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Concomitant use of immobilized uridine-cytidine kinase and
polyphosphate kinase for 5’-cytidine monophosphate production
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Abstract: Uridine-cytidine kinase, an important catalyst in the compensation pathway of nucleotide metabolism, can
catalyze the phosphorylation reaction of cytidine to 5’-cytidine monophosphate (CMP), but the reaction needs NTP as the
phosphate donor. To increase the production efficiency of CMP, uridine-cytidine kinase gene from Thermus thermophilus HB8
and polyphosphate kinase gene from Rhodobacter sphaeroides were cloned and expressed in Escherichia coli BL21(DE3).
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Uridine-cytidine kinase was used for the generation of CMP from cytidine and ATP, and polyphosphate kinase was used for the
regeneration of ATP. Then, the D403 metal chelate resin was used to adsorb Ni?* to form an immobilized carrier, and the
immobilized carrier was specifically combined with the recombinant enzymes to form the immobilized enzymes. Finally,
single-factor optimization experiment was carried out to determine the reaction conditions of the immobilized enzyme. At
30 °C and pH 8.0, 60 mmol/L cytidine and 0.5 mmol/L ATP were used as substrates to achieve 5 batches of high-efficiency
continuous catalytic reaction, and the average molar yield of CMP reached 91.2%. The above method has the advantages of
low reaction cost, high product yield and high enzyme utilization rate, and has good applied value for industrial production.

5'-cytidine monophosphate, uridine-cytidine kinase, polyphosphate kinase, immobilized enzyme
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1.1 ##5IRF
111 BEBRFIBORL

KW#FH# Escherichia coli DH5a, BL21(DE3)
DL JBURL pET-28a 147 i AR 5200 28 f i
1.1.2 BEmE

LB (Luria-Bertani) X5573&: &k 10 g/L,
P BEHEHUY) 5 g/L, NaCl 10 g/L, pH 7.0-7.2, 121 °C
K 20 min,

TB (Terrific [N1%) Hi7ek. &k 10 g/, B#
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FEEH) 5 g/L, Hil 4 mL/L, KH,PO,2.31g/L,
K,HPO, 12.54 g/L, pH 7.0-7.2, KH,PO, 1 K,HPO,
5 HA AL 5343 FFKTE, 121 “CKIA 20 min,
1.1.3 A

FR I N VIS . T4 DNA %% . Ex Tag DNA
RAWM A TaKaRa 22wl 3 PCR 7= 4 [ & ok
PR EG R G 8 b TR R AR Y B A R TEAT:
v BCA H e R I a0 G A b i R 3
FHEARA T KPR . CMP FRidl . ATP 1T
F [ Sigma A Fl; HABF Y R E 7 sl

1.2 UCK EBHEMERFESH

ffi | ExPASy Ik 5 #% (http://web.expasy.org/
protparam/) ) ProtParam 434 UCK % [ (19 Bk 1
J5i. ffiF NCBI CD search (http://www.ncbi.nlm.nih.
govicdd/) ZAT UCK 2 [ PR Z5 A3 . fiff F AR 2k
F£¥ ProtScale (https://web.expasy.org/protscale/) .

TMHMM (http://www.cbs.dtu.dk/servicess TMHMMY/)
1 SignalP4.1 ilR%5#s (http://www.cbs.dtu.dk/services/

SignalP/) 43#Tt UCK & FIRYSE G KM . BEEIX . 15
SIKEETREIX
1.3 EHHEHMUEREHBIS &
1.3.1 ik pET-28a-uck otz

A UCK & g 5K ¥ 51 (GenBank %
S5 3168643), X HMATEM LMK, LUK
R e = SER i R Y L N [ SN R Eo 770
B R R R R IR AR B 810 3 e MR N ] F
FFE L, R UCK g i 3k PR A4 21 20 Jo ks
pUCS7-uck, fif FHBR 44 N I EcoR T A1 Hind 11T
XY pET-28a Jii k4844 L J pUCS7-uck, 3RF5£k
PEAL Y pET-28a 24K uck LK B, 7 T4 DNA

T 1 ppk ZEY S|4
Table 1  Primers for ppk gene amplification

AN E R N E SRS B, K HE R
E. coli DHb5a, -F-fiff I JBoRL £ BOGR) & e BTk,
315 pET-28a-uck JFiki .,

1.3.2 Jfkr pET-28a-ppk HIHEE

1) Rhodobacter sphaeroides J: K 2H Jyait,, H
& PPK &H MmN ¥4 (GenBank %55
3720266, it A EEYIALA EcoR [ 1 Hind 11
BRSS9 K Ex-Taq PCR 7 &4 1
13- 3 R R g B IR ppko e T BR I P 1)
fitt EcoR I #1 Hind III%} pET-28a fikizk 14 LA & ppk
LD R BEUEATINAL, 7E T4 DNA SREEEM1E T
A S R B, KL% E. coli DH5a, FH-fif
FH Bk B BUAR G PR HUTORL, $R15 pET-28a-ppk Jiz
Ko BIYIFAIANZR 1 PR,

1.33 E4AEMKRME

U B B Y okl pET-28a-uck il pET-28a-
ppk 23 HAk%E % E. coli BL21(DE3) Bz A4,
fE SOC KiFFErhiEfb/a i Tl RilE& &
(50 pg/mL) A9 LB [fARKEFRIE I, 37 CHEIE R
12 h, PREU TSRS PCR ik A7 A2k Y
PRV o R TR AR , o BH PR TR AR A S A IR RAR R R
(50 ug /mL) ¥ LB WiAkRE I, 2 37 CHRy %
%12 h)a, AR HMEREE D, T-80 Crk
G
1.3.4 EHBEHH%

P EH AR EE UL 1% (VIV) 194
PR E 5 mL F AR R R (50 pg /mL)
() LB AR B8, T 37 'C. 200 r/min &
fEEEFR 12 hs L 1% (VIV) $ERh ke 2 30 mL &
AR EIREE (50 pg /mL)H LB AR E: 3= 50

Primer name Primer sequence (5'-3") Size (bp)
PPK-S CGGAATTCATGGGTAAGAATCCAGTAGTCATTG 33
PPK-A CCAAGCTTTGCTATGGTATTACAAAATCGCG 31
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fafi, 37 °C . 200 r/min #k£E 835 5 5 9% E ODeoo
iKF] 1.8-2.4 BHERIMZHEE 4 0.2 mmol/L #7175
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8.0) HEILSIJE, A A1 Al MU e (11
KERAEWYD) WEREAM, 6 °C . 80 MPa Bfi%: 5 min,
A R 25 13 000 r/min 2.0 20 min J5HL
W, B h A R 2 R T A
1.4 EELEMKBIH &
1.4.1 MEBIEIL

UG it D403 & @B G RAE (ILoRon ), L
B K YRR 20 min, A 5K, HE TSR
A ERZNTRE . FH 4% HCI 7 KL 1S fL g
HERHBEpH £ 1-2, HERE6h, HHLET
KBEZEAE. FH 4% NaOH IF B AT AL s H 2
T pH £ 13-14, HERERE 6 h, FALETK
TEE R
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t, WECN 1 mL/min, R IREHERNAS |
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R P
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SBUH 28 2 %) ] 2 AL AR T 2 iZ M
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Fig. 1 High performance liquid chromatography of
cytidine and CMP standards.
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FRIE (Asp 1 Glu) EECk 26, IFEHMRAKELIRIER
(Arg Fl Lys) &%k 30, AFRETRECH 47.73 (>40),
LW UCK S W AMEE M, KB ECy
—0.086 (<0), #H] UCK & -NEKIEE .

FI I NCBI CD search 4341 UCK 2 [ 57 )7 41 {7
SPEEFIER . UCK )8 T NKE K%, PRK05480
Kk, LLZELEME, 56 31 ATP 55608,
6 /™I WE B SR S L SR 3 AR R S P o
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JE43 I EE 11 TMHMM server Fiii% 8 (A & 5

A

bp M 1 2 3 4 5

6 000
3 000

2 UCK EHREHEFIER

SRR, A5 R WIIREE AP S 112 (7 2 B RR BT K
Pefi®, 55 95 ML IEIR K Mhfras , R ARINEE
B KPR IR UL T AR M AR R BB, it —
UER % O AT ROKE

22 UCK EHMEHARIEREBFERIER

J T A E LM UCK A, TR A K
WEAFRILEZRSG, VL pET-28a JikifE b FikaiAk,
M4t GenBank H Ay UCK 2 [ dmb 3L R 241, 409%
AL T A RS %38 pET-28a Jivki I, 3k
S EYLFRL pET-28a-uck, X H4H JRR E A 7 REVI 56
WE, WE 2A B LABRSIME N UIE EcoR 1 HLf
PIF AL FORL, 75 6 000 bp 7545 H 35 Wil k/h— %k
By 4% . L EcoR T 1 Hind TTTW ) 2 20 Bk, 4%
HI7E 5 300 bp £ 700 bp FfE L5 28 JFokn A H 1
FERR/N—BI S, UEH B TR A EE ) .

Fig. 2 Recombinant expression validation of protein UCK. (A) Restriction map of the recombinant plasmid. M: DNA
marker; 1: EcoR I single enzyme digestion of pET-28a; 2: EcoR I and Hind III double enzyme digestion of pET-28a; 3:
target gene fragment; 4: EcoR I single enzyme digestion of pET-28a-uck; 5: EcoR I and Hind III double enzyme
digestion of pET-28a-uck. (B) SDS-PAGE analysis of recombinant proteins. M: protein marker; 1: supernatant samples in
the cell lysates of E. coli pET-28a; 2: precipitation samples in the cell lysates of E. coli pET-28a; 3: supernatant samples in
the cell lysates of E. coli pET-28a-uck; 4: precipitation in the cell lysates of E. coli pET-28a-uck.
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W E 40 SR AL 2 45 3 E. coli BL21 (DE3)
BEZAMN)E , AT AR RIS R TB b
FRAkrh, i IPTG W Rs HEH . R WA
I LA o TR A 3R, KRR 1 TR ORI
43947 SDS-PAGE 4 #r, 453 anE 2B s, b
T WCAE 27 kDa BT HH B 2 1 2547, 5 UCK E H
YRR 43 ot — 25, BRI BRI AE KA AT 1A
Hal RIS

J T B E UCK B AR AR, e il fi Ak S I 44
Z, A AMEE 1.9 mg/mL ) UCK L7 |
30 mmol/L JEFF . 30 mmol/L 7~ i B R 4 LA Kz
30 mmol/L ATP,7E pH 8.0.30 "C 44 F )% 6 h,
i HPLC il & BUAT I 17 AR )RR AR 0%, 156 P
UCK RERSLL ATP AE Ry W IR LA Ak B 1 2 B
i 19 S

2.3 PPK EEHWEHRIEREBEMERVIR
T ATP PR =B oA, W H X
Bt VR NS ATP s LAAZ AT IR 11 y-BE R 5L
5 7% 28 32 AR5 o i 1 0 3 S g 8 9 T4
ADP EWEIRIL N ATP, FHE &G T ATP
ARG EE W R R AT R R E M AE

El 3 PPK EAWEHERTIAWIE

KN I 5% i 2 B B IR B A5 i /2 PPK, Xl fig
Al y-BERR T N ATP 8 3| oHL £ BB R
(PolyP) fymTs¥i . T+ PolyP fIKER MM 4%,
IR A Mok A PPK 78 ATP FAE B AT %
EPNIF- DL

Hi4 GenBank |1 PPK & [ 4 i 3L K 1]
ZILIR A P 5 % 4 3 pET-28a Jikr |, 345 S
JiUkL pET-28a-ppko X E 41 ok A TRV RE, N
Bl 3A . DARRGIPEN UIEE EcoR T 1) 2
Jki, f£6 300 bp A A7 IS FU A/ N—301 5%
o LA EcoR T 1 Hind I ) = 41 ok, 43 HIAE
5 300 bp A1 1 000 bp BRI H B 25 ok A H G2
KN 257, UE W Aok A i A

W FE 4L ORI AL 2 95 3214 E. coli BL21 (DE3)
BN, AT SRR RIE RN TB 1
FRAE, A IPTG ks HE N . R E A
I LA 7 v TR A 3R, R BTN
4347 SDS-PAGE 4 #r, Z5 R ANKl 3A Fis. b
THAE 44 kDa [T B B i 45007, 5 PPK &M
FRRERT 23 JoT e — 3, U6 % 2R M RS E R AT AT
Tl RS

kDa M 1 2 3 4

Fig. 3 Recombinant expression validation of protein PPK. (A) Restriction map of the recombinant plasmid. M: DNA
marker; 1: EcoR I single enzyme digestion of pET-28a; 2: EcoR I and Hind III double enzyme digestion of pET-28a; 3:
target gene fragment; 4: EcoR I single enzyme digestion of pET-28a-ppk; 5: EcoR I and Hind III double enzyme
digestion of pET-28a-ppk. (B) SDS-PAGE analysis of recombinant proteins. M: protein marker; 1: supernatant samples in
the cell lysates of E.coli pET-28a; 2: precipitation samples in the cell lysates of E. coli pET-28a; 3: supernatant samples in
the cell lysates of E. coli pET-28a-ppk; 4: precipitation in the cell lysates of E. coli pET-28a-ppk.
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Ry 5 TE A EIEG F) A A0 SR , TR A A S
RER, IMABEAWE 1.9 mg/mL UCK LG A
MW 1.3 mg/mL PPK #1# , 30 mmol/L fifs
1. 30 mmol/L 7 m#fR#H L & 0.5 mmol/L ATP,
76 pH 8.0, 30 CHYZAFT ) 6 h, {fi ] HPLC 5
W % B A B R 1Y FE AR U, 136 B Rhodobacter
sphaeroides Ui ) PPK REME A R {L ATP 4=
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2.4 EENESRH & RIEL RN EHFmT
241 [EEEER RS R
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#5415 6 MNERR S TR . M THER S H
R K IR 5 [ AT AR L T 5 4 B R A T I 45
B, PG & A X e 2 FE PR BR B 114 A 1 2 e S 1 I o
EGAEIREFEEAEAR L, D403 &IRESE
BB 2 K LB SC B 45 #4 () SR % 20 JL R ER 1A 1
51V FE — 2R B A L AT R B TS i A
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{di [ D403 NS T Ni* T o e A ik, HH T
AL AR SRR R, R R S B KL B P A
atifb e (LB R o B ARl T R A
PO RINE, Ko 2N A5 1A T R P R A ARSI

HRAE A3 2 TR e A Ao 3 i
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Fig. 4 Schematic diagram of catalytic reaction of
immobilized enzymes.
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Fig. 5 Effect of pH value on the catalytic reaction of
immobilized enzymes.
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Fig. 6 Effect of temperature on the catalytic reaction of
immobilized enzymes.

TR LTS 245 BT T B, DT 850 7 e Tt
UAraE3 € 4ih] o2
2.4.4  JERMyuR EENT E e AL BEAE AL SR B e

Fe IR 1.5 BT IR BRI AL R NAR R, B 5
L 007 el R ) 40 T A 6 7 A A £ S i
M. N3k 2 PR, BEIRYIMTT R ETE 30-
150 mmol/L & [ PN [l 2 fL B f Ak R . Ferh
AT LLVE SR Y) M e B 7E 30-60 mmol/L Z [H]
i, MR A B IR AR AR 96% 17K, MK
YT v B R 60 mmol/L I, [ Ak Ak 2 1o
(7= JEE SR AR T B o AN, $ETH7S I R 4
P4l P85 X i1 5 T Tl A A 2 7 5 M AN K

25 FIAEELESS x4 & RER
HFRAL R B SO 254, 04T Z LR A Ak 5
Tl TR . N3k 3 R, Bl SO BRI £
6] R A it P A T S D7 85036 2 BT RV o i 5 ALV S g
L R Y S IR A R RE S R 7E 80% LA I, SFH4JEE
IRTFHN 91.2%, 55 6 HLUK I M T R (14 EE /R 15-%
B 25 52%. 1T BCA & [ B I e ) S il fi
JOE Y R S R MR B A AL R B, RN R
T 2 it 2 DA I Al A 1 B L DT S 35
PRARAA T AR R T R 3 — T T RO
TR A B TS T A MR NP, 55—y i

% : 010-64807509
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Table 2  Effect of substrate concentration on the
catalytic reaction of immobilized enzymes
cor?£:1(tjrlgﬁon coEml\éZEt?szieon concCer':/tlrF;tion Molar yield
mmolll)  (mmoli)  (mmoiL) C°F CMP ()
30 15 28.8+0.3 96
30 30 28.7£0.4 96
60 30 57.6+0.5 96
60 60 57.7+£0.4 96
90 45 78.3+0.6 87
90 90 79.2+0.5 88
120 60 94.8+0.6 79
120 120 93.6+0.5 78
150 75 93.2+0.7 62
150 150 96.1+0.6 64

F 3 T AEELEES R ML 5L F) & B EER
Table 3 Production of CMP by multiple batch reaction
using immobilized enzymes

Reaction  Reaction CMP concentration  Molar yield
batch time (h) (mmol/L) of CMP (%)

1 6 57.6x£0.4 96

2 6 56.5+£0.5 94

3 6 55.7+0.4 93

4 6 53.4+0.5 89

5 6 50.4+0.4 84

6 6 31.240.3 52

S T SO I A AR I 2 T s i - O EE 2 [ Y
JEE 55 A 1) I 5 A A MR 1

3 &%

W R S —Fh S B AT IR 7 i, RTVE M B
WIMF L 24 5 LR 25y FH AN [l @i . A
4 T TR AR 7 1 T A AR A R K A v VL 24
Bk, (HAE P I R O H AR A AT AR TE B
AR FARA L R R R, B
RALg i IR & . AR RN, #
TR MER R P AR UCK 7] LUEAR PR 1 A
JHS T B R A B Ry PR R AT R , (HL s g ook i 5 2
NTP fE N M fitiA. Qian &1 st &8, Kl
B AR A 2L R R 1 UCK (AL i TP R &
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BUET T ZEAH ] GTP VR AR LA, 2 T %Ak GTP
B &, AT DA 2 R e A Ak 2 T5E B 1R AN
GDP A= i GTP. i [ B S i 6 h W] LUk
30 mmol/L AYMIFEAT 0.5 mmol/L 1 GTP
29.1 mmol/L MM H IR, FEE/REEALRIAF] 97%, 1H
AMEE N TR T GTP 42 B L BB R 8 Tt
SRS, MELUK BRI A AR (5
WAFREE R EL R 1.5 0 1), T E M KR AR 7=
FE T

A 5% 44 F Thermus thermophilus HB8 5 it
UCK M T merififb & e, TESE 1 i n] AL
ATP 1ENBERR LA, 5 GTP AL MBEM .
Rhodobacter sphaeroides > i 1)) PPK {1k 7S ik
BAF ADP A= B ATP, GIESE T3 T LA g a8 fR e A8
R ATP MEFRFRAE o /SR AN DL
WhEmREL , FooE Mo BT R (5 Y EER H
505 1),

R T HE N Y AR R A A R A
B (G SRR, ] NS AR 0 4 8 B AR [ R 1k
AR SR B SR B 1, AL E AL R Y[R
SEELT e, SR LR SRR S A A AR T, 4
V5 A a7 B L AR B %) LU 0 8 e o ZEOR AR R J
BT, AT E LB LA 60 mmol/L a1 i
0.5 mmol/L ATP JMJic#, A 52 5 HEUR Y i Ak 2k
WA, LT BRF- 2B IR AR IR 5] 91.2%. N T
i — 24 e [ A Al 23R, 5 400 AT D e oAt
KM & RE MR E &R &+, Wl IR E
R B AR B, BRI E A AR S E A
EASEREBRE . SAHARME, AT
R R Al I R 04 g 1 AT SO AR
PRUEME . Sy R BRI AU SRR, AR
T 1 Tl o 5
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