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Abstract: [Background] Most alginolytic bacteria currently reported are aerobic bacteria and studies on
anaerobic ones have not been reported yet. Characterization of alginate lyases isolated from alginolytic
bacteria are mainly focused on the endo-type alginate lyases and rarely on exo-type ones. [Objective] To
investigate the genes encoding alginate lyases isolated from anaerobic alginolytic bacteria, to characterize
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the novel alginate lyase, and to elucidate its enzymatic properties, providing a theoretical basis for the
diversity of alginate lyases and the mechanism of microbial degradation of alginate. [Methods] The gene
encoding SHA-4, an alginate lyase isolated from an anaerobic alginolytic bacterium Sunxiuginia sp.
SH-52, was cloned and sequenced. Recombinant plasmid PGEX-4T-1-SHA-4 was constructed and
heterologously expressed in E. coli. The expressed enzyme was purified and the enzymatic and
degradation characteristics were analyzed. [Results] Maximum expression was achieved when induced by
0.1 mmol/L IPTG (Isopropyl-p-D-Thiogalactoside) at 28 °C for 6 hours and the specific activity of the
purified enzyme was 21 U/mg. Characterization of the enzyme showed that the optimal condition for
SHA-4 includes the temperature at 37 °C, pH at 7.5, and PolyMG (heteropolymeric MG blocks) as a
preferred substrate. The activity of this enzyme was inhibited by Na" and significantly elevated to about
168% by Cu’". Km and Vmax of SHA-4 when used to catalyze alginate were 2.5 mg/mL and
8.7 mg/(mL-min), respectively. SHA-4 was an exo-type alginate lyase with monosaccharides as the final
degradation products. [Conclusion] An alginate lyase SHA-4 isolated from an anaerobic alginolytic
bacterium Sunxiuginia sp. SH-52 is successfully expressed. Among other PL6 family members, SHA-4 is
the first exo-type alginate lyase with PolyMG as a preferred substrate. Along with its relatively high
enzymatic activity, SHA-4 may serve as a tool enzyme with promising application and provide new clues
for further exploration of the mechanism of alginate degradation.

Keywords: Anaerobic alginolytic bacteria, Sunxiuginia sp. SH-52, Exo-type alginate lyase, Heterologous
expression, Enzymatic properties
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Figure 1 PCR amplification products of gene SHA-4
F: M: DNA marker; 2: ¥ 34y=4).

Note: M: DNA marker; 2: Amplification products.
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Vibrio splendidus 12B01 (EAP93062.1)
Vibrio splendidus 12B01 (EAP93063.1)
Halomonas sp. QY114 (KU598830.1)
Halomonas sp. QY114 (KU598831.1) PL17
Saccharophagus degradans 2-40 (ABD82539.1)
Shewanella sp. Kz7 (AHW45238.1)
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—94|: Sphingomonas sp. MJ-3 (AEM45874.1)
—l

92
99
100
100 100
% 100
99
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Bl 2 ERERHME SHA4 B9 RGFHLR
Figure 2 The phylogenetic tree of alginate lyase SHA-4

Pseudopedobacter saltans DSM12145 (ADY51207.1)

Pseudoalteromonas atlantica T6c (ABG42142.1)

Sunxiuginia sp. SH-52 (MHO013392) PL6

Shewanella sp. Kz7 (AHC69713.1)

Vibrio splendidus 12B01 (EAP93067.1)
— Agrobacterium fabrum C58 (AAK90358.1)

67— Falsirhodobacter sp. algl (LC081342.1)

Sphingomonas sp. (BAB03319.1)

PLI5

{E: Bootstrap /&M 1 000 NEZ HRFHKEAFREE LA 73 HEERIR) s B0 ST IR BERR I3 R TR PP S FITE GenBank b 8 5%

55 FRRFOR 20%01) 75122 5.

Note: Bootstraps are the confidence values (expressed as percentages) obtained from 1 000 replications; The right of each branch is the
species of alginolytic bacteria and the accession number on GenBank; The scale indicates approximately 20% sequence difference.
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IE, 4393545 4.9 kb 1 2.3 kb BT S5 5545 (K 3), e
W% 2% I R/ INVRITRL B H I F BER/N—38, 45
T R TOR. pGEX-4T-1-SHA-4 A7) .
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iKF| 21 Umg, 4ifbfEHeh 3.6 (& 1),
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2000
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Figure 3 The restriction endonuclease analysis of the
recombinant alginate lyase expression vector
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Figure 4 Detection of recombinase SHA-4 expression and
purification by SDS-PAGE

. M: #H Marker; 1: & pGEX-4T-1 Fkiff) BL21 KZ IPTG
5 10 h AR B 52 & pGEX-4T-1 Fikif BL21 & IPTG
510 h AOYNER B 30 & pGEX-4T-1-SHA-4 JFURif% BL21
K% IPTG 5T 10 h E’Jélﬂ HEEH; 4: & pGEX-4T-1-SHA-4
JURLR BL21 £ IPTG ¥ 10 h WA SEN; 5
PGEX-4T-1-SHA-4 i) BL21 £ IPTG 53 (40 1 S E 458
FIEERIE I 3% 6: & pGEX-4T-1-SHA-4 FUkL¥) BL21 4 IPTG
175 0 A0 R SR & R A RS I TOTE s 7. Ak Y A
SHA-4.

Note: M: Protein marker; 1: Total bacterial protein of BL21
containing pGEX-4T-1 plasmid without induction of IPTG for 10 h;
2: Total bacterial protein of BL21 containing pGEX-4T-1 plasmid
induced by IPTG for 10 h; 3: Total bacterial protein of BL21
containing pGEX-4T-SHA-4 plasmid without induction by IPTG
for 10 h; 4: Total bacterial protein of BL21 containing
pGEX-4T-SHA-4 plasmid induced by IPTG for 10 h; 5: The
supernatant after sonication with IPTG induced total protein of
BL21 containing pGEX-4T-1-SHA-4 plasmid; 6: The precipitation
after sonication with IPTG induced total protein of BL21

containing pGEX-4T-1-SHA-4 plasmid; 7: The purified
recombinant enzyme SHA-4.
*F1 BREAHMEE SHA4 BILELES
Table 1 Purification of alginate lyase SHA-4
Step (SHA-4) Cell extract GST Purification
Total protein (mg) 351.7 63.2
Total activity (U) 2061.0 13272
(S[I;j’lilgﬁ)c activity 5.9 210
Yield (%) 100.0 64.3
Purification (fold) 1.0 3.6
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Figure S Optimal pH and pH stability of the recombinant
alginate lyase
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S 5 B
232 EEEBHMRERMBEMAEEMN

2 A 1 9 T RRR LR 1 6 R i R
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36-40 °C Ju FEINBRG RS , SIRE TR E] 45 °C
BF, BEE RGE RRE, [ORUEER) 67%; HRAPER
SEVERTAL, ZBEEAE 35 °C PRI 30 min J5 R4S /1
 89%, TE 37 °C {53 30 min R4S 110 80%,
TE 40 °C Fil 30 min J5H#HE T34 T 54%,7E 55 °C
P 30 min J5 RIS IS T30 19%, L o] A1
TERET 40 °C B HFRE MR 22 .
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100 -o- Optimal temperature
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z75f
2
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Figure 6 Optimal temperature and temperature stability
of the recombinant alginate lyase
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233 ERBTFMEABEERZIE 24 EEBRIELZINF
& B E A WS P R SR A 7 P i/l Lineweaver-Burk FIXUEIEEIITHE K, Fl

N, KT EANG SHA-4 T 5 . He MEHEILASES  y, 1, TN SHA-4 (KRR Vo
PHIVE R, Na g S HA i B3 dvE A, Mg27']' 8.7 mg/(mL-min), KE# % Kn b 2.5 mg/mL.
TS LA TCRE M, T Cu® % g HAT B S5 e i1 2.5 EABGHIFERRIE S

. AR T 168%. NP 9 T, TR B

2.3.4 EAMBKIDRIFYE e U B - .
5, mHE PR T A A, FEHAIZ

AL SHA-4 HFEHD 755 B 8 . T R LA AL LA, 4<015%
UREE ST R AR RN 7R

SHA-4 3 3 AR, Wi T ey
PEWTREST PolyG I PolyM, PIMLTAING SHA-4 01 0 BRI, A EEE R B

X HEBE R N ELA R G M1 y 3 4 5 6
350 ¢

=300} . . - s b B .

s

2 250 +

z

*g 200

.QZ) 150 /

< 100

=4
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N A C/\ C/\ N N N A i , 1 ) v i [}
° OO rOTO" O ”G -
@Q@ A9 ~F & cP Qgg I @0 %\

&7 ﬁ}g%%ﬁikﬂgg,ﬁ;m Al B9 TLC 517 SHA-4 [R5 R =4
Figure 7 Effects of metal ions on the activity of the Figure 9 TLC analysis the alginate degraded products by
recombinant alginate lyase SHA-4
e *: SRR R B2 R SEIR AL, P<0.05. BdE W M: VGEERREAME; 1. 0 min; 2: 10 min; 3: 30 min; 4:
ALHE{EFH SPSS 22.0 #{4-#9 )7 2243 H1(One-way ANOVA). lh; 5: 5h; 6: 12h
Note: *: There is a significant difference in the experimental group Note: M: Alginate-monosaccharide; 1: 0 min; 2: 10 min; 3: 30 min;

compared with the control group, P<0.05. Data processing 4:1h;5:5h;6: 12 h.
(One-way ANOVA) using SPSS 22.0 software. . .
3 WiESR

ARSI B I 07 24 O B — ok DR AUV S PR
T, P HAR 24 N Sunxiuginia sp. SH-52., ZRGuik
I3 BT R IR R R G 6 R Bl 2 Sunxiuginia
T elliptica DQHS-4", HFi ¥k 16S rRNA JE [ 75111
AL R 93%, HHAEGMPIES . TR tRIEY
FIHSE R THEA B ENES, HIXEkaT e —
MR RO B IR i . SRR L, IREAEY)
Aleinace - PowM - PobG T LA B HE R A IR LB, I ELEA R
8 EAfE SHA-4 BRI RIFIE YA ATP 307580 L R A8 e S

Figure 8 Substrate preference of recombinase SHA-4

Fo %, LA EOESHE. P<0.05. SRARRMET Sss 22.0% Ao PUCIRSURSEMR )ik T 54 AT e P

100

75+

50+

Relative activity (%)

251

195 2243 HT(One-way ANOVA). P R E Y
Note: *: There is a significant difference, P<0.05. Data processing 5] .
One-way ANOVA using SPSS 22.0 software. SHA-4 W3R 2L T PL6 S80% , EA T2k
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FRAHUME /P 2610 SHA-4 S5H & B A iR 2L
e ARG, NCBI 7ELR 50 Hr 2 B PS8
LEMIR AP, 7E N ¥l &% — Chondroitinase B %%
Fagdal, DRIEAESEHE) b SHA-4 AS[) FH B B 20 1 5

ﬂ%% EfTERAR, R4 PL6 KK il

i 24 it 345 Chondroitinase B 5431, &A1
szl’\]ﬂﬁ“f{%@ﬂﬁ”ﬁ’%@ﬁ[” I,

FIFHEIMENAFE LG SHA-4 19 LG J136%)
21.0 U/mg o X 12 i Ak v BE R 1) = ) 0 A 0 A 6 W
SHA-4 ZHMIRIEERERR AL G . H TS IRERIA R A
DR R MR AL M, R BLTE ) Bk g2k A
Halomonas sp.iJ OalY2, g 36.2 U/mg!"’!, Hirayama
EXI K H Agrobacterium tumefaciens 1 Atu3025 .
Sphingomonas sp. Al B A1-IV Fl Saccharophagus
degradans 2-40 1) Algl7C 33| T R IR X,
aiAbix 3 i IR 2L I S AR R S5 4 T AT
WG, 25 RERW ALV WIS e, ok
13.5+1.4 U/mg, 1] Algl 7C 5A%, 4 2.3+0.5 U/mg™",
FRACT 5 A GRS B 1 — 6 P A e 1y S ) 2
BRI SHA-4.

PG BERR AN SHA-4 (KB~ B T iE o
KU, ZRERY ECOE R A pH 23500 37 °C F1 7.5,
52k B Vibrio splendidus ) OalC 2, J&—F
FAEBO IR, &R TN SHA-4 HIRETS
ST, Cu® R M AT SRR, I Na™%52h
BT A EATIMRIE . X — e S CARE i —LE
A, R BRI RE— E R & A EmS
ARG I, BlnlElEESk B PL6 SR OlaS6 il
KB Azotobacter chroococcum TR SR BEAEA
IE]‘(ZU“ Na Lh B 5 A7 B S s %, ke

TN Halomonas sp. A IR 247 OalY 1 I
OalY2 7EHR/D> Na'Bf, BEIEMEARML, Yk iks)
0.5 mol/L A i ik 2 fe i , Hirp OalY 1 P& T3 =
T 2930 £513), BF5E SHA-4 (RS- A 0%t
X BERR BRI T PolyM 1 PolyG.. i
FRZ M 4 F—Jc4 M-M. M-G. G-M fil G-G
R, A [V R 2L BT 4 Fh — o2l Z [

BB UIRE SRR, I T PolyG. PolyM Fi
W EERR P IR AT, Bk B Haliotis tuberculata
1 P D) B i IR 2L T R A R BT ) M-M A
G-M* | izl B Chlorostoma rustica W1 FEIR SR
%ﬁﬁﬁ%ﬂGﬂm%m?%%@%%¢£ﬁﬁﬁ
G-M 8 M-G —Jc4l, K SHA-4 J&—F sk sy
PIM-G 5 G-M H i3 BERR 2RI . A X5k F PL6
GRS PR AL e ) SIS s VA T TR, X
TG PR ZL AR BT PolyMG 5 Al PolyG HAG IS
Pifwdr ik, Horp O ZRAE A S M) 5L Vi 8 1R S A A (L
Tt PERE R PolyGY ™, TIASHIFSE A A M1 R 1A
PEIR LA B X PolyMG HAT P -4k o

RS AAS I E LN SHA-4 J&F PL6 %Kik,
ST I — M PE AR PolyMG IS
U SERR A, AR T EL A TR i A 5%
AL T2 . PR AL TR R
AT IR o TEHE SRR LA I AN MR A ST, A
WFFE A T F 0 LA A 7 R T 38 R % i B
FREEAHOC T REMIBIESE o
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