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Enhancing enzyme activity and thermostability of
cephalosporin C acylase based on B factor analysis
LIU Xin-Hua' YANG Guang-Yu® DENG Zi-Xin'? XIE Yuan®" LIU Tian-Gang'*"

(1. Key Laboratory of Combinatorial Biosynthesis and Drug Discovery, Ministry of Education, Wuhan University,
School of Pharmaceutical Science, Wuhan, Hubei 430071, China)
(2. Hubei Engineering Laboratory for Synthetic Microbiology, Wuhan Institute of Biotechnology, Wuhan,
Hubei 430075, China)
(3. Hzymes Biological Technology Co. Ltd, Wuhan, Hubei 430075, China)

Abstract: [Objective] The aim of this study was to obtain a more stable cephalosporin C (CPC)
acylase by screening site-directed saturation mutation libraries of Pseudomonas sp. SE83 acyll and
to characterize the structure and function of mutant enzyme. [Methods] We computated B factor
based on the structure of Pseudomonas diminuta N176, a homologue of Pseudomonas sp. SE83 acyll,
and constructed site-directed saturation mutation libraries of SE83 acyll. Combined with pH
indicator assay, we used a Biomek FX" automation workstation high-throughput screening method to
screen more stable CPC acylase. The enzyme properties were further defined by comparison with the
wild type enzyme. The relationship between structure and function of the positive mutants was
studied by homology modeling, using SWISS-MODEL software. [Results] We found 9 targeting
sites by B factor homologous structure alignment and computation. After 3 rounds of screening, we
found that the mutations occurring at residues R218 and K226 could enhance the thermostability of
acylase, and the most stable mutants were identified as R218Q and K226V. Their half-lives at 40 °C
were approximately 3.77- and 2.77-fold of the wild type enzyme, respectively. The catalytic
efficiency k../K, was also approximately 1.8- and 3.1-fold of the wild type, respectively. The
possible mechanism for the enhanced stability might be the increments of hydrogen bonds and
hydrophobic interaction, which were analyzed by homology modeling. [Conclusion] It proved to be
an efficient and reliable strategy for improving enzymatic stability based on B factor, and the positive
mutant R218Q and K226V could enhance the stability and catalytic efficiency of CPC acylase. Thus,
this study may serve as a useful reference for further improving enzyme properties.

Keywords: CPC acylase, Half-life, Kinetic stability, B factor, Biomek FX" high throughput screening
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(10] Pseudomonas

sp. SE83 acyll

Pseudomonas diminuta N176 90%
[1-12] N176!"*YPDB ID: 4HSR)
Discovery studio B
SWISS-MODEL SE83 acyll S12
N176 B
pH (4] Biomek FX"
C
1 MRETE
1.1 SRIGHH
1.1.1  EHRFAGRHL: Escherichia coli DH10B

BL21(DE3) pET28a
1.1.2  FZLFIF{YES: Phusion DNA Polymerase
Dpn | New England Biolabs PCR

DNA
Prestained Protein Ladder
PrimeSTAR Max DNA Polymerase
DNA Marker Millipore Amicon
BCA Protein

Axygen Scientific
T4 DNA Ligase
Fermentas

TaKaRa
Ultrafiltration Centrifuge Tubes
Assay Kit Thermo Fisher Scientific
Isopropyl-B-D-thiogalactopyranoside  (IPTG)
AMRESCO

Molecular Devices Qpix

460 Thermo Biomek FX"

PerkinElmer

1.1.3 #EHFE: LB (g/L) 10.0
5.0 10.0
15.0 g/L
1.2 XEWHZE
1.2.1 HBJEE SES3 HisE:
SE83 Pseudomonas sp. SE83

acyll S12 (V1220A/G1400S/F58BN/I75BT/I176BV/
S471BC) (GenBank AAA25690.1)

F (5'-ATATCATATGACGATGGCG

GCCAAGACCGATCGCGAGGCCCTGCAGGCGGC
GCTGCCGCCGCTTTCCGGCAGCCTCTCCATTCC
GGGTTTAAGCGCCCCTG-3") R (5'-ATATC

TCGAGTTAGGCCGGAACCAGCTCCTGGCTG-3')

Ndel Xhol
pUC57-SE83 S12 PCR
SE83 S12 PCR (50 uL)

5xPrimeSTAR GXL Buffer 10.0 uL (10 umol/L)
2.5uL (50 mg/L) 1.0 pL. dNTPs (2.5 mmol/L)
4.0puL PrimeSTAR GXL DNA Polymerase 1.0 pL.

29.0uL PCR 98°C30s 98°C15s
55°C15s 68°C2min 32 68 °C 10 min
SE83 S12 pET28a

pET28a-SE83 S12
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Protein Data Bank (PDB ) SE&3
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B
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Table 1 Primers for site-directed saturation mutation libraries construction

Primer name Sequence (5'—3")
E113-F GAAGCCCTGGGCGCANNKGCAAAGGATATGCTGC
El113-R TATCCTTTGCMNNTGCGCCCAGGGCTTCAAAATCG
R218-F TAGCAGCCCTGNNKCCGGCCGTTGATGCATTACTGAAAGC
R218-R ATCAACGGCCGGMNNCAGGGCTGCTAAATCGGCTTCCAGG
K226-F GATGCATTACTGNNKGCCATGGGTGGTGACGCCAGT
K226-R CCACCCATGGCMNNCAGTAATGCATCAACGGCCGGAC
E334-F CACGCTTTGGCAATNNKTTCGAACCTGTGGCCTGG
E334-R ACAGGTTCGAAMNNATTGCCAAAGCGTGCGGTGCG
E454-F GGTTGGAGTGGTNNKCACGAATGGCGCGGTTGGATTCCTC
E454-R AACCGCGCCATTCGTGMNNACCACTCCAACCCGGAACC
G547-F CCTGGGTATTCAGNNKAGCCTGCCGGCAGAAGAACT
G547-R CCGGCAGGCTMNNCTGAATACCCAGGGCTTCTAAG
S548-F GGTATTCAGGGTNNKCTGCCGGCAGAAGAACTGCGCCAGACC
S548-R CTGCCGGCAGMNNACCCTGAATACCCAGGGCTTCTAAG
W632-F GGCATGTTAAAAGGCNNKAGCTGGGATGAGGCCCTGAGCGAAG
W632-R CTCATCCCAGCTMNNGCCTTTTAACATGCCTGCGTCG
E764-F CGTATCGCAGCCNNKGCCGTGACCAGCCAGGAGC
E764-R GCTGGTCACGGCMNNGGCTGCGATACGATCCCAGCTATACAGC
F R N A/T/C/G K G/T M A/C.

Note: F: Forward primer; R: Reverse primer. Modified codons are shown in bold. Letters in primers represent different nucleotide; N:
A/T/C/G; K: G/T; M: A/C.

pET28a-SE83 S12

—80 °C 3

PCR PCR (50 uL) 200 uL 5 mmol/L pH 8.0
2xPrimeSTAR Max 25.0 pL (10 umol/L) Tris-HCI 4 °C 3 600 r/min
1.0 uL (50 mg/L) 1.0 uL 22.0 uL PCR 30 min 96
98°C2min 98°C15s 55°C15s 72°C A B
90s 32 72 °C 10 min PCR H A 55°C 10 min B
Dpn 1 Axygen PCR Clean Up 10 min 15 min
BL21(DE3) 10 min
2) A B
1.2.5 {BFARITERYTFIE: 1 Qpix 0.002 5% ( ) 68.6 mmol/L
460 200 uLLB 96 37°C CPC 5 mmol/L pH 8.0 Tris-HCI
220 r/min Biomek 200 u 37 °C 10 min 556 nm
FX’ 37°C 220 r/min A B
2h 0.5 mmol/L 3) A ODss¢/B  ODssg
IPTG 25°C 220 r/min 600 nm
96
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Figure 1 The screening process of high throughput
automation workstation
BL21(DE3) Qpix 460 96
IPTG

Note: The general screening process was from transformation,
picking, inoculating, induction, disintegration and temperature
treatment to enzymatic reaction and data reading.

1.2.6 CPC BUUBBRIXBREARLMNL:
CPC 50 mg/L
LB 37 °C 2 h 0.5 mmol/L
IPTG 25 °C
Buffer A (50 mmol/L Tris-HCl 4 mmol/L -
300 mmol/L NaCl pH 7.6)
(15 min 5s
8s) 4°C 18000 r/min
NiZ* (GE Healthcare)
Buffer B (50 mmol/L Tris-HCI 4 mmol/L B-
300 mmol/L NaCl 500 mmol/L pH 7.6)
10 K Amicon®
(Millipore, Billerica MA)
5 mmol/L Tris-HC1 ( 10%
SDS-PAGE
127 ZOHSELANEREQRE:
Pierce#BCA Protein Assay Kit

30 min

pH 8.0)

BSA ( )
BSA 562 nm BSA
OD:se;,
1.2.8 REXEEE NAIENG: 31-46 °C
CPC CPC SES83

100% -
1.2.9 pH #BRFEMN CPC BELESE S FF=44D
#: CPC Xiao [
CPC 200 pL
5 mmol/L pH 8.0 Tris-HCl 0.002 5%
68.6 mmol/L CPC 5 uL 37°C
4min 556 nm
HCI HCI
(0-0.9 mmol/L) 37°C 556 nm
Origin 9.0
CPC
1 pmol U
0—25 mmol/L
7-ACA
WE(UIL) = Dx (A4, — Ad,)x10° x V/,
kxtxVg
D A4, t
AA, t
14 (mL) Vg (mL)
k HCI
1.2.10 FHAFEHWME: CPC

(0.5-80.0 mmol/L)

[S] V
V=V max X [ST/ (K[ S]) Origin 9.0
K Vinax
kea=Vmax/[E] Keat [£]
1211 BEFEFHAFEHRR: 05gL 40 °C
10 min
In( )
(ka) (t12)
tp=In2/ky
AG
AAG
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APBS Pymol

2 GRE 53‘19?

2.1 FRERL S RTIEEE

Protein Data Bank Cephalosporin

acylase Pseudomonas diminuta N176
Pseudomonas sp. SE83 acyll N176
(PDB 4HSR) Discovery
studio a B B
( 2 B
(Arg218

Lys226 Glull3 Asp547 Trp632 Asp548 Gluds4
Glu764 Asp334) SES3 (Arg218
Lys226 Glull3 Gly547 Trp632 Ser548 Gluds4
Glu764 Glu334)

2

T2 o. pHEREEKE B ETHF

Table 2 Ranking from highest to lowest B factor of the
chain a, p residues

Chain o

Chain f

Amino acid Site B factor Amino acid  Site B factor

Ala 14 5395 Asp 547 62.47
Ala 15 5253 Glu 541 5547
Arg 218 5148 Trp 632 54.59
Gly 229 46.99 Asp 548 54.13
Lys 226 41.99 Glu 454 50.47
Thr 216 41.01 Glu 764 46.46
Leu 214 4051 Glu 354 46.06
Glu 113 39.71 Lys 630 4591
Asp 213 39.12 Arg 371 4522
Ala 215 38.50 Arg 344 4481

Asp 334 44.70
Ser 549 4428

SES3 2 Gly547
‘ "f

£ ’, Ser548
€ . i
> AN p

o 4\1 aTrp632
- ¥ i

h A N

3‘ - @,
{ j __).\ Nt
\ .-a.\

Glu764

Glull3

2 SES83 MIEEIEFNZS TS B &5 B k4R

Figure 2 SES83 sites chosen for saturation mutagenesis
N176 4HSR SE83 .o

B Serlf

Note: The diagram shows a structural model based on the
crystallographic structure of N176(4HSR). Mutation sites on the
chain o are shown in cyan; mutation sites on the chain f are
shown in green; Catalytic Serlp is shown in red.

2.2 AFASREE FERY MY FOTFIE
20
(NNK) SES3
S12 PCR
32 20
95%

200

K226V R218Q
R218T B

2.3 BRI
23.1 CPCEtUEBERAKMRERENE:
4 (WT) 3
83 kD o 25kD B
58 kD SDS-PAGE

90%
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Figure 3 Results of screening saturation mutagenesis libraries of chain a and chain P residues
96 CPC 55°C CPC

Note: The residual activity of wild type enzyme after 55 °C heating treatment was taken as a reference of specific activity, which was
represented by a dashed line.

kD M 1 2 3 4
250 —

150 — =——

100~ o8 o

75

50— — D D G G
37— —

25— — D Gl C—" —

2() — —
15 — e

1() ——

4 BEH4RE CPCELLEEE QR SDS-PAGE 2147
Figure 4 SDS-PAGE analysis of CPC acylase purified by Ni** affinity column
M 1-4 CPC 1 2 R218T 3 R218Q 4: K226V.
Note: M: Marker; 1—4: Purified CPC acylase; 1: Wildtype; 2: Mutant R218T; 3: Mutant R218Q; 4: Mutant K226V.
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C 9 S
R218T K226V 40 °C
R218Q 43 °C 3°C

2.3.2 CPC BEt{LEGTE AMZE: Origin 9.0
HCI

(WT)
1.2.9
1.2.9

2.3.3  CPC Bt{LBgF=4m30 &) 4T

025 mmol/L 7-ACA 3
(WT)
K226V 7-ACA
7
234 HMAOAFEHRHME: CPC
3
(0.5-80.0 mmol/L) Kn ke R218T
Keat R218Q
K226V keat K,
keat! Kin ()
A WT
100 _aR2IST
- R218Q
= —m— K226V
S 90t
E
=
S 80t
2
= 70}
60 b

30 32 34 36 38 40 42 44 46 48
Temperature (°C)

B 5 REX CPC BtLEGE M EIG
Figure 5 Effects of temperature of CPC acylase activity

y=—0.653 6x+1.348 3
R*=0.99517

Absorbance at 556 nm
S 5

> &
N
T T

0.0 0.2 0.4 0.6 0.8 1.0
Concentration of HCI (mmol/L)

6 REIRE HCl 5 KB LIRS (8 I Lot ih £
Figure 6 The standard curve for the absorbance change
of phenol red, plotted against the concentration of HCI

%3 pHIETFIENE CPC BELESTE S

Table 3 Enzymatic activities measured by the
pH indicator assay

Weight of Amount Total Specific
Strain wet cell of protein  Activity activity
(€49) (mg/L) (99) (U/mg)

WT 4.220+0.062  61.0+£3.2  4304+4.3 4.30+0.004 3

R2I8T  4.463:0.055 75.0:3.4 4473+2.8 4.47+0.002 8
R218Q 4.905£0.058  93.0+5.0 4 733+2.7 4.73£0.002 7
K226V  4.37540.080  82.0+4.1 4 824+4.5 4.82+0.004 5
—- WT
100 —m- R218T
—a K226V
= —— R218Q
80t
=z
z
3 60}
o
z
=
= 4d0f
20}
0 5 10 15 20 25

7-ACA (mmol/L)

7 AEIKE 7-ACA B CPC Bt LB F=4#H) 141F 4
Figure 7  Product inhibition measurement of CPC
acylase in the presence of various concentrations 7-ACA
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F 4 CPC BLESEFFEBMRTIKNE N FEE RMSD 0.001A 218 226
Table 4 The kinetic parameters of wild type and 5A
mutant CPC acylase toward CPC
Kn Keat kea/Kom K226V
Strain____(mmol/L) G Cle ) RMSD  0.001A R218T
WT 0.60+0.06 0.226=+0.009 0.374 RMSD 0002A R218
R218T 0.29+0.05 0.192+0.008 0.656 ’ Q
R218Q 0.33+0.11 0.230+0.033 0.697 RMSD 0.004A
K226V 0.22+0.02 0.258+0.006 1.166
235 RAKENNFENR: 1.2.11
3 40 °C
K226V
5 R218T R218Q K226V
( 9 V226 (0] G229
40 °C 2.63 3.77 2.77
N 8 26 S5 A
AAG
(A223 L1224 1225 V226 A227
M228) 226 K
R218Q AAG  3.20 kJ/mol v
3 Wi 218 all Loop
CPC SE83 acyll 774 ( 9 R218T 5
20 ( 6 all Loop (L214
A215) 2 Loop
B all
218 R R218
Biomek FX° ( 10)
Biomek FX" 218 Q T
S0 96 Q218  T218
A
D222 #
(7] 3
(Superimposition)

x5 CPCELUEBIFARMRTMAKIRELSH

Table 5 The stability parameters of wild type and
mutant CPC acylase toward CPC

k4 tin AAG
Strain (min’") (min) (kJ/mol)
WT 0.0113 61.34
R218T 0.004 3 161.20 2.335
R218Q 0.003 0 231.05 3.206
K226V 0.004 1 169.06 2.450

M228

8 FFHAFRTIK CPC BELEE/FERLE M bL XY
Figure 8 The structural alignment of wildtype and
mutants of CPC acylase

K226 SA A WT B K226V.
Note: Residues within 5 A of Lys 226. A: WT; B: K226V.
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A
Leu2ld -
. Thr218
Ala215
9 FFARFNRIIR R2IST 7£ 218 IS HEM 4K LLAS
Figure 9 The network of hydrogen bonds comparison between wildtype and mutant R218T
A B R218T. 218 218

Note: A: Wildtype; B: Mutant R218T. Residue 218: Magenta; Form hydrogen bonds with residue 218: Green; Hydrogen bonds are shown
in yellow dashed lines.

Fz 6 R218T SHAASEHEE/ERARLE 218

Table 6 Hydrogen bond interactions in mutant R218T
compared to wild type

Item Wild type Mutant R218T R218T
R218Natom/L214040m T218Natom/L214040m
Hydrogen (Dd-a=2.9A) (Dd-a=2.8A) R218Q 263
bonds R21804om/L222Netom ~ T218040m/L222Natom
(Dd-a=2.9A) (Dd-a=2.9A)
R218Natom/L22204t0m T21804t0m/L214040m B
(Dd-a=2.6A) (Dd-a=3.0A)
T21800m/L22 1 Nytom 218 226
(Dd-a=3.3A)
T21804t0m/L21504t0m
(Dd-a=3.5A) 7-ACA CPC
A ’r” 4 } R B . - i N .
as : .
' Bead - | ﬁé ’
Y : 4
@ ) 13 ks
F . .
S’ j J 1
- 1 3 A - _—
10 CPC EifLB§ SE83 EE N FRERREA R
Figure 10 Protein molecular part surface electrostatic potential of CPC acylase SE83
A R218 B T218 C Q218

Note: A: Nearby of R218; B: Nearby of T218; C: Nearby of Q218. Positive electrostatic potential is in blue; Negative electrostatic
potential is in red.
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