
C H A P T E R  I I I  

R E S U L T S

3 .1 . C o m p a r i s o n  o f  th e  a m in o  a c id  s e q u e n c e  o f  th e  C G T a s e  f r o m  
B a c i l l u s  c i r c u l a n s  A l l  w ith  th o s e  o f  th e r m o s t a b le  C G T a s e s  
a n d  th e  d e s ig n  o f  m u ta g e n ic  p r i m e r s

CGTases from different sources have different characteristics in terms of 
activity, optimum temperature, thermostability, substrate specificity, and some local 
structures. The differences lie on the primary amino acid sequence, which dictates the 
higher-level structure of the enzyme. It is believed that one could simulate one 
enzyme with the other by mimicking the primary structure of the former enzyme. In 
this study, I attempted to create a thermophilic CGTase from the mesophilic one from 
B ac illus  c ircu lans A ll (A ll CGTase). The amino acid sequences from different 
thermophilic organisms were downloaded from the GenBank for amino acid sequence 
comparison. They were CGTases from Therm oanaerobacterium  therm osulfurigenes  
EMI (Tonkova, 1998) Therm oanaerobacter sp. ATCC 53627, B. stearotherm ophilus  
N02 and B. stearotherm ophilus ET1 (Chung et a l., 1998), which had temperature 
optima of 80-85, 90 and 80 °c, respectively. Of these, the crystal structures of 
CGTases from T. therm osulfurigenes EMI (Knegtel et a l., 1996) and B. 
stearotherm ophilus (Kubota M, Matsuura Y, Sakai ร, Katsube Y, PDB 1CYG, 
unpublished) were known.

The amino acid sequence of CGTase from B. c ircu lans A ll was then 
compared to those of the thermostable CGTases using clustaix (Thompson et a l., 
1999). The result is shown in Fig. 3.1. The result shows moderate homology (~70%) 
among the five CGTases as several homologous segments are seen scattering all over 
the entire amino acid sequences. There are, however, three major and one minor 
regions in the A ll CGTases that are different from those of thermostable CGTases. 
The four regions (I, II, III and IV) consist of amino acid residues at positions 89-94, 
265-271, 333-339, and 538-540 (A ll CGTase numbering), respectively. The first
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three regions reside in the catalytic domain A/B while the fourth region is located in 
domain D whose function is not fully unveil. The fourth region is likely not involved 
in the thermostability of the enzyme since it is found also in some thermostable 
CGTases.

The primers, corresponding to the three different amino acid regions in A ll 
CGTase, were then designed. The designed primers mimic the amino acid residues of 
the thermostable CGTases. Two primers, A and B, were designed for region I 
mutagenesis, because there were variation in amino acid sequences among the four 
thermostable CGTases. Primers c and D were designed for region II and III 
mutagenesis, respectively. Primer A and B introduced base substitutions/addition and 
substitutions/deletion, respectively. Primer c and D provided only base substitutions 
(Fig. 3.2). Amino acid substitutions were made in favor of the amino acid sequence in 
CGTase from thermostable enzyme. Upon mutagenesis, the amino acid sequences in 
CGTase from B. c ircu lons A ll would be changed to DSTFGGS, DASGS, 
VDPNNHY, and YIGEGDT in regions I a ,  I b ,  II, and III, respectively. For the 
screening of mutants, primers A, and D were designed to create restriction sites, 
BamW l and H in d l l l , respectively, in the mutant plasmids. Primers B and c  were both 
designed to create the same restriction site, S a il, in the mutant plasmids.



A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
N o2

APDTSVSNVVNYSTDVIYQIVTDRFLDGNPSNNPTGDLYDPTHTSLKKYFGGDWQ 55  
ASDTAVSNVVNYSTDVIYQIVTDRFVDGNTSNNPTGDLYDPTHTSLKKYFGGDWQ 55  
APDTSVSNKQNFSTDVIYQIFTDRFSDGNPANNPTGAAFDCiSCTNLRLYCGGDWQ 55
------AGNLNKVNFTSDIVYQIVVDRFVDGNTSNNPSGSLFSSGCTNLRKYCGGDWQ 5 2
------AGNLNKVNFTSDWYQIVVDRFVDGNTSNNPSGALFSSGCTNLRKYCGGDWQ 52

; * * . . . * . . * * *  * * * * * * . * * * . *  . * * . * * * * * *

A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
N o2

Ia/ I b< »
G IIN K IN D G Y L T G M G IT A IW IS Q P V E N IY A V L P D S T F G G S T S Y H G Y W A R D F K K P N  1 10  
G IIN K IN D G Y L T G M G V T A IW IS Q P V E N IY A V L P D S T F G G S T S Y H G Y W A R D F K R T N  1 10  
G IIN K IN D G Y L T G M G IT A IW IS Q P V E N IY S V IN Y S G V H N -T A Y H G Y W A R D F K K T N  1 09  
G IIN K IN D G Y L T E M G V T A IW IS Q P V E N V F A V M N D A — D G S TS Y H G YW A R D FK K TN  108  
G IIN K IN D G Y L T D M G V T A IW IS Q P V E N V F S V M N D A — SG SA SY H G Y W AR D FK KP N  108  
* * * * * * * * * * * *  * * . * * * * * * * * * * * . . . * .  . . . * * * * * * * * * * .  *

p r im e r A  D S T F G G S  
p r im e r B  D A — SGS

A T C C 5 3 6 2 7
1 C IU
A l l
E T 1
No2

P F F G S F T D F Q N L IA T A H A H N IK V IID F A P N H T S P A S E T D P T Y G E N G R L Y D N G V L L  1 65  
P Y F G S F T D F Q N L I N T A H A H N IK V II D F A P N H T S P A S E T D P T Y A E N G R L Y D N G T L L  1 6 5  
P A Y G T M Q D F K N L ID T A H A H N IK V IID F A P N H T S P A S S D D P S F A E N G R L Y D N G N L L  164  
P F F G T L S D F Q R L V D A A H A K G IK V IID F A P N H T S P A S E T N P S Y M E N G R L Y D N G T L I  160  
P F F G T L S D F Q R L V D A A H A K G IK V IID F A P N H T S P A S E T N P S Y M E N G R L Y D N G T L L  160

• Tt»* -frit* •ไ*:★ ไ*-* ไ*:ไ*:ไ*โ:*:ไ*:ไ*:ไ*โ-*โ•★ ไ*:ไ*:ไ*:ไ*:-*:★ ไ*- • ★ . .  ★ ★ ★ ★ ★ ★ ★ ★ ★  ★ •

A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
No2

G G Y T N D T N G Y F H H Y G G T N F S S Y E D G IY R N L F D L A D L D Q Q N S T ID S Y L K A A IK L W L  2 2 0  
G G Y T N D T N G Y F H H Y G G T D F S S Y E D G IY R N L F D L A D L N Q Q N S T ID S Y L K S A IK V W L  2 2 0  
G G Y T N D T Q N L F H H Y G G T D F S T IE N G IY K N L Y D L A D LN H N N S S V D V Y L K D A IK M W L  2 1 9  
G G Y T H D T N S Y F H H N G G T T F S N L E D G IY R N L F D L A D F N H Q N Q F ID K Y L K D A IK L W L  2 1 5  
G G Y T N D A N M Y FH H N G G T T FS S LE D G IY R N LFD LA D LN H Q N P V ID R Y LK D A V K M W I 2 1 5  
★ ★ ★ ★ ★ ★ .. ★ *★  ★ ★ ★  ★ ★  ★ •★ ★ ★ •★ ★ •★ ★ ★ ★ ••••★  •★  ★ ★ ★  ★ • * . * .

A T C C 5 3 6 2 7
1 C I U
A i l
E T 1
N o2

I I

i
D M G ID G IR M D A V K K M A FG W Q K N FM D S ILS Y R P V FTFG E W Y LG T N E V D P N N T Y FA N  27 5 
D M G ID G IR LD A V K H M P FG W Q K N FM D S ILS Y R P V FT FG E W FLG T N E ID V N N T Y FA N  2 7 5  
D LG V D G IR V D A V K H M P F G W Q K S F M S T IN N Y K P V F T F G E W FLG V N E IS P E Y H Q F A N  274  
D M G ID G IR M D A V K H M P FG W Q K S FM D EV Y D Y R P V FTFG E W FLS E N EV D SN N H FFA N  2 7 0  
D M G ID G IR M D A V K H M P FG W Q K S LM D EID N Y R P V FTFG E W FLS E N EV D A N N H Y FA N  2 7 0  
★ •*•★ ★ ★ *•★ ★ ★ ★ *★  *★ ★ ★ ★  •★  • ★ •★ ★ ★ *★ *★ ★ •* *★ • • ★ *★

primerC VDPNNHY

A T C C 5 3 6 2 7
1 C I Ü
A i l
E T 1
No2

E S G M S LLD FR FA Q K V R Q V FR D N T D T M Y G LD S M IQ S T A A D Y N FIN D M V T FID N H D M  3 3 0  
E S G M S LLD F R F S Q K V R Q V F R D N T D T M Y G LD S M IQ S T A S D Y N F IN D M V T F ID N H D M  3 3 0  
E S G M S LLD FR FA Q K A R Q V FR D N TD N M Y G LK A M LE G S E V D Y A Q V N D Q V TFID N H D M  3 29  
E S G M S LLD FR FG Q K LR Q V LR N N S D D W Y G FN Q M IQ D T A S A Y D E V ID Q V T FID N H D M  3 2 5  
E S G M S LLD FR FG Q K LR Q V LR N N S D N W Y G FN Q M IQ D TA S A Y D E V LD Q V T FID N H D M  3 2 5  
* * * * * * * * * * *  * *  * * * . * . * . *  * * :  * ไ : :  * : * * * * * * * * * *

-4 I I I

A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
N o2

D R F Y T G -G S T R P V E Q A L A F T L T S R G V P A IY Y G T E Q Y M T G N G D P Y N R 7 J4 M T S FD T T  
D R F Y N G -G S T R P V E Q A L A F T L T S R G V P A IY Y G T E Q Y M T G N G D P Y N R A M M T S F N T S  
E R F H T S N G D R R K L E Q A L A F T L T S R G V P A IY Y G S E Q Y M S G G N D P D N R A R I P S F S T T  
D R FM A D E G D P R K V D IA LA V LLT S R G V P N IY Y G T E Q Y M T G N G D P N N R K M M T S FN K N  
D R FM ID G G D P R K V D M A LA V LLT SR G V P N IY Y G TE Q Y M TG N G D P N N R K M M SS FN K N
•*★  * * . .  ★ ★ ★  ★ ★ ★ ★ **★  ★ ★ ★ ★ •★ ★ ★ ★ •★  

p r im e r D  Y ( N / I ) ( G / D ) E G D ( T / P )

• ★  ★

384
384
384
3 8 0
3 8 0

★  ★  ★  ★
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A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
No2

T T A Y N V IK K L A P L R K S N P A IA Y G T Q K Q R W IN N D V Y IY E R Q F G N N V A L V A IN R N L S  4 3 9  
T T A Y N V IK K L A P L R K S N P A IA Y G T T Q Q R W IN N D V Y IY E R K F G N N V A L V A IN R N L S  4 3 9  
T T A Y Q V IQ K L A P L R K S N P A IA Y G S T Q E R W IN N D V IIY E R K F G N N V A V V A IN R N M N  4 3 9  
T R A Y Q V IQ K L S S L R R S N P A L S Y G D T E Q R W IN S D V Y IY E R Q F G K D V V L V A V N R S L S  4 3 5  
T R A Y Q V IQ K L S S L R R N N P A L A Y G D T E Q R W IN G D V Y V Y E R Q F G K D V V L V A V N R S S S  4 3 5  
★  ★ ★ •★ ★ •★ ★ • ★ ★ • ★ ★ ★ ••★ ★  ••★ ★ ★ ★  ★ ★  •★ ★ ★ •★ ★ ••★  •★ ★ •★ ★

A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
N o2

T S Y Y IT G L Y T A L P A G T Y S D M L G G L L N G S S IT V S S N G S V T P F T L A P G E V A V W Q Y V S  494  
T S Y N I T G L Y T A L P A G T Y T D V L G G L L N G N S IS V A S D G S V T P F T L S A G E V A V W Q Y V S  494  
T P A S IT G L V T S L P Q G S Y N D V L G G IL N G N T L T V G A G G A A S N F T L A P G G T A V W Q Y T T  494  
K S Y S IT G L F T A L P S G T Y T D Q L G A L L D G N T I Q V G S N G A V N A F N L G P G E V G V W T Y S A  4 9 0  
S N Y S IT G L F T A L P A G T Y T D Q L G G L L D G N T IQ V G S N G S V N A F D L G P G E V G V W A Y S A  4 9 0  

★ *★ ★  *.★ ★  * .★  ★  ★ ★  .★ •★  . .  * . * . ★  * ★  ★ ★  ★  •

A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
N o2

. IV.
4 — ►

T T N P P L IG H V G P T M T K A G Q T IT ID G R G F G T T A G Q V L F G T T P A T ----- IV S W E D T E V  5 4 6
S S N S P L IG H V G P T M T K A G Q T IT ID G R G F G T T S G Q V L F G S T A G T ----- IV S W D D TE V  5 4 6
D A T A P IIG N V G P M M A K P G V T IT ID G R G F G S G K G T V Y F G T T A V T G A D IV A W E D T Q I  5 4 9
A E S V P IIG H IG P M M G Q V G H K L T ID G E G F G T N V G T V K F G N T V A S ----- VVSW SN N Q I 54 2
T E S T P IIG H V G P M M G Q V G H Q V T ID G E G F G T N T G T V K F G T T A A N ----- VVSW SN N Q I 54 2

★  •★ ★ ••★ ★  ★  • ★  •★ ★ ★ ★  ★ *★ • * ★  ** ★  •★ •★  • • •

A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
No2

K V K V P A L T P G K Y N IT L K T A S G V T S N S Y N N IN V L T G N Q V C V R F V V N N A T T V W G E N V  60 1  
K V K V P S V T P G K Y N IS L K T S S G A T S N T Y N N IN IL T G N Q IC V R F V V N N A S T V Y G E N V  60 1  
Q V K IP A V P G G I Y D IR V A N A A G A A S N I Y D N F E V L T G D Q V T V R F V IN N A T T A L G Q N V  604  
T V T V P N IP A G K Y N IT V Q T S G G Q V S A A Y D N F E V L T N D Q V S V R F V V N N A N T N W G E N I 59 7  
V V A V P N V S P G K Y N IT V Q S S S G Q T S A A Y D N F E V L T N D Q V S V R F V V N N A T T N L G Q N I 5 9 7  

★  •* •๒ * ★ •* • * ★  ★ •*•••*★  . *• *★ ★ *•★ ★ * ★  ★ •★ .

A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
N o2

Y L T G N V A E L G N W D T S K A IG P M F N Q V V Y Q Y P T W Y Y D V S V P A G T T IE F --IK K N G S - 6 53  
Y LT G N V A E L G N W D T S K A IG P M F N Q V V Y Q Y P T W Y Y D V S V P A G T T IQ F K F X K K N G N - 6 55  
FLT G N V S E LG N W D P N N A IG P M Y N Q V V Y Q Y P T W Y Y D V S V P A G Q T IE F K F L K K Q G S - 658  
Y L V G N V H E L G N W N T S K A IG P L F N Q V IY S Y P T W Y V D V S V P E G K T IE F K F IK K D G S G  6 5 2  
Y IV G N V Y E L G N W D T S K A IG P M F N Q V V Y S Y P T W Y ID V S V P E G K T IE F K F IK K D S Q G  6 5 2  
. .  * **  * * * * * .  . * * * * . . * * * . *  * * * * *  * * * * *  * * * . *  . * * .

A T C C 5 3 6 2 7
1 C I U
A l l
E T 1
No2

TV TW E G G Y N H V Y T T P T S G T A T V IV D W Q P  681  
T IT W E G G S N H T Y T V P S S S T G T V IV N W Q Q  6 83  
TV TW E G G A N R TFTT PTS G TA T M N V N W Q P 6 8 6  
N V IW E S G S N H V Y TT P TS TT G TV N V N W Q Y  6 80  
N V TW E S G S N H V Y T TP T N T TG K IIV D W Q N  6 80  

. * * * * . . * * .  * . * . * *

Fig. 3.1. Amino acid sequence comparison of the various CGTases. The different amino acid 
sequences of CGTases from Thermoanaerobacterium therm osulfurigenes EMI (1CIU), 
Thermoanaerobacter sp. ATCC 53627 (ATCC53627), Bacillus circulons A ll (All), 
Bacillus stearothermophilus N02 (No2) and Bacillus stearotherm ophilus ET1 (ET1) 
were aligned. Double arrows indicate the amino acid sequences of CGTase from B. 
circulons A ll that are different from those of thermostable CGTases. Numbering of the 
amino acid sequence starts at the N- terminal amino acid of each mature enzyme.

s w u m
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PRIMER A  ( 4 7 m e r )

PRIMER 5' c GTGATAAGCCGT GGATCC GCC GAAGGTGGAATC GTT GAT CACGCT G3
MUTANT 3' 6 CACTAT TCGGCACCT AGGCGGCTT CCACCT TAGCAACTAGTGCGAc 5

ร G G F T ร D
WILD TYPE 3' GCACTAT TCGGCA — TAATAC CTGCGGCCT CAT CAACTAGTGCGAc 5

<- N B V G ร Y

PRIMER B ( 4 1 raer)

PRIMER
MUTANT

WILD TYPE

Sail
5' c GTG ATA AGO CGT------- CGA ccc GCT GGC ATC GTT GAT CAC GOT G 3'
3' G CAC TAT TCG GCA------- GCT GGG CGA CCG TAG CAA CTA GTG CGA c 5'

<- ธ G ร A ว
3' G CAC TAT TCG GCA T AA TAC CTG CGG CCT — - CAT CAA CTA GTG CGA c 5' 

<- N H V G ร Y

PRIMER C ( 5 1 m e r )
Sali

PRIMER 5' GGA CTC GTT AGC GAA GTA ÀTG ATT GTT CGG GTC GAC CTC ATT GAC GCC AAG 3'
MUTANT 3' CCT GAG CAA TCG CTT CAT TAC TAA CAA GCC CAG CTG GAG T AA CTG CGG TTC 5'

<— Y H  N N P D V
WILD TYPE 3' CCT GAG CAA TCG CTT AÂC TAC CAT AAG GCC TGA TTA GAG TAA CTG CGG TTC 5'

<— Q H Y E P S I

PRIMER D ( 5 6 m e r )

PRIMER 5' CCAGCGCCTGCTC AAGCTT CCG TG(T/G) GTC GCC CTC G(C/T)C G(T/A)T GTA
MUTANT 3' GGTCGCGGACGAGTTC GAAGGC AC'A/C) CAGCGGGAG C(G/A)G C(A/T)A CAT

<- T/P D G E G/D N/I Y
WILD TYPE 3' GGTCGCGGACGAGGTCGAAGGC AGA CAGCGGTAA CGA CCA CAC

<r- R D G N S  T H

Fig. 3.2. The design of oligonucleotides used in the USE mutagenesis procedure. The nucleotide 
sequences of wild type to be mutated are underlined. The newly created restriction sites 
are shaded.
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3 .2 . M u ta g e n e s is  o f  C G T a s e  g e n e  f r o m  B a c i l l u s  c i r c u l a n s  A l l  u s in g  
U S E  m u ta g e n e s is

The plasmid pVR328, carrying the CGTase gene from B. c ircu lans A ll,  was 
used as a template for the USE mutagenesis procedure (Fig.2.2). The mutagenic 
primers A, B, c, and D along with the reference Seal primer were used to mutate the 
CGTase gene at the three regions described above. The mutagenesis procedure 
generated a mixture of mutated plasmids. After removing the mostly wild type 
plasmids with Seal digestion, the mutated plasmids were separated into individual 
clones by transformation. The plasmid clones were prepared, and screened for the 
presence of added restriction sites, B am H l, S a il, and ///«dm. The positions of these 
sites were confirmed by restriction enzyme digestion and agarose gel electrophoresis 
(Fig. 3.3). Four mutated plasmids, pRSIA; IB, 2 and 3, were obtained as shown in 
Fig. 3.4 with the restriction sites, BamW l, S a il, Sail, and H in d  III, respectively. It 
should be noted that the pRS3 were obtained after screening nine clones because the 
designed primer contained multiple nucleotides in. several positions in order to create 
multiple mutated sequences. Two identical clones were selected after restriction 
digestion and DNA sequencing. Only one clone was chosen to represent the pRS3.
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M 1 2 3 4

Fig. 3.3. Restriction digestion of pRSlA, IB, 2, and 3. Lane M: klH indlll marker; lane 1 ะ pRSlA 
digested with Bam lil, lane 2: pRSIB digested with Sail, lane 3: pRS2 digested with SalI, 
and lane 4: pRS3 digested with H indlll.

Restriction! digestion and DNA sequencing to confirm the mutation sites

Fig. 3.4. The mutated plasmids, pRSIA, IB, 2 and 3. The plasmids were processed to confirm the 
mutations by restriction digestion and DNA sequencing. The new restriction sites are 
boxed and the sizes of the DNA fragments are indicated.
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The precise DNA sequences around the mutation regions in pRSl A, IB, 2 and 
3 were determined using the ABI Prism Big Dye Terminator Cycle Sequencing. The 
four mutants had the nucleotide sequences as designed (Fig. 3.5). Nucleotide 
sequences between the two restriction sites bordering the mutation regions were also 
checked to make certain that there were no additional mutations. The mutation 
regions were subsequently subcloned using the two border restriction sites into the 
wild type plasmid replacing the wild type sequences.

3.3. D N A  sequencing determ ination o f the m utation regions

------------------  HamHi ----------------------------
C T & e& ses TS ikTCiftCSAT T c c a c c  T iQ s s q s ïJ  CCfieSfc-CT x ft iE A c e e c  TA ET S & scses*  
ร 70 S3 5 m  ?น5 "  410 42-0 4 I s

p R S l A
Safi

XATC l e a s e s  t s a r c ^ g g A i ^ c c a ^ s d g T c s & d g g c  TTATCACÇSC TÀC TSSSSCSCSSS a
r f ù รริริ 230 4:01" AID 42Ô 430

M lsiiccTTSCCCTCiarcACtiSceicfcccajcaaTCiiticixcjccTiicGacicccccaTCici14È iso 1ÏB 170 lis 198 200

Fig. 3.5. Nucleotide sequencing of mutant regions Ia, Ib, II, and III in pRSlA, IB, 2 and 3, 
respectively. The new restriction sites are boxed. Each mutation region is indicated by a 
line over the region.
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The DNA fragments containing the mutation regions were subcloned into the 
original plasmid (pVR328) replacing the wild type sequence to avoid other possible 
mutation sequences in the mutated plasmids. Then, the resulting plasmids were used 
for the construction of mutant CGTases that had the combinations of mutation 
regions.

To subclone the mutation regions into the pVR328, the DNA fragments 
between the restriction sites indicated in Fig. 3.6 were removed from pRSlA and IB 
as the 608 bp N sil-S ph l fragments, and pRS2 and 3 as the 680 bp N de l-S ac ll 
fragments, and replaced the corresponding fragments in pVR328. These resulted in 
pRS4A, 4B, 5 and 6 , respectively. The combination of mutant regions was further 
constructed. The cloning sites were N de l and S a d i, which covered the mutation 
regions II and III. The pRS7A, 7B, 8A, 8B, 9, 10A and 10B were mutant plasmids 
containing the mutation regions Ia+II, Ib+II, Ia+III, Ib+III, Il+m , Ia+II+III and 
Ib+II+III, respectively (Fig. 3.6).

The plasmid pRS7A, 7B, 8A and 8B were constructed by subcloning the 
mutation regions II and III in place of the wild type sequences in pRS4A and 4B. 
Thus, the pRS7A contained additional B am H l and S a il sites and the pRS7B contained 
two additional S a il sites. The pRS8A and the pRS8B contained the additional B am H l 
and H in d l l l sites and the additional Safi and H in d l l l sites, respectively.

The pRS9, which contained regions II and III with the additional S a il and 
H in d l l l sites, was constructed by mutating the single-stranded pRS6 DNA with 
primer c  using USE mutagenesis procedure. This was due to the fact that there were 
no appropriate restriction sites between regions II and III that could be used for 
cloning. After obtaining the mutant plasmid pRSCD108 with regions II and III 
mutated, the combination was subcloned into the pVR328 resulting in pRS9. The 
pRSlOA and 10B, which contained all three mutation regions, were constructed by 
subcloning mutated regions II and III in pRS9 replacing the corresponding sequences 
in pRS4A and 4B, respectively. The mutated plasmids, pRSlOA and 10B, therefore, 
contained B am H l, S a il and H in d l l l sites, and S ail, Safi and H in d l l l sites, 
respectively.

3.4. Construction o f the mutant CGTases



41

These recombinant plasmids were subjected to restriction digestion to verify 
not only the mutation regions but also the cloning sites (Fig. 3.7 and 3.8). The pRS4A 
was digested with B arrM l and N sil+ S p h l for the mutation regions and the cloning 
sites giving 4.3+1.5+0.4 kb and 5.6+0.6 kb DNA fragments, respectively (Fig. 3.7 
lanes 1 and 2). The pRS4B was digested with Sail and N s il+ S p h l for the mutation 
regions and the cloning sites giving 4.3+1.9 kb and 5.6+0.6 kb DNA fragments, 
respectively (Fig. 3.7 lanes 3 and 4). The pRS5, 6 , 7A, 7B, 8A, 8B, 9, 10A, and 10B 
were digested with N de l+S acll for the cloning sites resulting in 5.3+0.9 kb DNA 
fragments (Fig. 3.7 lanes 6 , 8, 10 and 12, and Fig. 3.8 lanes 2, 4, 7, 9 and 12). The 
pRS5 was digested with Sal I for the mutation regions resulting in 4.8+1.4 kb DNA 
fragments (Fig. 3.7 lane 5). The pRS6 was digested with H in d u ! for the mutation 
regions resulting in 4.4+1.8 kb DNA fragments (Fig. 3.7 lane 7). The pRS7A was 
digested with B am H l+ S a ll for the mutation regions resulting in 4.2+1.1+0.5+0.4 kb 
DNA fragments (Fig. 3.7 lane 9). The pRS7B was digested with S a il for the mutation 
regions resulting in 4.3+1.4+0.5 kb DNA fragments (Fig. 3.7 lane 11). The pRS8A 
was digested with B a m lll+ H m d lll for the mutation regions resulting in 
3.2+1.1+0.8+0.7+0.4 kb DNA fragments (Fig. 3.8 lane 1). The pRS8B was digested 
with S a ll+ H m d lll for the mutation regions resulting in 3.2+1.2+1.1+0.7 kb DNA 
fragments (Fig. 3.8 lane 3). The pRS9 was digested with S a il and H in d l l l for the 
mutation regions resulting in 4.8+1.4 kb and 4.4+1.8 kb DNA fragments, respectively 
(Fig. 3.8 lanes 5 and 6). The pRSlOA was digested with B a m U l+ S a ll+ H in d lll for the 
mutation regions resuiting in 3.2+1.1+0.8+0.5+0.4+0.2 kb DNA fragments (Fig. 3.8 
lane 8). The pRSlOB was digested with S a il and ///«d ill for the mutation regions 
resulting in 4.3+1.4+0.5 kb and 4.3+1.9 kb DNA fragments, respectively (Fig. 3.8 
lanes 10 and 1 1).
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Fig. 3.6. Summary of the mutant CGTase constructs. Regions IA, Ib, II, and III are the mutated 
regions containing the restriction sites, BamHl, Sa il (for IB and II) and ///«dill, 
respectively.
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Fig. 3.7. Restriction digestion of pRS4A, 4B, 5, 6, 7A and 7B. Lane M: U H indlll marker; lanes 1 
and 2: pRS4A digested with Bam Hl and Nsil+Sphl, respectively; lanes 3 and 4: pRS4B 
digested with Sail and Nsil+Sphl, respectively; lane 5 and 6: pRS5 digested with Sail and 
Ndel+Sacll, respectively; lane 7 and 8: pRS6 digested with //indill and Ndel+Sacll, 
respectively; lane 9 and 10: pRS7A digested with BamUl+ Sail and Ndel+Sacll, 
respectively; lane 11 and 12: pRS7B digested with Sail and and Ndel+Sacll, respectively.
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Fig. 3.8. Restriction digestion of pRSSA, SB, 9, 10A and 10B. Lane M: U H ind lll marker; lanes 1 
and 2: pRS8A digested with Bam Hl+H indlll and Ndel+Sacll, respectively; lanes 3 and 4: 
pRSSB digested with Sall+H indlll and Ndel+Sacll, respectively; lane 5, 6 and 7: pRS9 
digested with Sail and H inàlll and Ndel+Sacll, respectively; lane 8 and 9: pRSlOA 
digested with BamHl+SaB+Hindlll and Ndel+Sacll, respectively; lane 10, 11 and 12: 
pRS 10B digested with Sail and H inà lll and Ndel+Sacll, respectively.
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3.5.1. Halo zone on LB-starch agar
The E. c o li JM109 transformants harboring each of the mutant 

CGTase gene was tested for dextrinizing activity on an LB-starch agar plate. Cells 
with dextrinizing activity gave halo zone surrounding the colonies after exposure to a 
KI-I2 indicator solution. Fig. 3.9 shows separately such activity from each mutant 
clone. Fig. 3.10 summarizes the halo zone assay of all the mutant transformants. All 
mutant CGTases are dextrinizing active slightly higher than that of wild-type 
CGTase.

3.5. The activities o f the mutant CGTases

pRS6 pRS7A
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Fig. 3.9. Iodine test for dextrinizing activity of wild type and mutant CGTases. Clear zones 
surrounding the colonies indicate starch hydrolysis activity.



46

Fig. 3.10. Summary of the iodine test for dextrinizing activity of the wild type and the mutant 
CGTases. Clear zone surrounding the colonies indicates starch hydrolysis activity.

3.5.2. Dextrinizing activity assay at various temperatures
The crude enzymes in the culture supernatants of the transformants 

were also assayed for dextrinizing activity using the modified Fuwa method (Fuwa et 
a l ,  1954) (Table 3.1). The activities of the wild type and mutant CGTases were 
measured at different temperatures. The profiles in Fig. 3.11 reveal 3 groups of 
mutant CGTases with different optimum temperatures. The mutant pRS6 (region III 
mutant) has more or less the same optimum temperature as the wild type at 65 °c. 
The pRS4A (IA), 4B (IB), 5 (II), 8A (IA+III), 8B ( I b + I I I )  and 9 (II+III) have lower 
optimum temperature at about 60 °c. The pRS7A ( I a + I I ) ,  7B ( I b + I I ) ,  10A ( I a + I I + I I I )  

and 10B ( I b + I I + I I I )  seem to have lower optimum temperature than 60 °c.
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Table 3.1. Dextrinizing activity assay of wild type and mutant CGTases at various temperatures.

Dextrinizing activity (unit/mg protein)
Temperature (°C) 40 50 60 65 70 80

WT 1063.24 2714.54 6082.47 6759.62 6545.78 1437.46
pRS4A 2925.06 4128.89 5747.66 5665.69 3964.96 1275.55
pRS4B 1369.17 2484.70 2959.09 2855.76 2132.42 711.59
pRS5 3440.55 7146.41 9713.99 9405.88 5314.88 522.07
pRS6 1484.60 3015.15 5212.17 5736.14 5396.02 1259.38

pRS7A 1773.04 2741.47 3006.46 2204.25 884.11 19.27
pRS7B 1178.99 1653.32 1692.84 1327.56 760.55 128.12
pRS8A . 1243.16 2568.37 4217.70 3778.70 2547.85 717.99
pRS8B 2616.62 4607.92 5840.84 5596.91 4204.34 975.69
pRS9 1120.54 2077.10 2916.89 2810.05 1383.91 360.26

pRSlOA 1968.78 3427.56 3478.84 2592.75 1057.04 25.64
pRSlOB 1719.08 3134.56 3692.54 2391.95 767.23 155.91
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Fig. 3.11. Dextrinizing activity assay of the wild-type and mutant CGTases. The values are shown 
as relative activity at various temperatures. Each experiment was performed in duplicate.
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3.5.3. Thermostability of the CGTases
The effect of temperature on the stability of CGTases was also 

investigated (Table 3.2). The activities of crude enzymes from the wild type and 
mutant CGTases were compared at various temperatures, and the percentages of 
relative activity are shown in Fig. 3.12. In general, the profiles indicate that all 
mutated CGTases exhibit lower stability than the wild type CGTase except that of the 
pRS6 mutant, which has comparable stability to the wild type CGTase.

Table 3.2. Specific activities of wild type and mutant CGTases in the thermostability assay.

Thermostability activity (unit/mg protein)
Temperature (°C) 40 50 55 60 65 70 80

WT 1416.13 1336.54 1183.92 1130.50 187.51 62.14 9.81
pRS4A 2997.89 2916.73 2619.15 1005.85 204.12 174.61 86.08
pRS4B 1475.68 1380.81 1313.37 602.39 171.46 129.17 50.29
pRS5 1965.04 1935.20 . 1793.83 219.91 190.06 164.93 47.12
pRS6 1348.97 1333.31 1266.20 1173.36 271.81 85.01 49.22

pRS7A 2790.61 2756.64 2465.44 317.89 116.48 75.23 2.43
pRS7B 1477.30 1396.29 1039.33 141.41 123.57 98.85 68.65
pRS8A 3580.52 3052.48 2953.65 1567.18 327.56 268.26 149.66
pRS8B 2841.23 2830.07 2693.81 1819.33 303.78 230.07 122.85
pRS9 1430.59 1385.85 1286.69 355.53 114.88 89.49 9.67

pRSlOA 1677.51 1445.04 1179.56 305.65 167.89 74.62 31.57
pRSlOB 2388.90 2100.87 1502.24 367.09 169.43 60.24 30.12
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Fig. 3.12. Thermostability of the wild type and mutant CGTases. The values are shown as relative 
activity at various temperatures. Each experiment was performed in duplicate.
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3.5.4. Cyclodextrin forming activity
Cyclodextrin production by the mutant CGTases was determined by 

using HPLC. The crude enzyme from the culture of each mutant plasmid was 
incubated with soluble starch at 37 °c for 12 hours. The reaction was terminated by 
boiling the mixture for 10 minutes. Then, 6U of glucoamylase were added, and the 
mixture was incubated for 4 hours to convert the linear oligosaccharides to glucose. 
All mutant enzymes exhibited the cyclodextrin forming activity.

The results were shown in Fig. 3.13. All the mutant enzymes produced 
P-cyclodextrin as a major product and, hence, were P-CGTases. The pRS4A, 4B, 7A, 
7B, 10A and 10B had increased proportion of a-cyclodextrin production, while that 
of P-cyclodextrin production was decreased significantly and the y-cyclodextrin 
production remained unchanged. The pRS5 had proportion of a-, 3-, y- cyclodextrin 
production similar to that of the wild type. The pRS6 had proportion of a-, and p- 
cyclodextrin production while that of y-cyclodextrin production were decreased 
significantly. The pRS8A and 8B had increased proportion of a-cyclodextrin 
production and produced slightly lower both proportion of P- and y-cyclodextrins. 
The pRS9 had increased proportion of P-cyclodextrin production while the a- and y- 
cyclodextrin production were decreased.

The ratio of cyclodextrins produced is an important characteristic of 
CGTases from various organisms. It was observed from the HPLC elution profiles 
that some of the mutant CGTases had altered product specificity. To measure the 
ratios, the peak area of each cyclodextrin in the HPLC profiles was determined. The 
cyclodextrin ratios were then calculated as percentage of the total peak areas of a-, P- 
and y-cyclodextrins. Table 3.3 summarizes the two determinations of the CD-forming 
activity.
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Fig. 3.13. HPLC profiles of cyclodextrins formed by the wild type and mutant CGTases.
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Table 3.3. CD-forming activity of the CGTases.

Plasmids Cyclodextrin ratios, a:P:y (%)
Experiment I Experiment II

Wild type 12:79:9 13:75:12

pRS4A
-4 .

30:63:9 20:73:7

pRS4B
im

23:68:9 28:64:8

pRS5
n_

12:81:7 17:77:6

pRS6
m

18:77:5 18:76:6

pRS7A 
h IÏ—Hfi---- :--- , M—:---- -

25:67:8 27:65:8

pRS7B
mi m

20:74:6 - 24:66:10

pRSSA
h III

19:75:6 31:62:7

pRS8B
Il in

23:71:6 20:71:9

pRS9
a im

7:85:8 9:84:7

pRSlOA
4  ร-™

16:74:10 22:68:10

pRSIOB
4 — —

21:69:10 25:68:7
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