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B B NERARICBRHEFR—XAEATREARALOERREE. FEHHBBR C5 F M
(Heparosan-N-sulfate-glucuronate 5-epimerase, C5, EC 5.1.3.17) #AF & fesilt LBLAT & A iTA2 b & £ 091545 B,
PB4 N-BRERALIF & #7448 (N-sulfoheparosan) &) D-#] Zj #8288 (D-GIcA) £ 5 S04 m L- BB R
(L-iduronic acid, L-l1doA). X ¥ A K 4F# Escherichia coli 4 18 £t 52 B & K R 69 T £ %) Z 45 EBLBR C5 7 B 2L
B Glce #ATE AR AMALE 5 F . Wi T 347 R 4 KA H 4Kk pET20b(+). pET28a(+) #= pCold III* C5 &
REGEFE, P vAEA B R Bk pCold IIIAABEE & %, £%)(1873.612542) U/L. A T#—4#F C549
TEART, £ NS IUEITE SET2 B, THEEARE T ARG T 50%, Ba& L 3] (2409.25+6.43) U/L.
s b, B RHE M RY LS T RAFTTERE, RERK R LR (VIS3R) 49847%E Fo LB & 5 %) A
(5 804.32+5.63) U/L #2(145.14+2.33) U/mg, & R4&EEH 2.41 1542 2.28 4%. AF & C5 F A BRI 5 R kb b B ik
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heparin C5 epimerase
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China
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Abstract:  Heparin and heparan sulfate are a class of glycosaminoglycans for clinical anticoagulation. Heparosan
N-sulfate-glucuronate 5-epimerase (C5, EC 5.1.3.17) is a critical modifying enzyme in the synthesis of heparin and heparan
sulfate, and catalyzes the inversion of carboxyl group at position 5 on D-glucuronic acid (D-GIcA) of N-sulfoheparosan to form
L-iduronic acid (L-IdoA). In this study, the heparin C5 epimerase gene Glce from zebrafish was expressed and molecularly
modified in Escherichia coli. After comparing three expression vectors of pET-20b (+), pET-28a (+) and pCold III, C5 activity
reached the highest ((1 873.61+5.42) U/L) with the vector pCold III. Then we fused the solution-promoting label SET2 at the
N-terminal for increasing the soluble expression of C5. As a result, the soluble protein expression was increased by 50%
compared with the control, and the enzyme activity reached (2 409+6.43) U/L. Based on this, site-directed mutations near the
substrate binding pocket were performed through rational design, the optimal mutant (V153R) enzyme activity and specific
enzyme activity were (5 804+5.63) U/L and (145.1+2.33) U/mg, respectively 2.41-fold and 2.28-fold of the original enzyme.
Modification and expression optimization of heparin C5 epimerase has laid the foundation for heparin enzymatic catalytic
biosynthesis.

Keywords: heparin, glucuronic acid-C5-epimerase, heterologous expression, rational design, substrate binding pocket
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1 (5 804.32+5.63) U/L Fl (145.14+2.33) U/mg,
JEWFAER C5 ARG Y 2.41 £ LUERISE Y
2.28 15 . C5 SEAL T iy g 1 1k 32 38 A T 2R i A il
B NEBEE T A
1 MB5x%®
1.1 f&EEMRA

ENSS T SRR A e I N S R
Escherichia coli JM109 H#E47, 2 B AkAY 10
H R RN E. coli BL21(DE3). i kk E. coli IM109 .
E. coli BL21(DE3), ffiki pET-28a (+). pET-20b (+).
pCold T A AL I % (A7 . THIE WL 1.

12 BEHRAE

(NP_998014.1) 4 PCR ¥4 (FrH5I¥ W 2) &
fifi4)] 1% 4% % pCold III. pET20b. pET28a, HE®E
ZH#% 44 pCold I11-C5. pET20b-C5. pET28a-C5. ¥
VT RIHFFH B2 ZEHEE 1 (Maltose binding
protein , MBP) . iR 1 % £} (19 {2 %5 bR & SET2
(Solubility-enhancement tags) M /NiZ % #£ & [
(Small ubiquitin-related modifier, SUMO) H:[H %
PCR #"# (FrHISI¥WE 2) F—HrikidEs
pCold III-C5 # @& 4l %A pCold II-MBP-C5,
pCold I1I-SET2-C5. pCold ITI-SUMO-C5, 42 ‘C#k
90 s 5, HALZE E. coli IM109 J&sz 54,
PREUEE Ak 700 5, 00 T A% 0] b i 2 2k A 7
o ¥ bR T V5 W By i) B 41 ok e Ak 2

B0 AL G A BE T # ok PR L Glce E. coli BL21(DE3) &2 4100,

R 1 AFTABRIFIE R

Table 1 Plasmids and strains used in this study

Name Description Source
Plasmids
pET28a Expression vector, Kan® Lab stock
pET20b Expression vector, Amp® Lab stock
pCold III Expression vector, Amp® Lab stock
pET28a-C5 pET28a containing C5 This work
pPET20b-C5 pPET20b containing C5 This work
pCold III-C5 pCold III containing C5 This work
pCold III-MBP-C5 pCold III containing MBP and C5 This work
pCold III-SUMO-C5 pCold III containing SUMO and C5 This work
pCold III-SET2-C5 pCold III containing SET2 and C5 This work
Strains
Escherichia coli BL21 Expression host Lab stock
E. coli BL21-pET28a E. coli harboring pET28a This work
E. coli BL21-pET20b E. coli harboring pET20b This work
E. coli BL21-pCold III E. coli harboring pCold III This work
E. coli BL21-pET28a-C5 E. coli harboring pET28a-C5 This work
E. coli BL21-pET20b-C5 E. coli harboring pET20b-C5 This work
E. coli BL21-pCold III-C5 E. coli harboring pCold III-C5 This work
E. coli BL21-pCold III-MBP-C5 E. coli harboring pCold III-MBP-C5 This work
E. coli BL21-pCold III-SUMO-C5 E. coli harboring pCold III-SUMO-C5 This work
E. coli BL21-pCold III-SET2-C5 E. coli harboring pCold III-SET2-C5 This work
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Table 2 Primers used in this study

Name Primer sequence (5'—3') Rzztzr}l/(;t::n
C5 (28a)F CGCGGATCCGAATTCCCGAAAATCGACAGCCAC BamH [
C5 (28a)R CGCAAGCTTGAATTCTTAGTTGTGCTTCGCACGG Hind III
C5 (20b)F TTCGGATCCGAATTCCCGAAAATCGACAGCCAC BamH [
C5 (20b)R CGCAAGCTTGAATTCTTAGTTGTGCTTCGCACGG Hind III
C5 (pCold III)F TGCATATGGAATTCCCGAAAATCGACAGCCAC Nde I
C5 (pCold IR GCAAGCTTGAATTCTTAGTTGTGCTTCGCACGG Hind III

MBP (pCold III-C5)F
MBP (pCold III-C5)R

TCATCATCATCACGAGCTCGGTACCATGAAAATAAAAACAGGTGCACGCATCC
GTGGCTGTCGATTTTCGGGAATTCAGTCTGCGCGTCTTTCAGG

SUMO (pCold III-C5)F ATCATCACGAGCTCGGTACCATGTCGGACTCAGAAGTCAATCAAGAAG
SUMO (pCold ITI-C5)R CTGTCGATTTTCGGGAATTCACCACCAATCTGTTCTCTGTGAGC

SET2 (pCold III-C5)F
SET2 (pCold III-C5)R

TCATCATCATCACGAGCTCGGTACCGACCCCGAAGAGGCGAGTG
GTGGCTGTCGATTTTCGGGAATTCGGATTGGAAGTACAGGTTCTCGGTACC

Underlines represent the restriction site.

1.3 LSBT

AR FRFR AR SRR, 22X C5
SRS T2 PR s R C5 S RO
sk . MRPETEE a5 A 5 2 (Protein data
bank, PDB) T#kBE LK Glee MIEML5H
(PDB: 4pxq) , #| F % 14 Discovery Studio Ky
CDOCKER i 153 F X8z, FARERAE i fnZ
B B ML Discovery Studio # B HRE TIIHIRA

1.4 EFxEES

LB R 5L, WERbW 5o/L, JBERE MK 10 g/L,
NaCl 10 g/L ([EAREFREZLIR N 2%Z A8 H) -

TB 5353k BEEERY 24 o/L, BEE R 12 g/L,
K,HPO,4 12.54 g/L, KH,PO42.31 g/L.

1.5 HHEHKIESF

PRBCHA R 53R T 50 mo/L FIRE R
100 mg/L I FE R 3 mL A LB K33k,
37 °C. 220 r/min & &35 5% . & 1% (VIV) K Fh I
FAPF 50 mL TB #5352 3LH, 37 “C. 220 r/min X%
7% % ODgoo M 0.6-0.8, WINZHRJE 4 0.05 mmol/L
1) 5 9 FE-B-D- i A 2F FL W 1T (isopropyl-B-D-
thiogalactoside, IPTG), 434l Lk 30 ‘Cif2 K537 pET

% : 010-64807509

ZYNVEAFEM 10 h, LI 15 CiHES R F pCold F 471
ik 22 h, B RMEFEL.

1.6 FHEGRAYH &

W FIR AL, RS BB T 4 *C . 7 000 r/min
ZAFF B0 10 min, 37 EIE IR, ] 20 mmol/L
Tris-HCI (pH 7.4) V¥ 2 1K, #fERE 1A% ODegoo N
8.0, VKRR BERES (12K 300 W, TAE 45, [A]
# 65s, 10 min), 4 ‘C. 12000 r/min &.C> 30 min,
Sy AR FIERDLYE . ISRk I R R o
1.7 BMEBR®IHL

F 25 mL % A (20 mmol/L Tris-HCI, pH 7.4)
P Ni-His Trap FF A1 AT i 0.22 pm 3§ AR
BOFLEE R, 435 10%. 30%. 100%H)¥% 7K B
(20 mmol/L Tris-HCI, 500 mmol/L Bk, pH 7.4) #f
A5V 8 I WS HE ARG I P R MO o A5 381 19 ok vk
AT AR AL B, B R B R 22 vl o 20 mmol/L
Tris-HCI (pH 7.4), A8 G10, 283 Bk B
A% W H B RAT IS ] B3 (Matrix-assisted laser

desorption/ionization  time of flight mass
spectrometry, MALDI-TOF-MS) %% fifg 55t N

) S Fa il 2%

. cjb@im.ac.cn
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1.8 B iE MR

C5 - et 135 W 2 = R FH 5 R B R e A5 Tl
2-OST (2-O-fii iR 5% # if¢ , 2-O-sulfotransferase) 1%
I 2% 2Ohn 3 053k o RSN 46 F M 1] 1.5 mL £
Tris-HCI (20 mmol/L, pH 7.4) %3/ 50 mmol/L
PNPS (% i R mi iz £k, para-nitrophenylsulfate),
0.5 mmol/L PAP (3- B MR Mif 17 -5- % Mt ,
3’-phosphoadenosine-5’-phospho), 0.5 mg AST IV
(OF TR ILFE RS , aryl sulfotransferase 1V), 0.4 mg
N-sulfoheparosan, 0.3 mg il & 2-OST,
0.3 mg C5 Siyffg (X M4l mIETF EiRAM T I
JnE R TE Y C5 AN EEREK) T 37 CJehi 2 h
J&i , 100 ‘C/K ¥ s 5 min £ 11 )% % . 10 000 r/min
#5010 min EBRITVE, TE ODaoo MM B2 I 5 Xif
RIESEE (PNP) RO AL, W3l 207 2
XHy e FERGER N AT @R7 C, pH 7.4), &/
B A2 i 1 umol/L i) PNP I i it

1.9 FAFEENE
C5 S4T30 75 $00 58 SOW A 1.5 mL
Tris-HCI (20 mmol/L, pH 7.4), HH 4345 50 mmol/L

1 FEFHAEN C5 RMEGRIZRIF M

PNPS, 0.5 mmol/L PAP, 0.5 mg AST IV, 0.3 mg
2-OST, 0.3mg C5 K 1.6-4 700 mg/L %A [w) i iE
i) N-sulfoheparosan {4 JIC 40 & C5 54y il 1) Jif
T, AR E TR R B

2 HERSAM

2.1 ARFMKI C5 ZHEERIZRE M

¥ C5 SR Glce 43Rt EEAE pET20b
(+). pET28a (+) Al pCold III 3 FpFih# A+, %
B EIART C5 AR IA 25 A e . 7R
R FR R R 41 pET20b-C5. pET28a-C5.
pCold I11-C5 J& %= ZRARNE 2 XF B TR, 24 ODgoo i5 %l
0.6 if, A IPTG ifi 533k, U4 pET R5%1 10 h
J& B HA & pCold 41 22 h J5 AR, WERE4N i
J& A SDS-PAGE 43 H is N F1F i vE - an &l 1A
Fii7s, C5 SHuMgfE 3 Fhak ik rh ¥ S0 il sl oh 38,
Hrp pCold TIZAAR b5 A RiBE i,
Wi % f e (1 873.61+5.42) U/L. iX AT RE&
TERIR AT (15 °C), WY AL 2l 1 5% sk JiE
BT T7 R TP, HARIR M4 C5 St
ATLLERTE, vl ka8,

2500

3]

(]

=

=
T

H

1500

H

1000

Epimerase activity (U/L)

500

]

0
pET20b-C5

pET28a-C5 pCold lI-C5

Fig. 1 Effect of different vectors on the expression of C5 epimerase. (A) SDS-PAGE analysis of C5 epimerase expression
in E. coli BL21 (DE3). 1: marker; 2: supernatant of pCold III-C5; 3: supernatant of pET28a-C5; 4: supernatant of
pET20b-C5; 5: supernatant of control; 6: precipitation of control; 7: precipitation of pCold III-C5; 8: precipitation of
pET28a-C5; 9: precipitation of pET20b-C5. (B) Enzyme activity analysis of C5 epimerase expressed with different vectors.

http://journals.im.ac.cn/cjbcn



FTEE S/HFE C5 SHMBHRTAMRARD FHiE 1455

22 A ERMEIREN C5 RHBERIZNFIT

DAL 3 PRl T C5 SIS R
ik, HH L pCold MIZk &R C5 S A4 Py AT
VIR R o TELIERE b, SR T N ¥
Bl S LR % MBP, SUMO. SET2 Xf C5 A4
TEHERIRM I, Rl 2 R, 78 N Al s SET2
J& C5 SAEG AT st Rk i, BTG tdR s, 1k
#| (2 409.25+6.43) U/L, ZEREAHINY 1.28 15, 45
R PR SET2 A A7 Wb At F #4111 7T %5
Fixl,
23 TERRTIES C5 FHamgENLEMN

AR © 4 8 il b AR S5 4G A3, B0 X
T, SRR RS A 4% 5 AT BN A R
fii 5, L pCold II-SET2-C5 HJ#itk, % V153,
D155, Q185. K397, G399, N478, D529, D545
HEAT U AN SR 72 o ARATAE AL 15 1 1 35 4 o i 2 AR 1
V153R, Jfl 4 b i B 26 1k )5 L il g ik 2
(145.14+2.33) U/mg. JWishJi2# w8 n i Ky
i/ ok B9 (1.922+0.131) mmol/L [& 1k &
(0.941+0.083) mmol/L , 4 fk % 5 Kea/Km Hi
(16.129+0.111) /i1 % (44.633+0.547) L/(s-mol); %
K G399E Ko KR (1.525+0.273) mmol/L,

B2 AE{EARIFRZEN Co RMBERIZRIZM

PEAL B Kead K BE M ZE (22.951£0.146) L/(s:mol)
D545Y K, {EFE{KZ (1.366+0.196) mmol/L, f#fk
B Kead K 3% (27.086+0.102) L/(s-mol), 15
FRASR G Y R A . SR AT R BT
YA BRI R A, 24 153 3 2 L R i I AE N
A HL T 1 41 2 R A28 Sl A IE LT A R, S
4 IV 0 45 G 11 48 JRy S P05 v A4 T W i i 385 o
(W 4A. 4B fitR), ARG (Kl 4B) MHHLZRAE
B (B 4A), MiEEs K, BRI, IR %
ShEAGE A 1048 399 v 2 IR 2 AF Hif fi A&l 4C
4D 7w, ZR7EHT 399 i 2R (Kl 4C) HIRPH
fA—12EERT, RENRAR (K 4D) J5H
bl 28 A4 Fi SV 3G AR R I 45 A 148 6
FL i 8 B LI 545 3 2 FEFR 28 AR HiT J5 AN &l 4E
4F i, Z75R1 545 (i RAAR (K 4E) 5KY
WAEM, AR ER G (K 4F) SIRysgn 1
B KVER 77, [RIB 9828 I A 25 171 48 JRy i £ Ha fir
SR EARS, BRI A b 3 A2 LR S T RE A AR 2
YERIME N, REUE M R BN i 2
Bio BETLL EZE NS 153R, 399, 545Y 3 M
RASRIEAT T P ZINRAE, A &I R
B AR ER) o

25001

i

\]

(=]

(=1

(=}
T

H

1500

1 000

Epimerase activity (U/L)

500+

MBP-C5 SUMO-C5 SET2-C5

Fig. 2 Effect of different soluble labels on the expression of C5 epimerase. (A) SDS-PAGE analysis of C5 epimerase
expression with different labels in E. coli BL21 (DE3). 1: marker; 2: supernatant of pCold III-MBP-C5; 3: supernatant of
pCold III-SUMO-C5; 4: supernatant of pCold III-SET2-C5; 5: supernatant of control; 6: precipitation of control;
7: precipitation of pCold I1I-MBP-C5; 8: precipitation of pCold III-SUMO-CS5; 9: precipitation of pCold III-SET2-C5. (B)
Enzyme activity analysis of epimerase expressed with different soluble labels.
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Fig. 3 Purification of C5 epimerase and enzyme activity
epimerase. (B) Enzyme activity analysis of different mutants.

#3 MHEFRNBEEFERE

Table 3 Enzyme properties of C5 epimerase

analysis of mutants. (A) SDS-PAGE analysis of pure C5

WT V153R G399E D545Y
Km (mmol/L) 1.922+0.131 0.941+0.083 1.525+0.273 1.366+0.196
Kear (57) 0.031+0.002 0.042+0.001 0.035+0.004 0.037+0.002
Keat/Km (L/(s:mol) 16.129+0.111 44.633+0.547 22.951+0.146 27.086+0.102

A

155V (WT)

C
)
399G (WT) 399E
E - W
545D (WT) 545Y

4 BF& C5 FMBgRTIREM DM

Fig. 4 Structure analysis of C5 epimerase mutants. (A)
Surface potential diagram of WT. (B) Surface potential
diagram of V153R. (C) The interaction of amino acid
399G with substrates. (D) The interaction of amino acid
399E with substrates. (E) The interaction of amino acid
545D with substrates. (F) The interaction of amino acid
545Y with substrates.
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