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Abstract

Seven bacterial clones with alginate-utilizing activity were isolated from rotten kelp. By activity test, the Vibrio sp.
QD-5 with the potential alginate-degrading capability was chosen to carry out the draft genome sequencing, and
the result showed that the Vibrio sp. QD-5 containing an alginate lyase gene cluster. One of these genes, aly-1V,
was cloned and characterized for the first time. After overexpression, Aly-IV, with a molecular mass of about
62 kDa and a theoretical isoelectric point (pI) of 5.12, was purified to a specific activity of 1 256.78 U/mg and
showed highest activity at 35°C in the Tris-HCI buffer at pH of 8.9. Moreover, the enzyme activity was enhanced by
the metal ions of Na*, K* and Mg?* under certain concentration. Aly-IV degraded favorably polyG blocks in an
endo-type, yielding monomer and dimer as the main products. Due to its high substrate specificity, Aly-IV could
be used as a potential tool for production of polyG oligosaccharides with low degree of polymerization (DP) and

for determining the fine structure of alginate.
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1 Introduction

Alginates are quite abundant polysaccharide in nature as
structural components in marine brown algae (Phaeophyceae)
and as capsular polysaccharides in soil bacteria (Gacesa, 1992),
which consists of B-D-mannuronate (M) and a-L-guluronate (G)
as monomeric units. Commercial alginates are mostly produced
by the brown algae such as Laminaria hyperborea, Macrocystis
pyrifera, and Laminaria japonica. Pharmaceutical, food and
technical applications (such as in print paste for the textile in-
dustry) are the quantitative main market fields for alginates. Al-
ginate oligosaccharides have attracted increasing attention be-
cause of their wide applications in food and pharmaceutical in-
dustry (Fremond et al., 1993; Steinlechner-Maran et al., 1996;
Atala et al., 1994). They can be used as growth promoters for
plants and therapeutic agents such as anticoagulants and tumor
inhibitors (Hu et al., 2004; Iwamoto et al., 2005; An et al., 2009).
They can also induce the cytokine production and regulate the
blood sugar as well as lipid (Zhang et al., 2004; Zong et al., 2014).
With the high-efficiency and high-specificity, alginate lyases, es-
pecially endolytic alginate lyases, have been widely used in the
production of alginate oligosaccharides (Li et al., 2011), the elu-
cidation of the fine structures of alginate (Aarstad et al., 2012;
Boyd and Turvey, 1978; @stgaard, 1993) and the preparation of
protoplast of red and brown algae (Inoue et al., 2011; Hu et al.,
2003; Butler et al., 1989). Alginate lyases have been prepared
from various sources, including marine algae, marine mollusks,
marine bacteria, soil bacteria, fungi and viruses (Wong et al.,

2000). These lyases were used to break the glycoside bond in al-
ginate through B-elimination mechanism to form a double band
between C4 and C5 at the non-reducing end of the degrading
product (Wong et al., 2000). According to their different sub-
strate specificities, alginate lyases were categorized into M-spe-
cific lyase (EC 4.2.2.3), G-specific lyase (EC 4.2.2.11). But until
now, most of the reported alginate lyases were M-specific lyase.
Based on their primary structures, the alginate lyases were also
grouped into seven polysaccharide lyase families (PLs) in the
Carbohydrate Active Enzyme (CAZy) database (http://www.cazy.
org/), including PL-5, PL-6, PL-7, PL-14, PL-15, PL-17 and
PL-18 (Huang et al., 2013). Most alginate lyases displayed in the
CAZy database were assigned to PL7 accounting for more than
40%.

In this study, an alginate lyase-producing bacteria Vibrio sp.
QD-5 was isolated from rotten kelp. The alginate lyase gene
(aly-IV) was cloned from this strain and expressed in Escherichia
coli. The recombinant enzyme Aly-IV possess the polyG-specific
alginate lyase activity, and its enzymatic properties were charac-
terized.

2 Materials and methods

2.1 Screening and identification of alginate-degrading bacteria
Alginate-degrading bacteria were isolated from the rotten

kelp. The decaying kelp was taken out and placed in sterile water

to homogenize. The homogenate was diluted with deionized wa-

Foundation item: The Marine Public Welfare Project of SOA under contract No. 201505032; the Scientific and Technological
Innovation Project financially of Qingdao National Laboratory for Marine Science and Technology under contract No. 2016ASKJ14.

*Corresponding author, E-mail: hchen@fio.org.cn


http://www.cazy.org/
http://www.cazy.org/
http://www.cazy.org/
http://www.cazy.org/
http://www.cazy.org/
http://www.cazy.org/
http://www.cazy.org/
http://www.cazy.org/

66 Chao Yaxi et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 6, P. 65-74

ter serially and then spread on agar plate containing 0.5% (w/v)
sodium alginate, 0.5% (w/v) (NH,),SO,, 0.2% (w/v) K,HPO,, 0.1%
(w/v) MgS0,, 0.001% (w/v) FeSO,-7H,0, and 2% (w/v) agar
power. The plates were incubated at 28°C for about 72 h and
plenty of colonies grew on the plate. One colony named QD-5
with highest intracellular alginate lyase activity was selected and
cultured in 2216E media with alginate or Luria-Bertani (LB)
broth for the follow-up study. The 16S rDNA sequences of the
strains were amplified from the genomic DNA by PCR. The 16S
rRNA genes were blasted using nucleotide BLAST in the NCBI
and aligned with its closely related sequences retrieved from
GenBank database using DNAMAN. The phylogenetic tree was
constructed through neighbor-joining algorithms.

2.2 Cloning and sequence analysis of the alginate lyase gene

In order to obtain an alginate lyase gene, the genome of QD-5
was sequenced. The genome annotation reveals that an open
reading frame coding for complex polysaccharide depoly-
merases was predicted. Using the designed primers P, (5'-TAG-
GTGGGATCCGATCATGAAGC-3') and P, (5'-AGAACTCGAGT-
TGGTACTTACC-3'), the gene named aly-IV was amplified, puri-
fied and sequenced. The ORFs (open reading frames) of the DNA
sequence were translated into corresponding amino acid se-
quences using the translate tool on the ExPASy sever (http://web.
expasy.org/translate/). Various physical and chemical paramet-
ers of the predicted protein were calculated using ProtParam (ht-
tp://web.expasy.org/protparam/). Functional information and
the similarity sequences of the putative protein were performed
on NCBI (https://www.ncbi.nlm.nih.gov/). Protein domains
were identified using the SMART (http://smart.embl-heid-
elberg.de/).

2.3 Production of recombinant Aly-IV

For express Aly-1V, the DNA fragment were digested by Bam-
HI and Xhol, and then ligated into the BamHI and Xhol sites of
pET-22b (+). The resultant plasmids were transferred into E. coil
BL21 (DE3) cell. The E. coli BL21-pET-22b (+)-aly-IV was cul-
tured in LB broth supplemented with 100 pg/mL ampicillin at
37°C until ODg,, reached 0.6-0.8, the culture was supplemented
with isopropyl-p-D-thiogalactopyranoside (IPTG) at a final con-
centration of 1 mmol/L to induce the expression of Aly-IV. The
cells were cultured for another 6 h at 37°C, 200 r/min and harves-
ted by centrifugation. To optimize expression, a series of para-
meters including different IPTG concentrations, post induction
temperature and time were tested. However, the target protein
still existed in the form of inclusion body (IB).

2.4 Purification of Aly-IV

As Tao et al. (2010) described before, the inclusion body was
solubilized by sarkosyl. The prepared dissolved inclusion body
solution was subjected to Ni-NTA Sepharose column (GE Health-
care, Uppsala, Sweden) pre-equilibrated with binding buffer
(20 mmol/L Na,P0O,-12H,0, 0.5 mol/L NaCl, 10 mmol/L im-
idazole, pH 7.4). The fractions containing most of the target en-
zyme were eluted using elution buffer (20 mmol/L Na,PO,-12H,0,
0.5 mol/L NaCl, 200 mmol/L imidazole, pH 7.4) and pooled for
the further purified using Superdex-200 Increase10/300 (GE
Healthcare, Uppsala, Sweden). The enzyme was eluted with
Tris-HCl buffer (pH 8.6) at a flow rate of 0.15 mL/min. Fractions
with alginate lyase activity were gathered and stored at -20°C.
The purity of the fractions and the molecular weight of the en-
zyme were determined by SDS-PAGE. The concentration of the
protein was measured by Coomassie Brilliant Blue G-250 with

bovine serum albumin (BSA) as standard.

2.5 Assay of the recombinant alginate lyase Activity

The activity of the alginate lyase Aly-IV was measured in a
mixture solution containing 0.3% (w/v) sodium alginate solubil-
ized in 50 mmol/L Tris-HCI pH 8.9 (0.9 mL) and a suitably en-
zyme solution (0.1 mL) at 35°C for 10 min. The reaction was ter-
minated in boiling water for 10 min. The enzyme activity was de-
termined as the increase in the absorbance 235 nm. One unit (U)
was defined as the amount of enzyme required to increase by 0.1
the absorbance at 235 nm per minute.

2.6 Enzymatic degradation of sodium alginate

A total of 0.1 mL 0.5% sodium alginate, 0.05 mL of enzyme
and 0.15 mL 50 mmol/L Tris-HCl were mixed in 1.5 mL tube, and
then the mixture was incubated at 35°C. After incubated for 0.5, 1,
2,3,4,5,6,12,24 and 36 h, the samples were taken to determine
the amount of reducing sugars by using the 3, 5-dinitrosalicylic
acid (DNS) colorimetry (Hou et al., 2009).

2.7 Substrate specificity and kinetic parameters of the recombin-
ant enzyme

A total of 50 pL purified enzyme was added to the reaction
mixture containing 0.5% of sodium alginate, polyG, polyM and
polyGM, respectively, for the substrate specificity. Enzyme activ-
ity was measured as described previously.

Kinetic parameters of the enzyme towards sodium alginate,
polyG, polyM and polyGM, were obtained by measuring the en-
zyme activity with substrate of different concentrations (0.1-
1 g/mL) (Table 1). The initial velocities were measured in the first
five minute in the standard assay mixture. The K, and V, , val-
ues were analyzed using the Eadie-Hofstee method.

Table 1. Specific activity and kinetic parameters of the recom-
binant enzyme Aly-IV towards sodium alginate, polyG, polyM
and polyGM

Substrate K,/mgmL'  V_ /Umg! aﬁgﬁg:;‘f%
Sodium alginate 0.22 1056.8 100
polyG 0.33 1247.6 68.41
polyM 2.89 506.3 0.53
polyGM 1.42 711.8 1.23

Note: The data were the means of three experimental repeats
with SD<0.05. The initial reaction velocity was defined as the increas-
ing absorbance at 235 nm of the products produced by recombinant
enzyme Aly-1V at the first 5 min.

2.8 Characterization of the recombinant alginate lyase

The temperature effects on the enzyme towards sodium al-
ginate were performed at pH 8.9 in different temperature of
10-55°C. The thermal stability of the enzyme towards sodium al-
ginate was determined by measuring the enzyme activity after in-
cubation at 10-55°C for 30 min. The pH effects on the enzyme to-
wards sodium alginate were performed at 35°C at pHs ranging
5-10.5. The pH stability of the enzyme towards sodium alginate
was determined by measuring the residual enzyme activity after
incubated at different pH for 3 h in ice-bath.

The influences of NaCl on the enzyme were performed by
adding different concentration of NaCl (1-45 mmol/L) to the re-
action buffer. The enzyme activity without NaCl served as con-
trol. The effects of metal ions on the enzyme were carried out by
measuring the enzyme activity in the presence of metal ions. The
reaction mixture without any metal ion was taken as control.
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2.9 Analysis of reaction mode and products

The degraded products of the recombinant enzyme Aly-IV
were analyzed using thin-layer chromatography (TLC) (TLC
silica gel 60 F254, Merck KGaA, Darmstadt, Germany). The diges-
ted samples were periodically withdrawn for TLC analysis. The
products on the TLC plates were developed using a solvent sys-
tem of 1-butanol/ethanol/water 2:1:1 and then visualized by
heating the plates at 85°C for 10 min after spraying with a diphen-
ylamine/aniline/phosphate reagent. To further determine the
products of the enzymatic action, the ESI-TOF-MS was conduc-
ted. Five microliters samples with 6 h reaction time were loop-in-
jected to a G1969A time of flight mass spectrometer (TOF-MS)
(Agilent Technologies Inc., California, USA) after filtration with
0.22 um filter membrane. The products were detected in a negat-
ive-ion mode using the following settings: pressure of the atom-
izer (N,), 40 psi; flow rate of the dryer (N,), 11 L/min; temperat-
ure of the dryer (N,), 350°C; capillary voltage, 4 000 V; scanning
the mass range, 100-1 000 m/z.

To determine the reaction mode of the recombinant enzyme
Aly-1V, the viscometric parameters were measured with a rotary
viscosimeter (SNB-1; Sunny Hengping Scientific instrument Co.,
Ltd, Shanghai, China). The reaction mixtures contained 3 mL en-

26

zyme Aly-IV and 2 mL 1.5% sodium alginate dissolved in 50
mmol/L Tris-HCl, pH 8.9. The viscosity was measured at 35°C for
timed interval and the timed samples (0.3 mL) were taken out for
the measurement of the absorbance.

2.10 Genome sequence accession numbers
The genome sequence have been deposited in GenBank un-
der the accession number PRJNA382465.

3 Results and discussion

3.1 Screening of alginate-degrading bacteria and identification of

the isolated strain

As described before, the strain QD-5 was elected for the fur-
ther analysis. Analysis of the 16S rDNA on sequence similarity re-
vealed that the closest relative of the strain QD-5 was Vibrio al-
ginolyticus strain W047 (JF836178.1) (99%). In the phylogenetic
tree, the strain QD-5 was grouped within the genus Vibrio (Fig. 1).
Consequently, the strain QD-5 was designated as Vibrio sp. QD-5
and it has been deposited at the China General Microbiological
Culture Collection Center (CGMCC) under accession number
14172.

QD-5

Vibrio alginolyticus strain W047 (JF836178.1)

Vibrio harveyi NBRC 15634 (BCUF01000119)
Vibrio proteolyticus NBRC 13287 (BATJ01000038)
Vibrio parahaemolyticus NBRC 12711 (BBQD01000032)

Vibrio sagamiensis LC2-047 (AB428909)

Vibrio fortis LMG 21557 (AJ514916)

Vibrio atypicus HHS02 (FJ009624)

I_Microbulbifer okinawensis ABABA23 (AB500893)

Microbulbifer donghaiensis CN85 (EU365694)

0.02

Fig. 1. Phylogenetic analysis of strain QD-5. Phylogenetic tree was constructed through the neighbor-joining algorithm using
MEGAS6.0, and the evolutionary distance was estimated by the maximum composite likelihood (MCL) method (Tamura et al., 2011).

3.2 Information about the aly-1V gene and the deduced amino

acid sequence

Using the sequenced genomic data in this work, the draft gen-
ome was further refined to contain a total genome size of
1118293 600 bp with an average GC content of 44.75% and two
circular plasmids sized at approximately 3.3 Mbp and 1.8 Mbp
(Fig. 2a). Annotation of the genome showed that an open read-
ing frame coding for polysaccharide depolymerases located on
the chromosome 2 (Fig. 2b). One of the genes, aly-1V, was cloned
and sequenced. It consisted of 1 560 bp and the open reading
frame (ORF) encoded 520 amino acids without signal peptide
(Fig. 3). It was subjected for BLAST analysis in NCBI database.
Result showed that the amino acid sequence display high simil-
arity with several alginate lyase (WP_017821221.1, WP_054574336.1,
WP_054578990.1, AIY22655.1, WP_017634226.1, WP_053307759.1,
WP_053349966.1, WP_005388518.1, 99% of sequence identity).
But these alginate lyases have never been characterized. The ma-
ture protein had a calculated molecular mass of 61.92 kDa and a
pl value of 5.12. Sequence alignments showed that, Aly-IV was
assigned to polysaccharide lyase family 7 (PL7). Conserved do-

main analysis of the putative protein revealed that the protein
contained two domains, including F5/8 type C domain
(pfam00754) and Alginate lyase2 domain (pfam08787) (Fig. 3).
Alginate lyases in PL7 contain three highly conserved motifs,
(R/E)(S/T/N)ELR, Q(I/V)H and YFKAG(I/V)YNQ, which com-
posed the active center and were crucial for substrate recogni-
tion and catalysis (Yamasaki et al., 2005). Sequence alignment of
Aly-IV with other PL7 alginate lyases indicated that the con-
served motifs in Aly-IV were RTELR, YFKAGVYNQ and QIH
(Fig.4). It has been confirmed that the isoleucine residue in QIH
motif is essential for recognition of the polyG or G-G bond (Deng
etal., 2014).

3.3 Purification of the recombination enzyme Aly-IV

To characterize the recombinant enzyme, the gene aly-IV
was cloned into an expression vector pET-22b (+) and expressed
in E. coli BL21 (DE3). Tests showed that the recombinant en-
zyme, Aly-1V, was expressed in the form of IB. To obtain the act-
ive enzyme Aly-1V, the IB was denatured by sarkosyl and refol-
ded via dilution. A large amount of refolded enzyme were ob-
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Fig. 2. The genome and alginate lyase gene cluster of the Vibrio sp. QD-5. a. The draft genome of the strain Vibrio sp. QD-5. b. Four
alginate lyase genes in the genome of the Vibrio sp. QD-5, they were cds2, cds3, cds4, cds5. The cdsl, cds6, cds7, cds8, cds9 were the
genes relevant to the alginate lysae gene. The asterisk is the position of aly-IV.
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| flginate_lyase? superfamily
b 1 AATAATTTTGTTTAACTI T AMGAAGGAGAT ATACAT ATGAMT ACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCC TOGC TGO AGCCGGCGATGGCCATGGATATCGGAATTART
121 TCGGATCCGTACATGAAGC ATAT T TTCTTCAAAAGC T TGT TAGCTTICTICTAT TT TACTTGCTGTGGGC TGT AANTAGT ACGGCGACCAT GG TAGATCCATTTCC AMAC AACCAAGARACT
41 BEXNI?FXSLLASSIILLAYSLCHNSTATITRYET? P T?THXYXQ I
241 GETGCTGATATTCTGACTCCCGT TACGAT AACGGLGAGT AGTC ATGATGGT AATGT TCCAGAGCAGT TGTT TGACCAAGATAT TATGAC ADGC T GGTCAGCAAAT GGTGATGGT GAGTGG
81 ¢ ADILTT?VYTITASS S XD OGH VYVPEQLT FDARIIRNT RYSANCGD GEIUTN
361 GLGATGT TGGATTACGELTCGGTTTATGAGT TOGACGCAAT TC AMGCCTCGT TCAGC ARAGGT ARCGAACGCGTCAGT A AT TTGATGT TCAGT TTAGT ACTGATGOTCAMACTGGGTG
121 AMLDY GSYYEFDAIGQASTPTSKGNTZERYSI XTFDVYQFPFSTDGEU NHNHYWY
481 ACGGTTATTGAGGGT GG AMMGCTCTGGTCGCGCACTTGGC T TAGAGCGC T TOC AGT TTGAGCCTGLAGT AMAAGC ACGCTATGTTCGTTACGT TGGCCACGGT ARTAGCARARACTAA
161 TVIEOGARQSSGRALOGLTESRTPFQTFETPAVEAMLERYVEREY VY GHOGDHNS KUY NAQ
601 TGGAACTCAGTTACTGAGT TAGCGGCAGT T ART TGCGGAAT TAATGCCTGTCCGGUANGTCACATCATTACT GANEGTCGTTMTGMEG@TAT“TTGC@;MAWW
201 ¥ ¥ S VT ELAAVY NCGINACTPASHKIITIDDVYVYVH E A AMNI AQHNZIXAR
721 GAGC ARAAGGCAC AMMAGEATTTAC TCAAMARGAARTCGT AMMGGCGACTT TGGAGC ACCAATCGTCOGTCCT TGTGAAMCGAL TGTGACGTGTGATCT TTCTAMMGCAATGCCTTACCCT
241 EQ XARQREIJILLYXXYERIXGETrFG APIVIAIPLCETIVICILSESEXARPTYTE
841 ACGTTACCGARMGAGCCAC TCGCTACARAT GCACCGGOTGAMACT TTGACT TAACACGT TGGAAAC TGACGACACCTT TCGACCATGAC AAAGATGGTCGTGCTGATGATATTGATGAG
281 TLPEZPILAKT HRAPGER? DLTITZRYELTTEPP?TIHEXDBEGRADIBIIIDE
961 TOGGACTTGGCTNWTCCIACMTCTGA'I'ITA'.I.'TCTkCM:M?C.NGATG.RTGGCGGMTGGTI.TTCWAGCTRTGTGMG@GCTDGNTTCTGMMTWTMGCGOG&
321 ¥DLAKNKGTIQ I ADDG v TS EXNTIEKETYATLR

1081 ACTGAGT TACGTACCATGC TTCGTGCTGGT GATAAGTCTTACAGC AL ARAGGGTGT AMATCCTAAT AACTGGGTATICAGTICTGCACCAGTTGAAGATC ARAAMGAAGC GGGTGGTGTA
361 TELETH®HLEREAGDEKSYSTEKGYVYNPEPFNNYVFSSAPYVYEDQETEAGGY

1201 GACGGTACGCTTGAAGCTACTCTGAAGAT TGACC ACGCAACCAC AACTGGTCAGTCGCATGAMGT TGGCOGCT TTATTATCGGCCAGAT TCATGACAAMGATGAT GAGCC ARTTCGTCTT
401 D 6¢TLEATLEKIDHKATTTGQ@S HEY GRPFPFIIGOQI XKDEKDDETPTIRL

1321 TATTATCGT ARGCTACCAGACCAACCARC AGGTACAGCTTACTTTGCTCACGAAA AAMCCAAMACTGGARC AGAGGAT T ACTACAGCT TAGTGGGTGAT ATGAC TGGTGAAATCGGTGAL

441 I ¥ RELPIDQPTGTAY FAHEXTRITGTEDIYYISLYGDHTGETILIGSGID
1441 GATGGCATCGOGCTAGGT GARMAAT TCAGCT ACATCATTGATGTGAMGGT AACAC AATGAC AGTTACGGT AMMACGTGATGGT AMAGAT GATGT TGT TCAMGTCGTAGATATGAGTGAC
481 D G¢I ALGEKTFSYIIDYEKGNTMHNTVTYKEKRDIGKDDVVYQYVINSTID
1561 AGTGOCT ATGACGAAGGTGGUAGAT ATATGT ACTTTAAAGCCGGTGTCTAT AMCC AGAATAT GTACGGT AATCCAGATGATTACGCAC AAGCTACTTTCTATAAAT TRAMACAATCTTIT
521 S ¢GYDEGOGRYBYTFEKAGYTY NQN¥MWY G¢GHPDIY AQATTFYXKLEKQSTE
1681 GGTAAGT ACCAACTCGAGC ACCACCACCACC ACCACTGAGATCCGGCTGCT AMCAMMGCCCGARA

561 G KYQ®Q

Fig. 3. Sequence analysis of Aly-IV. a. Functional annotation of the predicted protein. b. Nucleotide and deduced amino acid
sequence of the Aly-IV. The signal peptide was underlined straight line. Dashed line was the F5/8 type C domain. The dotted line was
Alginate lyase2 domain.
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BAK40155.] VGRVITHESHRFRN..............BETRLYSERIECNSKECIYYAHEIAD. .. ... SRSSSASNE. 211
ADW41663.1 VGRFITHEEEPKDD. ... ..u.x.... . BETRLYSRRLBOCPTETVE FAHEKTE. . . . . DMTGEIGD.. 210
BAH79133.1 VGREITEEEEEDCND..............BETRLYSRSIBNCFTRAVEFAHECSCD. ... . DLTAEVGE. . 211
ALP75563.1 ~ VGRVITEEEEENDD - ... couevunnnn . .YGSEQEY¥TMIBSQSSSASEP. 2(3
ALP75562.1  VEGRFITEEEENCOR.............-BRTRLYSERIENINTETVY FARENTL. . ... RKGTDAFYDLVEGMTGEIGD.. 211
Aly-TV BT cE IEDUREN TMTRTVKED. . - . GRDDVVQVWDMSDSEY DEGGRY] NG . 250
BAV53312.1 cE VMDVEENIMHLTETSKNHETVEYKIDLSKNLREDGTY ; 310
BAV10560.1 [ D Vil S v 1 SGY n q 290
ANB32492.1 E Gn E 306
BAJ62034.1 D Tl NE 1 S 277
ACM89454.1 C H } 3 275
BAK40155.1 1 277
ADW41663.1 5‘! 275
BAH79133.1 1 276
ALP75563.1 T | 579
ALP75562.1 : .GREDVGQVVDMSESEY M i . 276
Aly-IV s 262
BAVS53312.1 ELTSHEE. . 346
BAV10560.1 DVTHGE- - - 307
ANB32492.1 ESGEMQ ... 339
BAJ62034.1 ENSHTEYED 297
ACMB9454.1 EATHDSYTE 295
BAK40155.1 THTHD. ... 293
ADW41663.1 EQSFGEYQG 295
BAH79133.1 DVSHDTYTA 296
ALP75563.1 EHEYGRAK. 298
ALP75562.1 ERSHGTYTG 296

Fig. 4. Amino acid alignment of Aly-IV with other PL7 alginate lyase. BAV53312.1, an alginate lyase from Vibrio algivorus;
BAV10560.1, an endo-type alginate lyase from Falsirhodobacter sp. algl; ANB32492.1, an alginate lyase from Halomonas sp. Victoria
JH; BAJ62034.1, an alginate lyase from Microbulbifer sp. 6532A; ACM89454.1, an alginate lyase from Pseudoalteromonas sp. CY24;
BAK40155.1, an alginate lyase from Saccharophagus sp. Myt-1; ADW41663.1, an alginate lyase precursor from Vibrio midae;
BAH79133.1, an alginate lyase from Vibrio sp. A9m; ALP75563.1, an alginate lyase from Vibrio sp. BZM-1; and ALP75562.1, an alginate
lyase from Vibrio litoralis. Similar amino acid residues among the alginate lyases were shaded in gray. Conserved regions were boxed.

Arrows represented the conserved sequences below them.

tained and purified by nickel affinity chromatography followed
by gel filtration chromatography. The apparent molecular weight
was 62 kDa on the SDS-PAGE (Fig. 5). The final activity of the en-
zyme reached 1 256.78 U/mg, which was different from the algin-
ate lyase from other Vibrio sp. The activity of Alyb from Vibrio sp.
W13 reached 457 U/mg (Zhu et al., 2015). While AlyVI from Vi-
brio sp. QY101 possessed the activity of 6 380 U/mg (Han et al.,
2004), the activities of AlyAL-28 and AlyATCC only reached 1.89

and 1.93 U/mg, respectively (Kitamikado et al., 1992).

3.4 Characteristics of the recombinant enzyme Aly-1IV

The optimal temperature of the enzyme Aly-IV was 35°C (Fig. 6a)
and remained stable when incubated at temperatures below 30°C
for 30 min (Fig. 6b). Aly-1V showed the highest activity in the
Tris-HCl buffer at pH of 8.9 (Fig. 6¢). Compared with other algin-
ate lyase from Vibrio strains, such as AlySY08 with the optimal
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Fig. 5. SDS-PAGE analysis of the purified enzyme Aly-IV. Pro-
teins were electrophoresed on 12.5% acrylamide gel and stained
with Coomassie Brilliant Blue G-250. Lane 1: 10 pL of the protein
(150 pg/mL) purified by Ni-NTA affinity chromatography. Lane
M: protein mass markers. Lane 2: 20 pL of the protein (10 pg/mL)
purified by Superdex-200 Increase10/300.
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pH of 7.6 (Li et al., 2017), AlyVI with the optimal pH of 7.5 (Han et
al., 2004), Algb with the optimal pH of 8.0 (Zhu et al., 2015),
AlyAL-128 with the optimal pH of 7.8 (Kitamikado et al., 1992),
AlyATCC with the optimal pH of 8.2 (Kitamikado et al., 1992), the
alginate lyase Aly-IV had the higher pH of 8.9.

The pH stability test of the Aly-IV was conducted in ice-bath
for 3 h (Fig. 6d). The pH stability of the enzyme in different buffer
was related to the type of the buffer. No more than 25% of Aly-IV
activity was retained in the Na,HPO,-citric acid buffer (pH
5.5-6.0). In the PB buffer (pH 5.8-8.0), the residual activity was
lower than 70% of its initial activity. In the Tris-HCI buffer (pH
7.0-8.9), the activity retained more than 50%. Notably, in the
Tris-HCI buffer with pH 7.0, the enzyme activity was almost unaf-
fected. In the glycine-NaOH buffer (pH 9.0-10.6), the residual
activity was from 42% to 90%.

The enzyme Aly-IV activity varied in different buffers at the
same pH, suggesting that the buffer ions affect the enzyme activ-
ity. Therefore, the effect of metal ions on the enzyme activity was
examined. The effects of the NaCl on the activity of the enzyme
Aly-1V showed in Fig. 7a. The enzyme activity was inhibited
when the concentration was more than 25 mmol/L. Moreover,
the activity of Aly-IV was strongly inhibited by 1 mmol/L Ba?*,
Al3+, Ni?*, Zn?*, and Pb?*, but promoted by 1 mmol/L Ca?* (Fig. 7b),
increased with K* and Mg?* at the concentration of 5 and 10 mmol/L.
The effects of mental ions on Aly-IV were similar to that on Algb
(Zhu et al., 2015) and AlyAL-128 (Kitamikado et al., 1992). Algin-
ate lyases from different sources were affected by different men-
tal ions. This may be due to the differences of their three-dimen-
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Fig. 6. Biochemical characterization of the recombinant alginate lyase Aly-IV. a. Reaction temperature profile of Aly-IV. The activity
was assayed at pH 8.9. b. Thermal stability of Aly-IV. The enzyme was incubated at 10-55°C for 30 min, and then the residual enzyme
activity was measured at 35°C. c. Reaction pH profile of Aly-IV. The activity was assayed at 35°C in different buffers as described
before. d. pH stability of Aly-IV. The residual activity was determined by measuring the enzyme activity at 35°C after incubation at
various pHs for 3 h in ice-bath. The data represent the mean of three experimental repeats with SD<5%.
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Fig. 7. The effects of NaCl concentration and metal ions on the
activity of Aly-IV. a. Effect of NaCl concentration on aly-SJ02
activity. The activity was measured at 35°C in Tris-HCI buffer
containing the indicated NaCl concentrations. The activity in 0
mol/L NaCl was taken as 100%. b. Metal ions effects on the activ-
ity of Aly-IV. The enzyme activity was measured at 35°C in
Tris-HCI buffer containing different metal ions. The activity of
aly-SJ02 without any metal ion or inhibitor in the reaction mix-
ture was taken as control (100%). The data represent the mean of
three experimental repeats with SD<X5%.

sional structures.

3.5 Enzymitic hydrolysis of sodium alginate by Aly-1IV

To study degradation characteristics of Aly-IV, the amount of
degradation product was measured at different time points. As
shown in Fig. 8, the amount of product increased considerably
from 0.5 to 6 h, and plateaued after 6 h, due to the loss of the en-
zyme activity when incubated at 35°C for a long time.

3.6 Substrate specificity of the recombinant enzyme

To investigate the substrate specificity, sodium alginate,
polyG, polyM and polyGM were used as the substrates for the re-
combinant enzyme Aly-IV. In contrast to polyG, the activity of
Aly-1V towards polyM was negligible. This illustrated that Aly-IV
broke G-G links specifically. The observed lower activity towards
polyM and polyGM was speculated to be caused by purity of the
substrates.

The K, values of the enzyme towards sodium alginate, polyG,
polyM and polyGM were 0.22, 0.33, 2.89 and 1.42 mg/mL, re-
spectively (Table 1). The lower K, values of the enzyme with so-
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Fig. 8. Enzymatic hydrolysis of sodium alginate by Aly-IV. The
course of hydrolytic procedure was monitored by measuring the
amount of product during the hydrolysis.

dium alginate and polyG than that with polyM and polyGM sug-
gested that the enzyme had the higher affinity to sodium alginate
and polyG. As previously reported, most of the alginate lyases
were polyM-preferred alginate lyases. Only few polyG-preferred
alginate lyases were discovered, such as AlySY08 from marine
bacterium Vibrio sp. SY08 (Li et al., 2017), AlyV5 from Vibrio sp.
QY105 (Wang et al., 2013), and AlyAL-128 from Vibrio harveyi
AL-128 (Kitamikado et al., 1992).

3.7 Reaction products and modes of action

To analyze the degradation products of the recombinant en-
zyme Aly-1V, 5 pL samples taken at different time points were
subjected to TLC assy. The distributions of the products from the
substrates of sodium alginate and polyG were similar (Figs 9a, b).
The products of polyM and polyGM were not detected on the
TLC plates (Figs 9c, d). The reaction products of sodium alginate
and polyG were further identified by negative ESI-TOF-MS. As
shown in Fig. 10, the degradation products of sodium alginate
and polyG mainly consist of DP1 and DP2. The enzyme had no
activity to polyM and polyGM, so the DP of the products from
polyM and polyGM was not identified by negative ESI-TOF-MS.

The action mode of the recombinant enzyme Aly-IV was
monitored in the viscometric assay. The viscosity of the alginate
solution rapidly decreased in the first 5 min, whereas the values
of absorbance of reducing products increased very slowly (Fig. 11).
The distribution of the hydrolysate on the TLC plate suggested
that the enzyme Aly-IV acts in an endo-lytic mode. The endo-lyt-
ic mode actions of enzyme Alm from Agarivorans sp. JAM-Alm
(Kobayashi et al., 2009) and enzyme AlySY08 from Vibrio sp.
SY08 (Li et al., 2017) were confirmed in the same method.

4 Conclusions

In this study, an alginate lyase gene, aly-1V, was cloned and
expressed in E. coil BL21. The purification and characterization
of this enzyme were reported for the first time. Its optimal tem-
perature and pH was 35°C and 8.9, respectively. Like other algin-
ate lyases, such as AL-128 from Vibrio harveyi (Kitamikado et al.,
1992), rA9mT from Vibrio sp. JAM-A9m (Uchimura et al., 2010),
AlYSYO08 from Vibrio sp. SY08 (Li et al., 2017), Aly-IV was also a
salt-activated enzyme whose activity was increased three times at
15 mmol/L NaCl. The enzyme Aly-IV may be activated by K+,
Mg?* and Ca?*, which was similar to other polyG-specific algin-
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Fig. 10. ESI-TOF-MS analyses of the end products of Aly-IV. The samples applied to ESI-TOF-MS was reacted for 6 h. a. The
degradation products of sodium alginate and b. the degradation products of polyG.

ate lyase.

As shown in Fig. 4, PL7 alginate lyases contain three highly
conserved amino acid sequences, (S/T/N)EL, Q(I/V)H, and YFK-
AG(V/T)YNQ, which were thought to play an important role in

catalytic activity or the folding of the structure (Zhu et al., 2015).
Researches revealed that enzymes containing QIH or QVH in the
conserved region had substrate specificity of G-block and M-
block, respectively (Yamasaki et al., 2005). However, Aly-1V
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Fig. 11. Viscosity reduction during enzymatic degradation of al-
ginate. The initial viscosity of the reaction mixture was taken as
100%. Square filled with dotted line is rate of viscosity reduction;
triangle filled with solid line is absorbance of reducing products.

seems to prefer poly-G, like ALY-1 from Corynebacterium sp.
ALY-1 (Matsubara et al., 1995), A1-I from Sphingomonas sp. Al
(Miyake et al., 2003) and Alm from Agarivorans sp. JAM-Alm
(Kobayashi et al., 2009).

Alginate extracted from seaweed has a wide range of applica-
tions. A lot of organisms are also able to exploit M and G units
from depolymerized alginates as carbon and energy sources.
Most of them can secrete the alginate lyase to degrade alginate.
So far, hundreds of alginate lyases were found from a variety of
organisms, such as marine algae, marine mollusks (Littorina
spp., Haliotis spp., Turbo cornutus.), and a wide range of marine
and terrestrial bacteria. Alginate lyases belong to the member of
the polysaccharide lyases. But the concern is: Why so many or-
ganisms produce alginate lyase, including even the bacteria from
deep-sea (Wong et al., 2000)? Is not the alginate everywhere?
Why the gene sequences of alginate lyases from the different
sources are so diverse (Uchimura et al., 2010)? So far, these ques-
tions remained unanswered. We speculate that alginate lyase
may not only degrade alginate, but also degrade other polysac-
charides as alginate lyases in organisms have multiple substrate
specificities. Although no report has been seen yet, we will at-
tempt to confirm this speculation in future.
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