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Connecting Algal Polysaccharide Degradation to

Formaldehyde Detoxification

Stefan Brott,” Francois Thomas,™ Maike Behrens,” Karen Methling,'” Daniel Bartosik,™
Theresa Dutschei,””” Michael Lalk,” Gurvan Michel,” Thomas Schweder, and

Uwe T. Bornscheuer*®

Formaldehyde is a toxic metabolite that is formed in large
quantities during bacterial utilization of the methoxy sugar 6-O-
methyl-D-galactose, an abundant monosaccharide in the red
algal polysaccharide porphyran. Marine bacteria capable of
metabolizing porphyran must therefore possess suitable detox-
ification systems for formaldehyde. We demonstrate here that
detoxification of formaldehyde in the marine Flavobacterium

Marine algae are considered to be one of the most important
primary producers in the marine ecosystem and one of the
largest sources of marine carbohydrates."? Serving as energy
storage and structural cell wall components, carbohydrates
constitute up to 70% of algae dry mass.”! Compared to their
terrestrial counterparts, marine polysaccharides differ in the
backbone structure and side-group modifications.”” One bacte-
rial phylum considered to be specialist in the degradation of
high molecular weight organic matter such as marine carbohy-
drates are the Bacteroidetes.®™ Marine Bacteroidetes harbor
gene clusters which are referred to as polysaccharide utilization
loci (PULs) encoding carbohydrate-active enzymes (CAZymes)
as well as specific proteins for the binding and uptake of sugar
units.®® Their tremendous repertoire of CAZymes allows them
to depolymerize complex marine carbohydrates and utilize the
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Zobellia galactanivorans proceeds via the ribulose monophos-
phate pathway. Simultaneously, we show that the genes
encoding the key enzymes of this pathway are important for
maintaining high formaldehyde resistance. Additionally, these
genes are upregulated in the presence of porphyran, allowing
us to connect porphyran degradation to the detoxification of
formed formaldehyde.

imported monosaccharides as a carbon and energy source.*®

Observations that Bacteriodetes are among the first responders
after micro- and macroalgal blooms are related to their abilities
of rapid growth on colonizable surfaces such as macroalgae as
well as their CAZymes production.'”

A model bacterium for the bioconversion of algal biomass is
the marine Flavobacterium Zobellia galactanivorans Dsij', which
was originally isolated from the red alga Delesseria sanguinea
near the coast of Roscoff (Brittany, France)."" In-depth analysis
of its complete genome and growth studies revealed that this
microorganism possesses 50 PULs, is able to grow on numerous
marine polysaccharides and utilizes them as a carbon
source.'””"¥ Extensive biochemical studies have elucidated
essential CAZymes from Z. galactanivorans and their roles in the
complex degradation pathways for alginate and laminarin from
brown algae''” as well as for carrageenan, agar and porphy-
ran from red algae.”>* Porphyran is the common name of the
agar from red algae of the genus Porphyra and is their main cell
wall polysaccharide.”” The porphyran backbone consists mainly
of the alternating monosaccharide units 4-linked-a-L-galactose-
6-sulfate (L6S) and 3-linked-f3-p-galactose (Gal) or 3,6-anhydro-
a-L-galactose (LA) (Figure S1, Supporting Information).?*?* In
addition, O-methylation of D-galactose is a frequent modifica-
tion that results in the presence of up to 28% of the methoxy
sugar 6-O-methyl-D-galactose (G6Me) within the porphyran
Chain.[24'25'27]

Considering the stability of methyl ethers, it is reasonable to
assume that G6Me must first be demethylated before it can
enter the cellular metabolism. We recently have demonstrated
that the oxidative demethylation of G6Me is catalyzed by a
cytochrome P450 monooxygenase with the appropriate redox
partners ferredoxin and ferredoxin reductase.”® The crystal
structure of the cytochrome P450 monooxygenase from Z
galactanivorans informed on the binding of G6Me as well as
other mechanistic insights.” The products of this demeth-
ylation are D-galactose and formaldehyde in equimolar
amounts.”® However, formaldehyde formation leads to a

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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problem for the organism, since formaldehyde is a toxic
metabolite in cells due to its high reactivity as an electrophile.”
The polarized carbonyl group of formaldehyde can be attacked
by nucleophiles such as free amine or thiol groups of amino
acids®" and proteins®? or nucleic acids,® resulting in protein
and DNA damages and covalent cross-links.**

Marine bacteria capable of degrading porphyran and
utilizing G6Me should therefore possess suitable detoxification
pathways for formaldehyde. Focusing on the discovery of
possible pathways of formaldehyde detoxification, we first
searched through the genomes of the Flavobacteria Z
galactanivorans Dsij' and Formosa agariphila KMM 39017,
which possess the cytochrome P450 monooxygenases and thus
catalyze the oxidative demethylation of G6Me*® for genes
encoding enzymes from well-known detoxification pathways.
Both organisms harbor annotated genes for enzymes found in
the serine and tetrahydrofolate pathways (Table S1, Supporting
Information). However, unlike F. agariphila, Z. galactanivorans
additionally carries the genes for the putative key enzymes of
the ribulose monophosphate (RuMP) pathway. This putative
RuMP pathway was proposed to be an advantageous adaptive
trait for Z galactanivorans to cope with the release of
formaldehyde when degrading red algal cell walls."? Alto-
gether, F. agariphila and Z. galactanivorans should provide
different responses to the accumulation of formaldehyde. The
RUMP pathway is the most efficient pathway of formaldehyde
assimilation in terms of ATP consumption and biomass
yield.®¢3¥ It can be divided into three parts: fixation, cleavage,
and regeneration.” While the cleavage and regeneration part
can take place via different routes and are catalyzed by
common enzymes of the central carbon cycle, the fixation of
formaldehyde takes place via two unique key enzymes: a 3-
hexulose-6-phosphate synthase (HPS) and a 6-phospho-3-
hexuloisomerase (PHI).**” HPS, a member of the class 2
aldolases,”*"" catalyzes the Mg”*-dependent aldol reaction
between formaldehyde and bD-ribulose-5-phosphate (R5P) to
give the intermediate D-arabino-3-hexulose-6-phosphate
(AH6P), which is then isomerized by PHI to bD-fructose-6-
phosphate (F6P) (Figure 2, top).*” F6P is consumed in the
cleavage part to generate triose phosphates such as glyceralde-
hyde-3-phosphate or dihydroxyacetone phosphate which then
can be metabolized in the glycolysis or the Entner-Doudoroff
pathway.®**? Furthermore, R5P is regenerated from F6P by
reactions occurring in the pentose-phosphate cycle.*” It has
been demonstrated that the RuMP pathway can play an
important role in the degradation of methoxylated lignin
monomers by non-methylotrophic bacteria.*¥ However, most
knowledge about the RuMP pathway originates from meth-
ylotrophic bacteria that grow on reduced C1 components such
as methane or methanol, which they oxidize to
formaldehyde.*” In addition to these components, numerous
methylated sugars are present in the marine ecosystem™’ and
are thus a potential source of formaldehyde. However, the
RuMP pathway has not yet been investigated in the context of
marine carbohydrate degradation, we therefore aimed to
investigate whether this pathway plays a role in the degrada-
tion of porphyran by Bacteriodetes.
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We reasoned that the presence of the RuMP pathway in Z
galactanivorans should lead to an increased resistance to
formaldehyde compared to F. agariphila. To test this hypothesis,
we cultivated each organism in the presence of increasing
formaldehyde concentrations. For F. agariphila a significant
decrease in growth rate was observed at formaldehyde
concentrations greater than 100 pm, while no growth was seen
at 500 pum (Figure 1a). In contrast, the presence of formaldehyde
concentrations up to 500 um revealed just minor effects on the
growth of Z. galactanivorans. However, no growth was detected
in the presence of a formaldehyde concentration of 1,000 pm
(Figure S2, Supporting Information). In order to prove that the
increased resistance towards formaldehyde is caused by the
enzymes HPS and PHI, hxIA and hxIB gene knockout strains of Z.
galactanivorans were created and the influence of
formaldehyde on their growth was investigated again. In the
presence of 500 um formaldehyde, the AhxIA-hxIB strain was
unable to grow, whereas the wild-type (WT) and a control
knock-out strain lacking the P450 monooxygenase encoding
gene (Amgd) were able to grow normally (Figure 1b). Knockout
of the hxIA and hxIB genes thus resulted in a formaldehyde-
sensitive strain, which displayed normal growth behavior in the
absence of formaldehyde. Both findings supported our assump-
tion that these genes were responsible for the detoxification of
formaldehyde.

After demonstrating their role for formaldehyde resistance,
we were interested to know whether the genes encoding HPS
and PHI were also upregulated in the presence of porphyran,
considering that this is the origin of formed formaldehyde due
to the oxidative demethylation of G6Me. In order to evaluate
gene regulation, Z. galactanivorans was grown with the marine
carbohydrates laminarin, agar or porphyran as a sole carbon
source. The f-glucan laminarin was selected as a control
considering that it is the most abundant polysaccharide in the
marine ecosystem™ and agar was chosen as control because it
may contain G6Me.*® The genes encoding the P450 mono-
oxygenase (mgd), HPS (hxIA), and PHI (hxIB) were upregulated
in the presence of porphyran compared to laminarin and agar
(Figure 1c). No upregulation in the presence of agar was
observed, a possible explanation for this is the absence of
G6Me in agar. Upregulation of mgd in the presence of
porphyran indicates that there is a possible source of
formaldehyde, while at the same time, the upregulation of hx/A
and hxIB suggests that formaldehyde detoxification via the
RuMP pathway can occur.

Following this demonstration that the genes of HPS and PHI
were upregulated in the presence of porphyran, we wanted to
verify whether they encode enzymes that catalyze the key
reactions of the RuMP pathway. Therefore, we expressed the
enzymes in Escherichia coli and purified them (Figure S3,
Supporting Information). In order to determine the activity of
the enzymes, the R5P-dependent disappearance of
formaldehyde was determined using the Nash reagent™” and
the formation of F6P was monitored by an enzyme-coupled
assay."¥ In the presence of D-ribulose-5-phosphate, a decrease
in the formaldehyde concentration (Figure 2) and the formation
of F6P (Figure S4, Supporting Information) was observed for the
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Figure 1. The genes encoding for the key enzymes of the RuMP pathway are
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Figure 2. HPS and PHI catalyze the incorporation of formaldehyde to
produce fructose-6-phosphate. A protein concentration of 10 ugmL™" for
HPS and PHI were used in the biocatalysis. For substrates, 0.75 mm D-
ribulose-5-phosphate disodium salt and 0.5 mm formaldehyde were used.
The reactions were performed in a 50 mm sodium phosphate buffer pH 7.5
supplemented with 5 mm MgCl, for 5 min, at an incubation temperature of
30°C and an agitation of 1,000 rpm. The formaldehyde concentration was
then determined using the Nash reagent. Mean values are shown, error bars
present+s.d. (n=3).

reaction mixture that contained both enzymes. After 5 min
incubation at 30°C, approximately 0.34 mm of the initial
formaldehyde concentration of 0.5 mm was removed from the
solution, which corresponds to a conversion of 68.5%. Mean-

ChemBioChem 2022, 23, 202200269 (3 of 6)

while, in the control reactions without p-ribulose-5-phosphate
and in the absence of either HPS or both enzymes no
incorporation of formaldehyde and thus no formation of F6P
was observed. For the reaction mixture containing HPS but not
PHI, a decrease in formaldehyde could also be detected, which
is reasonable considering that HPS catalyzes the reaction of R5P
to AH6P independently of PHI. Moreover, the enzymes were
able to catalyze the reverse reaction, since very low formation
of formaldehyde was observed when F6P was used at a
substrate concentration of 20 mm (Figure S5, Supporting
Information). In conclusion, Z. galactanivorans harbors the
active key enzymes of the RUMP pathway.

Since we could prove that Z. galactanivorans utilizes the
RuMP pathway for formaldehyde detoxification, we were
interested in the distribution of this pathway in marine
ecosystems. We therefore queried approximately 5,500 marine
bacterial genomes from the MarDB and MarRef databases for
the key enzymes of the RuMP pathway and identified 197
genomes (equivalent to ~3.58%) encoding HPS- and PHI- gene
pairs (Figure 3). Among the 197 genomes, only 16 contain
similar cytochrome P450 monooxygenase, ferredoxin reductase,
and ferredoxin encoding clusters like Z. galactanivorans (Fig-
ure 3). The key enzymes of the RUMP pathway as well as the
enzymes of the cytochrome P450 cluster were highly similar to
those of Z galactanivorans, which is exemplarily shown for five
selected reference genomes, including Cellulophaga, Maribacter,
and Zobellia in Figure 4.

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. Taxonomic distribution of the RuMP pathway in marine prokaryotes. The colored outer rings indicate the occurrence of the HPS/PHI pairs (dark blue)
and the P450 cluster (dark orange). Genomes that encode homologous sequences are shown independently (lighter colors). The intersection of genomes
encoding both clusters is shown in green.
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Figure 4. Key enzymes of the RUMP pathway and the enzymes of the P450 cluster from Zobellia galactanivorans are highly similar to those in five selected
reference genomes of other marine taxa. The similarity is indicated by the opacity of each link as well as the given percentage within each coding sequence
(CDS). The outer scale shows the genomic region of the CDS in kbp.

In addition, these 16 bacterial genomes also featured Besides the marine strains with genomically clustered RuMP-
CAZymes belonging to the GH86 and GH117 families which can  based detoxification genes, we found 104 additional marine
catalyze the degradation of agar and porphyran. This supports  isolates where putative HPS and PHI homologs are distributed
the hypothesis that the RUMP pathway may be responsible for  over the genomes. Interestingly the best hits are found for
the detoxification of formaldehyde, which is produced during  some Zobellia, a few Maribacter, and Cellulophaga as well as
the degradation of marine carbohydrates and thus may provide  Arenibacter strains, which are bacterial genera commonly
growth advantages for these marine bacteria over others. isolated at the surface of macroalgae.***® This suggests that
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marine RuMP-based detoxification is mainly specific to bacteria
living on multicellular algae, reminiscent of methylotrophic
bacteria of the phyllosphere.”"

In summary, we demonstrated in this work that Z
galactanivorans exhibited higher resistance to formaldehyde
than F. agariphila and that this was based on the presence of
the RuMP pathway. Consequently, the knockout of the genes,
encoding the key enzymes of this pathway, led to a
formaldehyde-sensitive strain. We could also demonstrate that
in the presence of porphyran the genes encoding the
cytochrome P450 monooxygenase and the RUMP pathway were
upregulated. This revealed that there is a potential source of
formaldehyde through the oxidative demethylation of G6Me
and simultaneously a possibility for its detoxification via the
RuMP pathway. By verifying the enzyme activity of expressed
and purified HPS and PHI, we could demonstrate that the genes
encoding the enzymes are indeed responsible for the fixation of
formaldehyde. As a result, we were able to provide evidence for
a connection between porphyran degradation and
formaldehyde detoxification. Genomic analyses in marine
genome databases revealed that this pathway is the exception
rather than the rule in marine microbes. It may thus provide
growth advantages for some marine bacteria over others in the
competition for marine polysaccharides.
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