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Abstract Recently, agarose-containing macroalgae have
gained attention as possible renewable sources for bioethanol
production because of their high polysaccharide content.
Complete hydrolysis of agarose produces two monomers,
D-galactose (D-Gal) and 3,6-anhydro-L-galactose (L-AnG).
However, at present, bioethanol yield from agarophyte
macroalgae is low due to the inability of bioethanol-
producing microorganisms to convert non-fermentable sugars,
such as L-AnG, to bioethanol. Therefore, to increase the
bioethanol productivity of agarophytes, it is necessary to
determine how agar-degrading microorganisms metabolize
L-AnG, and accordingly, construct recombinant micro-
organisms that can utilize both D-Gal and L-AnG
Previously, we isolated a novel microorganism belonging
to a new genus, Postechiella marina M091, which hydrolyzes
and metabolizes agar as the carbon and energy source.
Here, we report a comparative genomic analysis of P marina
MO091, Pseudoalteromonas atlantica Téc, and Streptomyces
coelicolor A3(2), of the classes Flavobacteria, Gamma-
proteobacteria, and Actinobacteria, respectively. In this
bioinformatic analysis of these agarolytic bacteria, we
found candidate common genes that were believed to be
involved in L-AnG metabolism. We then experimentally
confirmed the enzymatic function of each gene product in the
L-AnG cluster. The formation of two key intermediates,
2-keto-3-deoxy-L-galactonate and 2-keto-3-deoxy-D-gluconate,
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was also verified using enzymes that utilize these molecules
as substrates. Combining bioinformatic analysis and
experimental data, we showed that L-AnG is metabolized to
pyruvate and D-glyceraldehyde-3-phosphate via six enzyme-
catalyzed reactions in the following reaction sequence:
3,6-anhydro-L-galactose — 3,6-anhydro-L-galactonate —
2-keto-3-deoxy-L-galactonate — 2,5-diketo-3-deoxy-L-
galactonate — 2-keto-3-deoxy-D-gluconate — 2-keto-3-deoxy-
6-phospho-D-gluconate — pyruvate + D-glyceraldehyde-3-
phosphate. To our knowledge, this is the first report on the
metabolic pathway of L-AnG degradation.

Keywords: 3,6-anhydro-L-galactose, novel metabolic
pathway, agarophyte macroalgae, Postechiella marina,
Pseudoalteromonas atlantica, Streptomyces coelicolor

1. Introduction

Recently, there has been increasing interest in next-
generation biofuels made from marine macroalgae (also
called seaweeds) such as Gelidium, Ulva, and Laminaria
[1-7]. The advantages of using marine macroalgae over
terrestrial biomass include higher production yields per
unit area, higher carbon dioxide fixation rates, and easier
depolymerization and pretreatment processes due to the
lack of hemicellulose and lignin in algae [8]. Marine
macroalgae, which are classified as red, green, and brown
macroalgae based on their characteristic phytopigment, are
known to contain various sugars that can be used as
substrates for fermentation [9]. Compared to green and
brown macroalgae, red macroalgae are considered to be
more attractive as an alternative biofuel feedstock due to
their high polysaccharide content with fewer sugar types.

The main components that make up red macroalgae are
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galactans (e.g., agaroses, porphyrans, and carrageenans),
which are comprised of D-galactose (D-Gal) and modified
D-Gal or L-Gal units [10]. Agarose, which is an important
polysaccharide found in agarophyte macroalgae, is composed
of repeating units of a disaccharide, made up of D-Gal
and 3,6-anhydro-L-galactose (L-AnG), linked by o-1,3-
and B-1,4-glycosidic bonds. Enzymatic depolymerization
of agarose by [-agarase cleaves the B-1,4-glycosidic
bonds and forms a disaccharide called o-neoagarobiose
(a-L-AnG-B-D-Gal) [11-13]. Subsequent hydrolysis of
o-neoagarobiose by o-neoagarobiose hydrolase cleaves the
a-1,3-glycosidic bonds to yield two monomers, D-Gal
and L-AnG [13,14]. The D-Gal and L-AnG content in agar
is 51 ~ 54% and 38 ~ 44%, respectively [15,16]. D-Gal is
a fermentable sugar that can be used by yeasts; however,
L-AnG is a non-fermentable sugar that cannot be used as
a carbon source by bioethanol-producing microorganisms.

Agarose-containing red macroalgae such as Gelidium,
Gracilaria, and Gracilariopsis have been explored as
potential sources for bioethanol production due to the high
galactan content in their polysaccharides [4,17,18]. However,
the bioethanol-producing microorganisms currently used can
only utilize fermentable sugars, such as D-Gal and D-glucose.
Due to their inability to convert non-fermentable sugars,
such as L-AnG, to bioethanol, the yield from agarophyte
macroalgae is low. If we can identify the genes that encode
the enzymes involved in L-AnG catabolism, it might be
possible to construct recombinant microorganisms that utilize
both D-Gal and L-AnG. Therefore, to increase bioethanol
productivity, we need to determine how agar-degrading
microorganisms metabolize L-AnG.

Although many microorganisms are capable of utilizing
agarose as a carbon source and numerous agarases have
been identified in microorganisms of various genera, the
L-AnG metabolic pathways in these microorganisms have
not yet been elucidated. Since little is known about L-AnG
metabolism, we initiated a study to determine the genes
encoding the enzymes that are involved in the utilization of
L-AnG. To this end, microorganisms that hydrolyze and
metabolize agar as a carbon and energy source were screened
from seawater. Recently, we reported the characterization
of a novel microorganism belonging to a new genus,
Postechiella marina M091, which was isolated from a
seawater sample obtained at Damupo beach in Pohang,
Korea [19]. We also carried out a genomic analysis of this
microorganism to search for genes involved in L-AnG
metabolism (unpublished results).

The phylogenetic analysis of the 16S rRNA of P. marina
MO091 showed that it belongs to the class Flavobacteria in
the phylum Bacteroidetes. For the comparative genomic
analysis of P marina M091, we selected two agar-degrading

microorganisms that are distantly related to P marina
MO091, Pseudoalteromonas atlantica Té6c and Streptomyces
coelicolor A3(2). P. atlantica T6c, which is a gram-
negative, aerobic marine bacterium that has been widely
used as a source of B-agarases [20,21], belongs to the class
Gammaproteobacteria in the phylum Proteobacteria. Unlike
P. marina and P, atlantica, which are gram-negative marine
bacteria, S. coelicolor A3(2), which can degrade and utilize
agar as the sole carbon source [22], is a gram-positive soil
bacterium of the class Actinobacteria in the phylum
Actinobacteria.

In this study, we investigated the metabolic pathway of
L-AnG degradation by comparative genomic analysis of
P. marina M091, P. atlantica Téc and S. coelicolor A3(2),
which represent the classes Flavobacteria, Gammaproteo-
bacteria, and Actinobacteria, respectively. Through systematic
genomic comparisons of these bacteria, we found common
genes clustered with genes encoding agarolytic enzymes,
such as B-agarases and o-neoagarobiose hydrolases. Based
on bioinformatic analysis and experimental data, we
determined the function of each enzyme as well as the
reaction sequences of L-AnG metabolism in these agar-
degrading microorganisms. To our knowledge, this is the
first report on the metabolic pathway of L-AnG degradation.

2. Materials and Methods

2.1. Microbial strains and culture medium
Postechiella marina M091 (KCTC 23537) was cultivated
using previously described methods [19]. Pseudoalteromonas
atlantica T6c (ATCC BAA-1087) was cultivated at 26°C
in marine broth 2216 (Difco, Detroit, MI, USA).
Streptomyces coelicolor A3(2) (ATCC BAA-471) was
cultivated at 28°C in growth medium containing (per L)
5.0¢g of tryptone and 3.0 g of yeast extract (pH 7.0).
Aspergillus niger (CBS 513.88) was cultured in potato
dextrose medium at 28°C. Thermoplasma acidophilum
(JCM 9062) was cultivated as described previously [23].
E. coli DH50 was used as a host strain for the construction
of recombinant plasmids. E. coli BL21 (DE3), E. coli
BL21 CodonPlus (DE3)-RIL, and E. coli Rosetta (DE3)
were used as host strains for the expression of recombinant
plasmids. E. coli DH5a and E. coli Rosetta (DE3) strains
harboring plasmids were grown at 30°C in LB medium
with ampicillin (100 pg/mL), unless otherwise stated.
Recombinant E. coli BL21 (DE3) cells harboring pHR
plasmids were cultivated in LB medium supplemented with
ampicillin (100 pg/mL) and chloramphenicol (34 pg/mL).
When required, isopropyl-p-D-thiogalactopyranoside (IPTG)
was added to the medium.
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2.2. Molecular cloning and protein expression
Genomic DNA preparation and recombinant DNA techniques
were performed according to standard procedures [24].
Target genes were amplified from genomic DNA by PCR.
The primers used are listed in Table S1 in the supplementary
materials. All genomic DNA sequences, except P marina
MO091, are available in the NCBI database (the DNA
sequence of P marina M091 will be provided upon
request). The genes were amplified by PCR using Tag
DNA polymerase (Takara, Otsu, Japan). The amplified
fragments were cloned into the corresponding site of the
PQE-80L vector (Quiagen, Valencia, CA, USA), unless
otherwise stated, and then transformed into E. coli DH5a.,
BL21 (DE3), or Rosetta (DE3). The recombinant cells were
grown at 37°C to an optical density of cultures at 600 nm
(ODggg) of 0.4 ~ 0.6, and then 0.5 mM IPTG was added to
induce expression of the recombinant protein. After
incubation at 20 ~ 30°C for 10 ~ 20 h, the cells were
harvested (optimal induction temperature and incubation
period varied depending on the genes cloned). The cells
were resuspended in 50 mM sodium phosphate buffer
(pH 8) and disrupted by sonication. The unbroken cells and
cell debris were removed by centrifugation (50,000 x g, 1 h,
4°C). The clarified cell lysate was loaded onto a Ni-NTA
agarose (Qiagen) column to purify the His-tagged proteins
by chromatography. The proteins were eluted by a stepwise
increase in the imidazole concentration (0 ~ 250 mM).
Protein concentration was measured using the Bradford
assay [25] and bovine serum albumin as the standard. The
crude extracts and purified proteins were separated by
SDS-PAGE using standard procedures [24].

2.3. Enzymatic production of 3,6-anhydro-L-galactose
(L-AnG)

To produce L-AnG agarose (Promega, Madison, W1, USA)
was hydrolyzed by two enzymes, a neoagarobiose-producing
exo-type [3-agarase (Patl 1971), which produced neoagarobiose
from agarose, and a neoagarobiose hydrolase (SCO3481),
which produced L-AnG from neoagarobiose (Fig. S1).
These two enzymes were chosen after testing various
combinations of endo- and exo-type [-agarases and
neoagarobiose hydrolases obtained from P atlantica Téc,
S. coelicolor A3(2) and P. marina M091. The genes encoding
the two enzymes, Patl 1971 and SCO3481, were amplified
from P. atlantica and S. coelicolor A3(2) genomic DNA,
respectively, using the primers shown in Table S1. The
Patl 1971 PCR product was digested with the designated
restriction enzyme and ligated into pHR, which was
constructed by replacing the pBR322 origin in pQE-80L
with the pl15A origin from pACYC184. The SCO3481
PCR product was digested with the designated restriction
enzyme and ligated into pQE-80L. The recombinant cells

@ Springer

were cultivated as described above, and recombinant
enzymes were purified from the cell lysates by Ni-NTA
chromatography.

Agarose was hydrolyzed sequentially: neoagarobiose
production from agarose by B-agarase and L-AnG production
from neoagarobiose by a-neoagarobiose hydrolase. Agarose
was melted by heating to 95°C and was used as a substrate
in a liquid state. For the enzymatic hydrolysis, 1% agarose
(w/v) was hydrolyzed by 700 mg of B-agarase (Patl 1971)
in 100 mL of 50 mM MES buffer (pH 6.5) at 37°C for 12 h
in a water bath shaking at 150 rpm. Then, the reaction
mixture was centrifuged, and the supernatant was hydrolyzed
with 1 mg of a-neoagarobiose hydrolase (SCO3481) in a
water bath at 30°C for 1 h with shaking at 150 rpm. The
enzymes were removed by spin filtration (Viva Spin 30),
and the reaction product was concentrated using a rotary
vacuum evaporator at 30°C. L-AnG was purified from the
concentrated sample using silica gel chromatography as
described in [26]. Briefly, the sample was applied to a
column (1 x 50 cm) packed with silica gel 60 (70-230 mesh;
Merck) and eluted with a solvent composed of chloroform/
methanol/water (70:28:2, by volume). Fractions containing
L-AnG were collected after TLC analysis of each sample.
The TLC plate was developed with n-butanol/acetic acid/
water (2:1:1, by volume) for 1 h, and dried and visualized
using a solution composed of 10% (v/v) sulfuric acid and
0.2% (w/v) naphthoresorcinol (Sigma—Aldrich, St. Louis,
USA) in ethanol [27]. The L-AnG-containing fraction was
then concentrated and dried to a powder in a rotary vacuum
evaporator at 40°C. The L-AnG obtained in this way was
almost 100% pure (Fig. S2) when the purity was analyzed
by HPLC (9600L, Younglin, Korea) equipped with a
refractive index detector (RI750F, Younglin, Korea) using
Aminex HPX-87H column (300 mm x 7.8 mm; Bio-Rad)
at 35°C (mobile phase, 5 mM H,SO,; flow rate, 0.6 mL/min).
The purity of L-AnG was determined using commercial
3,6-anhydro-D-galactose (Dextra Laboratories, Berkshire,
UK) as a reference.

2.4. Enzyme activity measurements

The enzyme activity of L-AnG dehydrogenase was determined
spectrophotometrically. Reaction mixtures (total volume,
0.5 mL) containing 1 mM L-AnG, 0.2 mM NAD(P)", and
appropriate amounts of enzyme in 50 mM MES (pH 6.5)
were incubated at 25°C for 10 min. The increase in
absorption at 340 nm (4349) due to reduction of NAD(P)"
was monitored in a spectrophotometer (UV-1700, Shimadzu,
Kyoto, Japan).

The enzyme activity of 3,6-anhydro-L-galactonate
cycloisomerase was determined by the thiobarbituric acid
(TBA) assay [28]. The reaction mixture (total volume,
250 pL) containing the preceding enzyme reaction mixture
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was incubated with appropriate amounts of enzyme at
25°C in 50 mM sodium phosphate (pH 8.0). After reaction,
25 uL. of a 12% TCA solution was added, and then the
mixture was centrifuged. To the supernatant (50 uL), 25 mM
periodic acid/0.25 M H,SO, (126 uL) was added, and the
mixture was incubated at room temperature for 20 min.
Then, 2% sodium arsenite/0.5 M HCI (250 pL) was added.
Finally, the mixture was incubated with 0.3% (w/v) TBA
in a boiling water bath for 10 min. After cooling at room
temperature, the absorbance of the pink chromogen was
measured at 549 nm.

The enzyme activity of 2-keto-3-deoxy-L-galactonate
dehydrogenase was determined spectrophotometrically.
Reaction mixtures (total volume, 0.5 mL) containing the
products obtained from the preceding enzyme reaction
were mixed with 0.2 mM NAD(P)" and appropriate amounts
of enzyme in 50 mM sodium phosphate (pH 8.0), and
incubated at 25°C for 20 min. The 434, was monitored with
a spectrophotometer for increases due to the reduction of
NAD(P)".

The enzyme activity of 2,5-diketo-3-deoxy-L-galactonate
reductase (2-keto-3-deoxy-D-gluconate dehydrogenase) was
also determined spectrophotometrically. Reaction mixtures
(total volume, 0.5 mL) containing the preceding enzyme
reaction mixture, 0.2 mM NAD(P)H and appropriate
amounts of enzyme in 50 mM sodium phosphate (pH 8.0)
were incubated at 25°C for 90 min. The 434, was monitored
in a spectrophotometer for decreases due to the oxidation
of NAD(P)H.

The enzyme activity of 2-keto-3-deoxy-D-gluconate
kinase was determined at 25°C by enzyme-coupled assay,
measuring the amount of ADP generated by the kinase
as previously described [29,30]. The enzyme activity of
2-keto-3-deoxy-6-phspho-D-gluconate (KDPG) aldolase
was determined by the aldol condensation reaction of
pyruvate and D-glyceraldehyde-3-phosphate [31,32]. The
enzyme reaction was carried out at 25°C in 50 mM
sodium phosphate (pH 8.0) with pyruvate (5 mM) and
D-glyceraldehyde-3-phosphate (10 mM) as substrates. The
formation of KDPG was measured using the TBA assay
method described above.

2.5. Enzymatic confirmation of 2-keto-3-deoxy-aldonate
formation

To confirm the formation of 2-keto-3-deoxy-L-galactonate
(L-KDGal) and 2-keto-3-deoxy-D-gluconate (KDG)
experimentally, the recombinant aldolase enzymes specific
for these compounds were produced in E. coli. The two
genes, An02g07720 and Ta0619, which respectively encode
L-KDGal aldolase and KDG aldolase, were amplified from
A. niger (CBS 513.88) and T acidophilum (JCM 9062)
genomic DNA, respectively, using the primers listed in

Table S1 and cloned into E. coli. An02g07720 was codon
optimized by changing the original codons to those used in
the genes encoding glycolytic enzymes in E. coli [33]. The
PCR product containing codon-optimized An02g07720
was digested with the designated restriction enzyme,
ligated into pQE-80L, and then transformed into E. coli
BL21 (DE3), and the gene product was overexpressed. The
Ta0619 PCR product was digested with the designated
restriction enzyme, ligated into pRSET B, and then
transformed into E. coli BL21 CodonPlus (DE3)-RIL, and
the gene product was overexpressed as described above.
Recombinant enzymes were purified from the cell lysates
by Ni-NTA chromatography.

The reaction products obtained in the second and fourth
steps were incubated with An02g07720 and Ta0619 aldolase,
respectively. The L-KDGal aldolase reaction (total volume,
250 pL) was carried out at 25°C in 50 mM MES buffer
(pH 6.5), containing An02g07720 (100 pg), 1 mM MgCl,,
and the reaction products obtained after the reactions of
Patl 2553 and Patl 2550. The KDG aldolase reaction(total
volume, 250 pL) was carried out at 50°C in 50 mM MES
buffer (pH 6.5), containing Ta0619 (200 pg), 1 mM MgCl,,
and the reaction products obtained after the reactions of
Patl 2553, Patl 2550, Patl 2551, and Patl 2552. Low
aldolase activities, presumably due to low expression levels
of eukaryal and archaeal genes in E. coli, resulted in a longer
reaction time. The cleavage of aldonate by aldolase was
measured using the TBA assay method described above.

The production of L-glyceraldehyde by L-KDGal aldolase
(An02g07720) was determined spectrophotometrically.
Reaction mixtures (total volume, 0.5 mL), which contained
the reaction products of L-KDGal aldolase (50 pL), 0.2 mM
NAD", and appropriate amounts of enzyme (SCO3486) in
50 mM MES buffer (pH 6.5), were incubated for 20 min
at 30°C, and the 4349 was monitored in a spectrophotometer.
The production of D-glyceraldehyde by KDG aldolase
(Ta0619) was also determined spectrophotometrically.
Reaction mixtures (total volume, 0.5 mL), containing the
reaction products of KDG aldolase (50 pL), 0.20 mM
NADP?, and appropriate amounts of enzyme (Ta0809) in
50 mM MES buffer (pH 6.5), were incubated for 60 min at
50°C, and the 4349 was monitored in a spectrophotometer.

2.6. Bioinformatics tools

Searches for amino acid sequence homologs and multiple
sequence alignments were performed using BLAST and
ClustalW, respectively. Conserved domains (CDs) and
clusters of orthologous groups of proteins (COGs) were
analyzed using the CD-Search tool at the NCBI website.
The phylogenetic tree analysis was conducted based on the
neighbor-joining method in MEGA 6.0 [34] using the
bootstrap test of phylogeny with 1,000 replicates.
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3. Results and Discussion

3.1. Identification of L-AnG metabolism gene clusters
As mentioned above, we previously isolated a novel agar-
degrading bacterium, P. marina M091, from seawater and
the whole-genome sequence of this new isolate was
determined. One possible approach to search for relevant
candidate genes involved in L-AnG metabolism is to
identify the first enzyme in the metabolic pathway. Since
the first enzyme would use L-AnG as a substrate, we
searched various databases, such as KEGG, PubChem, and
ChEBI for the information on L-AnG. However, we could
only find information about 3,6-anhydro-D-galactose
(D-AnGQG). Structural data in the database (KEGG C06474)
showed that, unlike other hexoses, D-AnG has an open-
chain aldehyde structure that resembles a-hydroxyaldehydes
such as glycolaldehyde, glyceraldehyde, and lactaldehyde
(Fig. 1). Since L-AnG is an optical isomer of D-AnG, we
expected that L-AnG would have the same open-chain
aldehyde structure. In the literature, there were '"H NMR
data that supported the expected structure; when agarose
(a polysaccharide composed of L-AnG and D-Gal) and
K-carrageenan (a polysaccharide composed of D-AnG and
D-galactose-4-sulfate) were completely depolymerized by
mercaptolysis, aldehyde derivatives of L-AnG and D-AnG
were produced [35]. Thus, we reasoned that the first step in
the L-AnG degradation pathway would involve an enzyme
that catalyzes aldehyde transformation.

By analyzing the genomic sequence of P. marina M091,
we were able to find a putative aldehyde dehydrogenase
gene (M091_0723; GenBank accession number KJ646024)
that was clustered with the gene encoding o-neoagarobiose
hydrolase (M091_0719). From our comparative genomic
analysis of P marina MO091, P atlantica Té6c, and
S. coelicolor A3(2), we found four common genes that are
clustered in the genomes and organized in operon-like
arrangements (colored genes in Fig. 2). As shown in
Fig. 2, the gene arrangement in these three agar-degrading
microorganisms is quite different. However, despite their
differences in phylogenetic classification and habitats, all
three microorganisms contained four core genes. The list of
the genes predicted to be involved in the metabolism of
L-AnG in P marina M091, P, atlantica T6c, and S. coelicolor
A3(2) are summarized in Table 1. In P marina M091, there
are additional genes in the gene cluster, such as aldose
epimerase (M091 _0721) and sulfatase (M091 0724) that
are absent from P, atlantica T6c and S. coelicolor A3(2).
This suggests that P marina M091 may also express the
genes required for the utilization of the agaropectin, which
contains L-galactose-6-sulfate, when the L-AnG metabolizing
genes are induced.
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Fig. 1. Chemical structure of 3,6-anhydrogalactose, glycolaldehyde,
glyceraldehyde, and lactaldehyde.

3.2. Bioinformatic analysis of L-AnG metabolizing
enzymes

To predict the putative functions of the P marina M091
gene products, we performed a bioinformatic analysis of
L-AnG metabolizing enzymes, which included a BLAST
search, multiple sequence alignment, CD search, and
phylogenetic tree analysis (see Materials and Methods).
Using these bioinformatics tools, we assigned a COG
number to each protein and find homologs of the P. marina
MO91 proteins in E. coli and S. typhimurium, which are the
best characterized microorganisms (Table 1).

As shown in the third column of Table 1, the COG numbers
of the four core proteins were COG4948 (M091_0722),
COG1012 (M091 0723), COG1028 (M091 0725), and
COG1063 (M091 0726). Once the COG number is
known, it is easier to predict the function of unknown
proteins because proteins with the same COG number
exhibit similar cellular function. Previously, we studied
the non-phosphorylated metabolic pathways (NMPs) in
thermoacidophilic archaea, such as Thermoplasma acidophilum
and Sulfolobus solfataricus, and characterized several NMP
enzymes in these microorganisms, including D-gluconate
dehydratase [36], D-glyceraldehyde dehydrogenase [37],
L-rhamnose dehydrogenase [22], 2-keto-3-deoxy-D-gluconate
(KDG) kinase [29,38] and 2-keto-3-deoxy-6-phospho-D-
gluconate (KDPG) aldolase [32], which belongs to
COG4948, COG1012, COG1028, COG0524, and COGO800,
respectively. We also studied the L-rhamnose NMP in the
thermoacidophilic bacterium Sulfobacillus thermosulfidooxidans
and found that the enzyme catalyzing the conversion
of 2-keto-3-deoxy-L-rhamnonate to 2,5-diketo-3-deoxy-L-



Metabolic Pathway of 3,6-anhydro-L-galactose in Agar-degrading Microorganisms 871

A. Postechiella marina M091
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Fig. 2. Schematic diagram of the L-AnG metabolism gene clusters in three agar-degrading microorganisms. (A) Postechiella marina
MO091 (Flavobacteria), (B) Pseudoalteromonas atlantica T6c (Gammaproteobacteria), and (C) Streptomyces coelicolor A3(2)
(Actinobacteria). The four common genes involved in L-AnG metabolism are shown in color (genes with the same functions are denoted

by the same color). Annotations are listed in Table 1.

Table 1. List of genes in the L-AnG gene cluster®

P. marina M091

P, atlantica Téc

S. coelicolor A3(2) Closest homolog in

(Flavobacteria) (Gammaproteobacteria) (Actinobacteria) ; S
Protein function E. coli [;)r_S. typhimurium
COG ] ] (% identity to_
Locus tag number Locus tag Annotation Locus tag Annotation P, atlantica protein)

a-neoagarobiose MO091 0719 COG2152  Patl 1968  hypothetical SCO3481 hypothetical

hydrolase protein protein

transporter MO091_0720 COG0477

aldose epimerase M091_0721 COG2017

3,6-anhydro- MO091 0722 COG4948  Patl 2550  mandelate SCO3480 racemase S. typhimurium

L-galactonate racemase/muconate STM3697

cycloisomerase lactonizing L-talarate dehydratase

enzyme-like (29.9%)

3,6-anhydro- MO091 0723 COGI1012  Patl 2553  betaine-aldehyde SCO3486 aldehyde E. coli aldA

L-galactose dehydrogenase dehydrogenase L-lactaldehyde

dehydrogenase dehydrogenase
(42.6%)

sulfatase MO091 0724 COG3119

2,5-diketo- MO091 0725 COG1028  Patl 2552  short-chain SCO3476  short-chain E. coli kduD

3-deoxy- dehydrogenase/ dehydrogenase 2-keto-3-deoxy-

L-galactonate reductase SDR D-gluconate

5-reductase 5-dehydrogenase
(51.4%)

2-keto-3-deoxy- MO091 0726 COG1063  Patl 2551  alcohol SCO3477 dehydrogenase  E. coli yjjN

L-galactonate dehydrogenase L-galactonate

5-dehydrogenase GroES-like 5-dehydrogenase

(25.9%)

*Proteins whose function was experimentally confirmed in the present study are shown in bold.

rhamnonate belongs to COG1063 (details will be described
elsewhere). Our previous experiences in NMPs allowed us to
putatively predict the functions of the L-AnG metabolizing
enzymes as aldonate dehydratase (COG4948), aldehyde
dehydrogenase (COG1012), 2-keto-3-deoxy-L-aldonate 5-
dehydrogenase (COG1063), KDG kinase (COG0524) and
KDPG aldolase (COG0800). COG1028 protein was predicted

to be a KDG 5-dehydrogenase (KduD), an enzyme which
converts 2,5-diketo-3-deoxy-D-gluconate to KDG [39], as
described below.

For a more precise prediction of enzyme function, we
also searched for homologs of P marina M091 proteins in
E. coliand S. typhimurium (last column in Table 1). A careful
examination of E. coli and S. typhimurium homologs
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suggested that M091 0722, M091 0723, and M091 0726
were homologs of L-talarate dehydratase, L-lactaldehyde
dehydrogenase, and L-galactonate 5-dehydrogenase,
respectively and that M091 0725 is a homolog of KDG
5-dehydrogenase. This indicated that three enzymes
(M091_0722, M091 0723, M091_0726) are involved in
the transformation of the L-form substrate and one enzyme
(M091_0725) is involved in the transformation of the D-
form compound.

To test the predictions based on our bioinformatic analysis,
we must determine the sequence of the reactions. Since the
amino acid sequence homology between Patl 2552 and
E. coli KduD (KDG 5-dehydrogenase) is very high (51.4%
identity; Table 1), it is very likely that the last reaction
product is KDG. If a protein has greater than 40% sequence
identity to a protein whose biochemical function is known,
it is generally regarded that the two proteins have a
common biochemical function [40]. As mentioned earlier,
the first step in the L-AnG pathway would be catalyzed by
an enzyme that uses L-form aldehyde as a substrate.
Therefore, we presumed that the first enzyme of the L-
AnG pathway would be M091_0725 followed by enzymes
that utilize L-form substrate, and the last one being to
MO091 0725, which convert the L-form compound to
KDG. The enzymes in the second- and third-steps were
expected to be M091 0722 (COG4948) and M091 0726
(COG1063) because COG1063 is an enzyme whose substrate
is 2-keto-3-deoxy-L-aldonate, which can be produced from
L-aldonate by aldonate dehydratase (COG4948). Based on
this, the order of the enzymes in the pathway was reasoned
to be M091 0723 (COG1012), M091_0722 (COG4943),
MO091_0726 (COG1063), and M091_0725 (COG1028).

The predicted end product of the L-AnG cluster, KDG,
prompted us to search for genes that encode KDG

Table 2. List of genes in the KDG gene cluster®®

metabolizing enzymes in the genomes of agar-degrading
microorganisms. It is well known that KDG is converted to
pyruvate and D-glyceraldehyde-3-phosphate by two enzymes,
KDG kinase (KdgK) and KDPG aldolase (Eda), which are
a part of the Entner-Doudoroff (ED) pathway in E. coli
[41]. KdgK is an enzyme that phosphorylates KDG to
KDPG, and Eda is an enzyme that breaks down KDPG into
pyruvate and D-glyceraldehyde-3-phosphate via an aldol
cleavage reaction [42]. A BLAST search of the genomes of
agar-degrading microorganisms revealed multiple genes
encoding KdgK and Eda in P marina M091, P. atlantica
Téc, and S. coelicolor A3(2). If KdgK and Eda are essential
for the utilization of L-AnG, these two genes would be
induced when agar-degrading enzymes are induced. Thus,
we narrowed down the gene search and examined whether
any KdgK and Eda genes were clustered with a -agarase
gene. As shown in Table 2, there was one gene cluster
near the B-agarase gene of all three microorganisms. In
S. coelicolor A3(2), the KDG gene cluster was linked to
the L-AnG gene cluster, whereas in P marina M091 and
P, atlantica Téc, the KDG gene cluster was separated from
the L-AnG gene cluster. The genes in the L-AnG cluster
and the KDG cluster are summarized in Tables 1 and 2,
respectively. The proposed enzyme names, which are
derived from a combination of the substrate name and type
of reaction, are also shown.

3.3. Functional analysis of L-AnG-metabolizing enzymes
To experimentally confirm the predicted function of
L-AnG-metabolizing enzymes, the genes listed in Tables 1
and 2 were expressed in E. coli. Due to differences in
codon usage among the three agar-degrading microorganisms,
the protein expression levels and enzyme activities varied,
depending on the genes cloned. When compared, P, atlantica

P. marina P, atlantica S. coelicolor Closest homolog
Protein (Flavobacteria) (Gammaproteobacteria) (Actinobacteria) inE coli
function coG ] ] (% identity to
Locus tag number Locus tag Annotation Locus tag Annotation P, atlantica protein)
KDG MO091 1651 COGO0524 Patl 1969 PfkB SCO3474 sugar kinase E. coli kdgK
kinase KDG kinase
(32.7%)
KDPG MO091 1649 COGO0800  Patl 0974 2-dehydro- SCO03473 aldolase E. coli eda
aldolase 3-deoxyphosphogluconate KDPG aldolase
aldolase/4-hydroxy- (65.7%)
2-oxoglutarate aldolase
B-agarase MO091 1661 COG2273 Patl 1971 agarase SCO3471 extracellular

agarase precursor

*Proteins whose function was experimentally confirmed in the present study are shown in bold.
"KDG: 2-keto-3-deoxy-D-gluconate, KDPG: 2-keto-3-deoxy- 6-phospho-D-gluconate.
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Fig. 3. Experimental verification of the predicted function of L-AnG-metabolizing enzymes. First-step reaction catalyzed by Patl 2553
(A) and M091_0723 (B) in the presence of NADP" (closed circles) or NAD" (open circles). Second-step reaction catalyzed by Patl 2550
(C) and M091_0722 (D). (E) Third-step reaction catalyzed by Patl 2551 in the presence of NAD". (F) Fourth-step reaction catalyzed by

Patl 2552 in the presence of NADH.

showed the highest expression level, followed by P. marina
and S. coelicolor. This may be because P. atlantica and
E. coli are in the same class of Proteobacteria. However,
we had to use E. coli Rosetta (DE3) as a host strain even
for P atlantica genes due to the presence of rare codons.
Because of this, we tested Patl 2553, M091 0723, and
SCO3486 for the first-step reaction, Patl 2550 and
MO091_0722 for the second-step reaction, and Patl 2551
and Patl 2552 for the third- and fourth-step reactions,
respectively.

Experimental data for all proteins, except SCO3486, are
shown in Fig. 3. The substrate and cofactor specificity of
SCO3486 was different from that of Patl 2553 and
MO091 0723; therefore, we conducted further detailed

investigation of SCO3486, and this will be described in a
future study. If the predicted enzyme functions and sequence
of reactions are correct, then the enzyme activities should
be detectable. Fig. 3 shows data that support our
bioinformatics-based predictions. In all cases, the enzymes
showed activities towards the compound generated in the
preceding step.

The first-step of the L-AnG metabolic pathway was
predicted to be catalyzed by an aldehyde dehydrogenase
possessing substrate specificity towards L-AnG. The data
in Figs. 3A and 3B show that both Patl 2553 and
MO091 0723 are L-AnG dehydrogenases with different
cofactor specificities. Patl 2553 utilized both NAD" and
NADP’, with a preference for NADP*, whereas M091 0723
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only used NADP".

The second-step of the L-AnG metabolic pathway was
predicted to produce 2-ketoaldonate, which can be measured
by the TBA assay, as is true for aldonate dehydratases such
as D-gluconate dehydratase [36,43]. The data in Figs. 3C
and 3D show that both Patl 2550 and MO091 0722
produced chromogenic compounds from 3,6-anhydro-L-
galactonate. Furthermore, as described in the next section,
the product was cleaved by 2-keto-3-deoxy-L-galactonate
(L-KDGal) aldolase, supporting the formation of L-KDGal
in the second-step reaction. Because the enzyme catalyzed
the conversion of a cyclic compound (3,6-anhydro-L-
galactonate) into an acyclic isomer (L-KDGal), it was
named 3,6-anhydro-L-galactonate cycloisomerase, for its
functional similarity to D-galactarolactone cycloisomerase,
which converts a cyclic compound (D-galactarolactone)
into an acyclic isomer (2-keto-3-deoxy-D-galactarate) [44].

The enzyme involved in the third-step of the L-AnG
metabolic pathway was predicted to be similar to E. coli
YjjN (L-galactonate 5-dehydrogenase) with low sequence
identity (25.9%; Table 1). Using the product of the second-
step reaction, the dehydrogenase activity of Patl 2551 was
assessed by measuring the reduction of NAD(P)". As
shown in Fig. 3E, Patl 2551 activity was observed when
NAD" was used as a cofactor. Since the compound in the
second-step reaction was L-KDGal, the expected product
of the third-step reaction was 2,5-diketo-3-deoxy-L-
galactonate (L-DDGal). The third-step enzyme was named
as 2-keto-3-deoxy-L-galactonate 5-dehydrogenase.

The fourth-step reaction was predicted to be a KDG 5-
dehydrogenase due to the high sequence identity of
Patl 2552 with E. coli KduD (51.4%; Table 1). Patl 2552
activity using the third-step reaction mixture was tested by
measuring the oxidation of NAD(P)H as the decrease in
Asq0. As shown in Fig. 3F, Patl 2552 activity was observed
when NADH was used as a cofactor. The reduction of L-
DDGal at the C5 position with NADH converts an L-form
compound (L-DDGal) to a molecule that has a D-form
configuration (KDG). The fourth-step enzyme was called
2,5-diketo-3-deoxy-L-galactonate 5-reductase, the function
of which is identical to that of KDG 5-dehydrogenase (2,5-
diketo-3-deoxy-L-galactonate and 2,5-diketo-3-deoxy-D-
gluconate are the same molecule).

The fifth- and sixth-step enzymes were predicted to be
KDG kinase and KDPG aldolase, respectively. The amino
acid sequence identities of Patl 1969 and Patl 0974 with
E. coli KdgK and Eda were 32.7 and 65.7%, respectively
(Table 2). To experimentally confirm the predicted enzyme
functions, we measured the enzyme activities of Patl 1969
and Patl 0974 using previously described methods [29,32].
As mentioned earlier, if two proteins share greater than

@ Springer

40% sequence identity, they usually have the same
biochemical function [40]. As expected, we were able to
show that Patl 1969 and Patl 0974 possess KDG kinase
and KDPG aldolase activity, respectively (Fig. S3).

3.4. Enzymatic confirmation 2-keto-3-deoxy-aldonate
formation

To experimentally confirm the formation of two key
metabolites, L-KDGal and KDG, we employed two aldolase
enzymes that are specific to these metabolites. It has been
reported that Hypocrea jecorina (Trichoderma reesei)
produces L-KDGal aldolase [45], which converts L-KDGal
to pyruvate and L-glyceraldehyde. It is also known that the
KDG aldolases from S. solfataricus and T. acidophilum
convert KDG to pyruvate and D-glyceraldehyde [31,32]. In
this study, 4. niger An02g0772, which is a homolog of
H. jecorina Iga 1 (GenBank EF203091), and T acidiphilum
Ta0619 were used as genes encoding L-KDGal aldolase
and KDG aldolase, respectively. The enzymes were tested
for the formation of 2-keto-3-deoxy-aldonates using the
reaction products obtained after the second- and fourth-step
reactions. As shown in Fig. 4A, the addition of L-KDGal
aldolase to the reaction products obtained after the reaction
with Patl 2553 and Patl 2550 reduced its concentration.
Similar responses were observed when the KDG aldolase
was added to the reaction products obtained after the reaction
with Patl 2553, Patl 2550, Patl 2551, and Patl 2552
(Fig. 4C).

Next, we further examined the products of the aldolase
reactions. In samples containing L-KDGal and KDG, the
expected products after aldolase cleavage reaction by aldolase
are L-glyceraldehyde and D-glyceraldehyde, respectively.
Recently, we found that SCO3486, which encodes an
L-AnG dehydrogenase, has enzyme activity towards L-
glyceraldehyde (35% L-AnG) in the presence of NAD".
The D-glyceraldehyde dehydrogenase activity of Ta0809
has been studied in our laboratory [37]. Using these
two dehydrogenases, the formation of L-glyceraldehyde or
D-glyceraldehyde was assessed by measuring Az in a
spectrophotometer. The results show that the L-form and
D-form of glyceraldehyde were indeed produced by L-KDGal
and KDG aldolases, respectively (Figs. 4B and 4D). On the
basis of the experimental data in Fig. 4, we concluded that
the reaction products of the second- and fourth-step
reactions are L-KDGal and KDG, respectively.

3.5. The L-AnG metabolic pathway

By combining our bioinformatic analysis results and
experimental data, we were able to construct the pathway
of L-AnG metabolism in agar-degrading microorganisms.
The overall pathway from L-AnG to pyruvate and D-
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Fig. 4. Enzymatic confirmation of 2-keto-3-deoxy-aldonate formation. Time course profiles of the reaction catalyzed by (A) An02g0772
(L-KDGal aldolase), (B) SCO3486 (L-glyceraldehyde dehydrogenase), (C) Ta0619 (KDG aldolase), and (D) Ta0809 (D-glyceraldehyde
dehydrogenase) using the reaction products of the second-step reaction, An02g0772 aldolase reaction, fourth-step reaction, and Ta0619

aldolase reaction, respectively,

glyceraldehyde-3-phosphate is shown in Fig. 5, and the
names of each enzyme with the reaction stoichiometry are
shown in the figure legend.

The L-AnG pathway in agar-degrading microorganisms
can be divided into two parts. The first part of the pathway
is the conversion of the L-form sugar (L-AnG) to a D-form
sugar acid (KDG) by four successive reactions: (a) oxidation
of L-AnG to 3,6-anhydro-L-galactonate, (b) isomerization of
3,6-anhydro-L-galactonate to 2-keto-3-deoxy-L-galactonate,
(c) oxidation of 2-keto-3-deoxy-L-galactonate to 2,5-diketo-

3-deoxy-L-galactonate (2,5-diketo-3-deoxy-D-gluconate),
and (d) reduction of 2,5-diketo-3-deoxy-L-galactonate
(2,5-diketo-3-deoxy-D-gluconate) to KDG. The second
part of the pathway, which is identical to the downstream
reactions of the well-known ED pathway in E. coli, is
conversion of the D-form sugar acid (KDG) to two glycolysis
pathway intermediates, pyruvate and D-glyceraldehyde-3-
phosphate, by two successive enzyme reactions: (e)
phosphorylation of KDG to KDPG and (f) aldol cleavage
of KDPG to pyruvate and D-glyceraldehyde-3-phosphate.
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In conclusion, agar-degrading microorganisms transform
L-AnG in red macroalgae into glycolysis intermediates via
six enzyme-catalyzed reactions using the metabolic route
illustrated in Fig. 5.

4. Conclusion

Understanding the metabolism of L-AnG in microorganisms
is important for the utilization of agar-containing macroalgae
as an alternative biomass for bioethanol production. L-
AnG metabolism is also of particular interest for studying
the carbon cycle in oceans and seaweed-microbe interactions.
In this study, we established the metabolic pathway of
L-AnG by comparative genomic analysis of three agar-
degrading microorganisms P marina M091, P atlantica
Téc, and S. coelicolor A3(2). From this analysis, we were
able to find common genes predicted to encode enzymes
involved in L-AnG metabolism. We experimentally confirmed
the predicted enzyme function of four core genes in the
L-AnG gene cluster, and finally, we showed that the
pathway of L-AnG degradation is composed of two parts:
transformation of the L-form sugar L-AnG to a D-form
sugar acid KDG, an ED pathway intermediate, via four
enzyme reactions, and breakdown of a C6 compound to
two C3 glycolysis intermediates via two enzyme reactions.
The methods used in this study (bioinformatics-based
prediction and experimental verification) may be applicable
to the elucidation of other unknown metabolic pathways in
microorganisms. In addition, the end products of the L-AnG
pathway, pyruvate and D-glyceraldehyde-3-phosphate, can
be readily converted to bioethanol in ethanologenic
microorganisms such as E. coli KO11 and Saccharomyces
cerevisiae. Since we now know the metabolic pathway of
L-AnG, a compound previously regarded as a useless, non-

Fig. 5. Metabolic pathway of L-AnG breakdown in agar-degrading
microorganisms. L-AnG, 3,6-anhydro-L-galactose; L-AnGA, 3,6-
anhydro-L-galactonate; L-KDGal, 2-keto-3-deoxy-L-galactonate;
L-DDGal, 2,5-diketo-3-deoxy-L-galactonate; KDG, 2-keto-3-deoxy-
D-gluconate; KDPG, 2-keto-3-deoxy-6-phospho-D-gluconate. The
enzyme names and reactions catalyzed are as follows: (@) 3,6-anhydro-
L-galactose dehydrogenase: 3,6-anhydro-L-galactose + NAD(P)"
+ H,O — 3,6-anhydro-L-galactonate + NAD(P)H + H'; (b) 3,6-
anhydro-L-galactonate cycloisomerase: 3,6-anhydro-L-galactonate —
2-keto-3-deoxy-L-galactonate; (c) 2-keto-3-deoxy-L-galactonate 5-
dehydrogenase: 2-keto-3-deoxy-L-galactonate + NAD(P)" — 2,5-
diketo-3-deoxy-L-galactonate + NAD(P)H + H"; (d) 2,5-diketo-3-
deoxy-L-galactonate 5-reductase (2-keto-3-deoxy-D-gluconate 5-
dehydrogenase): 2,5-diketo-3-deoxy-L-galactonate + NAD(P)H +
H" — 2-keto-3-deoxy-D-gluconate; (¢) 2-keto-3-deoxy-D-gluconate
kinase: 2-keto-3-deoxy-D-gluconate + ATP — 2-keto-3-deoxy-6-
phospho-D-gluconate + ADP; (f) 2-keto-3-deoxy-6-phospho-D-
gluconate aldolase: 2-keto-3-deoxy-6-phospho-D-gluconate — pyruvate
+ D-glyceraldehyde-3-phosphate.
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fermentable sugar, we may be able to construct recombinant
microorganisms that can produce bioethanol from L-AnG.
We are currently exploring this possibility.
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