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Abstract: [Objective] Chondroitinases are crucial enzymes for the preparation of low-molecular-
weight chondroitin sulfate (CS), yet the existing enzymes are insufficient to meet the demands of
diverse applications, highlighting the need to discover novel chondroitinases with enhanced
properties. [Methods] A novel chondroitinase belonging to the polysaccharide lyase family 8
(PLS8), designated SIChase, was discovered and identified from the model strain Streptomyces
lividans TK24. Following heterologous expression in Escherichia coli and the subsequent
purification, a soluble and highly active recombinant SIChase was successfully obtained. [Results]
This enzyme exhibited substantial activity within the temperature range of 30—-40 °C and pH range
of 5.5-6.5, and demonstrated excellent long-term stability during storage at 4 °C . Mg*" and
dithiothreitol (DTT) moderately enhanced its catalytic activity, whereas metal ions including Zn**
and Fe’" exerted inhibitory effects on its activity. Notably, SIChase displayed prominent activity
towards unsulfated chondroitin (CS-0S), whereas its catalytic activity towards chondroitin sulfate
A/C was drastically decreased. [Conclusion] The discovered SlChase not only expands the
diversity of PL8 family enzymes but also affords a novel enzymatic tool for the specific
degradation of unsulfated chondroitin, with promising applications in glycoscience research and
related biocatalytic processes. Furthermore, this study provides a paradigm for the exploration and
utilization of enzymatic resources derived from Streptomyces spp.

Keywords: chondroitin sulfate; Streptomyces lividans; chondroitinase
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1.1 EHRREEFREY

A T T TR R A R 45 5 55 55 1A TK 24,
KIGFFH IM109 1K I FF 7 BL21(DE3). Z84%
T BERE DA 7E MS [EMA RS 37 3 5l TSB AR Ky 77 5L
g, KIGFFRAE LB RS 7R 25 LB Wik
B Rh RS . R KT R SR R,
KRR ORI AR E I, TR AR R IR I R IR Lk
FER 100 pg/mL MR RN EFHR.

MS [EAEEFE S (g/L): &K 4.0, HEREE
4.0, BFNEH 18.0; TSB MiiARE 724 . KH,PO,
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TARMENR3.0; LB g d(g/L): B 10.0,
R 4 5.0, NaCl10.0.
1.2 SIChase 535 E #) 7 fE

D) AS 4% 95 4 25 T TK24 [ 4H DNA
B CRFH B S 5 B 42 B0, i ApexHF HS
DNA Polymerase CL (1§17 % F} i A= 9 Bk 47 A7 B
48 D) AR B X 514 sIChase-F (5'-ACTTTAA
GAAGGAGATATACATATGCACCACCACCACC
ACCACACCCCACAGCGCCCCACCGC-3")F
slChase-R (5-GGTGCTCGAGTGCGGCCGCAA
GCTTTCAGCTGAGAGTCACCTCAC-3") ¥ 14 H
FREE, 193K/ 2.3 kb 1Y PCR §7 14774
¥zr=waifb)n, 5403 Nde 1) Hind KV 5
(LA AR Fr B pET22b(+) il it — 2 v e i 122
I 3% B 7= W i AL E N K AT T TM109 J %
A, i PibE L. NEE T
rh H ORIV R R, 48 PCR 7 326 A1 DNA il 5
ISFE, 315 & 4 SlChase s J K Y 5 4H o ki
pET22b-s/Chase.

1.3 SIChase EEHIFRIAR 4L

W4 5 20 Sk pET22b-SIChase %44k 2 K A
P BL21(DE3) &3z & 4 fe 28 it 1 i & A
PCR %:0iF, FR45 0] T SlChase HZH FIARY T 72
P BL21/pET22b-SIChase, #k it BL21/pET22b-
SlChase L%, HEMESAE 5SmL LB F3RIEM
WA, 7837 °C. 220 v/min }i 55 %G, LA
1% MR R 54 1 LLB W50 = M
o ELIREERFJM T IRGEEFE, M ODso
ik 0.6-0.8 B I ALY EE R 0.5 mmol/L ¥ IPTG,
TE 16 °CHKZEE: 5% 12 h, 155 SlChase & 1)
ko ZJ5, T 4°C. 4000 r/min 5.0 5 min Jt4E
PR, JE A AR TR . R R AZ BT A
(N R A FAE PR AT RS m )R 24 v iy L
W Efralifk, 3515 # 4 SlChase FE H, I A
FHl 8% %t it SDS-PAGE #E 4145 /0¥, B4
SlChase % 1 Jii ¥ i i i Bradford 6 %2 (I 7
BB RAEWEARBA A R
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PR B 15 i 25 B 1 R (UDP-GleA) Fl IR —
W 2 -N- 2. Tk > LW iz (UDP-GalNAc) b 4l & fit
T, 38 i e N ik A R
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AR SEREEFT HPLC (Z2HE A R0 Hr . Tish
FH A R 20 mmol/L B2 5N 5% M (pH 5.0), Tiah
A1 B >~ 1 mol/L NaCl ) 20 mmol/L [tk ig 4% 2% uh
Wi(pH 5.0), 7 1 mL/min W T, RHBS RGN
7 B W A W B W B H R G S
I, KA A 310 nm,

fifi Fi§ ACQUITY UPLC BEH HILIC {5, {i%
(2.1 mmx100 mm, 1.7 um), ¥ 31 A A ff J
5 mmol/L LFREZKEW, sl B H 5 mmol/L
LR 95% LG W, 7E 0.5 mL/min Ji 3
T, SR AVER BE VR O 2GR ek A A WRORT B Y
Fe gl HARfb 5 05 25 . FF FL 55 L B 1 B 1
BEA(ESI) TR L, AR
ACQUITY UPLC I-Class % 4t #J QTOF Jii i {%
(Waters 28 Fl)
1.5 SIChase EEfE =¥ 4R

R TR R 4K B R 247 Bt SIChase 175 14
i 28 Z2 T Be B AR (SO0 Bl A A A T A B
(230-350 nm), [F] 2K F HPLC U5 A0 Fn — 4
A S =2 2- I EF(AMAC, I
Vg 22 i MRAE AR IR0y A B2 R AT AR A S U
AL #I(NaBH;CN, LI B AR A RA
AR RS, SR C18 AHAE (4.6 mmx250 mm)
4T HPLC 7381, WA A 25 50 mmol/L PR
B KBS, WshA B MW EE; 7 0.5 mL/min i
R, RER PR 7 B B s A W B
1y el HbR e S99, Kl 255 nm.
1.6 SIChase B§HY 57 IE &2 M X4 5

S E SIChase HY el pH, K 1 uL MK S5
200 pL VAR AR pH (pH 3.0, 4.0, 5.0,
55. 6.0. 65. 7.0, 8.0. 9.0. 10.0. 11.0)1y
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50 mmol/L & i, F 37 °CR I 15 min, Jif
g2 v R Z A4 . T IR BM 2% v I (pH 3.0-5.0)
PBS 2% ¥k (pH 5.0-8.0). Tris-HC1 £& & (pH
7.0-9.0) Fllfik % £ 22 M (pH 9.0-11.0),  LAEG7E
AR G T SR 100%, HAb A4 T
TEPE LUAHRHEYE (%) FR

SR HRLEE X S1Chase 1E YRR, HF 1 pL
fifi ¥ 5 200 pL ¥ 7E 20, 30, 37. 40, 50,
60, 70. 80 °C/ZI 15 min, IME £ WL N (1 il
T, IFLARE TN 100% HE ARG, Hitb
A BTG AR P (%) R

JIr A AR Bz 7 3438 5 0 R 232 nm Ak A IO
JEARETFE =R . 1 ANEERE S (U)RE A
FEFRUER N A5 PE T, B A B 1 pmol %
AN FIRCEEE ) B s ) ik

R 42 JE B FA JE X SIChase 151 1)
S0, K 1 uL B 200 uL YA S A
1 mmol/L K [d] 4 J& B F(Mg™" . Mn®", Ca™" .
K", Zn* | Fe''. Cu’)sikEHI(DTT)ER R,
F 30 °C/ AL 15 min JE e G . LATCE N
TEIER 100%.
1.7 SlChase BgHIFRE MR

HIE SlChase ARENE, Kl W5 5 &
T 4 °CH1 37 °CL#-AFE 7 d (0-168 h), TEA [ i} [A]
SR, R ERE TR YR, DARIGRTE 140 h)h 100%
TG E
1.8 SlChase EHIRIFFF M RN N EF
SR

SHE5Y SiChase FUNIE W FE S5, #F 1 L i
W53 A CS-0S (T & 1 K A= W 4 A e A PR
/v]). CS-A., CS-B. CS-C. HA (ifgBfHr T
AR B A PR 23 7)) . Heparosan (K T B
KS & B W b 4 8 4l Akl HS-2S. HS-6S.
HS-2S6S (bR % k44 K224k 11 73 #% Jian Liu
A EBOEREY), T 30 °C) i 30 min J&5 il
FEBERG . LL CS-0S IR R IEYEN 100%.

SN 8l )12 58, Gl RV AE T,

SIChase fi Ak A [A]#€ i (0.1-5.0 mg/mL) A AR 7 R
PR R s A S, 3E e W 232 nm K
T WG RE AR AR TR N R . fi A GraphPad
Prism 9 #{f, L AEZRE BIH LG K K 2
(Michaelis-Menten equation), T3 K. ke 5550
Ik 8
1.9 FIRERSEMRES

4 SlChase 5 H W) 2 3L 1R ¥ I AE by 2 iR)
B, 4y BIHRAE % NCBI 55125 M 5008 74 (CDD)
5 InterProScan 7E£F-f, T4 HIIRES5 4
SRR AR A,
1.10 SIChase R & B 7

76 NCBI 1 ClusteredNR % #8 F 4 &
SlChase [R]JF & H, THiiEf3 25 SlChase —E(4:
KT 45% HARW THER WE 1Y 962 J% [R5 E H
JEA . R TiAy, RIS CD-HIT (v4.8.1)
UL e A TR B, LR A
H cluster 1 B95—45 %50, WS HADF 511>90%
BN T, TN cluster, LAMSHE, 53]
— I AETUR R E T AN ES . WS A
[ ) CD-HIT 59, {EKEAHALLRE BIE R 2 70%
AT RIS, mAGRTS 104 ZB0 P8 X
Nz OB 46 F MAFFT (v7.525) K auto
Fmg AT 2 7 5 e, B S A A 1Q-TREE3
(V30N W L R G kB, ik — R
BOPE AL DU T o] AL S0, ff A TreeCluster
(v1.0.4)LLs LR B B 75<0.9 MM, M 104 5
JPAIFRIERL T 28 ZAREMETA] . X R KT
B . M SCHK K CAZy B3 g vk Uy © A 2 fig
PL8 KIEZH TP HILI K MHITHI(AAABLS8T.1, K
J8T PL23 %) &I, f#iF MAFFT #4727 51
Fexd, fdiF trimAl (v1.5) DA “automated 1”52 2
&0 5 5 R 1Q-TREE3 (v3.0.1)# &t &
GREW. BAEAFREBAY(Q PFAMAI+R4)
4k 1 N B Y ModelFinder SHRE A 8 k#E, R
Ultrafast bootstrap 77747 1 000 K 5 &2 LLIFAY
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TR, I EEMEFI N RE R EW
A
1.11 SIChase ElEEH K PL8 HKix&EH
B FUFB L1 P 28 A

I RIAAL SIChase [A]i5 8 1 M2 PL8 S8R 1
HROCER, WE T FSIALIPERM S . 78 EFI-EST
W [, B R C T RE PL8 K 1S5 )5
& SIChase B [a] V5 2 11 10K FE 5/ N H2 38 Y
7%, WE LA B {E R 100 (alignment score
threshold, J¥51)— 2 1:=30%) LA A= i 221, 4%
AR SSN U T 80915 A Cytoscape (v3.10.4)
PEAT AT AR, gt B e i R K43 28 kAT
W
1.12 SIChase HTR1ER S

MHEIE SIChase [FIRE FIRGo- AT B, K
¥ %1 7 NCBI Ay ClusteredNR %% 4 /& #F 17
BLASTp %, &EMESE: E-value<ix107,
¥ 1) — 21 (identity) >45%, i ¥E score HE 44 Hij
1 000 i 1541 . fifi ] TaxonKit (v0.20.0) T. E.
i AT B 2% 7 81 9 58 B4 43 28 2408 2 A B, Xty
RHILFEE TSI G, it ECharts 2 il Hf
AR,

2 BRE5AM

2.1 BRI E R SiChase 1Y
I

AR R T TK24 S48 1 s g
FBI R, LG S . S ER e
S, H R AR S R R PR S DR
TR . MR B R P R B AT
FERRIRIN B R ZMEG, KA H i aE & TK24 19
B SR I AT B R CS-0S 9mer 1Y
RN Z R, BT 30 °CIRIA 12 ho R B gtk
TP AR &8, W I B CS-0S 9mer EL#5E
4 W%, {HFE 20.76 min &b 1 B — 4 BT 0%
(K 1A, HEAR B8 I [a] 128 SR SRR AE 5 22 B R
B 2 T [ f: CS-0S 9mer (1) 7= 4 Atri-pNP
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(AU-GaINAc-GlcA-pNP)— & . 1#F— 4 %} 52 j 4
AT T BE r (B 1B). FEE T
BN, T2 A ZR sl 1) 224 2510 .
m/z=675.16, 757.22. 77523 1 1 054.27, 43 %
X I R E 2R T W I R A 77 ) [ Atri-0S-pNP-H] -
[Atetra-0S-H]~ (AU-GalNAc-GlcA-GalNAc), [tetra-
0S-H]~ (GlcA-GalNAc-GlcA-GalNAc) F1 [Apenta-
0S-pNP-H] = (AU-GalNAc-GlcA-GalNAc-GlcA-pNP) .
H R, AR E R A R S T B R K
RN, XA LA B 8 08 B A Ol R SR
CS-0S 9mer, HizfEA s FGR MR

AMIF N AR R A TK24 JE R 2 AT g
(1) Z2 W AL B A A BE DR R T T R G4t it
AT AR L ES RS DR ST R SRR, R R B 8 A
AIRERY 2SR B i SR ], o7 14> PLS
FIRE RGN . % T cs R 246G 3
B34 T PLS MG U, AR A A A
3% 4~ PL8 %% 5 1 (WP_003973462.1) AL H
ARG IR 225 P, H N AR Shis
H 1A IME SRR 1C), X -5 WAL E] 143
FERFRAEAAST, BRI 8 e — IR
R A1 2% 2L I, K 4w 4% O SIChase. &
1M, ZFEMmTHFEEE SR BN, ZEN
55 TR 1R R 25 2L il g W o PR i it
A RIVEPEEAR (B 1D), M SlChase T fig & —
TR U () B R 200 B 2R S Il . KA, TEXT L
SIChase 7N PL8 I ek kAT R G Ak it
if % B, SlChase 5 HAB% 5 P R UR AY [R5 4 3
[FE s 37 5 @ SRR 32, a5
HARIT 7 32 (L ke A HAh i 4 B PLS B 5% ) =2 [7]
(715 & bootstrap SCHFH E ik 99%, KU EANITE
Ak - 5T B R A A R (] 1E). 72751 A
RLPE R 26 (SSN) 4B, SR E fE<1x107° AT
G — 2 =30% AR A HE M4 (K] 1F). 7RIS
T, RIRTHE % F & (Streptomyces) ) SIChase
M & H AR RO (a0 WP_436769078.1 .
WP 386389453.1. WP 361142542.1 4&) & 2K ¥
B — A1 BE R R4, Y I AR
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Figure 1 Discovery and phylogenetic analysis of the novel chondroitinase SlChase. A: HPLC analysis of the
degradation of chondroitin oligosaccharide (CS-0S 9mer) by the enzymes in S. lividans TK24 culture supernatant;
B: Mass spectrometric analysis of the degraded products of CS-0S 9mer by the enzymes in S. lividans TK24
culture; C: Domain architecture of chondroitinase SlChase; D: Similarity analysis of SlChase and other
glycosaminoglycan lyases [Each cell represents the pairwise sequence identity (% ) between two proteins, and
both the color intensity and size of the square are proportional to the identity percentage]; E: Phylogenetic
analysis of SIChase homologs and PL8 family proteins (AAA81587.1 from the PL23 family was used as a
distantly related outgroup to root the phylogenetic tree); F: Sequence similarity network of SIChase homologs
and PL8 family proteins (The network was generated using the EFI-EST tool with an alignment score threshold
of 100; Each node represents a protein sequence, and edges connect sequences whose pairwise alignment scores

are greater than or equal to the specified threshold; Node colors are assigned based on their taxonomic

classification at the genus level).
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Figure 2  Studies on the catalytic activity of the recombinant SlChase protein. A: SDS-PAGE analysis of the

recombinant SlChase (Lane M: Protein molecular weight marker; Lane 1: Purified SIChase protein); B: Full-

wavelength profile of the products of SIChase (The absorption at 232 nm indicates the formation of unsaturated

oligosaccharides; With the extension of time, the absorbance at 232 nm in the reactions increases); C: HPLC

analysis of products of chondroitin CS-0S degraded by SlChase (Upper panel: The control without any enzyme;

Lower panel: The products derived from SIChase degradation).
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Figure 3 The physicochemical properties of SIChase. A: Effect of pH on the activity of SlChase; B: Effect of
temperature on the activity of SIChase; C: Effects of metal ions and DTT on the activity of SIChase (N represents
the control without added metal ions); D: Storage stability of SIChase.
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Figure 4 Substrate specificity and enzymatic kinetics of SIChase. A: Substrate specificity of SIChase toward

different glycosaminoglycans; B: Enzyme kinetic curve of SIChase using CS-0S as the substrate.
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Figure 5 Distribution of SIChase homologs. The SlChase homologous proteins are mainly distributed in the

genus of Streptomyces, with a small number present in other genera of Actinobacteria. ‘Others’ includes

Actinocorallia, Actinophytocola, Actinoplanes, Arthrobacter, Bailinhaonella, Candidatus Limnocylindrales

Flindersiella,

Sphaerisporangium, and unclassified Streptomycetace.
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