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Enhanced Activity of Cytidine Deaminase by Gene Family Shuffling. Hong, Shik, Kyoung-Dong Kim,
Bang-Ho Song’, Kyung Hwa Jung?, and Sa-Youl Ghim*. Department of Microbiology and " Department of
Biology Education, Kyungpook National University, Daegu 702-701, Korea, and *Genomics Laboratory, Amico-
gen Inc., Jinju 660-852, Korea. — A family shuffling associating PCR-based and in vitro recombination and
expression in Escherichia coli cdd mutant was carried out. Two cdd genes encoding cytidine deaminases
(CDase) from thermophilic Bacillus caldolyticus and B. stearothermophilus were shuffled. Around 150 viable
mutant colonies screened on AB minimal medium without uracil by E. coli cdd complementation were
selected for cytidine deaminase assay and 4 candidates (SH1067, SH1077, SH1086, and SH1118) were chosen
for the detailed study. The nucleotide sequence analyses of 4 selected mutants revealed that they have several
point mutations and recombinations. Surprisingly, the SH1067 showed 770 fold more specific CDase activity
at 80°C than that of T101 from parental B. stearothermophilus.
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Cytidine deaminase(CDase, cytidine/2'-deoxycytidine amino -
hydrolase; EC 3.5.4.5)% cdd 322 AFZE cytosine
nucleoside, cytidine/2'-deoxycytidine-2- uridine nucleoside,
uridine/2'-deoxyuridine 2.2 717} k== eoln| o3} 24 &
4olt}, 19893 Bacillus subtilis\ A cdd SRS A =2}¢
A3k gride] Hzx2 AA"E oH(17], HATAA
homodimerE A3 Aleldd Helujuiale) 324 7203,
2118} B. subtilis?llA] homotetramerS- HAd= AlE]d] Hlo}
oA IR T2 A2 R EH9]

AIDS A BA| 24 A5 AAMZ 73S v el
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A7 e AR o] M IISA[19], CDase®] Ak Elel] gt
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E FEIT o)g3tE:= A=) UHHS, 19, 20].
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2% mutation librarys TE31= Zo|H}(8, 17]. ¢l& A4,
TEM-1 B-lactamase®] &A-& 3222 shufflingS 55}
32,000002] resistance 3FAke] ¥ Al Z-2 B-lactamase(ST-2)
£ 4S F 2dslem[18], f+7] ool it pNB esterase®]
S F7HA717) H8l WA 213 E A =3k 50~60
v AE qHgAe] S BAaE 48 4 AMH15]. =3
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3} A3} cephlaosporinases®] Ao} 270~540mu} F7)slol e
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ATHR]. H-& A& 7= single gened ©]-83}ed shuffling
3ldE Alell = Tk 9] S7k2 Qlste] thymidine kinase®]
Aol Z713F R% 9)4leH10]. ol9} 22| family shuffling
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el F 71 o)Ak folak AAS g &4 ol 23
F ASE TAZ F[1,12,13,16], & AFIAE B,
caldolyticus, B. stearothermophilus +2)2] CDascZ ©]£-3}
o] family shuffling® £3l] A 589 84 4L 5
Alel] ol =5 Al E315)7]el 1 A Hrslaz) gt
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AE 2F % HiY
AEIR Holuj A AP 759 Escherichia coli JF611
(cddl, pyrE60, thil, argE3, his3, proA2, thrl, leu6, mdil,
xylS, anal4, galK2, lacY, str3l, A-supE44)S- cloning host
2 3t & T35 B. caldolyticus DSM 405¢} B.



« ‘earothermophilus TFO 12550 0% cdds Z-H-AA= 3}
“ich 9 AEE wioke LB wiA[2] == 0.2% glucose, 0.2%
" itamin-free casamino acid, thiamine(l pg/ml), cytidine(40
| g/mi)&} ampicillin(100 pg/m)S 718 AB #i x| [7]o A
7°C 27 Eel] AlAlERH.

PCRE 0|88t X} &8 ¥ S22

B. caldolyticus DSM 4058} B. stearothermophilus TFO
2550 2] cdd FRAAE 2H2F cloningdled T53 E.
oli JE611/pCTHS3[2017 E. coli JF611/pISCI01[6]S 4|24t
'} Aol ARgsld). o] F dFEHE] AccuPrep Plasmid
ixtraction Kit(Bioneer, Korea)Z4 H-2]3F plasmidE 53
22 P1 primer, P2 primerE AM8-3lo] PCRE A3fs}ed of
100 bp F719) cdd RS F3sl= DNATHHS Ao}
’}& pGEM-T Easy Vector systems(Promega, USA).S Z4]
loningd}ed TS3, T1010]2} 7+ mmdatalet.

P1 primer (5-ACAGGATCCAATTCTAATTTTTCTGTTAC-
\TTTTTG-3" BamHI)%} P2 primer(S-ACACTGCAGGATT-
[TCCTACGTTCGGTCTT-3" PsyE AH&glem PCR 2=
A2 denaturation(95°C, 1), annealing(63°C, 1), elongation
72°C, 1) DAIE 353 HHE-3t § incubation(72°C, 10+-)
shodet

Two-parent cdd g8

A2 FEE gsted T53, TI01S F3.02 sl M13-
7 primen(5-CAGGGTTTTCCCAGTCACGA-3"), M13-R primer
'5“CACAGGAAACAGCTATGACCATG-3)2 AR&-3F3I}.

Denaturation(95°C, 14-), annealing(60°C, 1%-), elongation
72°C, 14%) WIS 353] ¥HE3t F incubation(72°C, 10%-)
8= PCR A8} & ok 800 bp =719] =% DNA 93 S
R 3k,

DNasel %{2| ¥ &=

8.5 oF 800 bpe] DNA =S Mn?* Ex} 3}of A
0.06 U2} DNase I(Roche, USA)S 23 15°Col|A 1087 A
glsted TR Agle14). ©]F 0.5 M EDTAE A 7)13}
of Hk3-& AR|AIZ] ¥, Gel Extraction Kit(Qiagen, Germany)
£ o]gsle] st =71 & Halle DNA fragment 5 50~
200 bp Z719] HHRHE 353)oict.

PCRZ &%} family shuffling

Family shuffling® AEZH 2355 18k 251419] PCR
HAE AAS A HA PCR Y AZF-E primer $lo]
DNaselell 93] 50~200 bp =712 F31% DNA =S 1:1
2 AL F 378 3302 sle] denaturation(95°C, 30%),
annealing(46°C, 30%), elongation(72°C, 45%) ©H| & 603
HFE-8F ¥ incubation(72°C, 102)2 433l el. F H A
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PCR #Al FF2 AxHellA ozl PCR ARES F32
2 Pl, P2% primer® AMg-3te] siglond, o] 2 oA
pGEM-T Easy Vector SystemsS- ©]-83)e] glo]uz{2]E A
zFalsit.
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Cytidine deaminase assaytX> 7]#& ¢l cytidined spectro-
photometric system 2. 2. 290 nmo| A &3 3} Hammer-
Jesperson 2] W11} o]-&3)ur},

Tris-Mg(pH 7.5¢] 100 mM Tris-Cl 2154 2.35mi¢} 02 M
MgCl, 50 ul) 250 ul, 0.05 M cytidine 10, diluted enzyme
(total cell extract) 100 pio] BRS- E3tolS Melst o] 71%]
+xelA 3, 6%, 98] TALE WREAIFE 100 wie) B
4 AFE% 0.5 N perchloric acid 900 ulol] 41o] ¥F-& A%
AIZ1AL, o] A& Al Eeisle] 290 nmol| A FH=S] A4S
2 sdet. ©Al A gke Coomassie Protein Assay Reagent
Kit(Pierce, USAYS AR&-8led 595 nmoll A =5 =33}
9327, bovine serum albumin(Sigma, USA)S & oy
A= 3ot
b

23 5 1
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2 ATolA family shufflingt] 222 AR cddE
F35= DNA ©¥-& 3124 452l B. caldolyticus 2} B.
stearothermophilus -2 o] T}, Table 19 A&} 7o) E coli
JF611/pCIHS3, E. coli JF611/pISC1010|14 242t Zejam| =
£ FZ3lo] 802 AT Pl P2 primerE AME-31e] PCRS
3)8F % cloningdled B. caldolyticus$} B. stearothermophilus
fele] cdd FRAE E8els Zekan=e] T53 22 Ti01
& 77 FEE3 T ©]F nested PCRY} T4 A 34
o|-4-8}7] 218l E. coli JF611/T535%} E. coli JF611/T101%
srslelom vlwA &4 o] e FAE YE2TE A}
4313t ol 5 T533 T101°] Zb2} 7HA|= 2f-Axte] 74
5 72 LB = SN 86%2] AFEAE vEhe] DNA
shufflinge] 7F53HS- &)} ch(Table 2).

Family shuffling % &fol

Fig. 1042} o] pGEM-T Easy Vectorel] cloningd} &
A" T53, TI0O1S F3 2= 3k MI3-F, MI3-R&
primerZ4] PCRE- A&l oF 800 bp =27]2] PCR A%
Z7r R} o] 2] AES ERAAIE sle] 1:19]
HjE-2 42 F Mn?* Zv) 3} DNasel #2)5}ed blunt
end®] random fragmentE Aot ¢S ARH FA A
800 bp T2 vlokgt =719 PCR productZ PAIAIZ}
[14]. o]ZA do{A whfst =7]1¢] PCR AHE Fol|A PI,
P2 primerE- ©|-83 35 A& s ke =719 3
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Table 1. Cytidine deaminase activity from various bacteria.

Specific acivity

: -l
Strain/plasmid Relevant genotype (nm/min/mg protein) Source
E. coli JF611 cddl, pyrE60, thil, argE3, his3, proA2, thrl, leu6, J. Feiesen
mdll, xyl5, anald, galK2, lacY, str31, A-supE44 ’
E. coli JF611/pCIHS3 cddipeddy’ 6713 (at65°C)  B.-H. Song
E. coli JF611/pJSC101 cddipeddyg 1188 (at 60°C) B.-H. Song
E. coli JF611/T53 cddlpeddgl >3 3421 (at 60°C) This work
E. coli JF611/T101 cddipeddg >3 435 (at 60°C) This work
B. caldolyticus DSM 405 cdd"(wild type) 129 (at 65°C) DSM*
B. stearothermophilus IFO 1255  cdd'(wild type) 56 (at 60°C) KCTC® 1752
IStrain was grown in minimal medium cotaining 0.2% glucose, 0.2% casamino acid and 40 ug/mt deoxycytidine.
?Be: B. caldolyticus; Bs: B. stearothermophilus.
3pedd indicates plasmid cotaining the cdd genes from B. caldolyticus or B. stearothermophilus.
“DSM: Deutsche Sammlung fur Mikroorganismen und Zell Kulturen, Braunschweig, Germany.
SKCTC: Korean Collection for Type Culture, KRIBB, Korea.
Table 2. Homology comparison of two Bacillus cdd genes.
Source No. of Nucleotide Amino acid Deduced MW G+C% Reference
(optimal growth temperature) amino acid homology (%) homology (%) (dalton) °
B. stearothermophilus (55°C) 132 100 100 14,346 54.4 [6]
B. caldolyticus (72°C) 132 86 87 14,235 56.1 [20]
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Fig. 1. Gene family shuffling of the cytidine deaminases encoded by the B. caldolyticus and B. stearothermophilus cdd genes. A sin-
gle round of family shuffling consists of amplifying pCIH53 and pJSC101 genes encoding cytidine deaminases (CDase) from thermophilic
Bacillus caldolyticus and B. stearothermophilus by PCR, respectively, cutting the PCR products into random fragments with DNasel, puri-
fying small fragments, reassembling the fragments in a PCR without primers, amplifying the reassembled product by standard PCR. Other
procedures were performed as described in Materials and Methods.

% AFE-el 600 bp =719] shuffled cdd FAAE #HE = uridine®] ¢l AB iAol A CDase 84& 71 #4217}
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120

T101 ACAGGATCCAATTCTAATTTTTCTGTTACATTTTTG—TTTCAAATGATGAAATTGGCGCCGATTTTTTGTAAAATAATAAAAGAAAGCAGCGTTTGCTTTCAGGAAAGGAAGAGCCA—TT

EE KKK K KT AR KA R KK T AR A I AR I AR AKR I * Fh Ak A Ak AT R*E > &

Pl =35

SH1077
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SH1118
SH1086

SH1067
T101
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TS3
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Fokk ok kRN E AR KKK KA

CATGGAGATCGAACAGCTCATTGCCGAAGCGAAAAAAGCGCGCGAATTCGCATACGTGCCTTATTCGAAATTCAAAGTCGGCGCCGCGTTGCTGACGAAAGACGGCAGTGTGTACCGCGG

T T L i R R e et L A R A T T T )

ARk AFAKIAF KA K I AR hk AR F AR AR R F R xk

-10 RBS
I BN TGACGAARGACGGCAGTGTGTACCGCGG 240

B T I T e L A T T T 2

360

BGCCGACACTCC
GCCGACACTCC

* ok KA Ak EAH AR AR EXAKAKAF

CGTATTCCGA

480

CCGCCCGGTTCCGCCGTGCGGCGCATGCCGTCAAGTGATCGCTGAGCTTTGCCCTAGCGATATGARAGTCAT T TTGGCCAATATCAACGGCGATGTCAAARRTCGTCACCGTTCAAGAALT

T101 CCGCCCGGTTCCGCCGTGCGGCGCATGCCGTCARGTGATCGCTGAGCTTTGCCCTAGCGATATGARAGTCATTTTGGCCAATATCARCGGCGATGTCAARATCGTCACCGTTCAAGRACT

AEKEKKRAF K RAKK KRR AR AAFRKNIAT KKK KRR AR I TR Ak KX IR N Ak

SH1077
TS53

SH1118
SH1086
SB1067

GCTGCCAGATGCTTTTTCAGCGGAGGATATGCAT B . g .
T101 GCTGCCAGATGCTTTTTCAGCGGAGGATATGCATGAATAAGGAAGGATACAAATCAGGGTTTGTTGCCATTATCGGAAGACCGAACGTAGGAAAATCCTGCAGTGT

FHEE Ak A A KR AAKXF KA R R AT HH KA A AT

STOP

FEI KKK TII KR RARN AR AR * A K Hk

FAk Kk KKEAKRAKE K X KX K Kk KK *EH K
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Fig. 2. Multiple alignment of the nucleotide sequences of the cdd genes from B. caldolyticus, B. stearothermophilus, and shuffled
products. The P1 and P2 primers, promoter region, and ribosome binding site (RBS) are underlined. Transcriptional start and stop sites are
indicated with START and STOP. The DNA sequences derived from B. caldolyticus[20] and B. stearothermophilus[6] are shown in dark
shading and no shading, respectively. The shades of gray represent point mutations.

A Ay 22UE guslgdon 65°CA 7t A& w3
3] o]} B AL A3

HAHCZE E coli JF611/T101E14- E. coli JF611/T53¢]
CDase %/H o] 8uH Z«]BZ_ S’__‘_ }\_i p;]-o]-dl— 2 9‘193\1:]. w
gt oF 50%9] A F27} E coli JF611/T10190] 1]
3lod FAE) 8alle] CDase 8 2712 B9}, 65°CeA E.
coli JF611/T1010]] v]&}ed 80ou) o]Ake] CDase BAde] Z7}
= 1009 F2UE Adelsted ATl AR8sigde.

Shuffled DNA THHo| 7MY B4

B. stearothermophilus 3N (E. coli JF611/T101)E.c} 80
] o]%} CDase &4de] 5718 Aoz FAHE 10014 &4
o5 E‘i"]i'“i‘a Eetan| =2 747 FE31e] shuffled
cdd H-E-& oFYeke =z d7|MA-g A QA€ 7]
g "4] °]Eii—r‘51 FEHLEE eEolMY HEE dofr
7] $18}] multiple alignmentZ- 2|5} HFig. 2). SHI0679
73%- 23]9] point mutations} 12]2] recombination, SH10772]
7% 13)9] point mutation?} 33]2] recombination, SH1086
9] 7% 339 point mutation®} 23]9] recombination,
SH1118% 7-9- 13]9] point mutation#} 2%]2] recombination
ol TS U = UK TH(Table 4).

Shuffled CDase2| £4

CDase &4 o] HoJut# v} multiple alignmentA] 2 7]
Age] EAA e o2 vjepd SH1067, SH1077, SH1086,
SHI11185-5 40°C~80°CAlllA] 10°C ZHH2o 2 &55 AlH
sle] 1 BA4-E 33 W A5 v 43130 Table
4| A B = olZo] . A|g7} | Z2T] E coli JF611/
T1018] CDase E*;,ur H]ms}o:] 20~770012] EAde] FUls}

SH1118/1 35 5o "]i—s‘ shtel T535 opn| At 5
oA 100%2] AFAL HedFglon) T2 wE3 FA 5=
-35, -10 region2 T101 f=derd, &
site AFFollA 23]9] point mutation°] SrEl Aoz soly
A} o] & Esled SHI118Q A$:= B4 Sy} E4T
Z W3S Fat Zle] ol ‘%fﬂ‘%“l o 2 5u) Z7}aE A
22 FA% ¢ 9 (Fig. 2).

SH1067, SH1077, SH1086%] 73-¢- 473 w3le} whad
& Z7PT FAl dold Ao Hld AAE T3t o
o] g A|&Z SDS-PAGER 543t A3} SH1118E A
9]k vh=] 37fe] whalgke] fakeE AR ERlE ik (data
not shown). °| & & T533} o}m| Al =FoljA] v]=3)
SH10772] 7% 2712) ofn)xAt Ajdute] Zehx 2w (E9G,

Alell ribosome binding
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SH1118 T iAerlAl o : B . 60
T53 — R - i = SRS ) T SR
SH1077 - RN - ~.0 L TKDGS VY RGON T ENAR Y SVCNCAE R
SH1086 _EAKKAREFAYVPYSKFKVGAALLTm
SH1067 BN /52 KKARELAYVPYSKFKVGAALLTKERRRH =
T101 MEIEQLIAEAKKAREE‘AYVPYSKFKVGAALLTKDGSVYRGCNIENAAYSVCNCAERIALF
gk kok ko ******_—k******* ********.***‘****************** R
SH1118 120
T53
SH1077
SH1086 R R LTI T 4 .
SH1067 RS 1./ v I ADT PRPVPPCGACRQVIAELCPSDMKVILANINGDVKIVTVQEL
T101 KAYSEGETEFAALAVIADTPRPVPPCGACRQVIAELCPSDMKVILANINGDVKIVTVQEL
Feddkkkokk ke ko k kR Ak kkh ok k ok ko Ak kkk ko kk_kokkkok ko g g kg gy kk ko
SH1118 ] 137
TS3
SH1077 R
SH1086 R
SH1067 LPDAFSAEDMH
T101 LPDAFSAEDMHE

dk o kkkkkk gk

Fig. 3. Multiple alignment of the deduced amino acid nucleotide sequences of the cytidine deaminases from B. caldolyticus, B.
stearothermophilus, and shuffled products. Exposed regions indicate active domains and arrows denote the conserved cysteines involved
in Zn"? binding. The DNA sequences derived from B. caldolyticus [20] and B. stearothermophilus [6] are shown in dark shading and no

shading, respectively. The shades of gray represent point mutations.
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Fig 4. Effects of temperature on cytidine deaminase activities
for parental or shuffled cdd genes. Enzyme in Tris-buffer (50
mM, pH 7.5) incubated at various temperatures was assayed by the
standard assay method[11].

G34D), SH10862] 743~ 3719] ou]xcAl A gvte] Fetzich
(L16F, P25K, K113R)(Table 3). &3] SH10672] A
shufflingel] 2)3}ed recombinations} point mutation®] ©h
o} 228 B caldolyticus 2} B. stearothermophilus %A
sk 247e] cdd ALY M2 o2 A I beneficial
mutation®-Z ¢13}e] CDase?] oAl Wi Qo] W3} -2

Table 3. Amino acid mutations identified in the 4 shuffled
mutants in comparison with those of the parental sources.

Parent Mutant?
T53 T101 SH1067 SH1077 SH1086 SHI1118

\%
E—G

1

Position

8

9
16
25
34
38
57
68
71
98
99
108
109
113
114
115
118
123
130
132

!Amino acid position from the methionine encoded by the first
translational codon ATG/GTG.

2The unique amino acid substitutions by point mutation are written
in bold with arrows.
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>R2U0<C—ARZOnIA RS | OROm<
Prown<ARCOISS RO




‘able 4. Comparison of cytidine deaminase specific activities.
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Strai CDase specific activity (U/mg)! Shuffled
train
40°C 50°C 60°C 70°C 80°C Recombination Point mutation
JF611/T53 668 1488 3422 2891 428 - ~
JF611/T101 107 174 435 320 49 - -
JF611/SH1067 13544 20700 28229 28926 37782 2 1
JF611/SH1077 11548 14115 22384 36071 30653 1 3
JF611/SH1086 8447 10800 16431 16966 11762 3 2
JF611/SH1118 2424 3529 8697 8002 5915 i 2

dne unit of enzyme activity is defined as the amount of enzyme which deaminated 1 mmol of cytidine per minute at 65°C.

HA=

T3kl SR ale] o o] FRKIES FRE +
ek Yoz o]23} shuffled productl] Wk 321 YAF
E ML B8l L A ol W 4 Al 2 Aol
F. ol9} o] B QoM family shufflingS F3}o]
A A DA SReke] F AT B4 #
4 w4 AEY HeluuAlE Ao, opu]eAl Ao
NTEALS- Eslod 7|20l Ledzl CDase?] B4 domain[5, 9]
7= As o2 el mutationo] B3k} CDase] A

] Felad Bl & & e B AT
Pt o)z} gloka sl At opdEl, o)A e
AAe] Aol Eodsl ALE B 1%l B. caldolyticus 520
CDaseol] H[FIME 80°CA] F|IL g8l FAde] St &
25 98 & e ol RSl 254 AIDS 2 8A)
2 7S e g Rd S Ak A, F714-9] A
Azt 2 AL A7 59 o] T84, 1918 71T 4 3
& ZAele

>

2 o

PCR ¥HH& 71222 3} in vitro recombination® oA
cdd SR o|Fo| A 9] WH G F3lod family shufflinge] 43}
=R 224 Bacillus caldolyticus$} B. stearothermophilus
frefel AlEld dHetu| Al S ZE=8E cdd FARE
shufflingd}iet. o] & AT cdd B o]0l 33
AZ ¥ wracile] gl AB wiR[elAMe] &L F3ted 15070
o} Fdde] 8 4& F AUsled, 2 F d7E sk
45(SH1067, SH1077, SH1086, ¥ SH1118)2 A= sleic).
A gt 472 471 dS B8 A, 5 39 point
mutation?} recombinatione] Z} JouhE-S- 3l & 4 <l
oo}, E3] SH10672] 73-%, 80°CoX B, stearothermophilus
ol A} Freligt T1018] AlE]dl wjotu|viA] &A=} v)wsled
7700] o] A FUE Rt

#Atel 2

o] wF-2 2002 % AEstme] dAulel] 2)sle] AT
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