLAPMSEVVGRMSTIQAGAQALEKSRGGSGVLLGGVPGVHPRAKVVIIGGGVVG 180
B. ste QLANGSLPLLTPMSEVAGRMSVQVGAQFLEKPHGGKGILLGGVPGVRRGKVTIIGGGTAG
Lok kkkk ckkkkk kkkkok kkk kkk . kk _ kokkkkkkkk T kk Kkkkkk _*

A. hyd SNAARMAIGLRADVTILDNNIDTLRRLDSEFQGAAKVVYSNRETLERHL DLVIGGVL 240
B. ste TNAAKIGVGLGADVTILDINAERLRELDDLFGDHVTTLMSNSYHIAECV DLVVGAVL
ckkk oo kK kkkkkkk Kk . Kk _*k_ Kk . k% s L L Kk kK Kk

Figure 3.3 Linear alignment of the amino acid sequences of a anine dehydrogenase from Aeromonas hydrophila and Bacillus
stearothermophilus (Kuroda et al., 1990). A. hyd = Aeromonas hydrophila, B. ste = Bacillus stear othermophilus.
Conserveresidues are indicated by asterisks.

Mutated residues are boxed



A. hyd
B. ste
hyd
B. ste
hyd
B. ste

VPGATAPKLVSRDHIARMKPGSAIVDVAIDQGGCVETS-HATTHEDPTFIVDDVVHYCVA
IPGAKA-KLVTEEMVRSMTPGSVLVDIAIDQGGIFETTDRVTTHDDPTYVKHGVVHYAVA

skkk ok kkk. . : k kkkx  khkk.kkkkkk | kk. s kkk o kkk . . B

NMPGAVARTSTVALNNATLPFIIKLAEQGYRNALLSDPHLRHGLNVMAGKITCKEVAVAH
NMPGAVPRTSTFALTNVTIPYALQIANKGYRAGCLDNPALLKGINTLDGHIVYEAVAAAH

khkkkkk Khhkkk Kkk Kk Kok sockeokkk Kk ok Kk ck.k . kok . Kk k%

NLAYTDPLTLLN-
NMPYTDVHSLLHG

k. kkk kK.
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Figure 3.3 (Continued) Linear alignment of the amino acid sequences of aanine dehydrogenase from Aeromonas hydrophila and Bacillus

stearothermophilus (Kuroda et al., 1990). A. hyd = Aeromonas hydrophila, B. ste = Bacillus stearothermophilus.

Conserve residues are indicated by asterisks.
Mutated residues are boxed
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Table 3.1 List of created electrostatic interactions in three-dimensional model of

AlaDHs
Electrostatic interaction
AlaDH mutant _ _ _ _ _
Pairsamino acid residue ® Distance (A)
G38E Glu38 OE2 - Lys7 NZ 6.67
Arg58 NH1 - Asp 63 OD1l 5.44
Arg58 NH2 - Asp 63 OD1 3.31
L58R
Arg58 NH1 - Asp 63 OD2 3.92
Arg58 NH2 - Asp 63 OD2 5.72
Glul0l OEl - ArglO5 NH2 5.56
L101E Glul0l OE2 - Argl05 NH1 6.02
Glul0l OE2 - Argl05 NH2 3.87
Arglé68 NH1 - Aspl93 OD1l 5.05
P168R Argl68 NH1 - Aspl93 OD2 6.07
Argl68 NH2 - Aspl93 OD1 6.45
Glu231 OEl - Lysl70 NZ 4.98
Glu231 OE2 - Lysl70 NZ 5.87
Glu231 OEl - Lys216 NZ 6.10
A231E
Glu231 OEl - Arg227 NH1 4.08
Glu231 OEl - Arg227 NH2 6.27
Glu231 OE2 - Arg227 NH1 5.06

& Groups of side chain of amino acid residue are indicated by

OE = carboxy! group of Glu OD = carboxy! group of Asp
NH = amino group of Arg NZ = amino group of Lys
Source: http://www.cmbi.kun.nl/gv/server SWIWWWI/
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Figure 3.4 Location of mutated residues in the three-dimensional structure model of

AlaDH from Aeromanas hydrophila.
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3.2 Site-directed mutagenesis

3.2.1 Plasmid extraction
The plasmid pUC18 contained alaDH gene was extracted from E. coli IM
109 in order to use as a template for site-directed mutagenesis, by the method described
in section 2.7.1. From agarose gel electrophoresis double digestion with EcoRI and
Hindlll showed that the recombinant plasmid contained 1,116 bp of alaDH gene (Figure
3.5). The DNA concentration was about 1 pg/ul. The quality of extracted DNA was

suitable for further molecular procedures.

3.2.2 Site-directed mutagenesis (QuikChange site-dir ected mutagenesiskit)

Site-directed mutagenesis was performed by QuikChange site-directed
mutagenesis kit as described in section 2.7.3. The oligonucleotide primers used for
construction of the AlaDH mutants were summarized in section 2.4. The reactions of
mutant and control strand syntheses (Appendix B) were performed at the same time. The
concentration of PCR products could not be determined by agarose gel electrophoresisin
this stage because low amount of DNA was obtained. The PCR products were then
treated with Dpnl. For cloning of mutant clones L58R and P168R, the mutant plasmids
were transformed into E. coli XL1-Blue according to the recommendation of
QuikChange protocol. In transformation, 50-80 white colonies of mutant clone per 1 ul of
PCR reaction were obtained. Mutagenesis efficiency of control determined by antibiotic
selection was in the range of 85 - 89%. All target transformants were checked for their
plasmid size by agarose gel electrophoresis (Figure 3.6). All mutant plasmids gave the

same mobility to their wild type.
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Figure 3.5 Agarose gel electrophoresis of template plasmids harboring alaDH gene
Lane M A/Hind Ill standard DNA marker

Lane 1 undigested pUCI18
Lane 2  EcoRI-Hindlll digested pUCI18
Lane 3 amplified product of the alanine dehydrogenase gene

Lane 4-5 EcoRI-BamHI digested recombinant plasmid
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Figure 3.6 Agarose gel electrophoresis of EcoRI/Hindlll digested mutant plasmids

Lane M = A/Hind IlI standard' DNA''marker

Lane I = undigested wild type plasmid
Lane 2 = undigested G38E plasmid
Lane 3 = undigested L58R plasmid

Lane 4 = undigested P168R plasmid

[Lane 5 EcoRI-BamHI digested wild type

Lane 6 = EcoRI-BamHI digested G38E plasmid
Lane 7 = EcoRI-BamHI digested L58R plasmid

Lane 8 = EcoRI-BamHI digested P168R plasmid
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3.3 Enzyme activity assay and Protein assay

The mutant L58R and P168R were determined for their expression in E. coli
XL 1-Blue as described in section 2.8. From 11 random picked clones, the total activity of
the crude extracts were about O - 42.1 unit for L58R and O - 180.6 unit for P168R while
that activity of wild type, E. coli IM109 harboring alaDH gene, was 244.9 - 290.7 unit as
shown in Table 3.2 and 3.3. Since the activity of mutant AlaDHs in E. coli XL1-Blue
were markedly lower than that of wild typein E. coli IM 109, recombinant plasmids from

mutant clones with the highest activity were further cloned into E. coli JIM109.

3.4 Transformation into E. coli JIM 109

The selected plasmids of L58R and P168R from section 3.3 were transformed into
E. coli IM109 by electroporation as described in section 2.10. Subsequently, the enzyme
activities were determined, the expression of mutant AlaDHs in E. coli IM 109 were at the
same level with that of wild type in the same host (Table 3.4)

To shorten cloning step of G38R, L101E and A231E mutants, the mutated
plasmids from section 3.2.2 were directly transformed into E. coli JM109 by
electroporation. The transformant clones were random picked for plasmid extraction and
then assayed for AlaDH activity. As shown in Table 3.5, the activity AlaDH from mutant
G38E varied from clone to clone, whereas the activity from L 101E and A231E seemed to
be consistent.

The activity of crude enzyme from AlaDH wild type and various mutants in E.
coli IM109 prepared from 500 ml of LB culture are summarized in Table 3.6

From this stage, the mutants which expressed the highest activity from of each

type were selected.



70

Table 3.2 Theactivity of crude enzyme from E. coli XL 1-Blue containing L 58R
mutant plasmid

Crude extract Total activity Total protein Specific activity
(unit) (mg) (unit/mg protein)
AlaDH wt in E. coli 244.9 31.14 7.86
JM 109
L58R -1 42.1 31.40 1.34
L58R -2 - 28.79 -
L58R -3 4.6 20.71 0.15
L58R -4 = 31.79 -
L58R -5 18.0 26.39 0.67
L58R -6 31 33.33 0.10
L58R -7 38.3 29.99 1.27
L58R -8 1.0 32.13 0.03
L58R -9 14 16.57 0.08
L58R -10 1.7 26.04 0.06
L58R -11 1.0 24.70 0.04

Table 3.3 Theactivity of crude enzyme from E. coli XL 1-Blue containing P168R
mutant plasmid

Crudeextract Total activity Total protein Specific activity

(unit) (mg) (unit/mg protein)
AlaDH wt in E. coli 290.7 33.54 8.78

JM 109
P168R -1 . 38.86 0.08
P168R -2 3.1 33.99 0.09
P168R -3 170.9 24.21 7.05
P168R -4 109.1 26.88 0.07
P168R -5 31.2 30.33 1.03
P168R -6 - 37.43 -

P168R -7 180.6 27.10 6.87
P168R -8 2.7 38.34 0.07
P168R -9 4.7 46.98 0.01
P168R -10 3.8 34.86 0.11
P168R -11 126.4 20.00 6.32
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Table 3.4 The activity of crude enzyme from E. coli JM 109 containing L58R or

P168R mutant plasmid

Crude extract Total activity Total protein Specific activity

(unit) (mg) (unit/mg protein)
AlaDH wild type 279.3 29.50 9.47
L58R’-1 83.2 21.45 3.88
L58R’-2 95.5 23.55 4.05
L58R’-3 92.4 27.38 3.39
L58R’-4 77.0 27.56 2.79
L58R’-5 98.6 30.70 3.21
L 58R’-6 86.2 25.86 3.33
P168R’-1 2FE 29.44 9.41
P168R’-2 328.7 32.56 10.10
P168R’-3 287.6 28.99 9.92
P168R’-4 256.8 24.97 10.28
P168R’-5 269.6 25.33 10.65
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Table 3.5 Theactivity of crude enzyme from E. coli JM 109 containing G38E, L 101E
or A231E mutant plasmid

Crude extract

Total activity

Total protein

Specific activity

(unit) (mQ) (unit/mg protein)
AlaDH wild type 312.2 27.42 11.39
G38E-1 306.2 34.45 8.88
G38E-2 - 22.36 -
G38E-3 289.3 26.49 10.92
G38E-4 164.8 24.89 6.62
L101E-1 247.9 26.50 9.35
L101E-2 264.6 27.79 9.52
L101E-3 246.5 24.38 10.11
A231E-1 321.0 30.70 10.46
A231E-2 310.3 26.6 11.65
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Table 3.6 .The activities of crude AlaDHsin E. coli IM 109 cultured in 500 ml LB

medium
Crude extract Total activity Total protein Specific activity
(unit) (mQ) (unit/mg protein)

AlaDH wild type 1,179.6 101.15 11.66
G38E 954.9 132.58 11.72
L58R 791.0 135.78 5.83

L 101E 1,186.3 165.53 11.72
P168R 954.9 98.58 9.69
A231E 1,497.0 152.99 9.78
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3.5 Nucleotide sequencing

The alaDH gene from each type of mutant was sequenced by using universal
primers, M13 forward primer and M 13 reverse primer, as described in section 2.9. The
whole sequences of al mutant genes were not different from their wild type gene except
the mutated site as shown in Appendix G. This result indicated that no error occurred

during PCR amplification.

3.6 Thermostability of crude enzyme

Crude enzyme of each mutant was preincubated at various temperatures for 10
minutes before its activity was assayed as described in section 2.13.3. The activity of
non-preincubated enzyme was defined as 100% relative activity. The result of crude
enzyme from mutants compared with wild type is shown in Figure 3.7. The crude enzyme
of L101E and A231E showed higher thermostability than crude enzyme of wild type. In
addition, crude enzyme of G38R showed almost the same thermostability as that of wild

type, whereas those from L58R and P168R were lower.

3.7 Double site-directed mutagenesis

Since replacement of Leu 101 and Ala 231 residues with Glu could enhance
thermostability-of the enzyme, these two residues were selected for double mutation. The
mutant plasmid A231E and L101E primers were used as DNA template and mutagenic
primers for QuikChange site-directed mutagenesis, respectively. The mutation was
confirmed by nucleotide sequencing as the result shown in Appendix G. AlaDH activity

of crude extract of double mutant clones was equal to that of wild type (Table 3.7).



100 ~

90 -~

80 -

70 -

60 -

50 -

40 4

30 -+

Remaining activity (%)

20 +

10 1

—o—wild type
- G38E
—O—L58R
—A— L 101E
- P168R

—@—A231E

45 50 55 60

Temperature(°C)

75

Figure 3.7 Thermostability of crude AlaDH from wild type and mutants.
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After crude enzyme was treated at various temperatures for 10 min and chilled-on ice. The relative activity was assayed for the
oxidative deamination of L-alanine at 30°C. (¢) AlaDH wild type; (ll) G38E; (O) L58R; (A) L101E; ([J) P168R; (@) A231E
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Table 3.7 The activity of crude enzyme from E. coli JM 109 containing L 101E/A231E

mutant plasmid

Crude extract Total activity Total protein Specific activity

(unit) (mQ) (unit/mg protein)
AlaDH wild type 384.0 42.58 9.02
L101E/A231E-1 406.6 43.60 9.33
L 101E/A231E-2 356.0 47.80 7.45
L101E/A231E-3 359.5 38.35 9.37
L 101E/A231E-4 408.3 48.13 8.48
L 101E/A231E-5 373.9 15.14 8.28
L 101E/A231E-6 386.0 38.74 10.13
L 101E/A231E-7 350.9 37.61 9.33
L 101E/A231E-8 371.0 39.37 9.42
L 101E/A231E-9 378.3 34.18 11.07
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L101E/A231E mutant enzyme was further purified and characterized to compare some

properties, especially thermostability, with wild type, L101E and A231E mutants.

3.8 Purification of alanine dehydr ogenase

3.8.1 Preparation of crude enzyme
Crude enzyme solution was prepared from 17 g wet weight of cell which
was cultivated from 6 liters of LB medium supplement with100 pug/ml ampicillin and 75
ug/ml 1PTG, as described in section 2.11.1 and 2.11.2. The crude enzyme of wild type
and mutants contained total activity of AlaDH in range of 14x10° - 17x10° units, total

protein 2.2 — 2.4 mg and specific activity 5.9 - 7.6 unit/mg protein as shown in Table 3.8

3.8.2 Ammonium sulfate precipitation
Crude enzymes were further purified by ammonium sulfate precipitation
as mentioned in section 2.11.3.1. The enzymes were precipitated in the range of 20 - 40%
saturated ammonium sulfate. The precipitated proteins were then dissolved with 10 mM
KPB, pH 7.4 and diayzed against the same buffer. In this step, the enzymes were purified

1.63to 2.17 fold with 60 --77% recovery.

3.8.3 DEAE-Toyopear| column chromatography
The enzymes from section 3.8.2 were applied into DEAE-Toyopearl
column as described in section 2.11.3.2. The chromatographic profile of wild type AlaDH
and mutant AlaDHs were similar. Thus, only the profile of wild type is shown in Figure
3.8. The unbound proteins were eluted from DEAE-Toyopearl column with working

buffer. The bound proteins were then eluted with linear salt gradient of 0 tol M
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potassium chloride solution. The enzyme was eluted at 0.1 M potassium chloride solution
as indicated in the profile. The fractions with AlaDH activity were pooled and dialyzed
against working buffer. The wild type and mutants enzymes were purified about 2.2 - 3.8

fold with 39 - 55% recovery compared with crude enzyme (Table 3.8).

3.8.4 Blue Sephar ose column chromatogr aphy

The pooled active fractions from DEAE-Toyopearl column were further
purified by Blue Sepharose column as described in section 2.11.3.3. The enzyme
solutions were then loaded into Blue Sepharose column and eluted with O - 2 M
potassium chloride solution in KPB buffer, pH 7.4 as indicated in Figure 3.9. The
fractions with AlaDH activity were pooled and dialyzed against working buffer. This
operation obtained the enzymes with 126 - 327 mg protein and 3,000 - 6,400 activity
units. The specific activity of enzymes from this last step was in the range of 18 - 32
unit/mg protein. The enzymes were purified about 3-4 fold about 23 - 40% recovery
compared with crude enzyme as showed in Table 3.8. The purified enzymes from this

step were kept as aiquot at 4°C for characterization experiments.

3.9 Determination ‘of * enzyme purity. and “protein pattern on

polyacrylamide gel electrophoresis
3.9.1 Non-denaturing polyacrylamide gel electrophoresis
The enzymes of wild type and mutants (L101E, A231E and L101E/A231E)
from Blue Sepharose column step of purification were analyzed for purity and protein

pattern by non-denaturing polyacrylamide gel electrophoresis as described in section
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Figure 3.8 Purification of alanine dehydrogenase by DEAE-T oyopear| column
The enzyme solution was applied to DEAE-Toyopearl column and washed with 10 KPB buffer, pH 7.4 until A,gy decreased to
base line. Gradient elution of bound proteins was made by 0 - 1 M KCI in the same buffer at the flow rate of 1 ml/min.
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Figure 3.9 Purification of alanine dehydr ogenase by Blue Sephar ose column
The enzyme solution was applied to Blue Sepharose column and washed with 10 KPB buffer, pH 7.4 until A g decreased to
base line. Gradient elution of bound proteins was made by 0 - 2 M KCI in the same buffer at the flow rate of 1 ml/min.
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Table 3.8 Purification table of AlaDHs
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Specific
AlaDH Purification step Total Total activity % Recovery | Purification
activity protein (unit/mg fold
(unit) (mg) protein)
Crude enzyme 16.3x10° 2,237 7.28 100.0 1.0
wild type 20-40% Ammonium sulfate precipitation 11.2x10° 944 11.88 68.8 16
DEAE-Toyopearl column 9.0x10° 555 16.27 55.5 2.2
Blue Sepharose column 4.0x10° 155 25.75 24.5 35
Crude enzyme 17.0x10° 2,232 7.63 100.0 10
L101E 20-40% Ammonium sulfate precipitation 13.2x10° 890 14.82 774 19
DEAE-Toyopearl column 6.8x10° 233 28.91 39.6 38
Blue Sepharose column 4.1x10° 126 32.05 23.8 4.0
Crude enzyme 16.3x10° 2,375 6.85 100.0 10
A231E 20-40% Ammonium sulfate precipitation 9.8x10° 716 13.76 60.5 2.0
DEAE-Toyopearl column 7.3x10° 449 16.27 44.9 2.4
Blue Sepharose column 6.4x10° 327 19.55 39.3 2.9
Crude enzyme 14.1x10° 2,375 5.92 100.0 10
L101E/A231E | 20-40% Ammonium sulfate precipitation 9.8x10° 763 12.84 69.7 2.2
DEAE-Toyopearl column 6.3x10° 450 15.50 44.6 2.6
Blue Sepharose column 3.2x10° 173 18.36 22.7 3.1
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2.12.1. The activity staining was performed to compare with protein staining. The result
is shown in Figure 3.10. All of purified AlaDH showed a single protein band which
corresponded with their activity staining. Single mutant enzyme, L101E and A231E,
moved faster than wild type enzyme, while double mutant enzyme, L101E/A231E moved

fastest. This evidence reflected the net charge on enzyme.

3.9.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

The enzyme from each step of purification was analyzed for purity and
protein pattern by SDS-PAGE as described in section 2.12.2. The protein staining was
performed to compare between wild type AlaDH and its mutants as exhibited in Figure
3.11. The purity of enzymes increased in each step. The enzymes from final step, Blue
Sepharose column, had purity higher than 90%. Thus, these purified enzymes were
suitable for characterization of their properties. The mobility of al mutant enzymes was

similar to their wild type with estimated molecular weight of 40,000 Dalton.

3.10 Characterization of AlaDH wild type and mutants
3.10.1 Effect of temperature on AlaDH activity
The optimum temperature of AlaDH wild type and mutants was assayed
by the method described in section:2.13.1 at various temperatures (30°C - 65°C). The
highest temperature observed from each source of enzyme was set as 100% relative
activity. AlaDH wild type showed the highest activity at 50°C, whereas the optimum

temperature of all mutants was 52.5°C (Figure 3.12).
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Figure 3.10 Non-denaturing PAGE ne dehydrogenases from Blue Sepharose

column
A. Protein staining aﬂﬁuﬁwau%ﬁ
ANRINTUNINENAE
Lane 1 wild type
Lane 2 LIOIE
Lane 3 I A231E
Lane 4 L101E/A231E
B. Activity staining
Lane 5 wild type
Lane6  LI0OIE
Lane 7 A231E

[Lane 8 LIOIE/A231E
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Figure 3.11 SDS-polyacrylamide gel electrophoresis of alanine dehydrogenase

—

Lane 1  low molecular weight marker protein

Lane 2  crude enzyme/ wild type

Lane 3 20-40% ammonium sulfate precipitation/ wild type
Lane 4 DEAE-Toyopearl column/ wild type

Lane 5 Blue Sepharose column/ wild type

Lane 6 Blue Sepharose column/ L101E

Lane 7 Blue Sepharose column/ A231E

Lane 8 Blue Sepharose column/ LIOTE/A231E
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Figure 3.12 Effect of temperature on AlaDH activity
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3.10.2 Effect of pH on AlaDH activity
The optimum pH of enzyme was performed as the method described in
section 2.13.2. The pH of each reaction mixture was measured at room temperature after
the reaction. All AlaDHs showed maximum activity in the pH range of 10.4 - 10.6 as

shown in Figure 3.13.

3.10.3 Effect of temperature on AlaDH stability

Thermostability of AlaDHs was determined as described in section 2.13.3.
The enzyme activity of non-preincubated enzyme was defined as 100% relative activity.
The result is shown in Figure 3.14. The wild type enzyme retained almost its full activity
up to 50°C. When incubating temperatures were higher than 50°C, the enzyme activities
rapidly declined. Single mutant enzyme from L101E and A231E could retain their full
activities up to 55°C whereas double mutant enzyme was stable up to 57°C. The
temperature at which 50% relative activity was obtained (T,) of wild type, L101E,

A231E and L101E/A231E enzyme were 58, 60, 60 and 61°C, respectively.

3.10.4 Substrate specificity of alanine dehydrogenase
Substrate specificity of AlaDHs in the direction of oxidative deamination
was investigated as mentioned in section 2.13.4. All.enzymes in this test showed similar
result asillustrated in Table 3.9. The highest activity observed with L-alanine as substrate
was defined as 100% relative activity. No activity was observed with D-alanine, D-
aspartate, L-aspartate, L-phenylalanine, L-leucine, D-leucine, L-methionine,

L-Threonine, L-isoleucine, D-trytophan, L-valine, glycine, L-glutamate, L-cysteine,
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Table 3.9 Substrate specificity of AlaDHs

89

Relative activity ° (%)

Substrates® AlaDH wild type L101E A231E L 101E/A231E
L-alanine 100 100 100 100
L-serine 1.50 1.29 1.98 1.36
L-a-amino-butyric acid 1.89 1:92 2.67 1.89

4 Final concentration of each substrate was 20 mM. The following were inert: D-alanine, L-asparagine, D-aspartic acid, L-aspartic acid, L-

cysteine, L-glutamic acid, glycine, L-isoleucine, D-leucine, L-leucine, L-lysine, L-methionine, L-phenylalanine, D-serine, L-threonine, D-

tryptophan and L-valine

® For oxidative deamination
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L- asparagine, L-lysine, and D-serine, whereas L-serine and L-a-amino-N-butyrate gave

activity intherange of 1.29 - 1.98 and 1.89 - 2.67% relative activity, respectively.

3.11 Kinetic parameter of alanine dehydrogenase

Steady state kinetic analysis was carried out to investigate the K, values on L-
alanine and NAD™ of AlaDH wild type and mutant enzymes. First, studies for oxidative
deamination were performed with L-alanine as variable substrate in the presence of
severa fixed concentrations of NAD®. The data from the experiments were then used for
double reciprocal plots of initial velocities versus L-alanine concentrations. The apparent
Km valuesfor L-alanine were calculated to be 6.41, 7.24, 6.67 and 6.67 mM for wild type,
L101E, A231E and L101E/A231E enzyme, respectively as shown in Figure 1.15A and
1.16B, 1.17A and 1.18B, 1.19A and 1.20B as well as 1.21A and 1.22B. The secondary
plot of the intercepts at the ordinate versus reciprocal concentrations of NAD™ was used
to calculate K, value of NAD®. As shown in Figure 1.15B and 1.16A, 1.17B and 1.18A,
1.19B and 1.20A, as well as 1.21B and 1.22A, the apparent K, values of wild type,
L101E, A231E and L101E/A231E enzyme were 0.15, 0.15, 0.20 and 0.18 mM,
respectively. All K, values for L-alanine and NAD" are summarized in Table 3.10.

The all properties of wild type and mutants in this experiment are shown in Table

3.11.
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Figure 3.15 Initial velocity patternsfor oxidative deamination of wild type enzyme when varied L-alanine
A. Double-reciprocal plots of initial velocities versus L-alanine concentrations at series of fixed concentrations of NAD*
Concentrations of NAD" were: 0.25 mM (line 1), 0.5 mM (line 2) and 1.0 mM (line 3)
Concentrations of L-alanine were: 1.25, 2.5, 5.0 and 10.0 mM

B. Secondary plots of y intercept versus reciprocal concentrations of NAD"
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Figure 3.16 Initial velocity patternsfor oxidative deamination of wild type enzyme when varied NAD*
A. Double-reciprocal plots of initial velocities versus NAD™ concentrations at series of fixed concentrations of L-alanine
Concentrations of L-alanine were: 1.25 mM (line 1), 2.5 mM (line 2), 5.0 mM (line 3) and 10.0 mM (line 4)
Concentrations of NAD" were: 0.25, 0.5 and 1.0 mM

B. Secondary plots of y intercept versus reciprocal concentrations of L-alanine
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Figure 3.17 Initial velocity patternsfor oxidative deamination of L 101E enzyme when varied L-alanine
A. Double-reciprocal plots of initial velocities versus L-alanine concentrations at series of fixed concentration of NAD*
Concentrations of NAD" were: 0.25 mM (line 1), 0.5 mM (line 2) and 1.0 mM (line 3)
Concentrations of L-alanine were: 1.25, 2.5,-5.0 and 10.0 mM

B. Secondary plots of y intercept versus reciprocal concentrations of NAD*
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Figure 3.18 Initial velocity patternsfor oxidative deamination of L 101E enzyme when varied NAD"
A. Double-reciprocal plots of initial velocities versus NAD™ concentration at series of fixed concentration of L-alanine
Concentrations of L-alanine were: 1.25 mM (line 1), 2.5 mM (line 2), 5.0 mM (line 3) and 10.0 mM (line 4)
Concentrations of NAD" were: 0.25, 0.5 and 1.0 mM

B. Secondary plots of y intercept versus reciprocal concentrations of L-alanine
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Figure 3.19 Initial velocity patternsfor oxidative deamination of A231E enzyme when varied L-alanine

A. Double-reciprocal plots of initial velocities versus L-alanine concentrations at series of fixed concentration of NAD*
Concentrations of NAD" were: 0.25 mM (line 1), 0.5 mM (line 2) and 1.0 mM (line 3)
Concentrations of L-alanine were: 1.25, 2.5, 5.0 and 10.0 mM

B. Secondary plots of y intercept versus reciprocal coneentrations of NAD*
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Figure 3.20 I nitial velocity patternsfor oxidative deamination of A231E enzyme when varied NAD"

A. Double-reciprocal plots of initial velocities versus NAD concentrations at series of fixed concentration of L-alanine
Concentrations of L-alanine were: 1.25 mM (line 1), 2.5 mM (line2), 5.0 mM (line 3) and 10.0 mM (line 4)

Concentrations of NAD* were: 0.25, 0.5 and 1.0 mM

B. Secondary plots of y intercept versus reciprocal concentrations of L-alanine
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Figure 3.21 Initial velocity patternsfor oxidative deamination of L 101/A231E enzyme when varied L-alanine
A. Double-reciprocal plots of initial velocities versus L-alanine concentrations at series of fixed concentration of NAD*
Concentrations of NAD" were: 0.25 mM (line 1), 0.5 mM (line 2) and 1.0 mM (line 3)
Concentrations of L-alanine were: 1.25, 2.5, 5.0 and 10.0 mM

B. Secondary plots of y. intercept versus reciprocal concentrations of NAD'
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Figure 3.22 Initial velocity patternsfor oxidative deamination of L 101E/A231E enzyme when varied NAD*
A. Double-reciprocal plots of initial velocities versus NAD concentrations at series of fixed concentration of L-alanine
Concentrations of L-alanine were: 1.25 mM (line 1), 2.5 mM (line 2), 5.0 mM (line 3) and 10.0 mM (line 4)
Concentrations of NAD" were: 0.25, 0.5 and 1.0 mM

B. Secondary plots of y intercept versus reciprocal concentrations of L-alanine



Table 3.10 The apparent K, values of AlaDHs
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Ken (MM) wild type L 101E A231E L 101E/A231E
L-alanine 6.41 7.27 6.67 6.67
NAD* 0.15 0.15 0.20 0.18




Table 3.11 Properties of AlaDHs
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Properties wild type L101E A231E L 101E/A231E
Thermostability (°C) 58 60 60 61
Optimum temperature (°C) 50.0 52.5 52.5 52.5
Optimum pH 10.51 10.57 10.53 10.55
Substrate specificity
(% relative activity)

L-serine 1.50 1.29 1.98 1.36
L -a-amino-butyric acid 1.89 1.92 2.67 1.89
Km (MM)

L-alanine 6.41 7.27 6.67 6.67
NAD* 0.15 0.15 0.20 0.18




CHAPTER IV

DISCUSSION

Amino acid dehydrogenases play important roles in all life. In bacteria, amino
acid can be metabolized as the energy sources by these enzymes. They have the
advantages of producing the amino group in of free ammonium form and other important
metabolize molecules such as pyruvate and o-ketoglutarate. Several amino acid
dehydrogenases were used as biocatalysts in industrial and clinical proposes.

To extend the use of amino acid dehydrogenase, a more abundant and cheaper
supply of stable amino acid dehydrogenase was required. The thermostable amino acid
dehydrogenases have practical advantages in amino acid production and analytical uses
compared with their thermolabile counterparts from mesophiles. There are 2 possible
ways to obtain the thermostable enzymes: 1) to isolate directly from a variety of
thermophiles and 2) to improve the property of thermolabiles through genetic engineering
based on DNA sequence and structure of their thermostable counterparts.

Alanine dehydrogenase is used for producing L-alanine and pyruvate which are of
industrial importance. Aeromonas hydrophila isolated from soil in Bangkok was found to
have high alanine dehydrogenase activity (Phungsangthum, 1997). Moreover, the alaDH
gene was cloned and expressed in E. coli (Poomipark, 2000). Although catalytic
properties of A. hydrophila enzyme are suitable for application such as L-alanine
production or clinical diagnosis, its thermostability is not so high enough. Thus,

improvement of AlaDH was performed in this work.
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4.1 Rational design and selection of amino acid residues

To improve thermostability of protein, rationa design principle is to compare
amino acid sequence and three-dimensional structure of protein counterparts from
mesophilic and (hyper) thermophilic organisms for identification of residues related to
thermostability. In this experiment, amino acid sequence and protein structure of AlaDH
from Aeromonas hydrophila, a mesophilic organism, was compared with thermophilic
AlaDH from Bacillus stearothermophilus. However, reports on structure are not
available. Thus, computational methods play a crucial role in this experiment.
Comparative of protein modeling is of great assistance during the rational design for
mutagenesis.

In this part, structures of both AlaDHs were constructed from amino acid
sequence using SWISS-MODEL. X-ray crystallography of AlaDH from Phormidium
lapideum was used as template for construction of model structures. Characteristics of
model structure depend on alignment of protein with template. Schwede et al., (2000)
compared protein structures generated by SWISS-MODEL with their 3D-structure from
X-ray crystallography or nuclear magnetic resonance (NMR). They found that 79% of the
sequences sharing 50 - 59% identity with their templates yielded a SWISS-MODEL
deviating by less than 3 A from their control structure. Since amino acid sequence
aignment of both AlaDHs showed over 50% identity to template (53.10% in A.
hydrophila and '54.03% in B. stearothermaophilus), their model structures were reliable.
The three-dimensional structures of AlaDHs exhibited high similarity in protein core
when they were compared with template. Furthermore, formation of a-helix and -sheet
were displayed in the same location. At different amino acid sequence position, possible

side chain conformations were selected from a backbone dependent rotamer library,
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which has been constructed carefully taking into account the quality of the source
structure.

Although, both model structures of AlaDH were similar, their thermostability was
different. Galkin et al., (1999) exhibited that salt bridge in protein has an important role
in thermostability of AlaDH. Moreover, Lebbink et al., (1998) showed that cooperative
charge-charge interactions in an ion-pair network are important in glutamate
dehydrogenase. Hence, electrostatic interaction in both models of AlaDH was cal cul ated.

Amino acid residues, at which difference in electrostatic interaction were found,
were considered for site-directed mutagenesis. Performance of two residues mutation per
one interaction should be avoided. Moreover, mutated residues must not locate in an
active site of the enzyme. Five residues expected to form electrostatic interaction; G38E,
L58R, L101E, P168R and A231E were calculated for distance between opposite side-
chain. L58R, L101E and A231E could form salt bridge and/or long-range pattern of

electrostatic interaction while G38E and P168R showed only long-range pattern.

4.2 Site-directed mutagenesis

The QuikChange site-directed mutagenesis based on PCR strategy is used for
construction alaDH mutant gene. Both of mutagenic primers contain the desired mutation
and anneal to the same sequence on-opposite strands of the plasmid. Instruction manual
of this method recommended the small amount of starting DNA template, the high
fidelity of the Pfu Turbo DNA polymerase, and low numbers of thermal cycles for high
mutation efficiency and decreased potential for generating random mutagenesis during
the reaction. Thus, PCR product could not be visualized in agarose electrophoresis. The

reaction was treated with Dpnl endonuclease which is used to digest the methylated or
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hemimethylate DNA template and to select for mutation-containing synthesized DNA.
DNA isolated from most E. coli strains except strains JIM110 and SCS110 are dam’
methylated and therefore susceptible to Dpnl digestion. Consequently, the nick plasmid
was transformed into E. coli XL1-Blue supercompetent (from mutagenesis kit). In this
experiment, the mutagenesis efficiency, expected by number of blue colony appeared in
the transformation of pWhitescript control mutagenesis reaction, was in the range of 85 -
89%. The mutagenesis efficiency of control was used to anticipate the efficiency of
AlaDH mutagenesis. Wang and Malcolm (1999) used QuikChange site-directed
mutagenesis for multiple mutations. They obtained a few number of mutants, about 50-80
clones, because of low amount of DNA used in the experiment. The low transformation
efficiency was improved by Shubeita and Rohwer (2000) by adding Tag DNA ligase into

PCR reaction step to join nick plasmid DNA.

4.3 Enzyme assay and thermostability of crude enzyme

The AlaDH activities of mutant enzymes in E. coli XL1-Blue were markedly
lowers than activity of wild type E. coli IM109 (Table 3.2 — 3.3). Thisresult is caused by
property variation in both stains such as polylytic deficiency and solubilization of
recombinant protein. E. coli XL1-Blueis mainly used far transformation and propagation
of plasmid while E. coli IM109 is used for gene expression. For example, cloning and
expression of gene encoding a protein obtained from earthworm secretion used E. coli
XL1-Blue as host cell for cDNA library construction and used E. coli JM109 for
expression (Liu et al., 1997). Furthermore, SSIGMA-ALDRICH Company recommended

E. coli IM109 as compatible host of plasmid pUC 18 for high level expression.
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Therefore, mutant plasmids were extracted from E. coli XL1-Blue and
transformed into E. coli IM109 for higher expression. Specific activity of crude AlaDH
from G38E, L101E, P168R and A231E were close to that of wild type while specific
activity from L58R was lower (Table 3.4 — 3.5). Since Leu 58 locates on domain | which
contains substrate binding site and most of its neighbor residues such as Leu 51, lle 57,
Ala 59 and Ala 61 are hydrophobic, the formation of electrostatic interaction in this
position might destabilize the correct folding of protein that leads to the reduction of
activity.

The thermostability of the AlaDH was determined from crude enzyme. A231E
and L101E showed higher stability than wild type. Increasing thermostability should
result from electrostatic interaction of the constructed Glu residue which could stabilize
protein structure. Even though G38E was expected to or electrostatic interaction, G38E
showed similar thermostability to its wild type. This can be explained that the interaction
between Glu 38 and Lys 7 were long-length which is the weakest electrostatic interaction
so it could not promote thermostability. Correspondingly, Dao-pin et al., (1991)
determined the contribution of long-range electrostatic interaction which involved in the
stability of bacteriophage T4 lysozyme protein and found that the thermostability of all
13 variant proteins were fairly ssmilar with wild type. The contrary results were observed
with L58R and P168R. Both mutant enzymes showed less stable than wild type although
they could form electrostatic interaction.in molecular model. In the L58R, substitution of
arginine into hydrophobic region altered overall structure of the enzyme which affected
both enzyme thermostability and activity. For P168R, the constructed Arg 168 could

form electrostatic interaction with Asp 193 which is closed to hydrophobic bounded turn
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at interface of dimer so Arg 168 might decrease dimer formation of AlaDH subunit at

high temperature.

4.4 Purification of alanine dehydrogenase

In this experiment, AlaDH from wild type and three mutants (L 101E, A231E and
L101E/A231E) were purified for comparison of their properties. The purification
consisted of 3 steps: 20 - 40% ammonium sulfate precipitation, DEAE-Toyoperal and
Blue Sepharose column chromatography. All enzymes showed similar purification
pattern with about 24 - 40% vyield, 3 - 4 purification fold with specific activity 18 - 32
unit/mg protein and total activity 14x10° - 17x10° unit/17 g of cell wet weight.
Phungsangthum (1997) purified AlaDH from Aeromonas hydrophila using 5 steps: 30 -
40% ammonium sulfate precipitation, DEAE-cellulose, Hydroxyapatile column, Blue
Sepharose column and Sephadex G-200 column chromatography. Overall purification
achieved from 30 g wet weight was 100 fold, 18% yield with total activity 168.3 units
and specific activity 23.0 unit/mg protein. Since, AlaDH production in E. coli IM109
clones which contained lac promoter on pUC18 vector could be induced by IPTG,
AlaDH became the maor protein in crude extract. Hence, the purification of clone
enzymes was easier than the enzyme from original strain.

Ammonium sulfate was the salt of choice and used in this work because it
combined many useful features such as salting out effect, pH versatility, high solubility,
low heat of solution and low price (Bollag et al., 1996). In this experiment, 20 - 40%
ammonium sulfate was used whereas purification from A. hydrophila used 30 - 40%
ammonium sulfate which might be due to different surrounding proteins in the crude

extracts. This step is very effective for impurity removal. About half of proteins were
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removed but about one thirds of the enzyme activity was lost. The lost of enzyme activity
might be caused by the removal of some factors important for stabilizing the enzyme
activity.

DEAE-Toyopear! is an anion exchanger, widely used in the purification of amino
acid dehydrogenase. Its popularity stems from the possibility of high resolving power,
versatility, reproducibility and ease performance. This column contributed greatly to the
purification procedures, with less loss of AlaDH activity compared to the amount of
protein removed. Subsequently, the enzyme was purified by Blue Sepharose
chromatography which is affinity chromatography for selection of NAD™-dependent
enzymes. Blue Sepharose column contains dye (Cibacron Blue F3G-A) as a ligand which
covalently attached to agarose. The enzyme can bind with Cibacron Blue because the dye
has similar structure with NAD" and NAD(P)". AlaDHs were purified by Blue Sepharose
column with its high effectiveness. The purity of purified enzymes was higher than 90%
which was acceptable for enzyme characterization.

When using non-denaturing polyacrylamide gel electrophoresis, the relative
mobility of native proteins from wild type was less than all mutant enzymes because
uncharged residues were substituted with negatively charged residue (Glu) in mutants.
However, L101E moved faster than A231E though one residue was substituted in both
mutants. Thus, Glu in 101 might promote charge better than in A231E. L101E/A231E
had the highest mobility with two Glu residues substituted. However, SDS-PAGE
showed no difference in mobility among wild type and mutants who suggests that the
change in amino acid residue(s) as performed did not affect molecular size and shape of

the enzyme AlaDH.
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4.5 Characterization of AlaDH wild type and mutant enzymes

4.5.1 Effect of temperature on AlaDH activity and ther mostability

The optimum temperature of AlaDH wild type from E. coli JM109 for
oxidative deamination was 50°C whereas those of all mutants shifted to 52.5°C.
Temperature affects the rate of an enzyme-catalyzed reaction by increasing the thermal
energy of the substrate and enzyme molecules. Moreover, increasing thermal energy of
molecules which make up the protein structure will increase the chance of breaking the
multiple weak noncovalent interactions holding the three-dimensiona structure (Hames,
1998). AlaDH lost absolute functions at 60°C for wild type and 62.5°C for al mutants.
Difference of optimum temperature between wild type and mutants should be the result
of adding electrostatic interactions on molecule of mutants. This evidence was confirmed
in an engineering of electrostatic interactions to improve thermostability of malate
dehydrogenase (Trejo et al., 2001). The constructed salt bridge could not enhance
stability but it resulted in a 15°C shift in optimum temperature.

The temperature at the mid point of process is known as the protein’s melting
temperature Ty, in analogy with the melting of a solid (\V oet, 1995). T,, value is the best
descriptor and widely used as an appropriate represent for thermostability of proteins
(Kumn et al., 2000). The T, of AlaDH wild type was 58°C while single mutated enzymes
(L101E and A231E) were 60°C and T, value of double mutated enzyme (L101E/A231E)
was 3°C higher than wild type. Improvement of thermostability of glutamate
dehydrogenase by induced salt bridge also raised Ty, by 2.5 °C (Vetriani et al., 1998). Ala
231 of A. hydrophila AlaDH is coincident with Glu 230 Phormidium lapideum AlaDH
(Figure 4.1) which locates in hydrophilic part at interface center of dimer. Thus,

increasing of hydrophilic character in the interface region of dimmer was likely to be a
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Figure 4.1 Glu 231 of A. hydrophila (upper) coincided with Glu 230 of P. lapideumt
(lower)



Figure 4.2 Glu 101 and Arg 105 formation in A. hydrophila AlaDH (upper) and
Glu 101 and Arg 102 formation in B. stearothermophilus AlaDH (lower)
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factor help in promoting the enzyme thermostability. By the way, substituted Glu 101
residue might form an interaction with Arg 105 (Figure 4.2) whereas Glu 101 in B.
stearothermophilus interacts with Arg 102 (Figure 4.2) So, formation of electrostatic

interaction at these two residuesisimportant for thermostability of AlaDH.

4.5.2 Effect of pH on AlaDH activity

All tested AlaDHs showed similar optimum pH for oxidative determination,
approximately 10.5, with the AlaDH from A. hydrophila (Phungsangthum, 1997). This
suggested that all point mutations did not affect the ionization of amino acid residuesin

an active site.

4.5.3 Substrate specificity of AlaDH

Substrate specificity of AlaDH wild type from E. coli IM109 and mutants was not
different from the property of AlaDH extracted from A. hydrophila (Phungsangthum,
1997). Therefore, this experiment confirmed that the active site of all mutants was not

altered by mutation.

4.5.4 Kinetic studiesof AlaDH

The K, for alanine of wild type and mutant enzymes exhibited no significant
difference. On the other hand, Ky, for NAD" of A231E and L101E/A231E differed
dightly from the wild type. This appearance should not be the effect of structure
alteration. Thus, replacement of Leu 101 and Ala 231 with Glu can form electrostatic
interaction which contributed to thermostability without change in catalytic activity of

AlaDH. In contrast, improvement of hydrophobic interaction in alanine racemase could
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elevate thermostability with amarkedly lower Ky, value than wild type (Y odoigawa et al .,
2003)

In the case of enzyme engineering, several kinds of interactions were suggested to
contribute in enhancement of thermostability. The comparison of structure and sequence
of homologous protein from thermophilic and mesophilic organisms can provide the
important clues to stabilize protein. Electrostatic interaction is one factor involved in
thermostability between protein counterparts. In this work, thermostability of AlaDH
from Aeromonas hydrophila was improved though site directed mutagenesis based on
different electrostatic interactions from its counterpart thermophilic AlaDH. Since few
publications about aanine dehydrogenase are available, this is the first report on
improvement of the AlaDH property by site-directed mutagenesis The constructed

enzyme is more useful than wild type in industrial and medical application.



CHAPTER YV

CONCLUSIONS

1. To improve themostability of alanine dehydrogenase from Aeromonas hydrophila,
G38E, L58R, L101E, P168R, A231E and L101E/A231E mutants were constructed by
QuikChange site-directed mutagenesis.

2. Crude enzymes from L101E and A231E showed higher thermostability than that of
wild type while the stability from L58R and P168R enzymes were lower.

3. Alanine dehydrogenases from wild type and L101E, A231E aswell as L101E/A231E
mutants were purified to high purity (>90% purity) with 20 - 40% yield and 3 - 4
purification folds.

4. Purified L101E/A231E AlaDH exhibited higher Ty, than wild type by 3°C while L101E
and A231E showed 2°C higher.

5. Optimum temperature of L101E, A231E and L101E/A231E enzymes shifted up 2.5°
C when compared with that of wild type.

6. From the studies of optimum pH, substrate specificity and Ky, value, the activity of

AlaDH from L101E, A231E and L 101E/A231E mutants were not altered.
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APPENDIX A

Restriction map of pUC18

Eco0108 | 2674
Aat Il 2617

Esp3 | 51
Nde 1 183
MNarl 235

Ssp | 2500

multiple

Hind 11l 339
-} cloning
EcoR 1450 - site

Xmn | 2294

Bcg 12215

Scal 2177 lac!'OPZ’

2000

Afrin
806 < BsplLU11 |

Gsul 1784
CiriD | 1779

Bgal 1768
Eam1105 | 1694 1000

AlwN | 1277

The sequence ias not been confirmed by sequence analysis. It was assembled from the known sequence of
fragments used to construct the vector.
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APPENDIX B

QuikChange Site-Directed M utagenesis Control

The pWhitescript 4.5-kb control plasmid is used to test the efficiency of mutant
plasmid generation using the QuikChange site-directed mutagenesis kit. The pwWhitescript
4.5-kb control plasmid contains stop codon (TAA) at the position where a glutamate
codon (CAA) would normally appear in the p-galactosidase gene of the pBluescript® Il
SK(-) phagemid (corresponding to amino acid 9 of the protein). E. coli XL1-Blue
supercompetent cells transformed with this control plasmid appear white on LB-ampicilin
agar plate, containing IPTG and X-gal, because [(-gaactosidase activity has been
obligated. The oligonucleotide control primers create a point mutation on the
pWhitescript 4.5-kb contral plasmid that revert T residue of the stop codon (TAA) at
amino acid 9 of the B-galactosidase gene to a C residue, to produce the glutamine codon
(CAA) found in the wild type sequence. Following transformation, colonies can be
screened for the B-galactosidase (B-gal*, blue) phenotype.
Expected result for the control transformations
The expected colony number from the transformation of the pwWhitescript control
mutagenesis reaction is between 50 and 800 colonies. Greater than 80% of the colonies
should contain the mutation and appear as blue colonies on agar plates containing IPTG
and X-gal.

The mutagenesis efficiency (ME) for the pwWhitescript 4.5-kb control plasmid is
calculated by the following formula:

ME = Number of blue colony forming units (cfu) x100

Total number of colony forming units (cfu)
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APPENDIX C

NZY ™ Broth (per liter)
10 g of NZ amine (casein hydrolysate)
5 g of yeast extract
5 g of NaCl
Add deionized H»O to afinal volume of 1 liter
Autoclave
Add the following filer-sterilized supplements prior to use:
12.5 ml of 1 M MgCl,
12.5ml of 1 M MgSO,

20 ml of 20% (w/v) glucose (or 10 ml of 2 glucose)
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APPENDIX D

Preparation for protein determination

Reagent for determination of protein concentration (modified from Lowry et al.,
1951)

Solution A (0.5% copper sulfate, 1% potassium tartate, pH 7.0)
Potassium tartate 10 g
Copper sulfate 0.5 g
Adjust pH to 7.0 and adjust the solution volume to 100 ml

Solution B (2% sodium carbonate, 1N sodium hydroxide)
Sodium carbonate 200 g
Sodium hydroxide 4.0 g
Dissolved in distilled water to 1 liter.

Solution C (phenol reagent)

Sodium tungstate 500 g
Sodium molybdate 125

85% phosphoric acid 25.0 g
Distilled water 350  ml

Concentrated hydrochloric acid 50 mi
Reflex for 10 hour

Lithium sulphate 750 g
Distilled water 25 mi
Bromine solution 2-3 drops

Boil the solution to reduce excess bromine for 15 minutes, then adjust volume to
500 ml with distilled water and store at 4 °C. Dilute the stock solution with distilled water
inratio 1: (V/V) before using.
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APPENDIX E

Preparation of E. coli competent cellsfor electroporation (Dower, 1988)

. A fresh overnight culture of E. coli JM 109 was inoculated into 1 liter of LB broth

with 1 volume of overnight culture to 100 volume of LB broth.

. Cells were grown to log phase at 37°C with vigorous shaking. The ODgy Was about

0.5t00.8.

. To harvest, the culture was chilled on ice for 15 to 30 minutes, and then centrifuged at

8,000 x g for 15 minutes at 4°C.

. The cells were washed with 1 liter of cold water, were spun down and washed again

with 0.5 liter of cold water.

. After the centrifugation, cells were resuspended in approximately 20 ml of 10%

glycerol in distilled water and centrifuged at 8,000 x g for 15 minutes at 4°C.

. The cell pellets were resuspended to a final volume of 2 to 3 ml in 10 % glycerol.

This suspension was stored at —70°C until used.
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LYS
LYS

Y S . . o o o~ o~ ~ ~ —~ —~ —~

290
291
291
291
291
255
255
255
255
291

96
279
279
279
327
111
111
349
341
341

— — — e e e e e e e e e e - — — —

NZ

ND1
NE2
ND1
NE2
NH1
NH2
NH1
NH2
NE2
NE2
NH2
NH1
NH2
NZ

NZ

NZ

NE2
NZ

NZ

Uy NDOYUTOYOUTOY N BN WWOUTN DD

.65
.13
.64
.07
.47
.05
.99
.19
.86
.48
.95
.05
.69
.39
.32
.88
.10
.70
.73
.63
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(i)

APPENDIX G

The DNA sequencing profile of the alaDH gene fragment
AlaDH wild type using M 13 Forward primer
AlaDH wild type using M 13 Rever se primer
G388R using M 13 Rever se primer
L58R using M 13 Rever se primer
L 101E using M 13 Rever se primer
P168 using M 13 Reverse primer
A231E using M 13 Forward primer
L 101E/A231E using M 13 Forward primer

L 101E/A231E using M 13 Reverse primer

Note: mutant sequences are boxed
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Pacge...2..0f.. 3.

Model 377 19L58R J-1-M13Forward primer. nal G:1093 A:355 T:257 C:730 Page 1 of 3
ABI A Version 3.7 | o % {BDv3}vi.maob Wed, May 21, 2003 3:03 PM
== Basecaller-377.bcp L58R J-1-M13Forward prim P =aeeessane datrixV3.mtx Tue, May 20, 2003 4:39 PM
PRISM BC 1.3.0.0 Cap 19 000 to 10616 Pk 1 Loc: 1000 Spacing: 10.36{10.36}
TT T ARNCACN CAG T5C CRAGC TTCAG T 4 [elols _ 6 CG ACC TCCTTGCAGG TG AT TTTGCC CGC CATCACG T TCAGG CC |
10 20 30 0 ‘ 0 BO 30 100 110 |
. i
|
|
- 9 |
o | |
y |
SIGCCGCAGGTG GGG ATCGC TG AGCAGTGCG TTGCG ATAGCCC 7 c G CETEGCGT TC TTCAGG GC CACG G TG GAGGTG CG TG C CACG GCGC CCGE

120 130 140 150 16 - \ 200 210 220 230

AGK =) \
Y g
Q /' A
by | "
N
] -
3CATGTTG GC CACGC AG TAGTGC ACC ACG TCG TCG ACGAT AGC CGC C CTG ATCGATGGCCACGTC CACG AIG @ CGAQCCOGGCT
240 250 260 270 - 330 340 350 360
. G FanWe) F ol [8)
TCATGCGGECANIGTG GTC X6 GG‘GACAIJGTT'I‘IGGCC% cclc ¥ #ﬁca: (o olele! Acampm; GCGCTC CAGG GICT CGOGGT TGGAGTAGACCACCT
370 380 390 400 410 i} 4 0 44 450 460 470 480 490

QJ

L] IJ

WAIN?
x.!x‘l‘x‘b&‘1’&‘1‘&&‘1‘;‘;‘1’&x‘l‘“ﬁdhﬁ'ﬂs!&;\s..&‘”&'ﬁ a“l‘ 'M*'me‘ ‘t’l.j““n JM .‘;“ WMIM“ 'l’l'
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ponuijuod (k)

3
Model 377 18L58R J-1-M13Forward primer.abl ignal 3:1093 A:355 T.257 G.730 Page..n.0f i Page 2of 3

ABIA ersian 3.7 Q‘_‘\Q\v; D [377{BOV3)v1.mob Wed, May 21, 2003 3:03 PM
Pﬂlﬁ Basecaller-377.bcp LS8R J-1-M13Forward p : B0 Malrixh/3.mix Tue, May 20, 2003 4:39 PM
BC 1.3.0.0 Cap 19 ‘ t01061ﬂ Pk 1 Loc; 1000 Spadng: 10.38{10.38}

TGEGC GG [+ 3\ CeT GHETCH'LTTG TCHPLGMGEEEU.G THRCG
500 [ o

'."_'_-' -._._ : Uﬂajﬁmm@m#l‘ﬂﬁwg EID gmﬁﬂm

L\M'M‘“ "N L..M"(w.{ Ay '\e.“ O mdinal Xy X

kamncuccmcnmummm , ' W o .;.Jr..- -

650
"}\I‘ ’\J ’
e
s AL 5
__.ﬂ"_ | AL

'; p‘ ‘M\”'M o), i

SAANATG GGASGCC AN NAGGGECA (30 GOC CPOBBCCINTCRE
#

{ﬂ]
A'@i }\ﬁ*.’fi’ wl"' #JW\ 3.4-*}#'%" "\ h. ‘J’i‘ k\'}w‘&a‘ﬂ!ﬂm
M*WMWGWWMWQ%%W% O e

\ mcmmxmtccc mmamrxmcm 'I‘n':r

CCGEE THINGGGOLCNG
870

mmﬁnmmﬂmm
BBO T4
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(@)

Madel 3100 X A Signal G:2607 A:1384 T:1355 C:1310 Vigeuiof. ... Page1of3
ABI A Version 3.7 B 0 POPB{HJVSM.M Fri, Nov 01, 2002 7:52 AM
. Basecaller-3100SR.bcp L58RN0.9-M13Reverse o S R 00_GA Thu, Oct 31, 2002 12:08 AM
PRISM  gc 1300 Cap 16 to 10106 Pk 1 Loc: 500 Spacing: 10.56{10.56}
CITAT G NATENAT T CGRAAT TCAGGAAACAGNICC A TG _BLl cle : TH CGCGTAGGCATGG T TCCGGCCAG TG TRCG TGAACTGACA

10 20 30 & E 20 100 110

‘\Mhlul lulﬂuudammuxmlhl

GECGT "CM

mh UA“UMHMNMNMLthmlm,.a-':%iié% ~--:’lhanﬂum “ M“NMJJMW

WMW

Mmﬂzhmuﬁ lgngmu vnuu1t.um.muMmlu.

uu_l‘,“muh.mm{n.UHt‘l“,hlmJ’M‘@:hm.‘lhlJ,uo.hlI"'Ao‘“ﬂ)j.l‘m Jy I;‘;‘,‘,‘.&t“ﬂ.‘;l‘x
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Model 3100 H10_L58RNo.9-M13Reverse_16.ab1 ) Signal G:2607 A:1394 T:1355 C:1310 Page 2 of 3

ABI A Version 3.7 A\\ S - 100POPe{anv3}v1 mob Fri, Nov 01, 2002 7:52 AM

- Basecaller-3100SR.bcp L58RN0.9-M13Reverse . Thu, Oct 31,2002 12:08 AM

PRISM  gc 1300 Cap 16 —_ .._MOO to 10106 Pk 1 Loc: 500 Spacing: 10.56{10.56}

ECGGCHG I‘I‘GCGGCGTGC TGCTCG GCGGECG TGCCCG GLG TGGE BACE:GG - LA = ATEATCGLECEEE s TGGGC TCCRAACGCAGCCCGC ATGG CCATCG GCCTG CG TGCCG ACG TCA
510 520 530 5 5O 580 580 800 610

‘

01“0‘&;‘.“M““‘L’A‘M‘M‘“M“‘. )"M ‘{l;\ .u“‘t“ ‘J‘M “\&u“;‘ )

CCATACTCGACRACAACATCGATACCC TG CGCCG TC TCGACAGCG AGH CC CGPGANEC"‘GGRGCGCC!\PCTGCTGGCGGCMGACCTGG 'CATCNG NG
620 630 640 850 660 \ 120 730 40

0“’“’ ) "’ M .”&a‘x\l&'b'l% ‘k. | AN '«'&'“ “.)L\.L&‘)".’l L‘Q!‘"\a'»’c}

gcsszcc*ecmcccscoacc;cmcccocmwmwmosn ; 40 GFCATNARAANG mmsrmmcccmucccccmm.a Joele
750 760 770 780 88 gip gon ---—:ﬁ 840 850 860 870 80

‘. oL -5‘-\‘ .

STTT TNTCCANANAGGGGACT NII\ENG& M.RTNNGGGG(H GB*CC‘ {

| NT’"MCCCNCGGGGGGNAANA GAEGAAANIN AGEGGN
830 800 920 1010

Ef G 390 1000

QWW@ﬁﬂimﬁJWYWI IR
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Model 3100 D11_8_4.ab1 Signal G:60 A:45 T:46 C:65 Page 1 of 2
AB' A Version 3.7 DT3100POP6{BDv3}vi.mob  Tue, May 06, 2003 11:54 PM
PRISM Basecaller-3100APOP6S8 3100-Avant Tue, May 06, 2003 9:29 PM
BC 1.5.b.6 Cap 4 Points 950 to 10106 Pk 1 Loc: 950  Spacing: 11.91{11.81}

[4 T C=fy
,{?r GATIRTC GGTGT %N TAAGG AAATAARAAARCCA TG AATATC 'GCﬁCAG CCAT GG TTNC NGCCAGIGTAC GT GAACTGACAGCACGAAACCATACCSTTTTC!
10 20 3o 40 30 60 70 80 20

(X )

__II_ _I- C_ q T
7

0 @10 12

()

Rett =
3GCGGAGATGATCGTCAAGG TCAAGG ATTNT C AGGCGG ICGAGLCGCGCC ATGCTGCE TCCEGGCCAGACCC TCTTTACCTACCTGCACCTGGCGCCAGACC
100 210 220 230 240 250 260 270 280 290

CL( Fh a¢ T
TGGNNI TT ACCCGGG AGCTGGTGG ACAGCG GCGC TATCTNTATCGCCTACG AAACCGTC ACCG ACGGCCGNGGCGGCCTGCCCCTGCTGGCCCCCATG T CC
0 310 320 330 340 350 360 370 380 390 40

SGAGGTGGCCGGACGC ATG TCTAT TCAGGCGGGTGCCCAGG CGC TG GAGARATCCCGCGGEGGTAGCGGCG TGCIGC TCG GCGGCG TGCCCGGCGTG GA
)0 420 430 449 450 460 470 482 490

W\ V) l‘ :




(p)

A\ e

Model 377 22058R No.10-M13Reverse primerabl onal G:1624 A745 Tds7 Ci1221 L 8GOl Page 1 of 2
ABI A Version 3.7 DT37 Tue, Mar 18, 2003 9:04 AM
PRISIV Eesscallr377.bcp LS8R No.10-M13Reverse prim

BC 1.3.0.0 Cap 22

atr : Mon, Mar 17, 2003 9:32 AM
00 to 10616 Pk 1 Loc: 1200 Spacing: 10.71{10.71}

Emmmmmm G ARJCAG PCCRIE AT TAREE GIC T A " HoG ARPTAAAARD » AATATCGCG TAGGC ATGG TTC G GCCAGTGTACG TG ARCTGACA |
20 30 i 0 W BD . 80 90 100 110 |

L u"uh\m‘. .hujsJHuJ*.‘

TI"DCCAAA

Vi ‘ L *unuumehuuduu,lmmuuln

G IIZXCGAAPC .PG G MG AI'C BG CTCTGC GGDAGAC gCG CCARMGG

'-lf-l-"". .-l'-‘—. ‘—

Q ']@ﬁﬂiﬂtll‘l/i ’J‘VIEI']NEI

e I T e o
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Moclel 310D A01_1_1.ab1 Signal G:108 A:70 T:£8 2:95 Page 1 of 2

ABI A Version 3.7 DT3100POF&{BDv3}v1.mob  Thu, May 15, 2005 10:57 PM
. Basecaller-310CAPOPGE’] 3100-Avant Thu, May 15, 2003 8:27 PM
PRISM BC 1.5.b.6 Cap 1 Points 847 to 10106 Pk 1 Loc: 847  Epacing: 12.05{12.05}

1

AACAGA CATG AT TATC G GTGTA(C TAAG G ABATARAAARCEATGAATATC GCG TASGCATGG T TCC GGCCAG TGTAC GTGARC TS ACAGCACGAAACCATAY
10 20 30 40 50 60 70 80 20 10¢|

i

CCGTTTTCGTCCAAAGCGGCGCAGSAAATGGCAT TG GGTTCAGYGACSCAGATTATCTGGCTIGCCGGAGCCGAGATCCTG3CCTCTGCGGCASACGT T!
110 120 132 140 150 160 170 18C 190

®)

AN Moy V1 uhlJUH 11 u“ﬂl dlmhnhll

I‘TCGCC}\AGGC ;G AG AT A"[CG';‘CMG(: T CMGC AGCCCCAG(:CGS FC3 &GCU(-C;CCA'J'G%T(C(: TCCGG! :CCBG ACCC 1CL L TAC i‘ACC |GCPCC TG"C'
200

mwﬂmwmmwmwmmmwm

350 360 370 380 390 4c

SCCAGA GGCCCAGACCCGGG AGCTCGTGG ACASCGGCGCTATCTGCATCGCCTACG RARCCE TCACC G ACGGCCGT GGCGGCCTGCCCCTGCTGGCCC
23 Jic 320 330 347

'.‘CCAT(-TCGGA:GTG(«CCCGJ\CGCA‘GICTA& TCASGCGG GTGCCCAGGCGCT (GRG}\RA‘ICCC.:CGGC(-%,‘TAGCf'GCGEgC GCTCGGCG GCGTGLCC!
43 44 460 171 490

450

it e el




(1

Model 377 12P168R No.13-M13Reverse primer.
Am Version 3.7
Pﬂlﬁ' Basecaller-377bcp  P168R No.13 MidReverse

BC 1.3.0.0 Cap 12

HCTRIC AR T 7T Gm”mn:fa ARRCRG J’C&Tﬁ
10 20 g

WG ARRCCAT ACCG TTTICGTCCAARMGCGECECAGE AAATG GC AT G :
L0 130 140 150 160 :

rage,...of.2 Page 1 of 2

Thu, Feb 13, 2003 8:35 AM
Wed, Feb 12, 2003 9:58 AM
Spacing: 10.79{10.75}

AICG OO TAGCATGL T IO GCCAG TG TACG TG ARC TG ACAGCA
a0 a0 100 119

Signal G:1516 A:554 T:368 C:980

AGCCG AG ATE CTG GC CTCTGOGE CAG ACG TTTTCE COCARGE CGGF
200 210 220 230 241

oy’ _‘\ Wuh. .JWMMN‘W'&I“

a.&

Ml

G ATGATCGTCAMGE TCAMG G AGCLCCAGGLGE TCG AECGE GCCAG RCCTG GCCCAG ACCOGEG AGCTGETG GACAGCGGCT
250 260 270 280 330 340 350 360
|
| | £3 70 |
JCTATCTGC ATCGCC TACG AARCC GTCACCE ACGBCCE g *TGIE G EPEEC nl TI.'J: ‘th 4 L:r&'r::! ATTOVGEECGE GTGC COAG GCGCTEE AGRATCCCE
370 380 390 100 - © 450 460 470 480 150

Q Y

‘muhmn.a.u,uilum!wumt.“
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N Puge....of.]
Model 377 12P1688R No.13-M13Reverse primer ahd. Signal G:1516 A:554 T:368 C:980 B of...... Fage2of 2
ABI A Version 3.7 \\ I ; DT377{BDv3}v1.mob Thu, Feb 13, 2003 8:35 AM
- Basecaller-377.bep P168R No.13-M13Reverse primer | ~<""""" BD_MatrixV3.mtx Wed, Feb 12, 2003 9:58 AM

BC 1.3.0.0 Cap 12 Paints 1150 to 10616 Pk 1 Loc: 1150 Spacing: 10.79{10.79}

L GGO: GTAGCG GCG TG CTG CTUGEEECE GCGTGCC CEGC GG GTG GTGGGCTCCARCGCAGCCCG C ATG GCC ATCGGCCTGCGTGC CG ACGT |
500 510 520 530 70 580 590 600 610

-‘l-\

MNMHMMM“MMM“‘» i J' léﬁ% “\é\:.dﬁ X ‘l;\cbi"‘x\\l“.‘MAL‘"MM'L‘M‘JA

(ZZ.ECCM‘MT%%ES\CAPCAMQKESGMICC’é‘gOC(XICGTCT , 'GCG N, G 5”‘“‘52 ACTCC?_\?MCGCGJ\GANCCTGGAGCGCCATCTGCTG‘SCGGCJ\GACCTGGT(

?"V"l
A.:n/' A
a—;-,—-/-

OO0 Yo ,um.,h f“l-"&'&'&mm" {ios

4 uTL‘GGEEL‘g%%I’GSmGGCCh T EHAIChESGCGGETGEI&IT CARL

I

.l

m‘m.m*!b-ﬁ’x.u. ‘ .i’ A 25 u;t 3‘"‘"‘ ‘A 1.4'#" i) a’&'-h’;‘r&fﬁ'&-ﬁiﬁ.“;!ﬂ&m
' UL |

Q‘Wﬂa\i ﬂiﬂiﬁJ‘W\’)‘V] El']él_ﬁl

FACTCCCATGE CCCC
870 880

L0000
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Modal 3100 DOB_8 4 abl Signal G:58 A.45 T:52 C:70 Page 1¢f 2

ABI A Varsion 3.7 DT3100POPG{BDVAv mab Tue, Apr 29, 2003 1:12 AM
. Basecaller-3100APOPESE 3100-Avant Mon, Apr 28, 2003 10:47 PM

BC15b6 Cap 4 ' Paints 861 10 10106 Pk 1Loc 861  Spacing 12 05(12.05)

[ - |
CTGCGREG TC CGACAGC G AGT CCAG GG TGCCE ICARGG TG GIC TAC TCCARCC GCGAGACCE TG N AGCGCCATES TGCE& RGGCAGACCTGGT CATC G|
10 20 i0 10 50 [ 70 — S0 10|

FATCAGGGCGGC TGO G TOG AG ACCTCCC M'GL'C#.C% ITHATG AGGATCCOCRCCTICATC GICG ACG ACG TGG TGCACT ACTGCG TGGCCAMC ATCCCGGGE
200 220 230 250 250 260 270 280 290

A Mt N m;d,muﬂldhmm Mot h ij Mg

Cace VEL ¢
GECGTGGCACGT HTHCMEG TGGCCCTGAACAAC GCCACEE TGHTTTT‘:HT':IT:FMGC TGGCGG?L.FLCJLGGGCLATCGC AACGCAC TGCTCAGCGATCC
gl 330 340 350 iTo 380 390 40
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Model 377 08L101E,A231EXLNo.2-M13Forw.

Version 3.7
ABIA Basecaller-377.bcp L101E,A231EXLNo.2-M13F

PRISM BC 1.3.0.0 Cap8

v
TT TARA NMOGC CAGIEC CAIGC T TCAS T TCAG
10 20 30

HULCos000sOf 0riage

nal G:1638 A:584 T:438 C:1242 Page 1 of 2

9 4 {BDv3}vi.mob Fri, Jul 11, 2003 8:01 AM
il ixV3.mbx Thu, Jul 10, 2003 7:54 AM
20 to 10616 Pk 1 Loc: 1120 Spacing: 10.04{10.04}

TGIAGG WGGCGN.‘cICCT!SCJ\GGTGM‘TTTGCCCGCCATCACGT TCAGG C(
NN () 70 80 90 100 110 .

G TG CCGC A GTGGG GATCGCTG AG CAG TG CGTTGCG ATAGCCCHE T @6 GECAG C G AAGEGCAGGE TG GCGTTG T TCAS GG CC ACGG TGGAGGTGC GTGC CACG GCGC COGE
120 130 140 150 1'?0 S 425808 0 19 200 210 220 230
gy ¥
? 1"1’
A0 > |
‘I
—
AL
ik s _fa
ICATGT TG GC CACG CAGTAGT GCACC ACG TCG TCG AC GATG GIGGGAICCTCATGG! GCCGCCCTG ATCG ATGGCCACGTCCACG MIGGE CGACCCCGECI
240 250 260 270 0 330 340 350 360
J
¥ o= L) Ll
TCRI'GCGGGCAM‘GTGGTCN:GGCI‘MTTI‘GGW!%Gl E T ;ﬁ ‘K!l& (% crdc T@GCH&M‘GGCGCTCCRGGGI‘CTCGUE’GBTI‘GGAGTAGACCP
370 380 =] 400 1 420 430 - 44 460 470 480 4890

il i L‘;\‘W“.Jbb,.'M‘MM‘ "M‘ uom M’M“‘;\‘\m DAL ' 0
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Toa ¥
Model 377 08L101E A231EXLNo.2-M13Reverse. \ Aw 6 1a41 AB46 T:565 C:1502 PageumnOlia  pagetofz
Version 3.7 T 3! mob Fri, Jul 11, 2003 B:02 AM
% Rasecaller-377bcp  L101E,A231EXLN.2-M13Reve oAt MatrixV'3 mtx Thu, Jul 10, 2003 7:54 AM
BC 1.3.0.0 Cap@ 010 10616 Pk 1 Loc: 1020 Spacing: 10.13{10.13)
Hcmmsmmc*m RIS Gae¥ e - A nTRRRRARC T A AR 6 06 TAG GC ATGG T TCCG OC CAG TG TACG 76 ARCTG ACPGE KO
30 a0 0 L BOD :14] oo 110 I

'f L 'ul\li‘“hluih’mﬂ ll“ ‘f;“l i1 tv*x\\\h ‘N‘.i_l ll“ll.'hﬂ“’di.hll”ﬂim‘mllm
i AT : f\‘\“\ tgﬁn&sm::'rmﬁEmwmcgﬁncawnﬁgcmﬁcﬁ%&

b\
MtlluwmwuumdUihuUWm-T{% M.iuL\.LLnmwum...,..lm Ay

GATG ATCETCAMGGTC MEMEEEMGEGGTCGECG GCTGCETCCGGECCAG A CCTCTTTAC CTACC TG, (G GCGT .Filx CRAGACC ORGGAGCTE GI GG ACAGIG 6L
] 250 260 270 EE L | — 1 — O — P 330 340 an0 360

MFCCMPECGTTTTCGTCEMEGGEG CAEGAARTGGLATTIREG T, f’
130 140 150 160 [

1
e lh““'w !N“"M‘J L“‘ ' ‘i’ﬂl"ti’uﬂun

!' lg E" CAETE .ET!'.‘AGGEGGGTGECCLGGEECTGGMMEE{I:HSI
-IEEI 470 480 490

"_.[I“i;‘ mﬂﬁTgﬁgﬁmﬁmm MCGAC WEGT{%ESC GEJC
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APPENDIX H

Standard curvefor protein determination by Lowry’s Method (1951)
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