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Abstract: Creatinine levels in biological fluids are important indicators for the clinical evaluation of
renal function. Creatinase (CRE, EC3.5.3.3) is one of the key enzymes in the enzymatic measurement of
creatinine concentration, and it is also the rate-limiting enzyme in the whole enzymatic cascade system.

The poor catalytic activity of CRE severely limits its clinical and industrial applications. To address this
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issue, a semi-rational design is applied to increase the activity of a creatinase from Alcaligenes sp.
KS-85 (AI-CRE). By high-throughput screen of saturation mutagenesis libraries on the selected hotspot
mutations, multiple variant enzymes with increased activity are obtained. The five-point best variant
enzyme (I304L/F395V/K351V/Y63S/Q88A) were further obtained by recombine the improved
mutations sites that to showed a 2.18-fold increased specific activity. Additionally, structure analysis is
conducted to understand the mechanism of the activity change. This study paves the way for a better

practical application of creatinase and may help further understand its catalytic mechanism.

Keywords: creatinine; creatinase; semi-rational design; saturation mutagenesis
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Figure 1 Scheme for enzymatic detection of creatinine. Firstly, creatininase catalyzes creatinine to generate
creatine; secondly, creatinase (*) catalyzes the hydrolysis of creatine; third, sarcosine oxidase catalyzes
sarcosine to generate hydrogen peroxide (H,0O,); Finally, horseradish peroxidase (HRP) catalyzes H,O, to
generate a detectable purple color caused by a coupler reagent 4-AAP (4-Aminoantipyrine) and a
color-generating substance TOOS (N-Ethyl-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline).
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al s BRI B AR T A TR (L)
B A BR 2 W) BBI fb it s ok /s g 52 Bt &
WH FEHERAEY TRAE MRS A ; PCR
clean-up iIX I & H Axygen/\ Al ; PrimerSTAR
Max DNA R 4§l H TaKaRa 235 ; Dpn I BR
il N DI B Thermo Scientific 23 Al o
1.2 SREHARSTN

) 2 M A e e s A, BT vk
s B A TR R R LR i A 24 BE TR I )
(GenBank *# 5% 5 . BAAS88830.1) [ 14 &
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1 TERMMAREXE
Table 1 Primers used for site-saturation mutagenesis

Primer name Primer sequence (5'—3")

E15X-F GGCATAATGGTNNKAAAGATTACAGTCCGTTTAGTG

E15X-R GGACTGTAATCTTTMNNACCATTATGCCATTTC

D17X-F TGGTGAAAAANNKTACAGTCCGTTTAGTGATGC

D17X-R AACGGACTGTAMNNTTTTTCACCATTATGCCATTTC

Y18X-F TGAAAAAGATNNKAGTCCGTTTAGTGATGCCG

Y18X-R ACTAAACGGACTMNNATCTTTTTCACCATTATGC

N54X-F TATCATTGTATTNNKTACTACAGTGGTTGGCTGTATTGTTA
N54X-R AACCACTGTAGTAMNNAATACAATGATAGCTGGTAAACAG
C62X-F TTGGCTGTATNNKTATTTTGGTCGCAAATATGG

C62X-R GACCAAAATAMNNATACAGCCAACCACTGTAGTA

Y63X-F GGCTGTATTGTNNKTTTGGTCGCAAATATGG

Y63X-R TGCGACCAAAMNNACAATACAGCCAACC

Y68X-F TGGTCGCAAANNKGGTATGGTTATTGATCATAATAACGCC
Y68X-R ATAACCATACCMNNTTTGCGACCAAAATAACAATACAG
Q88X-F ATGGTGGTNNKCCGTGGAGACGTAGTTTTGGC

Q88X-R GTCTCCACGGMNNACCACCATCAATGCCGGCAC

H193X-F TGTTCCGGAANNKGAAGTTGCAATTGCCACCAC

H193X-R TTGCAACTTCMNNTTCCGGAACACCGGCCTTA

1197X-F ATGAAGTTGCANNKGCCACCACCAATGCAATGATTCG
1197X-R CATTGGTGGTGGCMNNTGCAACTTCATGTTCCGGAACACCT
N201X-F TTGCCACCACCNNKGCAATGATTCGTGAAATTGCAAAAAG
N201X-R TTCACGAATCATTGCMNNGGTGGTGGCAATTGCAAC

1204X-F ATGAAGTTGCANNKGCCACCACCAATGCAATGATTC

1204X-R GCAATTTCACGMNNCATTGCATTGGTGGTGGCAATTGC
N213X-F AAGTTTTCCGNNKGTGGAACTGATGGATACCTGG

N213X-R ATCAGTTCCACMNNCGGAAAACTTTTTGCAATTTC

V214X-F TTTTCCGTTTNNKGAACTGATGGATACCTGG

V214X-R CATCAGTTCMNNAAACGGAAAACTTTTTGC

N234X-F GATGGTGCACATNNKCCGGTGACCAATCGCATTGTGCAGAG
N234X-R GGTCACCGGMNNATGTGCACCATCGGTATTAATGC

P235X-F GTGCACATAATNNKGTGACCAATCGCATTGTGCAGAG
P235X-R CGATTGGTCACMNNATTATGTGCACCATCGGTATTAATG
D256X-F CTTTCCGATGATTNNKGGCTATTATACCGCCCTGGAACGTACC
D256X-R CGGTATAATAGCCMNNAATCATCGGAAAGGTATTCAGGCTCAG
K351X-F ATACCGAACTGNNKCCGGGTATGGTTGTTAGTATGG

K351X-R AACCATACCCGGMNNCAGTTCGGTATCAATATCTTC

1.4 FE&ESRY 96 FLARTFIZ 5 3E #1500 uL ¥ Kana HTtE (100 mg/L) 1) LB 1%
1.4.1 FLERERAY 96 FLIRIE TR 75 0% FrHE, T 37 CHBiRG IR, IR CES

PeBOAR AR CRE T 96 SLERALIT . N==32 In(1-P) K 147 4>, LLIKE] 99%13C
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FEE TR

B S0 uL B FR IR E A 450 pL
HiAE SRR, 37 C . 220 r/min 5%
3% 3h, BEEAZE 20 CHRIFER

% 200 pL 25T TR R AR UE 96 £L
HerF, 4 000 r/min B0 10 min, {845 F3%; b
Ja &L A 50 uL %) BugBuster i fi i, T
AL IR % %% F 500 r/min $&¥% 30 min, il
A 100 pL #El2 2% vpEL %W (phosphate buffered
saline, PBS) (pH 7.4) E & 10 min; 4 C
4 000 r/min &0 10 min, B & A T RS
iRl
1.4.2  RLEREG YR FLARERIE A& 75 3%

190 uL PBS (pH 7.4) Z& ik R4 & TOOS
(KM EH 0.5 mmol/L), 4-AAP (L JF Ny
0.45 mmol/L), WLEZ (ZMKE N 0.5 mmol/L),
HRP (900 U/L), WLEMAALHE (8 UmL), 7F
WNARZR A 10 uL HIEGW, B AREFRY
R AT, 37 CHREl 20 min P 555 nm K
RO AR AA

AR 4 WO B Y AR A (B, SRS ) T
HE120%4L, MHIRE 50 pL B, R E)
450 uL 7% Kana Fiitt (100 mg/L) AY LB k5355
ISR, 37 CRIHG S 8-12 h, %M ik
B 5 AT A 0 o O U I T T 4 v ) TR A
g, RB4ifbEA.

1.5 B4 BIpERRE S RT AR RIAA (L FIEE
SESIME
1.5.1 BERESHIRAA LA

W3 mL B R IR 33 300 mL (100 mg/L
Kana) LB ¥ FEMFEMHH, 37 'C. 220 r/min
i Ff &2 ODgpo=0.8, MAZLME R 100 mg/L (¥
5 N 3 -B-p- i A 2 FLBE AT (isopropyl-B-D-
thiogalactoside, IPTG), 20 Ci#5% 14-16 h, &
FELETR)E, 6000 r/min 2.0 10 min, WAE A,
i FH v R 2 BT ASORBE A B A4S, B S PR AT i Ak
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EE, GBI M PBS 2% b bk L5k M
) R A
1.5.2 BIEREGHYERIE SN ZE

Wil % 7 B e 7E T R AT LR
T Ao R S B A B R 1 pmoL HoO, IIrify 1Y
it 18— 1 BN (U)

Bt 5 W T e KA R O & A LR
0.5 mmol/L ; TOOS 0.5 mmol/L ; 4-AAP
0.45 mmol/L; HRP 900 U/L; Wl M & ki
400 U/L ) PBS ZZM(pH 7.4), AKRTE
37 CHMEE ., 11 1 mL A3 @I g mA
950 pL A W, 50 uL FRiEEw , T 37 T
N, A AR WTER 555 nm AR
W f, AR S S 30-60 s NAKRIOE
JERIARAL, A .
1.6 EREFMRFANIIFRNE
1.6.1 REXRAIFEI

e glifb 5 B AE AL (Wild type, WT) J
RAAWE (1 mg/mL) fE 20-55 C (20 C .
25 C, 30 C, 35°C, 37 °C., 40 C, 45 C,
50 CAHl 55 C) FHYELIE 1, 36 J1005E Iy ik IA]
152 PR, 434 WT M oA B i S W I
1.6.2 pH Xt & R HIS N

I 7E A4k 5 A0 B A= 7 I 2875 il (1 mg/mL)
TEAIE pH {E (pH 5.5-10) T B9ZE il b i e
W, BEEINE AR 152 B, SOV IR E
Gi— 030 °C, ZrMr WT K H: 5878 il ) fod S 1
pHo  H o 2 oifl 43 0 S A 468 R -y A R A 2 o
W (pH 5.0, 5.5), PBS ZZM (pH 6.0, 6.5,
7.0, 7.5, 8.0). HaAm- A M (pH
8.5. 9.0, 9.5, 10.0).
1.6.3 &ERBEFMNRMAFNM

MELifbfEr WT &RZEw (1 mg/mL) 7E
W T ARFE4&REEF (K. Ca¥'. Co’, Cu”,
Mn®*, Ba’*, Zn®*, Fe’". Mg’ K2 &z
TR PU4HER /K5 %) (ethylenediaminetetraacetic acid
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tetrasodium salt hydrate, EDTA) 2% i P A9 EL TG
71, Haifb)E B 1xPBS 2% vl B 2
1 mg/mL, [AFAFIAE S AH 50500 A 1 mmol/L /)
RIF) 428 B F ok 1| mmol/L EDTA, W% 10 min,
WG 7k m 152 Fros, SO i B 48— R
30 Co [AI LI SALATE T HY SR R (control)
P B, 5 A AN ) 15 1 1 S A 28 50 J3l)
i 3 20 FAT 5L
1.6.4 Z|HHFESHHINE
BRIV ZHEZ D 0.5, 1, 2, 5,
10, 20, 50. 80, 100 mmol/L MYV R:E, MW
G E T4 R 1.5.2 fras, 4E 37 'C PBS Zeihil
(pH 7.4) whilll s W 0 S s, FOK FRO7 A
(Michaelis-Menten equation) #F17 JF £& 14 [8] 5
AT, BRI K B kearo

2 X504

2.1 PAIEREESSTT IR S AYIEEN

7E HotSpot Wizard *V- & Hr, K LR i B 4=
RIF A5 200 45 [FE P A AT 2790 e, i
i 2 e T A0 6 A 58 728 1) 5% i A B34S L A Y
AR VAT Ay, by AT AR P 6 S AR 4 TE
6-94r, WA ARVENL SIS FE 4-5 47 (£ 2).
15 AT AR PR A ) R IR AR AT AR, A
AIREAR R Z R R R A, RIAE RS,
W DA Ay 98 A8 B AR RO 8 m] LAAS 3] e 4 Ak
TP 1 PH M 2 AR IR

BEA,  H A I A BT ) R A
XoF T ) A AR T P L X s R RS 4 R S
SR LA Y ) G AR I, BT LLE 1 B
AT S B RR A His233 FIIREREA2 R 2.7 A Sk
T 2 55 4 A AR TG 4 1148 ) S R 07 A5 o
SEG AR PEAS Sy RS BT B X P RPN R AR
WZAPATT 11 ASm ol AsdE B s M 48
“P R BE (hotspot) . [ B DRy T4 K O %
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i, XF Al As VA0 TE 4 23 LA b B SR FEBR A A 0k
— o0, AR E RWILLRNEER . 4
X5 TR A S BRI B I 1 0 G
FIEMR T R, BRI 10 A JEREN
(BTG F48) HARS SR ALS &
RO WG I 2R RS ZRT R
FERRN, FRATTR L RSB T & ER A
Cys62 . Tyr63 . Tyr68 . GIn88 . Asn234 .|
Pro235. Lys351 3t 7 PN IR 55 .

mAEFET Gluls., Aspl7. Tyrl8 .
Asn54 . Cys62 . Tyr63 . Tyr68 . GIn88 .
His193 . Ile197 . Asn201 . I1e204 . Phe213 .
Val214, Asn234. Pro235. Phe256. Lys351 it
18 PMRAE I . HAC S AR 45 14 h
B LA A B 2 AL 2 TR
22 BolfRTMiFENREEESR

FIFE 96 FLURFL AR W i vE & R XF 18 4~
Hotspot i &5 A1 A58 A8 E R A 7 i 1k, X 43 4L
) Tl % B A T e T B B 2 AR IR & 0, R4y
“ifb Y SDS-PAGE 45 R ILKE 3, EHST
WTE 46 kDaZify, SN 4T R/NEA
—3, HERFWHR—, EALEETE 90%L)
F, ARV TRk e L . B R AR e
Aspl7 . Aspl8 . Tyr63 . GIn88 . Hisl193 .
Phe213 Fll Lys351, HpA7 fi34 K75 2 fHPEZ
AR, AL RIE, 58] 10 KNS TR
B A5 K D17P. DI7T. DI8T. Y63S.
Q88A . HI193S . F213Q. K351R. K35IT,
K351V i& Mo m BFAE LA 1.41 %, 1.1 £,
119 f%5. 1.35 %, 1.20 5. 1.13 f%. 1.18 f5.
1.32 /%, 1375, 1.64 1% (& 4); Hrpb Lys3s1
Bisi & A 3 AV AR, Aspl7 &F 2 FiFH
PERAS , I H I 148 T f s S AR R 43 51
K351V #l D17P, #iH] Lys351 fl Aspl7 iX 2 4>
A7 15, AT BE X il /K AT A A SR .
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2 HotSpot Wizard FERIITEER

Table 2 Calculation results from the HotSpot Wizard

Position Residue Mutability&score

In catalytic pocket

Amino acid frequencies (%) Deleterious mutations

15 Glu High,8 N 37.50 Pro

17 Asp High,6 \ 1.00 Pro, Tyr, Trp

18 Tyr High,8 v 0.50 -

54 Asn High,6 x/ 20.00 Pro, Trp

62 Cys Moderate,4 R 83.00 Gly, Ile, Tyr, Met, Leu, Gln, Asp,
Ala, Lys, Glu, Trp, Arg, Pro

63 Tyr High,6 x 04.00 Ile

68 Tyr Moderate,4 v 81.50 Ile, Arg, Ala, Glu, Gly, Pro

88 Gln Moderate,4 v 85.00 Ile, Trp, Gly, Pro

193 His High,6 S 12.50 Gly, Pro

197 Ile High,6 v 3.00 His, Tyr, Asn, Thr, Cys, Trp, Gly,
Pro

201 Asn High,7 \ 8.00 Pro, Trp

204 Ile High,6 x/ 6.00 Trp, Pro

213 Phe High,6 v 1.00 Trp, Pro

214 Val High,8 v 2.50 Lys, Pro, Tyr, Trp

234 Asn Moderate,4 S 86.50 Glu, His, Gln, Ile, Thr, Arg, Lys,
Pro, Tyr, Trp

235 Pro Moderate,4 v 84.50 Asn, Arg, Trp, lle

256 Phe High,6 v 2.00 Ile, Pro

351 Lys Moderate,5 X 3.00 His, Trp, Tyr, Cys, Asn, Thr, Gly,
Pro

2 ETF AI-CRE Z# % HotSpot Wizard X4 1E BIR T =

Figure 2 Selection of hot spots based on AI-CRE structure and HotSpot Wizard software.
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Figure 3 SDS-PAGE analysis of AI-CRE.
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Figure 4 Relative enzyme activity of the wild-type
Al-CRE and its single-point mutations.
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Table 3  Specific activity of AI-CRE mutants

Mutants Specific activity (U/mg) Relative activity (%)
WT 6.93 100.00
1304L/F395V 9.74 140.57
1304L/F395V/K351V 10.34 149.28
I304L/F395V/K351V/Q88A 13.22 190.79
1304L/F395V/K351V/Y63S 13.33 192.31
1304L/F395V/K351V/H193S 13.12 189.38
1304L/F395V/K351V/D17P 12.13 175.02
1304L/F395V/K351V/Y63S/Q88A 15.11 218.10
1304L/F395V/K351V/Y63S/H193S 12.30 177.51
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Figure 5 Enzymatic properties of the wild-type AI-CRE and its mutants. (A) The optimal pH. (B) The
optimal temperature. (C) Effects of several metal ions on the activity of wild-type AI-CRE and its mutants.
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Table 4 Kinetic characterization AI-CRE mutants

Mutants keq (min ") K., (mmol/L) keat/ Ky (L/(mmol-min))
WT 382.99+4.79 2.12+0.33 180.66
1304L/F395V 388.96+5.43 1.76+0.09 221.63
I304L/F395V/K351V/Y63S/Q88A 712.99+19.71 2.75+0.24 260.65
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wm: 010-64807509

(149 53 5 3 7 A BB Xk LR A8 R 3 7 =
PE— 200 M, AT LU A Rt o3 B 58 728 52 i L
PR k15 1 P HAACHIL ]

6 RIS 1304L/F395V/K351V &5 2
Figure 6 Structural information of 1304L/F395V/
K351V.

7 ZRTHIA Y63S (A-B)F1 Q88A (C-D)Z:#s

=R
Figure 7 Structural information of Y63S (A-B)
and Q88A (C-D).
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