AEM

Journals.ASM.org

Comparative Biochemical Characterization of Three Exolytic
Oligoalginate Lyases from Vibrio splendidus Reveals Complementary
Substrate Scope, Temperature, and pH Adaptations

Sujit Sadashiv Jagtap,®® Jan-Hendrik Hehemann,® Martin F. Polz,° Jung-Kul Lee,® Huimin Zhao®

Department of Chemical Engineering, Konkuk University, Seoul, Republic of Korea®; Department of Chemical and Biomolecular Engineering, University of lllinois at
Urbana-Champaign, Urbana, lllinois, USA®; Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

Marine microbes use alginate lyases to degrade and catabolize alginate, a major cell wall matrix polysaccharide of brown sea-
weeds. Microbes frequently contain multiple, apparently redundant alginate lyases, raising the question of whether these en-
zymes have complementary functions. We report here on the molecular cloning and functional characterization of three exo-
type oligoalginate lyases (OalA, OalB, and OalC) from Vibrio splendidus 12B01 (12B01), a marine bacterioplankton species.
OalA was most active at 16°C, had a pH optimum of 6.5, and displayed activities toward poly-3-D-mannuronate [poly(M)] and
poly-a-L-guluronate [poly(G)], indicating that it is a bifunctional enzyme. OalB and OalC were most active at 30 and 35°C, had
pH optima of 7.0 and 7.5, and degraded poly(M-G) and poly(M), respectively. Detailed kinetic analyses of oligoalginate lyases
with poly(G), poly(M), and poly(M-G) and sodium alginate as substrates demonstrated that OalA and OalC preferred poly(M),
whereas OalB preferred poly(M-G). The catalytic efficiency (k_,/K,,) of OalA against poly(M) increased with decreasing size of
the substrate. OalA showed k_,,/K,, from 2,130 mg ™' ml s ' for the trisaccharide to 224 mg~" ml s~ for larger oligomers of ~50
residues, and 50.5 mg~ ' ml s~ ' for high-molecular-weight alginate. Although OalA was most active on the trisaccharide, OalB
and OalC preferred dimers. Taken together, our results indicate that these three Oals have complementary substrate scopes and

temperature and pH adaptations.

lgal polysaccharides constitute an important carbon and en-

ergy resource for marine organisms and have been considered
as cost-competitive biomass for the production of biodiesel, bio-
ethanol, and biohydrogen (1, 2). Macroalgal carbohydrates ex-
hibit several features of a promising feedstock that may com-
plement the increased global demand on energy and food
production. The cultivation of macroalgae does not require arable
land, freshwater, or fertilizer, circumventing adverse impacts on
food supplies and resource availability (3). Moreover, algal poly-
saccharides are present in the form of gels rather than as crystalline
fibers such as cellulose and are therefore easier to digest with en-
zymes than terrestrial plant biomass (4). Furthermore, most algae
lack or contain only small quantities of lignin (5), a natural glue
that renders cellulose from terrestrial plants recalcitrant to degra-
dation by cellulases. The most abundant carbohydrate in brown
macroalgae, such as kelps, is alginate, a major component of the
cell wall matrix. Interestingly, although alginate constitutes 14 to
37% of seaweed biomass, this polysaccharide has only recently
been considered a carbon source or starting material for biorefin-
ery (6).

Alginate is a linear block copolymer of two uronic acids, 3-D-
mannuronate and a-L-guluronate, arranged in various sequences of
poly-B-p-mannuronate [poly(M)], poly-a-L-guluronate [poly(G)],
and the heteropolymer [poly(M-G)] (7). The gelling properties
strongly depend on the poly(G) content of the algal polysaccharide,
because the chelation of Ca®" cations by guluronate residues creates
intermolecular networks giving rise to viscous solutions and gels (8).
Alginates are also found in some bacteria; Pseudomonas aeruginosa
and Azotobacter vinelandii produce alginate and also express alg-
inate lyases (9, 10). In addition to its potential for biofuels, phar-
maceutical and medical uses of alginates have gained interest due
to attractive physicochemical properties. For example, alginate
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gels can be fabricated into hydrophilic drug carriers and molded
into biocompatible matrix materials for immobilized cells or
growth of artificial organs (11).

To date, several microorganisms that metabolize alginate have
been characterized (12). Alginate lyases belong to the polysaccha-
ridelyases (PLs), which catalyze cleavage of the glycosidic bond via
B-elimination. A total of 23 Pl families exist in the carbohydrate-
active enzyme (CAZy) database (www.cazy.org) (13). Alginate
lyases are present in the PL5, PL6, PL7, PL14, PL15, PL17, and
PL18 families and can be further organized into alginate lyases
that cleave the polymer with an endo mode of action and oligoal-
ginate lyases, which use an exo mode of action to cleave unsatu-
rated and saturated monomers from the nonreducing end (9, 14)
(see Fig. S1 in the supplemental material). Alginate lyases belong-
ing to the PL5 and PL7 families generally degrade alginate poly-
mers endolytically into oligosaccharides (8). Oligoalginate lyases
(Oals) in the PL15 and PL17 families degrade alginate exolytically
to produce monosaccharides (15). Alginate lyases are also valu-
able bioanalytical tools. Recent applications of alginate lyases have
included the use of an M lyase from a Photobacterium sp. to pro-
duce poly(M) and poly(M-G) blocks from acetylated and deacety-
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lated P. aeruginosa alginate (7). These defined substrates were used
to probe the specificity of other lyases (7). Similarly, a G-specific
lyase from Flavobacterium multivorum, which degrades poly(G)
and poly(M-G) alginate, has been applied toward the preparation
of poly(M) blocks from sodium alginate for substrate specificity
studies (16, 17).

Recently, an alginate degradation pathway (~40 kbp) from the
marine bacterium Vibrio splendidus, which included genes for im-
port and metabolism of alginate, has been transferred 12BO1 (18)
into an Escherichia coli host. V. splendidus is an abundant marine
vibrio and appears to have relatively recently diversified into a
range of ecologically defined populations (19), including some
that result in complex host interactions (20). Vibrios are abun-
dant, planktonic bacteria in coastal waters, and they frequently
colonize the intestines of animals such as crustaceans or mammals
(20). After the transfer of the alginate degradation pathway from
V. splendidus into E. coli, this bacterium was further bioengi-
neered, which resulted in the successful conversion of alginate
into bioethanol (18). The transferred pathway contained three
oligoalginate lyases belonging to the PL15 (OalA) and the PL17
(OalB and OalC) families, sharing 40 to 50% sequence identity
with previously characterized oligoalginate lyases (21). The rele-
vance of these genes for alginate conversion was confirmed by the
deletion of 0alA, oalB, and 0alC in E. coli, which impaired growth
on alginate oligomers and polymers (21). However, biochemical
characterization of these three Oals has not been carried out, and
their specific role for the efficient conversion of alginate remained
unclear.

We report here the cloning, heterologous expression, classifi-
cation, and characterization of the three oligoalginate lyases from
V. splendidus 12B01, including detailed kinetic parameters and
substrate scope, providing comparative new insights into the PL15
and PL17 family of alginate lyases. Our results indicate that these
enzymes have different pH and temperature profiles, as well as
complementary substrate scopes.

MATERIALS AND METHODS

Materials. Restriction enzymes, factor Xa protease, and Q5 high-fidelity
DNA polymerase were obtained from New England BioLabs (Ipswich,
MA). Kanamycin, lysozyme, Triton X-100, guanidine hydrochloride, and
bovine serum albumin were purchased from Sigma-Aldrich (St. Louis,
MO). Genomic DNA purification kit was obtained from Promega (Mad-
ison, WI). Oligonucleotide primers were obtained from Integrated DNA
Technologies (Coralville, IA). His-trap FF crude columns and a fast pro-
tein liquid chromatography (FPLC) system (ATKA pure M1) were pur-
chased from GE Healthcare (Princeton, NJ). Reagents for the protein
assay and sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), protein markers, Sepharose Fast Flow, Bio-Gel P2, and the
high-pressure liquid chromatography (HPLC) column (Hypercarb 100
by 3 mm) were obtained from Bio-Rad (Hercules, CA). All other chemi-
cals were purchased from Thermo-Fisher Scientific (Pittsburgh, PA) un-
less otherwise specified. poly(M) (degree of polymerization [dp], ~20),
poly(G) (dp, ~20), and poly(M-G) (dp, ~20) substrates were prepared as
previously described (22). Mannuronate oligosaccharides (dp, 30 to 50)
were obtained from Elicityl (Crolles, France). A low-viscosity grade of
sodium alginate (viscosity, 5.0 to 40.0 cP) isolated from brown algae was
purchased from Sigma-Aldrich.

Bacterial strains and culture conditions. The Vibrio splendidus 12B01
genomic sequence (accession number NZ_AAMR00000000.1) and oli-
goalginate lyase sequences were accessed from the National Center for
Biotechnology Information. 12B01 was obtained from C. V. Rao, Univer-
sity of Illinois at Urbana-Champaign. E. coli DH5a and E. coli BL21(DE3)
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were used as hosts for cloning and heterologous protein expression, re-
spectively. Both E. coli strains were grown in lysogeny broth (Bacto tryp-
tone [10 g/liter], yeast extract [5 g/liter], and NaCl [10 g/liter]) supple-
mented with ampicillin or kanamycin (100 and 50 pg ml ™", respectively)
at 37°C.

Cloning and expression of OalA, OalB, and OalC from V. splendidus
12B01. PCR amplification was conducted using Q5 high-fidelity DNA
polymerase. The genes were amplified from the genomic DNA of V. splen-
didus 12B01 using the oligonucleotide primers shown in Table S1 in the
supplemental material. The sequences of the oligonucleotide primers are
based on the DNA sequences of the oligoalginate lyases (OalA, OalB, and
0alC) from V. splendidus 12B01 (EMBL accession numbers EAP93067.1,
EAP93062.1, and EAP93063.1, respectively). Sacl and BamHI sites were
included in the primers for cloning of 0alA into pMAL-c2X. BamHI and
Sall sites or Ndel and BamHI sites were incorporated into the forward and
reverse primers for cloning of oalB and 0alC, respectively, into the expres-
sion vector pET-28(a). The cloned genes were confirmed to be free of
point mutations by DNA sequencing using the BigDye terminator se-
quencing method and analyzed with a 3730 XL genetic analyzer (Applied
Biosystems, Foster City, CA) at the Biotechnology Center at the University
of Illinois at Urbana-Champaign (Urbana, IL). The 0alA gene was ligated
with pMAL-c2X vector to give pMAL-c2X-o0alA, which is under the con-
trol of the P, promoter and expresses OalA as a protein fused to the C
terminus of a maltose-binding protein (MBP) tag. The oalB and o0alC
genes were ligated with pET-28(a) vector to give pET28(a)-o0alB and
pET28(a)-0alC, respectively, which are under the control of the T7 pro-
moter and express the respective proteins with an N-terminal His, tag.

Protein expression and purification of OalA, OalB, and OalC. E. coli
BL21(DE3) containing the oalA, oalB, and 0alC genes were grown over-
night at 37°C on a rotary shaker at 250 rpm. Overnight culture (5 ml) was
used to inoculate a fresh culture (500 ml), which was grown at 37°C with
shaking at 250 rpm until the optical density at 600 nm reached 0.6 to 1.0.
The expression of target proteins were then induced with 0.1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside) and further incubated at 16°C for
20 h. To purify the recombinant OalA, cell pellets were resuspended in 100
mM Tris-HCI buffer (pH 7) supplemented with 25 pg of DNase I ml~".
The cell suspension was incubated on ice for 30 min in the presence of 1
mg of lysozyme/ml. Cell disruption was carried out by sonication on ice
for 5 min, and the lysate was centrifuged at 14,000 X g for 20 min at 4°C to
remove the cell debris. The resulting crude extract was retained for puri-
fication. The isolation of OalA as a fusion protein was facilitated by MBP
affinity purification as described elsewhere (23). After factor Xa cleavage,
the OalA was separated from MBP, factor Xa, and trace contaminants by
amylose and Sepharose ion-exchange chromatography. OalB and OalC
were refolded using the flash dilution method described elsewhere (24).
The refolded proteins were applied onto Ni-NTA Superflow cartridges
(I ml; Qiagen) previously equilibrated with binding buffer (50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole; pH 8.0). Unbound proteins
were washed from the column with washing buffer (50 mM NaH,PO,,
300 mM NaCl, 30 mM imidazole; pH 8.0). Then, OalB and OalC were
eluted from the column with elution buffer (50 mM NaH,PO,, 300 mM
NaCl, 250 mM imidazole; pH 8.0). Enzyme fractions were analyzed by
SDS-12% PAGE and visualized by staining with SimplyBlue SafeStain
(Invitrogen).

Protein quantification and determination of molecular mass.
Protein concentrations were determined by the Bradford method accord-
ing to the manufacturer’s protocol. The molecular weights of the protein
were determined using a Bio-Sil SEC 250 column on a Shimadzu HPLC
system (Shimadzu, Kyoto, Japan). The mobile phase consisted of 50 mM
Na,HPO,, 50 mM NaH,PO,, 150 mM NaCl, and 10 mM NaN; (pH 6.8),
and the flow rate was 1.0 ml/min. The molecular weight was calculated by
comparing the retention times to those of protein molecular weight stan-
dards. The quaternary structures were determined based on the molecular
weight observed by HPLC, and the molecular weights of monomeric sub-
units were determined by SDS-PAGE analysis.
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Alginate degradation activity assay. The formation of alginate degra-
dation products was analyzed by measuring the absorbance arising from
the formation of unsaturated urinates, either at 235 nm or by the thiobar-
bituric acid (TBA) assay at 548 nm (25). The thiobarbituric acid test was
used with the following modifications. The sample in 0.20 ml or less of
solution was added to 0.25 ml of 0.025 N H,IO in 0.125 N H,SO,. After
20 min at room temperature, 0.50 ml of 2% sodium arsenite in 0.5 N HCI
was added with shaking, and the solution was permitted to stand for 2
min. Thiobarbituric acid (pH 2, 2 ml, 0.3%) was added with stirring, and
then the mixture was heated to 100°C for 10 min. Enzyme activity was
determined by monitoring the increase in absorbance at 548 nm arising
from the condensation of B-formyl-pyruvic acid and TBA (molar absorp-
tion coefficient € = 29.0 X 10> M~ ! cm ™ !). For the quantitative analysis
of a-keto acid (4-deoxy-L-erythro-5-hexoseulose uronic acid), 2-deoxy-
D-glucose was used as a standard, because deoxy sugars react with TBA
(26).

Optimum pH, temperature, and metal ions for alginate degrada-
tion. The pH optimum of the purified enzyme was determined using the
following three buffer systems: 50 mM sodium phosphate (pH 6.0 to 7.5),
50 mM Tris-HCI (pH 7.0 to 8.0), and 50 mM Tris-glycine-NaOH (pH 8.0
to 8.5). The optimum temperature was measured in 50 mM sodium phos-
phate buffer (pH 6.5 or 7.0 or 7.5), at various temperatures, from 10 to
55°C. The thermostability was investigated by incubating the enzyme
from 10 to 40°C in the same buffer but without substrate. Samples were
removed at fixed time intervals and allowed to cool in an ice bath. Residual
activity was tested under standard conditions.

Before studying the effect of metal ions on OalA activity, the purified
enzyme was dialyzed against 50 mM sodium phosphate (pH 6.0 to 7.5)
containing 10 mM EDTA for 24 h at 4°C. Subsequently, the enzyme was
dialyzed against EDTA-free sodium phosphate buffer. The enzyme activ-
ity was then assessed with 0.1% sodium alginate under standard assay
conditions in the presence of various metal ions (MgCl,, MnCl,, ZnCl,,
CaCl,, CuSO,, CoCl,, BaCl;, KCl, FeCl;, and NaCl) at 1 mM.

Determination of kinetic parameters. The kinetic parameters of
OalA were determined in sodium phosphate (pH 6.5). The kinetic con-
stants were obtained from at least triplicate measurements of the initial
rates at various concentrations of alginate and oligosaccharides of defined
size (0.1 to 8 mg of substrate/ml). The kinetic parameters K,, and V.
were determined from nonlinear regression fitting of the Michaelis-Men-
ten equation using Prism 5 (GraphPad Software, Inc., La Jolla, CA).

Production and purification of oligosaccharides. The oligomers of
a-L-guluronate (di-, tri-, and tetramers) used in the present study were
produced from digestion of sodium alginate using Flavobacterium multi-
vorum alginate lyase (AlgL; Sigma) and purified using a BioGel P-2 col-
umn prior to HPLC-MS analysis. Oligomers (20 mg) were loaded onto a
BioGel P-2 column (1.5 cm by 50 cm) equilibrated with 1 mM phosphate
buffer (pH 6.8). The column was developed at 0.5 ml min ™' using FPLC,
and fractions containing oligomers, identified from their absorbance at
235 nm, were pooled and concentrated by rotary evaporation.

HPLC and ESI-MS characterization of products. Samples were in-
jected onto a Hypercarb column (100 mm by 3 mm) using an Agilent 1100
series HPLC system. The solvent flow rate was 0.3 ml min~ ! with a tem-
perature of 65°C. The products were eluted according to the following
gradient, where solvent A is 0.2% trifluoroacetic acid in water, and solvent
B is methanol: 30% B from 0 to 10 min, gradient from 30 to 90% B from
10 to 40 min. Electrospray ionization-mass spectrometry (ESI-MS) was
performed on an Agilent 1100 series LC/MSD XCT Plus ion trap mass
spectrometer (Agilent, Palo Alto, CA). Oligosaccharides delivered to the
electrospray source using a syringe pump at a flow rate of 10 wl/min. The
MS instrument was run in negative mode, with the mass scan range from
100 to 1,500 Da. The capillary temperature was kept at 250°C, and the
electrospray needle voltage was 4.5 kV. Nitrogen sheath gas was provided
to the source from a nearby Dewar flask of liquid nitrogen at 40 to 80
Ib/in?.
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Saccharification of alginate by OalA. Batch saccharification of alg-
inate by OalA was carried out in 1 ml of 20 mM KH, PO, buffer at pH 6.5
in 2-ml screw-cap bottles. Alginate (0.1% [wt/vol]) was degraded in the
presence of 20 pg of purified enzyme/ml at 16°C for 60 min. The progres-
sion of the batch saccharification was followed by the analysis of samples
withdrawn periodically from the reaction mixture by using TBA analysis
(27).

Site-directed mutagenesis and superposition of OalA on Atu3025.
Site-directed mutagenesis was carried out using the QuikChange site-
directed mutagenesis kit from Stratagene. To replace Argll4, His226,
Tyr280, and His446 by Ala, Ala, Phe, and Ala, respectively, the plasmid
PMAL-c2X-0alA was used as a PCR template, and the oligonucleotides
listed in Table S1 in the supplemental material were used as primers.
Mutations were confirmed by DNA sequencing (ACGT, Inc., Wheeling,
IL). Expression and purification of the mutants were conducted using the
same procedures as for OalA. Multiple sequence alignment of oligoalg-
inate lyases was performed using CLUSTAL Omega (28). An OalA homol-
ogy model was built using the SWISS-MODEL online program (29).
PyMOL v1.5 was used for superposition of OalA and Atu3025 (PDB 3AFL).

Gene expression analysis. Vs12B01 was grown in Marine broth with
1% oligoalginate for 16 h with constant shaking (250 rpm). Temperature
was maintained at 20 or 30°C, and the initial pH was 6.5 or 7.5. The total
RNA was extracted using the RNeasy minikit (Qiagen). Reverse transcrip-
tion was carried out using the ProtoScript II first-strand cDNA synthesis
kit (NEB, Ipswich, MA). The qPCR experiments were carried out using
the LightCycler 480 system (Roche, Indianapolis, IN) using the SYBR
green-based method according to the manufacturer’s instructions. Prim-
ers were designed by the online PrimerQuest tool provided by Integrated
DNA Technologies. A total of 10 wl of 2X SYBR green mix, 6 pl of cDNA,
0.2 pl of each primer at a concentration of 10 pmol wl™', and 3.6 pl of
double-stranded H,O were mixed gently in each well of a LightCycler 480
96-well reaction plate. Reactions were performed using the following pro-
gram: 10 min at 95°C for one cycle, followed by 10 s at 95°C, 10 s at 60°C,
and 10 s at 72°C for 45 cycles, with a final cycle of 10 min at 72°C. The
endogenous gene rpoA, encoding the RNA polymerase alpha subunit, was
used as an internal control. The expression levels of all genes were nor-
malized by the expression of the control.

RESULTS

Heterologous expression of oalA, oalB, and 0alC genes. OalA,
OalB, and OalC were heterologously expressed in E. coli BL21
(DE3). Analyses carried out with the crude lysate of E. coli
BL21(DE3) harboring pMAL-c2X-0alA, pET28a-oalB, and
pET28a-0alC revealed the presence of a high level of alginate lyase
activity compared to the control E. coli BL21(DE3) cells harboring
plasmid pMAL-c2X and pET28a. To determine whether unsatu-
rated monomer products were produced from alginate specifically
by those proteins and not by another enzyme induced in the host
cell as a consequence of the overexpression of these genes, the
OalA, OalB, and OalC enzymes were purified. Total protein ex-
tracts from E. coli BL21(DE3) transformed with these genes or
with pET28a as a control were analyzed by SDS-PAGE. OalA,
OalB, and OalC were identified in total and soluble or insoluble
extracts only from cells harboring pMAL-c2X-o0alA, pET28a-oalB,
and pET28a-0alC and induced by IPTG (see Fig. S2 in the supple-
mental material). OalA, OalB, and OalC showed a lower soluble
expression when cloned into pET28(a). OalA fused with MBP
showed higher solubility compared to OalA with pET28(a). MBP
enhanced the solubility of OalA but did not increase the solubility
of OalB and OalC, so we decided to use different methods for the
purification of OalB and OalC. These enzymes were purified using
amylose affinity or Ni-NTA affinity chromatography. The puri-
fied OalA, OalB, and OalC protein solutions were colorless, and
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TABLE 1 Substrate specificity of OalA, OalB, and OalC for polymeric
substrates

Mean sp act (U/mg) = SEM*

Substrate OalA OalB OalC

Sodium alginate 29*+2 20+ 1.3 21 1
Poly(G) 107 £5 332 3£0.2
Poly(M) 121+ 6 46+ 3 76 + 4
Poly(M-G) 44+ 3 79 + 7 28 +2

@ Values are means of triplicate measurements.

their UV-visible spectra showed no evidence of chromogenic co-
factors. The conditions we used to resuspend the OalB and OalC
were harsh; however, they were effective at solubilizing the protein
and reducing non-native, inter- and intramolecular disulfide
bonds. Using the standard folding/refolding protocol, we ob-
tained approximately 7 to 10 mg of bioactive OalB and OalC per
liter of cell culture. OalA, OalB, and OalC showed specific activi-
ties of 28.5, 20.0, and 20.8 U/mg, respectively, with alginate as the
substrate (Table 1). These results strongly suggest that the oligoal-
ginate lyase activities observed in crude extracts of E. coli
BL21(DE3) were from OalA, OalB, and OalC.

Determination of molecular mass and quaternary structure.
o0alA, oalB, and 0alC genes encode a polypeptide of 692, 735, and
717 amino acids, with a calculated molecular mass of 79,018,
82,766, and 80,500 Da, respectively. The molecular masses of
OalA, OalB, and OalC were ~80, 83, and 81 kDa, as determined by
SDS-PAGE (Fig. S2A). The molecular mass of the OalA protein
with MBP was 112 kDa. Using gel filtration chromatography on a
Bio-Sil SEC-250 column, OalA was eluted as a symmetrical peak
between y-globulin and thyroglobulin, corresponding to a M, of
~160 kDa (see Fig. S2B in the supplemental material). These re-
sults indicated that the enzyme migrates as a dimer in gel filtration
and thus may also be present and active as a homodimer in solu-
tion. OalB and OalC were eluted as a symmetrical peak between
ovalbumin and y-globulin and appeared monomeric.

Optimum pH, temperature, and effect of metal ions. Vibrios
can live in different environments (coastal water or animal guts)
and are therefore exposed to a dynamic temperature range and
different pHs. Hence, we reasoned that the three Oals may have
different physiological adaptations. When we measured the activ-
ities at different pHs, the oligoalginate lyases OalA, OalB, and
0alC showed maximal activities at pH 6.5, 7.0, and 7.5, respec-
tively (Fig. 1A). The optimum temperatures of OalA, OalB, and
OalC for the alginate lyase reaction were 16, 30, and 35°C, respec-
tively (Fig. 1B). When tested at 25 and 30°C OalA was able to
retain ~50% of its activity for 34 and 21 min, respectively, whereas
at 35°C its activity was rapidly lost leading to 50% reduced activity
in 13 min. The apparent half-denaturation temperature (T,,) of
OalA was established by measuring the remaining activities at
standard assay conditions after heat treatment at various temper-
atures. The T, of OalA was 34.5°C.

For purified OalA dialyzed against phosphate buffer in the
presence of 10 mM EDTA, 98% of the initial activity was left. The
OalA activity was measured in the presence of various metal ions
(see Table S2 in the supplemental material) and was found inde-
pendent of the presence of divalent cations. The addition of 1 mM
Mg, Mn*", Ca**, Fe**, and Ba®" showed a decrease (10 to
20%) in the initial OalA activity. The OalA activity was inhibited
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FIG 1 Effect of pH (A) and temperature (B) on the activity of OalA, OalB, and
OalC. Enzyme assays were carried out under standard conditions in the pres-
ence of 0.1% alginate. Activities at the optimal temperature and pH were
defined as 100%. The buffers used are 50 mM sodium phosphate (pH 6.0 to
7.5), 50 mM Tris-HCI (pH 7.0 to 8.0), and 50 mM Tris-glycine-NaOH (pH 8.0
to 8.5). The values are means of triplicate measurements. Error bars show the
standard errors of the means.

up to 26 and 13% in the presence of ZnCl, and CoCl,, respectively,
at 1 mM. The reduced activity might also be caused by the gelation
of alginate by the cations.

Substrate specificity against polymers and oligomers. A vari-
ety of polymers and oligomers were screened to determine the
substrate scope of OalA, OalB, and OalC (Table 1). OalA showed
higher activities on poly(M) and poly(G) compared to poly(M-G)
and native alginate. Among the tested substrates, OalB was most
active on native alginate and poly(M-G). OalC showed a prefer-
ence for the degradation of poly(M).

Among the tested oligomers (di-, tri-, tetra-, and pentamers),
OalA showed the highest specific activities compared to OalB and
OalC (Table 2). OalA showed high specific activities on trimer

TABLE 2 Substrate specificity of OalA, OalB, and OalC for oligomeric
substrates

Mean sp act (U/mg) = SEM*

Substrate OalA OalB 0alC

Dimer 201 =24 65=*5 7.1 0.8
Trimer 524 *£ 51 11*2 1.5+ 0.1
Tetramer 476 = 53 42+3 2.6 0.3
Pentamer 196 * 30 3.7 0.5 0.4 £0.1

“ Values are means of triplicate measurements.
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TABLE 3 Kinetic parameters of OalA for different substrates
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TABLE 5 Kinetic parameters of OalC for different substrates

Mean = SEM“ Mean = SEM“

Sodium Sodium
Parameter alginate  Poly(G) Poly(M) Poly(M-G)  Parameter alginate Poly(G) Poly(M)  Poly(M-G)
Vi (Umgofprotein™) 124 +7 185+10 162+7  324+14 V.. (Umgofprotein™!) 347+ 13 5+017 947+5 393+ 14
K,, (mgml™") 325+ 0.1 0.89 +0.06 0.60 = 0.03 838 0.3 K, (mgml™") 0.53 = 0.08 0.6 = 0.07 0.48 = 0.1 0.5 = 0.07
koo (s 164+ 14 246+ 12 217+10 432+24 ko (sY) 48+15 68+02 130+15 543+18
kK, (mg™ ' mls™") 50.5*4.5 277 13 36117 51.6+26 Kk, /K, (mg 'mls™') 89+ 6 10.8 £ 0.3 272+ 13 982 *3.3

@ Values are means of triplicate measurements.

(524 U/mg) and tetramer (476 U/mg), whereas OalB and OalC
showed specific activities toward dimer (65 and 7.1 U/mg, respec-
tively), but turned over this substrate faster than the longer oli-
gomers tested.

Kinetic parameters of QalA. Initial velocities were determined
in the standard assay mixture at pH 6.0. Figures S3, S4, and S5 in
the supplemental material show the kinetic parameters of OalA,
OalB, and OalC activity with increasing concentrations of alg-
inate, poly(G), poly(M), and poly(M-G) ranging from 0.1 to 8 mg
ml ™" (see Fig. S3 to S5A, B, C, and D, respectively, in the supple-
mental material). Based on the nonlinear regression analysis, the
conversion of alginate by OalA, OalB, and OalC under standard
assay conditions showed K,, values of 3.25 = 0.12 mg ml~,
27.6 = 1.8 mgml ™', and 34.7 = 1.3 mg ml ™', respectively (Tables
3to5). The catalytic efficiencies (k,/K,,) of OalA, OalB, and OalC
against alginate were 50.5 = 0.8 mg ™' mls~',49.7 + 2.7 mg™ ' ml
s ', and 89 = 6 mg~ ' ml s~ respectively (Tables 3 to 5). The
conversion of poly(M) by OalA under standard assay conditions
showed a K,, 0f 0.60 = 0.04 mgml~'and a V,,,, of 162 = 9 U mg
of protein~!' (Table 3). The k_/K,, values of OalB and OalC
against poly(M-G) and poly(M) were 270 = 18 mg ' mls™ ' and
272 = 13 mg ' mls™ ', respectively (Tables 4 and 5).

Substrate specificity. The kinetic parameters of OalA for
cleavage of various sizes of poly(M) (degree of polymerization
[dp], 3 to 50) were determined (Fig. 2). There was only modest
variation in k., across the size range examined (Fig. 2A); how-
ever, K,,, increased with increasing substrate length (Fig. 2B),
with a corresponding decrease in k,/K,,. The k./K,, of the
reaction decreased nonlinearly with the number of residues in
the substrate, from 2,130 mg~' ml s™' for the substrate con-
taining 3 residues to 224 mg ™' mls™' for the substrate with 50
residues (Fig. 2C).

Saccharification of alginate. The degradation rates at the be-
ginning of the reaction increased with increasing enzyme concen-
trations. The time courses of the unsaturated monosaccharides
production against enzyme concentrations were obtained as sat-
uration curves. For quantitative analysis of production of unsatu-

TABLE 4 Kinetic parameters of OalB for different substrates

Mean *= SEM*

Sodium
Parameter alginate Poly(G) Poly(M)  Poly(M-G)
Vinax (Umg of protein™') 27.6 £ 1.8 40.8 = 1.9 60.7 £3.9 94.6 £ 6.1
K, (mgml™") 0.76 = 0.1 0.47 =0.08 0.6 =0.1 0.48 = 0.1
ke (71 3823 563*26 837*5 130%8
kK, (mg ' mls™ 1) 49.7+27 12062 137+6 270+ 18

“ Values are means of triplicate measurements.
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@ Values are means of triplicate measurements.

rated monosaccharides, we represented the concentration of
unsaturated monosaccharides as 2-deoxy-D-glucose equivalents.
About 1.6 * 0.1 mg of monosaccharides ml~' was obtained from
0.1% (wt/vol) alginate by OalA (Fig. 3) after 60 min of incubation
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FIG 2 Kinetic parameters for OalA-catalyzed degradation of poly(M) as a func-
tion of substrate length (dp). (A) k_,; (B) K,,; (C) k., /K,,,. The values are means of
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triplicate measurements. Error bars show the standard errors of the means.
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Unsaturated monosaccharides
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FIG 3 Effect of recombinant lysate concentration on initial alginate degrada-
tion rate using the recombinant OalA. Alginate at 0.1% (wt/vol) in 20 mM
phosphate buffer (pH 6.5) with recombinant OalA as the biocatalyst was in-
cubated at 16°C for 60 min. The values are mean of triplicate measurements.
Error bars show the standard errors of the means.

with the purified recombinant oligoalginate lyase. The alginate
substrate was almost completely depolymerized into monosac-
charides by OalA, clearly indicating that the recombinant oligoal-
ginate lyase could degrade alginate into monosaccharides. The
molecular mass ([M-H] ") of the resulting unsaturated uronic
acid was determined to be 175 Da by ESI-MS analysis (see Fig. S6
in the supplemental material).

Site-directed mutagenesis. To investigate the importance of
highly conserved regions around the substrate binding pocket,
site-directed mutagenesis was performed with OalA. All of the
mutant enzymes were successfully overexpressed (see Fig. S7 in
the supplemental material). To identify the catalytic residues and
structural determinants for the exolytic mode of action in OalA, a
homology model of OalA was prepared. Superposition with the
crystal structure of Atu3025 from A. tumefaciens strain C58 (PDB
3AFL) in complex with an oligoalginate trimer (AGGG) allows
positioning of the substrate with respect to the catalytic residues in
OalA (see Fig. S8 in the supplemental material). OalA/AGGG re-
vealed the binding mode of the substrate AGGG molecule in the
active cleft. Subsites are labeled so that —# represents the nonre-
ducing terminus and # the reducing terminus (see Fig. S8 in the
supplemental material), and cleavage occurs between the —1 and
+1 sites (30). The catalytic His and Tyr residues, which have been
identified in PL5, PL7, and PL15, families that correspond to
His226 and Tyr280 in OalA (30). His226 comprises a component
of the active pocket, and the mutant H226A shows a significantly
lower activity than the wild-type enzyme. The significant decrease
in the specific activity of H226A and Y280F (Table 6) suggested
that His226 and Tyr280 function as a catalytic base and acid, re-
spectively. The reduced activity of the H446A and R114A mutant
indicates their role in stabilizing or neutralizing the negative
charge of the carboxylate anion of G+1 and G—1 (Table 6) (30).

Oligoalginate lyase gene expression analysis. To test how
temperature and pH would affect expression of the Oals in 12B01,
we incubated this bacterium under different physiological condi-
tions and monitored expression levels via qPCR. The expression
was varied under different temperatures and pHs. OalA and OalC
gene expression levels were higher at 20°C and pH 7.5 (see Fig. S9
in the supplemental material). The relative expression level of
0alC was 4-fold higher at 20°C and pH 7.5 than at 30°C and pH
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6.5. The gene expression levels of OalA and OalC were decreased
at 30°C and pH 6.5. OalB and OalC gene expression levels were
similar since they are both part of an operon structure in the
alginate degradation pathway of 12B01.

DISCUSSION

V. splendidus 12B01 degrades alginate into oligomers with extra-
cellular, endo-acting, and exo-acting alginate lyases of family PL7
and PL6 such as AlyA, AlyB, AlyC, and AlyD (30). The oligomers
are imported through conserved porins situated in the genome in
close proximity to the Aly and Oal lyases within the alginate deg-
radation pathway (30). The imported oligosaccharides are further
cleaved within the cell into unsaturated monosaccharides by
OalA, OalB, and OalC. The 0alA, 0alB, and 0alC genes were over-
expressed in E. coli, and exo-type oligoalginate activity was con-
firmed. OalA, OalB, and OalC are noteworthy in having broad
substrate scope for oligomers, including di-, tri-, tetra-, and pen-
tasaccharides. OalA has a unique broad oligomer substrate
specificity compared to reported oligoalginate lyases from V.
cyclitrophicus, A. tumefaciens strain C58, R. lupini HPC, and Sph-
ingomonas sp. strain Al (26, 27). Moreover, OalA appeared to
have the highest specific activity (28.5 U/mg) for alginate among
all previously characterized oligoalginate lyases from family PL15
and PL17 (see Table S3 in the supplemental material).

In the present study, we reported the detailed kinetic parame-
ters of OalA for cleavage of various sizes of poly(M). The variation
in the kinetic parameters for the OalA reaction as a function of
substrate length suggests that the enzyme is well adapted to pro-
cess the oligomers that are imported into the cell. Although k,,
varies only slightly with polymer length, k_,/K,, increases with
decreasing polymer length, and K, decreases. The relationship
between k,/K,, and polymer length is noteworthy; k_,/K,, in-
creases nonlinearly with decreasing substrate length. The ob-
served kinetic data can be elucidated by considering the meaning
of k., /K,,,. Thus, k., /K,, is seen to be a measure of the frequency
with which the substrate is productively captured by the enzyme,
where productive capture refers to binding events that lead to
product formation. The ratio of rate constants that moderates k;
has a maximal value of 1 in the case that binding of one substrate
molecule gives rise to more equivalents of product (31). The in-
creasing k_,/K,, with decreasing substrate length may be ex-
plained by an exo-processive mode of action splitting unsaturated
monosaccharide from the substrate terminus.

The catalytically important residues for OalA were identified
through site-directed mutagenesis as Argl14, His226, and Tyr280
based on the crystal structure of Atu3025 with inactivating muta-
tions for each of these residues resulting in nearly complete loss of
OalA activity toward alginate (Table 6). Thus, our results are most
consistent with a mechanism previously suggested (32) in which:
(i) a positive residue stabilizes the negative charge of the carboxyl
group, (ii) a residue acting as a general base abstracts the proton

cat’

TABLE 6 Specific activity of wild type and OalA mutants

Enzyme Sp act (U/mg) Relative activity (%)
Wild type 28.5 100

H226A 0.01 0.03

Y280F 0.14 0.5

H446A 0.19 0.7

R114A 1.2 4.21
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from C-5 of the sugar ring, and (iii) a general acid residue proto-
nates the glycosidic bond oxygen. In the PL15 family these resi-
dues have been previously identified (33) and here confirmed for
OalA. The residues for mutation were assumed to play an impor-
tant role in recognizing the acidic polysaccharide and/or catalyz-
ing the enzyme reaction based on the structure of Atu3025/
AGGG. The positively charged residues Argl14 is supposed to be
crucial for binding acidic polysaccharides and/or neutralizing the
negative charge of the carboxyl groups in AG—1 and AG+1 (33).
Moreover, His226 and Tyr280 were proposed to function as a
catalytic base and acid, respectively.

Alginate degradation products such as di- or trisaccharides
were not observed, likely because the recombinant OalA is an
exo-processive enzyme. In terms of conversion, around 1.6 mg of
saccharification products ml~' was obtained from 0.1% (wt/vol)
initial alginate through oligoalginate lyase-catalyzed saccharifica-
tion. The saccharification of alginate is a prerequisite, and oligoal-
ginate lyases can play important roles in the production of unsat-
urated monosaccharides, which could be used as a renewable
source for the production of biofuels. The fundamental process
designs for a brown macroalga biorefinery have already been es-
tablished (3). In this process, because of their high viscosity,
moisture, and salt-retaining properties, alginate and oligoalginate
must be degraded into DEHU (4-deoxy-L-erythro-5-hexoseulose
uronic acid) before concentration and subsequent fermentation.
Especially at low temperatures OalA has a good potential for pro-
duction of these unsaturated monosaccharides that are converted
into DEHU (3).

In addition to the complementary substrate scope for OalA,
OalB, and OalC, we observed a broad range in temperature and
pH adaptations. Vibrios are marine species adapted to temperate
coastal waters, which represent a highly dynamic environment.
Thus, the temperature and pH range that we observed for the
three Oals may promote efficient alginate degradation in and rep-
resent an adaptation to different environmental conditions. Our
results also suggest that alginate degradation pathways, which
function at elevated temperatures, must be identified bioengi-
neered for more efficient and rapid conversion of alginate into
biofuels. Notably, the conversion of alginate into bioethanol in the
bioengineered E. coli strain was only efficient up to 30°C and likely
constrained by the low thermostability of the Oals (especially
OalA) and or other proteins in the pathway. For example our
experiments showed OlaA, which was the most active of the three
enzymes, rapidly lost its activity at temperatures above 30°C.

In summary, the successful overexpression of OalA, OalB, and
OalC allowed us to characterize novel oligoalginate lyases that
showed broad substrate scope for oligomers, bifunctionality,
higher turnover for oligomers than polymers, and activity at a
comparatively low temperature. The saccharification of alginate
yields raw materials that could be used as a renewable source for
the production of biofuels and commodities. Structural and
mechanistic studies to clarify the molecular determinants for this
broad substrate scope are under way.
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