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Abstract

Genetic, biochemical, bioinformatic and molecular approaches were used to analyse
microbial catabolism of dimethylsulfoniopropionate (DMSP), an abundant anti-stress
compound made by marine phytoplankton.

Members of the Roseobacter clade of marine a-proteobacteria may catabolise DMSP by two
different routes; demethylation to form methylmercaptopropionate (MMPA), and cleavage by
DMSP-lyases, yielding volatile dimethylsulfide (DMS) plus acrylate.

The DMSP-lyase, DddP, was purified from Roseovarius nubinhibens ISM and characterised
in vitro. Nuclear magnetic resonance spectroscopy and gas chromatography confirmed bona
fide DMSP lyase activity and mutation of predicted active-site residues abolished DMS
production.

DddP was also detected in the fungal coral pathogen Aspergillus sydowii, likely acquired
from bacteria by inter-Domain horizontal-gene-transfer.

A new DMSP-lyase, DddW, was identified in another Roseobacter species, Ruegeria
pomeroyi DSS-3, initially by microarray-based demonstrations that transcription of dddW
was induced in cells grown with DMSP. An adjacent gene encoded the cognate
transcriptional regulator. Escherichia coli cells that over-expressed DddW cleaved DMSP
into DMS plus acrylate. Thus, Ruegeria pomeroyi has three DMSP-lyases, with DddP and
DddQ being known already; mutational analyses showed that all three contributed to its
DMSP-dependent DMS (Ddd") phenotype.

Moran’s laboratory had shown that the DMSP demethylase was encoded by R. pomeroyi
dmdA. I unveiled intimate links between the demethylation and the cleavage pathway(s). A
key player is acul, which is co-transcribed with dmdA, both genes being induced by DMSP
and, more markedly, the DMSP-catabolite, acrylate. Furthermore, Acul” mutants failed to
grow on acrylate as sole carbon source and were more sensitive to its toxic effects. Acul’
mutants failed to grow on DMSP so, surprisingly, Ruegeria likely uses lyase pathway(s) to
grow on this compound. A potential regulatory gene, transcribed divergently from dmdA, was
also identified.

The microarray also, wholly unexpectedly, revealed a suite of cox genes involved in carbon
monoxide oxidation that was up-regulated in response to DMS.
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1.1 Dimethylsulfoniopropionate

Dimethylsulfoniopropionate (DMSP) is a zwitterionic sulfonium compound that is
synthesised globally in huge amounts, as much as ~10° tons annually (Kettle et al., 1999;
Stefels, 2000; Stefels et al., 2007). This biosynthetic ability occurs sporadically throughout a
wide range of organisms, including species of the Phyla Haptophyta (e.g. the coccolithophore
Emiliania huxleyi and Phaeocystis sp.), Dinoflagellata (e.g. Symbiodinium sp. and
Crypthecodinium cohnii) and Heterokontophyta (e.g. the diatoms Melosira nummuloides,
Thalassiosira pseudonana and Fragilariopsis cylindrus) in the Kingdom Chromoalveolata, as
well as widely dispersed members of the Plantae Kingdom, from single-celled Prasinophycae
(e.g. Tetraselmis sp.) to seaweed macroalgae such as Ulva intestinalis (green alga),
Polysiphonia (red alga) and the angiosperms Spartina (salt marsh cord grass) and the beach
sunflower Wollastonia biflora in the Compositae (Stefels, 2000; Otte et al., 2004; Broadbent
et al., 2002).

Figure 1.1 Organisms that synthesise DMSP

Clockwise from top left: Emiliania huxleyi, Symbiodinium sp., Thalassiosira pseudonana,
Spartina alterniflora and Ulva intestinalis.

Soluble DMSP is present at concentrations of less than ~1-2 nM in the open oceans but can

reach several uM in phytoplankton blooms (Van Duyl et al., 1998). For example, diatom-

dominated sea-ice communities have DMSP concentrations 2-3 orders of magnitude greater
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than the average ocean concentration (Kirst et al., 1991; Trevena and Jones, 2006). The
intracellular concentrations of DMSP that may accumulate in such organisms are astonishing,
ranging from 0.1 to as high as 1 M (Stefels, 2000; Yoch, 2002). The DMSP may comprise 1-
16% of the total cellular carbon in some phytoplankton, accounting for the fate of ~11% of
the total carbon that is fixed, and between 26% and 44% of the sulfur demand in blooms of
these organisms (Matrai and Keller, 1994; Archer et al., 2001). Diatoms alone contribute to
~45% of the total oceanic primary production, and this represents ~25% of global carbon
fixation (Nelson et al., 1995). Organisms that do not synthesise DMSP may still exhibit high
concentrations of the compound within them. Thus, many cnidarians contain high levels of
DMSP, due to symbiotic dinoflagellates, known as zooxanthellae, which associate with these
invertebrates in corals (Van Alstyne et al., 2006, 2009; Raina et al., 2009).

1.2 DMSP synthetic pathways

DMSP biosynthetic pathways are not identical throughout the above taxonomic types, and the
sporadic distribution of DMSP production is indicative of several independent evolutionary
events. However, all of the known pathways begin with L-methionine. There are three
general mechanisms for DMSP synthesis, differing between the higher plants, algae and
diatoms (Hanson et al., 1994a; James et al., 1995; Kitaguchi et al., 1999).

1.2.1 DMSP synthesis in angiosperms

In the angiosperm, Wollastonia biflora, L-methionine is first methylated to form S-methyl-
methionine (SMM), followed by successive decarboxylation and deamination to DMSP-
aldehyde, and finally, an oxidation step to form DMSP (Hanson et al., 1994a). In the
saltmarsh cordgrass, Spartina alterniflora, the reaction is thought to proceed in a similar way,
but with an additional, putative DMSP amine intermediate between SMM and DMSP
aldehyde as shown in figure 1.2 (Kocsis et al., 1998; Kocsis and Hanson, 2000).
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1.2.2 DMSP synthesis in algae and phytoplankton

Despite the abundance of DMSP in plankton communities, no gene, expressed sequence tag
or enzyme responsible for its synthesis had been identified. Recently, however, progress has
been made in investigating the molecular basis of DMSP synthesis in the algal diatoms

Fragilariopsis cylindrus CCMP1102 and Thalassiosira pseudonana (Lyon et al., 2011; J D

Todd, personal communication).

Diatoms had been shown to have a very different method of making DMSP, via the so-called
transamination pathway (Figure 1.2).There is evidence that this pathway also operates in
coccolithophores and the green alga Ulva (Gage et al., 1997; Summers et al., 1998). The first
step is catalysed by a methionine aminotransferase, transferring the amino group to 2-
oxoglutarate, yielding glutamate plus 4-methylthio-2-oxobutyrate (MTOB), which is then
reduced to D-4-methylthio-2-hydroxybutyrate (MTHB) by MTOB reductase. An MTHB S-
methyltransferase then catalyses the S-adenosyl-L-methionine (SAM)-dependent S-
methylation of MTHB, yielding D-4-dimethylsulfonio-2-hydroxybutyrate (DMSHB). Finally,
DMSHB is decarboxylated to form DMSP by a DMSHB decarboxylase.

Importantly, the activity of the S-methyltransferase only occurs at significant levels within
DMSP-producing organisms and is predicted to be specific for DMSP biosynthesis. In the
sea-ice diatom Fragilariopsis cylindrus, a proteomics approach identified a number of
proteins that were increased in their expression in the presence of DMSP, whose intracellular
concentration itself increased following raised salinity; under such conditions, one third of
the proteins were related to amino acid pathways, and members from all four of the enzyme
classes involved in the algal DMSP transaminase biosynthesis pathway were elevated (Lyon
et al., 2011). Additionally, a number of specific enzymes have now been ratified, with the
genes for both the MTOB reductase and MTHB S-methyltransferase from diatoms having
been cloned and expressed successfully in the y-proteobacterium, Escherichia coli (J D Todd,

personal communication).
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1.2.3 DMSP synthesis in dinoflagellates

The biosynthesis of DMSP in dinoflagellates differs quite significantly from those described
in the angiosperms and algae (Figure 1.2). The dinophyceae, Crypthecodinium cohnii, uses L-
methionine as a starting point, as in the other organisms, but this is decarboxylated to form
methanethiolpropanamine and then converted to methylmercaptopropionate (MMPA)
through oxidative decarboxylation. A final S-methylation step yields the DMSP product
(Kitaguchi et al., 1999).
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Figure 1.2 The DMSP biosynthesis pathway in angiosperms,
phytoplankton and dinoflagellates
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Chemical reactions are labelled, with the predicted enzymes illustrated. Panels indicate systems

identified in different organisms.

Blue panel: Spartina alterniflora; Pink panel: Wollastonia biflora; Green panel: coccolithophores
(Emiliania huxleyi), diatoms (Thalassiosira pseudonana and Fragilariopsis cylindrus) and green

algae (Ulva); Yellow panel: dinoflagellates (Crypthecodinium cohnii).

L-met, methionine; SMM, S-methylmethionine; DMSP, dimethylsulfoniopropionate; MTOB, 4-
methyl-2-oxobutyrate; MTHB, 4-methyl-2-hydroxybutyrate; DMSHB, 4-dimethylsulfonio-2-
hydroxybutyrate; MTPA, methanethiolpropanamine; MMPA, methylmercaptopropionate;
DMSP, dimethylsulfoniopropionate.

Adapted from Trossat et al., 1998; Hanson et al., 1994a; Gage et al., 1997; Kocsis et al., 1998.
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1.2.4 Cellular localisation of DMSP synthetic enzymes

DMSP synthesis in plants may occur in the chloroplast, with DMSP and the enzyme
reportedly being concentrated in this organelle in W. biflora (Trossat et al., 1998).
Tentatively, the localisation of the relevant enzymes in the diatoms matches this, since the
methionine aminotransferase, MTHB S-methyltransferase and DMSHB decarboxylase
polypeptides of F. cylindrus and T. pseudonana contain N-terminal leader sequences that are
predicted to target them to the chloroplast (Gruber et al., 2007; Lyon et al., 2011; J D Todd,

personal communication).

1.3 Physiological uses of DMSP

DMSP has been implicated in a number of important physiological processes, and is
primarily thought to act as compatible solute that protects the cells that accumulate it from
osmotic stress in the saline marine environment (Otte and Morris, 1994; Edwards, et al.,
1988). However, direct evidence for this is scarce and not wholly consistent. For example,
phytoplankton species such as Ulothrix spp. (Chlorophyta) and Enteromorpha bulbosa (Now
Ulva, Chlorophyta) exhibit a clear, positive DMSP-accumulation response to salinity
(Karsten et al., 1992), as do diatoms, but Spartina spp. display no such response (Otte et al.,
2004). Studies using a heterologous host, E. coli, have shown that DMSP bestows halo-
tolerance under artificial, laboratory conditions (Cosquer et al., 1999). Interestingly, P-
alanine betaine, a structural analogue of DMSP, is used by members of the Plumbaginaceae
as a salt stress response molecule (Hanson et al., 1994b). Likewise, DMSP resembles glycine
betaine, a widely utilised osmo-protectant in terrestrial organisms. It has been suggested that
DMSP is favoured in marine environments due to the abundance of sulfur and scarcity of
nitrogen in the seas; on land, the reverse is true, favouring the use of the amino acid
osmoticum (Kiene et al. 2000; Galinski et al., 1995).

Other biological functions for DMSP have also been proposed. One such use is as an anti-

stress compound, for protection from UV light and/or amelioration of oxidative damage (Otte

et al., 2004; Sunda et al., 2002). Known oxidative stressors such as carbon and iron limitation

in E. huxleyi and Thalassiosira pseudonana also increase production of DMSP (Sunda et al.,
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2002). It has also been suggested that DMSP acts as an herbivore deterrent via the release of
one its catabolic products, acrylate (Van Alstyne et al., 2003a). This might explain why
species that readily synthesise DMSP are less likely to be targeted by zooplankton predators
than those that accumulate lower concentrations (Wolfe, 1997). DMSP may also act as a
biological sulfur sink in the form of reduced sulfur (Kiene et al., 1999; see below), as an
overflow mechanism during nitrogen limitation (Stefels, 2000), or as a cryoprotectant
(Karsten et al., 1996).

Of course, these proposed functions are not mutually exclusive. These may be resolved (at
last!) if and when a mutant that is defective in DMSP production becomes available for at

least one organism.

1.4 DMSP utilisation

The release of DMSP from the producing plankton cells may occur through viral lysis,
senescence or predation (Malmstrom et al., 2004a). Several marine bacteria can import
DMSP from the environment, including members of the cyanobacteria (Synechococcus and
Prochlorococcus) and many heterotrophic species (Malmstrom et al., 2004b; Vila-Costa et
al., 2006, Sun et al., 2011). These include the SAR11 clade of the a-proteobacteria, which are
prodigiously abundant in the oceans (see later) and which favour the use of reduced forms of
sulfur, even ahead of such abundant S sources as sulfate which are bio-energetically more

expensive to assimilate (Tripp et al., 2008).

In addition, a few of the algae and phytoplankton that synthesise DMSP may catabolise it.
Indeed, one of the first DMSP catabolic reactions to be described was in the red seaweed
Polysiphonia lanosa, and involves the cleavage of DMSP into acrylate plus the volatile,
dimethyl sulfide (DMS) (Cantoni and Anderson, 1956; Steinke et al., 1998). However, the
cultures were never reliably confirmed to be axenic, and although DMSP biotransformation
has since been reported in some species of single-celled phytoplankton, such as the
haptophyte E. huxleyi, this criticism also applies to many of these studies on Eukaryotic algae

(Franklin et al., 2010; S Newton-Payne, personal communication). What is indisputable,
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though, is that many marine bacteria, and a few fungi, can catabolise DMSP, with acrylate

and DMS being the products in some examples of this phenomenon.

In total, it has been estimated that of the ca. one billion tons of DMSP catabolised annually,
around one third is subjected to this form of cleavage; the remainder being degraded by
demethylation, which does not liberate any DMS — see below. Much of the resultant DMS
appears to be retained in these microbial communities, but roughly 10% escapes into the
atmosphere. Here, it may be spontaneously oxidised into sulfates, sulfur dioxide,
methanesulfonic acid, and other products that act as cloud condensation nuclei (Hatakeyama
et al., 1982). This involves major movement of S from sea to air thence back to land, via
precipitation, making DMSP a significant player in the global sulfur cycle (Andreae, 1990).
The increase in albedo created by DMS oxidation products has been predicted to affect the
climate via a positive feedback loop, termed the CLAW hypothesis, shown in Figure 1.3
(Charlson et al., 1987). However, recent counterclaims have suggested DMS has little to no
effect as cloud condensation nuclei, other than at a local level in regions of high primary
productivity, such as coral reefs (Quinn and Bates, 2011). These are the richest source of
DMSP, and hence of DMS, because of the dinoflagellate Symbiodinium and the many
bacteria in these ecosystems (Jones and Trevena, 2005; Raina et al., 2009; 2010).

Atmospheric or dissolved DMS can also act as a potent chemo-attractant for marine animals,
including shearwaters, seals, penguins and crustaceans (Steinke et al., 2002; 2006; Nevitt,
2008; 2011; Cunningham et al., 2008).This was even found to act through more than one
trophic level. For example, bacterial production of DMS from the DMSP released by
phytoplankton encourages grazing by crustaceans and acts as a spatial foraging cue for

procellariiform birds, such as petrels (Nevitt and Bonadonna, 2005).
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Figure 1.3 Formation and catabolic fate of DMSP
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Once released by phytoplanktonic producers, through grazing, senescence or viral lysis,
dimethylsulfoniopropionate (DMSP) is subjected to bacterial degradation by two general
pathways. The demethylation pathway leads to the production of methylmercaptopropionate
(MMPA), whereas the cleavage pathway yields dimethyl sulfide (DMS) and either acrylate or
3-hydroxypropionate (3HP). The DMS can be further transformed by bacteria into dimethyl
sulfoxide (DMSO) and other products. Some of the DMS escapes to the atmosphere, where it is
oxidised, forming cloud condensation nuclei, perhaps leading to increased albedo. The transfer
of these compounds to the Earth’s surface, via rain or snow, is an important step in the global

sulfur (S) cycle, creating a flow of S from sea, to air thence to land. MeSH, methanethiol.
Adapted from Curson et al., 2011a.
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1.5 a-proteobacteria, Rhodobacterales, Roseobacters and Ruegeria

pomeroyi DSS-3

There is one group of organisms that is consistently the dominant player in DMSP utilisation.
These are members of the sub-phylum of a-proteobacteria, and particularly one or two taxa
within this group. The a-proteobacteria form one of the largest and most diverse groups
within the Eubacteria, with diverse metabolic profiles, and with examples of phototrophs,
chemolithotrophs, chemoorganotrophs and aerobic photoheterotrophs (Venter et al., 2004;
Kersters et al., 2006). Among this sub-phylum, two groups, the SAR11 clade and the
Roseobacters are especially abundant in the oceans and play a pivotal role in global turnover
of DMSP.

1.5.1 General introduction to the Roseobacters

DMSP is a major component of the lifestyle for a group collectively as the Roseobacters, as
exemplified initially by physiological, and then by genetic studies. The first description of
members of the Roseobacter clade occurred with the culturing from Japanese coastal waters
of a high density population of pink, aerobic, anoxygenic phototrophs (AAo0P) that contained
bacteriochlorophyll-o. (Shiba et al.,, 1979). The genus Roseobacter and the species
Roseobacter denitrificans (previously Erythrobacter sp.) and R. litoralis, were created for
AAO0P that contained bacteriochlorophyll-o. and which were isolated from marine algae
(Shiba et al., 1991). Later, examinations of estuarine and coastal seawater samples using 16S
rRNA PCR showed that these species, along with other Roseobacters such as Sulfitobacter
EE-36 and members of the a-proteobacteria, were a numerically dominant group in marine
bacterioplankton communities (Gonzalez and Moran, 1997). Although the term Roseobacter
is not an officially recognised taxonomic term, it is widely used as informal shorthand for a
group of some 17 taxonomically coherent genera, within the Rhodobacteraceae family
(Buchan et al., 2005; Tang et al., 2010). Apart from their taxonomic relatedness, members of
the Roseobacters share one other pivotal feature — they are all marine-living, unlike other
genera in the Rhodobacteraceae, such as Paracoccus. Indeed, the Roseobacters are now
thought of as one of the ten main taxa found in coastal and open waters, comprising up to

30% of the total number of cells in these environments. They can represent ~3% of all cells in
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open ocean waters and also occur in hypersaline lagoons, coastal waters, marine sediments,
and sea ice (Labrenz et al., 1998; Eilers et al., 2000; Brinkmeyer et al., 2003; Buchan et al.,
2005; Biers et al., 2009). During algal bloom events in coastal waters large amounts of
DMSP are released into the milieu and Roseobacters are the dominant taxon in these

environments (Gonzalez et al., 2000).

Over 40 members of the Roseobacter lineage have had their genomes sequenced, yet only
recently has a robust phylogenetic analysis occurred (Newton et al., 2010; Tang et al., 2010).
Different Roseobacter genera display at least 89% identity in their 16S rRNA sequences, and
share a similar G + C content (ca. 50-60%). However, there is considerable variation in their
genomes, with genome sizes that range from 3.5 Mbp (Mega base pairs) to 5.3 Mbp -
corresponding to 3500 to 5500 genes (Buchan et al., 2005; Tang et al., 2010). In addition to a
conserved set of core genes retained through vertical evolution, there exists a significant
subset of accessory genes, which have undergone extensive lateral gene transfer during the
evolution of the Roseobacters (Tang et al., 2010; see chapters 4, 5, 6). Included in this

portfolio of accessory genes are those involved in DMSP catabolism (see below).
Some characteristic physiologies of the Roseobacters include:

the ability to carry out organic and inorganic sulfur metabolism, contributing significantly to
the biogeochemical cycling of this element (Moran et al., 2003; see below);

the oxidation of carbon monoxide, a potentially significant response to the photolysis of
dissolved organic matter (Zuo and Jones, 1995; King, 2003);

symbiotic relationships with eukaryotic marine organisms such as the dinoflagellate,
Pfiesteria (Alavi et al., 2001), and including pathogenic effects on scleractinian corals
(Cooney et al., 2002).

29



M. Kirkwood Chapter 1: General Introduction 2012

1.5.2 Ruegeria pomeroyi DSS-3

The model Roseobacter, Ruegeria pomeroyi DSS-3 (originally named Silicibacter pomeroyi
but subsequently re-classified [Yi et al., 2007]), was isolated from the Coastal Atlantic, off
the shores of Georgia. It forms short, rod-shaped cells with a complex, polar flagellum that
confers motility (Figure 1.4). It was clear, soon after its isolation, that this strain can
catabolise DMSP by both of the general pathways that had been partially described earlier,
but which had been seen in different organisms. Ruegeria pomeroyi is rather a glutton for
DMSP, as it can catabolise this compound by two different mechanisms, known as

demethylation and cleavage (Gonzalez et al., 1999; 2003; see below).

Figure 1.4 Microscopic analysis of Ruegeria pomeroyi DSS-3

i - g i 4
200 nm EHT= 300kv  Signal A= SE2 File Name = 11-042 Ruegeria WT Rich_07.tif
WD = 7.1mm Date :1 Dec 2011 Mag = 65.00 KX

Scanning electron micrograph of R. pomeroyi DSS-3 cells grown in rich %2 YTSS

medium. Scale bar given. (R T Green, personal communication).

R. pomeroyi DSS-3 is easily cultured compared to many of its relatives (Gonzélez and
Moran, 1997), and was the first Roseobacter to be genome-sequenced (Moran et al., 2004). It
has 4,283 genes in a total genome that is 4.1 Mbp in size, and includes a 491 kilo base pair
(kbp) megaplasmid (www.roseobase.org). The original sequencing study identified a number

of genes related to its metabolic profile, as discussed in following chapters.
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1.5.3 The SAR11 Clade

The second of the two groups of a-proteobacteria that are known to metabolise DMSP is the
SAR11 clade, or “Pelagibacteraceae”, belonging to the Order Rickettsiales. These were first
identified by culture-independent approaches, using environmental 16S rRNA sequences
obtained from the Sargasso Sea (Giovannoni et al., 1990). A member of the SAR11 clade
was cultured, with some difficulty, in free-living form (the doubling time of a cell is ca. 29
hours). This species, Candidatus Pelagibacter ubique, has a rod shape with one of the
smallest lengths of any self-replicating cell, at 0.4-0.9 um and a diameter of only 0.1-0.2 pum.
It also has the smallest genome of any free living organism at 1,308,759 bp, and yet these
bacteria are massive in terms of their global population and distribution. There are ca. 10°®
cells of Pelagibacter in the seas, comprising around 50% of cells in the temperate oceans
during summer (Morris et al. 2002; Giovannoni et al., 2005; Thrash et al., 2011). Itis a
scavenger, whose ability to recycle dissolved organic carbon means that it plays a major role
in the Earth’s carbon cycle. Pelagibacter spp. are only known to harbour the genes for DMSP

demethylation at present (see below).

Both of these groups of organisms are important to global DMSP utilisation. However, whilst
the SAR11 clade only demethylates DMSP, many Roseobacters harbour the enzymes
necessary for both forms of DMSP degradation. The pathway that occurs in both
Roseobacters and the SAR11 clade, DMSP demethylation, is a good starting point to examine

these systems in more detail.

1.6 DMSP demethylation

The predominant pathway of DMSP catabolism, which accounts for approximately 70% of
the globally consumed DMSP, occurs through the “demethylase pathway” (Figure 1.5; Kiene,
1996; Kiene et al., 1999; 2000). The discovery of DMSP demethylation began with the
observation by Mopper and Taylor (1986) that methane thiol (MeSH) and methyl

mercaptopropionate (MMPA) were the dominant thiols present in anoxic marine intertidal
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sediments, and that these sediments specifically produced MMPA and MeSH when amended
with DMSP (Kiene et al., 1988; Taylor and Visscher, 1996; Gonzélez et al., 1999).

Tracer experiments on the catabolic fate of *°S labelled DMSP, showed that 15-40% of
DMSP in natural populations of bacterioplankton from subtropical and temperate marine
waters was incorporated into macromolecules, via conversion of MeSH to methionine, and it

was inferred that this was via the demethylation route (Kiene and Service, 1991).

Although there had been several suggestions for the pathway(s) of DMSP demethylation, it is
only recently that a combination of biochemistry and genetics has generated what appears to
be the definitive pathway, at least in one strain, namely the model Roseobacter, Ruegeria

pomeroyi DSS-3.

1.6.1 DmdA

The first gene found to have a role in the demethylation pathway was dmdA, encoding a
DMSP demethylase enzyme, DmdA (Howard et al., 2006). A Ruegeria pomeroyi DSS-3 Tn5
transposon mutagenesis library was screened for mutants that were unable to produce MeSH,
but could still release DMS. The DNA from one such mutant was sequenced out from the
transposon site and the gene identified as SPO1913. Complementation assays confirmed that
the gene product was responsible for the DMSP to MeSH phenotype, and cell extract assays

narrowed this down to the first step in the reaction, that of DMSP demethylation to MMPA.

Bioinformatic analysis of DmdA placed it within a family of glycine cleavage proteins (EC
2.1.2.10), exemplified by the GevT of E. coli (Stauffer et al., 1993; Moran et al., 2004).
DmdA also shares domains with dimethylglycine oxidase and sarcosine oxidase, but exhibits
greatest homology with the glycine cleavage system (Schuller et al., 2012). There is a ~25%
identity between homologues of DmdA and other members of the GevT family (e.g. E. coli)
and phylogenetically, the DMSP demethylases form a distinct out-group (Reisch et al., 2008).

A common characteristic among these enzymes is the requirement for a tetrahydrofolate
(THF) co-factor. In the case of DmdA, this involves the transfer of the S-methyl group from

DMSP to THF, to form 5-methyl THF and MMPA, as noted in Candidatus Pelagibacter
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ubique and Ruegeria pomeroyi (Reisch et al., 2008). Interestingly, this co-factor differs from
other enzymes in the GcvT family, whose reactions involve the production of 5,10-
methylene-THF (Schubert et al., 2003). The use of THF as a cofactor is discussed in more
detail in chapter 6.

1.6.2 DMSP demethiolation

It had been thought that two mechanisms may exist for the subsequent catabolism of the
MMPA produced from DMSP demethylation. The first is via a second demethylation, which
converts MMPA to 3-mercaptopropionate (MPA), as noted in anoxic marine sediment (Kiene
and Taylor, 1988; Visscher et al., 1992; Visscher and Taylor, 1994). However, there is
limited evidence for the physiological significance of this pathway in aerobic marine surface

waters.

The second proposed, but non-ratified, pathway is known as demethiolation and, crucially,
allows the siphoning of DMSP into central metabolism, and as a precursor to amino acids via
conversion of MeSH (Kiene et al. 1999, 2000). The pathway involves a fatty acid -
oxidation-like reaction, in order to produce MeSH, acetaldehyde, CO, and CoA (Figure 1.5;
Reisch et al., 2011a; 2011b; see chapters 5 and 6). These products can then be easily shuttled
into systems such as amino acid synthesis (methionine) and central metabolism (the citric
acid cycle). These successive steps are carried out by the DmdB, DmdC and DmdD enzymes,

recently characterised in Ruegeria pomeroyi DSS-3 (Reisch et al., 2008; 2011a; 2011b).

1.6.3 DmdB/DmdC/DmdD

DmdB (the product of R. pomeroyi gene, SPO2045) is an ATP dependent enzyme, originally
labelled as a fatty acid CoA ligase, which forms an MMPA-CoA thioester from MMPA. The
FAD-dependent enzyme DmdC (SPO3804 in R. pomeroyi) converts this to
methylthioacryloyl-CoA (MTA-CoA). Finally, the crotonase-like DmdD (encoded by
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SP03805) completes the reaction by demethiolating MTA-CoA to CoA, CO, and MeSH
(Figure 1.5).

The transcript levels responsible for the three enzymes were seen to increase in response to
DMSP or MMPA, and mutations in dmdA, dmdB, dmdC or dmdD of R. pomeroyi abolished
DMSP-dependent production of MeSH (Howard et al., 2006; Reisch et al., 2011a; 2011b).
Interestingly, the dmdC™ mutant was able to grow well on DMSP as a sole C source, and a
dmdD™ mutant was inhibited for growth on the same substrate. Thus, it is likely that products
of DMSP cleavage are sufficient for growth of R. pomeroyi in the absence of MMPA, and it
seems that the MTA-CoA intermediate may be toxic, given its accumulation in the dmdD"
mutant. Excitingly, this also implies that MMPA may be used for growth in a pathway
independent of DMSP demethylation, and this will be explored further in chapters 5 and 7.
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Figure 1.5 DMSP demethiolation pathway in Ruegeria pomeroyi
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Enzymes given with relevant “SPO” gene number. DMSP is first demethylated to MMPA by
DmdA, using tetrahydrofolate as a cofactor. An MMPA-CoA thioester is then formed, with the
concomitant consumption of ATP and production of AMP. The MMPA-CoA is then
dehydrogenated to an enoyl-CoA intermediate, MTA-CoA. This is then hydrated, releasing
MeSH, CoA, CO, and acetaldehyde, which is then oxidized to acetic acid by acetaldehyde
dehydrogenase. From Reisch et al., 2011b.
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1.6.4 Distribution of the dmd genes

DmdA is almost exclusively found in the SAR11 bacteria and in the Roseobacters, with a
high level of conservation at the amino acid level among most of these homologues, with
weaker matches in the y-proteobacterium, HTCC2080 and a newly discovered member of the
SAR116 clade (Howard et al., 2006; 2008; Reisch et al., 2008, Varaljay et al., 2010).

The distribution of the secondary dmd genes is curious, with dmdB and dmdC being present
in all 36 dmdA-possessing organisms in the genomic database, but also in several species that
lack DmdA, including many B- and y-proteobacteria; representatives of these bacteria
produced MeSH from MMPA (Reisch et al., 2011b), implying that there are alternative
sources of MMPA that do not originate from DMSP catabolism.

The DmdD enzyme appears to be significantly less abundant than the other enzymes. A
BLASTp interrogation of the Global Ocean Sampling (GOS) database, which is a
metagenomic database of environmental DNA samples taken from the world’s oceans (Rusch
et al., 2007), only retrieved 16 weak homologues. DmdD may be replaced by non-
orthologous iso-functional enzymes in other organisms, given the activity of this pathway in
R. lacuscaerulensis, which possesses DmdB and DmdC, but not DmdD (Reisch et al.,
2011b).

1.7 The DMSP lyases

Although the DMSP demethylation pathway may account for the majority of the degradation
of DMSP in the natural marine environments, and the dmdA gene is very widespread in
marine metagenomic data bases, this pathway does not release the environmentally influential
gas, DMS. For many years, it was thought that this volatile was formed by a cleavage of the
DMSP by an enzyme known generically as DMSP lyase, which would form acrylate as the
other, C3 catabolite.

However, it is only thanks to recent genetic work that has extended earlier physiological and

biochemical work that we have a clear idea of the mechanisms and the pathways that are

36



M. Kirkwood Chapter 1: General Introduction 2012

involved. As seen below, these newer studies have ratified previous thinking in some cases,
but in others, there have been some unexpected outcomes. To a large extent, this is because
there has been a wholly unexpected degree of diversity, with different microbes (some of
which were wholly unanticipated) using a range of different enzymes and generating a

collection of different intermediate catabolites.

The overall phenotype that describes the breakdown of DMSP with the concomitant
liberation of DMS has been termed Ddd* (DMSP-dependent DMS). Thanks to work in the
UEA lab, no fewer than six different “primary” Ddd enzymes have been shown to mediate
the cleavage of DMSP, and many other polypeptides and the corresponding genes have been
shown to be involved in such ancillary functions as the transport of the DMSP substrate into
the cells, the regulation of the expression of the ddd genes, in the catalysis of subsequent,
downstream catabolic steps and even in the protection of the cell against damage inflicted by

one of the intermediate catabolites.

The isolation and characterisation of these six different ddd genes, namely dddD, dddL,
dddP, dddQ, dddw and dddY followed a standard approach, as follows. First, either novel
strains of DMSP-catabolising bacteria were isolated, or known strains with this ability were
obtained from other labs or culture collections. Next, genomic libraries of such strains were
made in a wide host-range cosmid vector. These cosmids in this library were then introduced
into an appropriate bacterial host strain that does not catabolise DMSP and screened for
transconjugants that either cleaved DMSP to release DMS (Ddd" phenotype) and/or which
grew on DMSP as sole carbon source. These genes would then be localised by sub-cloning
and/or mutagenesis. The availability of genomic sequences of bacteria that are known to
catabolise DMSP was exploited to search for the presence or absence of the various ddd
genes. Once identified, the selected microbes were examined for those that contain
homologues of the ddd genes already identified as above and confirmed that these can cleave
DMSP even if they had hitherto not been suspected of having this ability. This cycle was then
repeated for those cases where it was known that a given strain had a Ddd" phenotype, but its

genome lacked any of the previously identified ddd genes.

The features of these six primary genes and their products are now presented, with the

exception of DddW, which is a result of the work described in chapter 4.
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1.7.1 DddD

The first ddd gene was discovered in the y-proteobacterium, Marinomonas sp. MWY'L1,
isolated from the rhizosphere of the salt marsh grass Spartina anglica, on the basis of its
ability to grow well on DMSP as sole carbon (C) source (Todd et al., 2007). A fosmid library
of this strain was introduced into E. coli and screened for a Ddd™ phenotype using gas
chromatography. This identified two transcriptional units that were responsible for DMS
release in Marinomonas (see below; Figure 1.6). It was shown that both dddD and the
divergently transcribed dddTBCR were required for a Ddd" phenotype in Marinomonas itself,
but that, dddD alone conferred a Ddd" phenotype to E. coli if the cloned gene was expressed

from an active ectopic promoter (Todd et al., 2007).

The DddD polypeptide belongs to the Class Il CoA-transferases and shares homology with
CaiB of E. coli. CaiB is involved in an anaerobic respiratory pathway, transferring CoA to the
amino acid carnitine, which is used as an electron acceptor (Eichler et al., 1994; Elssner et
al., 2001). CaiB is a homodimer whose individual polypeptides are approximately half the
size of the DddD polypeptide. Interestingly, DddD comprises two repeated CaiB-like
domains with a short linker region (Rangarajan et al., 2005; Todd et al., 2007) suggesting
that DddD acts as a form of “intra-molecular dimer”. This would allow it to transfer CoA to
DMSP from an acyl-CoA donor before the release of DMS, and would result in an acyl-CoA
intermediate prior to the DMS releasing step (Todd et al., 2007). Unfortunately, no in vitro

study of DddD has confirmed this mechanism.

1.7.1.1 Distribution of DddD

Following the discovery of DddD in Marinomonas sp. strain MWYL1, further Ddd" strains
were identified by growth on DMSP as a sole C source. Thus, Curson et al. (2010) isolated
two species of y-proteobacteria from the gut of the Atlantic herring, Clupea harengus which
possessed the dddD gene. These species, Pseudomonas strain J465 and Psychrobacter strain
J466, were found to possess homologues of closely linked ddd genes that resembled those in

Marinomonas sp. strain MWYLL1 (Figure 1.6 and see below).
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Using bioinformatics as a form of gene mining, close homologues of DddD were found in
silico using BLAST analysis. In addition to matches to other species of Marinomonas (>90%
identity at peptide level) and another y-proteobacterium, Oceanimonas doudoroffii, there
were also homologues of DddD in certain members of the a-proteobacteria, namely the
Roseobacters, Sagittula stellata E37, Hoeflea phototrophica DFL-43, Dinoroseobacter
shibae DFL 12, Rhodobacterales sp. KLH11 and Ruegeria pomeroyi DSS-3 (Johnston et al.,
2008; Todd et al., 2010; Curson et al., 2011a). Interestingly, DddD also appeared in other
“terrestrial” strains. These included the a-proteobacterium Rhizobium NGR234, which is a
particularly unusual strain, in that it nodulates a wide range of hosts, including Parasponium,
which is a non-legume plant (Trinick, 1973). Another homologue was found in the B-
proteobacterium, Burkholderia cepacia AMMD, which is present in the rhizosphere of many
angiosperms (Ramette et al., 2005). The two latter examples were shown not to be able to
grow on DMSP as a sole C source, but were confirmed to exhibit Ddd™ phenotypes when
provided with DMSP and an alternative C source. The DddD-like polypeptides from D.
shibae, Rhodobacterales sp. KLH11 and R. pomeroyi DSS-3 form a distinct out-group from
the other Roseobacter DddD enzymes, being >72% identical to each other, yet only sharing
40% identity with the original Marinomonas peptide. Additionally, mutations into the gene
responsible for this “dddD” gene in R. pomeroyi (SPO1703) had no discernible effect on
DMSP dependent DMS production and quantitative real time PCR (qRT-PCR) analysis of
dddD illustrated low (if any) expression of its messenger RNA (Todd et al., 2011).

The presence of DddD in these organisms almost certainly arose via Horizontal Gene
Transfer (HGT) between the lineages (Todd et al., 2007). Indeed, an inter-Domain HGT
event may even have occurred between bacteria and the coccolithophore, Emiliania huxleyi,
which has a deduced polypeptide with ~30% identity to Marinomonas DddD (Curson et al.,
2011a).
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1.7.1.2 DddD in Halomonas HTNK1

Although many of the DddD-containing bacteria, (notably the y-proteobacteria) grew well on
DMSP, they did not grow on acrylate as sole C source. Initially, this was surprising because
the generally accepted view was that DMSP lyase generated acrylate as the initial, C3
catabolite. It was therefore surprising that none of the DddD-containing organisms (above)
could grow on acrylate as a sole C source. Therefore, a search was made to find a strain that
could grow on both acrylate and DMSP. This led to the isolation from the surface of the
DMSP-producing macroalga Ulva lactuca (sea lettuce), of the y-proteobacterium, Halomonas
strain HTNK1 (Todd et al., 2010) which, like Marinomonas, is in the Oceanospiralleles.

The gene cluster responsible for the growth phenotype in Halomonas was then discovered
using similar methods to Marinomonas, as above. It contains dddD, dddT and dddC
homologues (see below), plus several other genes that had not been seen in the ddd gene
clusters described above (Figure 1.6). Therefore, Halomonas HTNK1 was chosen to
undertake a biochemical study of the fate of DMSP (Todd et al., 2010).

1.7.1.3 The Ddd and Acu enzymes — a mechanism for DMSP or acrylate dependent 3HP

production

As noted, DddD mediates the initial transfer of CoA onto DMSP, and when Halomonas
DddD was expressed in E. coli, it was found that cell-free extracts of the engineered strain
converted DMSP to 3-hydroxypropionate (3HP) plus DMS. Consistent with this, Halomonas
itself could grow on 3HP, the subsequent catabolic steps being mediated by the DddA and
DddC enzymes which, respectively, catalyse the conversion of 3HP to malonate
semialdehyde (MalSA) and the latter to acetyl-CoA (Todd et al., 2007; 2010; Curson et al.
2008; Figure 1.7). Note that Marinomonas MWYL1 does not have a dddA gene but that the
ddd cluster includes dddB, which is conversely absent from that of Halomonas. Both genes
encode an alcohol dehydrogenase enzyme, but belong to different families; DddA and DddB
are thought to bind flavin and Fe, respectively. However, it is thought that they achieve

similar physiological goals.
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Figure 1.6 The dddD/TBCR, dddZ, acuR, acul and dddY genes in
strains of Marinomonas, Halomonas, Alcaligenes faecalis,

Pseudomonas and Psychrobacter
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Gene names given inside arrows. Not to scale. Dashed line indicates break point in cosmid
library.

dddD: DMSP lyase; dddY: DMSP lyase;

dddT: Betaine carnitine choline transport (BCCT) family, DMSP transporter;

dddB, dddA: Flavin containing alcohol dehydrogenase; dddC: methyl-malonate semialdehyde
dehydrogenase;

dddR: LysR-like regulator; dddZ: DddR-like regulator;
acul: acryloyl-CoA reductase (see chapter 5); acuR: TetR-like regulator;

acuN: CaiB-like gene product, crotonobetainyl-CoA / carnitine CoA transferase; acuK: CaiD-
like gene product, crotonobetainyl-CoA hydratase;

ddd: DMSP dependent DMS production; acu: Acrylate utilisation.

Adapted from Todd et al., 2007; Curson et al., 2011b; 2011c.
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Although this explained the pathway for DMSP catabolism, it did not account for the growth
of Halomonas on acrylate. For that ability, two other genes in the ddd cluster are needed.
These acuN and acuK (Acu = acrylate utilisation) genes respectively encode gene products
that resemble the CaiB and CaiD enzymes of E. coli. CaiB forms a homodimeric
crotonobetainyl-CoA / carnitine-CoA transferase, while CaiD is a crotonobetainyl-CoA
hydratase (Elssner et al., 2001). It is hypothesised that 3HP is produced from DMSP or
acrylate via one or more CoA intermediates, through the actions of DddD or AcuN/K,
respectively. Thus, DddD produces DMSP-CoA, and AcuNK produce acryloyl-CoA, 3HP-
CoA and 3HP (Figure 1.7). Importantly, mutations in AcuN or AcuK abolish growth on
acrylate, as found in Alcaligenes faecalis M3A (see below; Curson et al., 2011c).

To recap, DAdD shares homology with the CaiB enzyme and this is reflected in the similar
activities of the two systems. DddD may in fact act as several enzymes at once, carrying out
the initial addition of CoA to DMSP, followed by a hydration, with concomitant DMS
release. An exquisite suggestion is that the 3HP-CoA formed by the actions of AcuNK
enzymes may act as the acyl-CoA donor in the first step of the reaction, creating a self-
perpetuating system (Figure 1.7; Todd et al., 2010). Alternatively, an as yet unknown CoA

donor may be utilised.

42



M. Kirkwood Chapter 1: General Introduction 2012

Figure 1.7 Predicted mechanism of DMSP and acrylate-
dependent 3HP production
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The suggested convergence of the DddD, DMSP lyase and the AcuN/K pathways at a shared
intermediate, 3HP-CoA, before conversion to 3HP is shown. The 3HP-CoA may act as the acyl
CoA donor for the initial addition of CoA to DMSP or acrylate by DddD or AcuN, respectively,
as shown by dashed arrows. From 3HP, there is a conversion to malonate semi-aldehyde
(MalSA), catalysed by very different types of alcohol dehydrogenases — DddA in the case of
(e.g.) Halomonas and DddB in (e.g.) Marinomonas. The MalSA is then converted to acetyl CoA
and CO, via DddC. In organisms that do not contain AcuNK enzymes, such as Ruegeria
pomeroyi, a different catabolic pathway for acrylate is predicted (see chapters 5 and 7). Adapted

from Elssner et al., 2001; Todd et al., 2007; 2010.
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Thus, the ability to grow on DMSP and on acrylate is not due to the conversion of the former

to the latter, but to the independent catabolism of each, converging at 3HP.

Interestingly, some Archaea, such as Metallosphaera sedula contain a pathway known as the
3HP/4-hydroxybutyrate pathway. In this pathway, CO, and acetyl CoA are combined to
produce malonyl-CoA, with this being reduced to MalSA by a NADPH-dependent malonate
semialdehyde dehydrogenase. It is then converted through via 3HP, 3HP CoA and acryloyl-
CoA (Berg et al., 2007; Stines-Chaumeil et al., 2006; Hiigler et al., 2003). This is the reverse
reaction that is predicted to occur in Halomonas HTNKZ1 (Figure 1.7; Todd et al., 2010).

1.7.1.4 DAdD and DMSP Transporters

It was noted that the dddD-containing gene clusters of several y-proteobacteria included one
or more genes that were strongly predicted to encode polypeptides that would import the
DMSP substrate. Strikingly, these were of two very different types, nhamely BCCT-type and
ABC-type, both of which had been shown in other bacteria to import molecules that closely
resemble DMSP.

Thus, the dddD-containing clusters of Halomonas HTNKZ1, Oceanimonas doudoroffii,
Psychrobacter J465 and Pseudomonas J466 include dddT, whose product is a strongly
predicted betaine importer of the BCCT (Betaine, Carnitine Choline Transporter) family.
These are defined by the Transporter Classification Database (2.A.15) as proteins that
transport molecules with quaternary ammonium groups (Saier et al., 2009). They vary in their
mode of transport, but nearly all of them depend on Na* or H* for maintenance of a motive
force. Many also contain osmoregulatory or osmosensory properties (Saier et al, 2009).
BCCT proteins transport DMSP, in addition to its canonical substrates, likely due to the
structural similarity of these compounds (Todd et al. 2010; Sun et al., 2011). DddT expressed
in an E. coli mutant defective in betaine transport conferred the ability to import DMSP. The
flexibility of DddT, as with other BCCTs, was also illustrated by the recovery of growth
when provided with glycine betaine (Todd et al., 2010; Sun et al., 2011).
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In contrast to the examples above, the dddD genes of Burkholderia ambifaria AMMD, and
the a-proteobacteria, Rhizobium sp. NGR234, Rhodobacterales KLH11 and Hoeflea
phototrophica DFL-43, are all clustered with genes that encode ATP-binding cassette (ABC)
transporters, belonging to sub-families involved in proline/glycine betaine transport
(COG2113) and spermidine/putrescine binding transport systems (COGO0687). The ABC
transporters are massively widespread, and comprise a periplasmic binding substrate binding
protein, a membrane-bound transporter and an energy-providing ATP-ase domain (Eitinger et
al., 2011). E. coli and other enteric bacteria were also able to import DMSP and glycine
betaine in response to increased salinity, via a ProU-mediated system (Cosquer et al., 1999).
The ProU transport system, originally discovered in Salmonella typhimurium, imports
betaines such as proline in response to osmotic stress (Cairney et al., 1985; Haardt et al.,
1995).

1.7.1.5 The DddR, DddZ and DddH regulators

In addition to the genes that encode the enzymes for DMSP and acrylate transport and for the

import of DMSP, some regulatory ddd genes have been identified.

Firstly, it was noted that a mutation in dddR of Marinomonas MWYL1 abolished the Ddd*
phenotype. Furthermore, a dddD-lacZ transcriptional fusion was not expressed in the dddR’
mutant strain, whereas in the wild-type background, it was transcribed at high levels, but only
in DMSP-grown cells (Johnston et al., 2008). Consistent with this, the DddR protein
resembles a LysR-type transcriptional activator, a huge family of regulators that activate
expression of their target genes and which, usually, are negatively auto-regulatory (Maddocks
and Oyston, 2008). The DddR protein in Marinomonas is unusual in that it is positively auto-
regulatory, the opposite of most LysR-type regulators (Curson et al., 2011a). This may

induce a positive feedback loop that results in rapid consumption of DMSP upon activation.

The dddR gene is also found in other species, including Pseudomonas J465, which has a
highly similar ddd gene arrangement to that of Marinomonas and also to others, but these are
less similar in sequence (Figure 1.6). A cloned DddR-like gene product in Burkholderia

cepacia AMMD could activate expression of the Marinomonas dddD when expressed
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heterologously (Todd et al., 2007). A less similar homologue of DddR also exists in
Rhizobium NGR234, with an identity of only 25% at the peptide level. Indeed, it was termed
DddZ and predicted to be involved in the regulation of the divergently transcribed dddA-
dddC genes in that strain (Johnston et al., 2008). The dddZ gene became of more interest
when a homologue of DddZ was found in Halomonas HTNKZ1, and the gene encoding it was
found to be divergently transcribed from the dddCA-acuNK-dddT operon, along with another
gene, dddH (Todd et al.,, 2010). The DddH protein is very different from the other two
regulators, belonging to the TetR family of transcriptional regulators. A role for either of

these proteins has yet to be demonstrated directly.

The significant level of HGT that has occurred during the evolution of dddD has resulted in
copies of this gene being present in many different genera of bacteria. The dddD gene
appears to be closely linked to growth on DMSP, being prevalent in bacteria isolated on the
basis of their ability to use DMSP as a sole C source. Many of these organisms are located in
areas of high DMSP concentration, such as corals, seaweeds, marine sediments and the gut of
plankton-eating fish (Curson et al., 2010; 2011a).

The appearance of a non-functional dddD gene in R. pomeroyi suggests a different
physiological role for this enzyme from DMSP-dependent DMS production. R. pomeroyi
DSS-3 already has several DMSP lyases (see later; chapters 4 and 5) and perhaps this form of
DddD is responsible for a reaction involving a substrate similar, but not identical to, DMSP;
for example, the addition of a CoA moiety to a molecule similar to DMSP (Todd et al.,
2011).

Interestingly, some bacterial strains known to cleave DMSP and release DMS were found to
lack any detectable homologues of dddD, so must have possessed an alternative enzyme
(Johnston et al., 2008).
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1.7.2 DddL

As mentioned previously, DMSP can be cleaved to release equimolar amounts of DMS and
acrylate. Following the discovery of the “a-typical” lyase, DddD, I shall now discuss those
enzymes that are involved in the more common and direct, DMSP cleavage reaction, starting
with DddL.

1.7.2.1 Identification of dddL in Sulfitobacter EE-36

One of the bacterial strains that was known to release DMS from DMSP but whose genome
was seen to lack dddD, was Sulfitobacter EE-36, which is a member of the Roseobacter
clade. A cosmid library of this strain was made in the wide host-range cosmid pLAFR3
(Staskawicz et al., 1987) and one cosmid was obtained that conferred a Ddd" phenotype to a
strain of Rhizobium leguminosarum. This was chosen as the heterologous host for two
reasons; like Sulfitobacter it is an o-proteobacterium and, secondly, it has many o-factors,
and so may favour the expression of heterologous genes from other bacteria (Young et al.,
2006). A single gene, dddL, sub-cloned form the original cosmid, was sufficient to bestow a
Ddd" phenotype in E. coli. Importantly, high pressure liquid chromatography (HPLC)
analysis identified acrylate as the C3 compound released from DMSP, in addition to DMS
(Curson et al., 2008). This made DddL the first bona fide DMSP lyase, in the generally
accepted definition of this enzymatic activity. DddL had previously been described as a DUF
(domain of unknown function), but has a C-terminal domain with similarity to cupins
(Curson et al., 2008; Todd et al., 2011; see later). However, Sulfitobacter is unable to grow
on DMSP as a sole C source, a clear distinction from the previously mentioned Marinomonas

strain.

1.7.2.2 Distribution of DddL homologues

By using DddL as a probe in silico, homologues (~50-65% amino acid identity) were found
in other genome-sequenced strains of Rhodobactereceae, namely Rhodobacter sphaeroides

2.4.1, Loktanella vestfoldensis, Oceanicola batsensis HTCC2597, Stappia aggregata, and
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also in Fulvimarina pelagi HTCC2506, in the closely related Aurantimonadaceae family. It

was confirmed that all these strains had a Ddd" phenotype (Curson et al., 2008).

Rhodobacter sphaeroides is a metabolically diverse, purple, non-sulfur bacterium that can
respire through fermentation, anaerobic or aerobic respiration, and can fix molecular N,
(Ferguson et al., 1987). Also, for decades, it has been a model organism for the study of
bacterial photosynthesis (Oh and Kaplan, 2001), but it had never been implicated in DMSP
catabolism

1.7.2.3 The acuR-acul-dddL operon

In most of these strains dddL was in a one-gene operon, but there was one striking exception,
in some strains of R. sphaeroides, in which it was the third gene in a three gene operon
(Figure 1.8). Two strains (2.4.1. and ATCC17029) of Rhodobacter sphaeroides possessed
DddL homologues, which were near-identical to each other and 46% identical to DddL of
Sulfitobacter and both these strains have a Ddd" phenotype. In contrast, a third strain of
Rhodobacter sphaeroides (17025) lacked a dddL gene and, reassuringly, did not cleave
DMSP (Curson et al., 2008). The dddL and neighbouring genes of R. sphaeroides 2.4.1 were
examined in more detail (Choudhary et al., 2007; Curson et al., 2008; Sullivan et al., 2011).

Figure 1.8 Rhodobacter sphaeroides 2.4.1 acuR-acul-dddL genes

15 bp 19 bp

| acul >I dddL >

1 kbp

Approximate scale provided. Gene names shown in arrows. Intergenic gaps given in
base pairs (bp). Adapted from Sullivan et al. (2011).
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The promoter-distal gene dddL, the central gene, acul and a promoter proximal gene, acuR
are in a single transcriptional unit (Figure 1.8). The acuR gene encodes a TetR-like
transcriptional regulator that represses expression of the operon, unless relieved by its co-
inducer molecule acrylate. Although growth of the R. sphaeroides cells in DMSP also
increased the expression of acuRI-dddL, this required its conversion to the authentic inducer,
acrylate, by the DMSP lyase, DddL. However, neither substrate was sufficient for growth of

R. sphaeroides as a sole C source (Curson et al., 2008; Sullivan et al., 2011).

From a regulatory point of view, this operon is of particular interest because its mMRNA lacks
a leader sequence; the 5° end of the transcript coincides with the ATG of acuR and therefore
lacks a ribosomal binding site. This is highly unusual in bacteria, but may account for the low
expression of acuR relative to acul and dddL as measured by their translational but not
transcriptional efficiencies (Sullivan et al., 2011).

Another significant finding from this work was the discovery of the novel gene, acul. Acul
had been (and still is) labelled in the NCBI database as a zinc-dependent alcohol
dehydrogenase, in the medium chain dehydrogenase/reductase (MDR) super-family, which
has >15,000 members, spread over ~500 peptide families (Persson et al., 2008). This label is
a misnomer, as explained further in chapter 5 and chapter 7. Suffice to say here that Acul has
a role in the processing of acrylate in the organisms that harbour it. This was first indicated
by Sullivan et al. (2011), who observed that Acul” mutants of R. sphaeroides 2.4.1 were (a)
more sensitive to the toxic effects of acrylate in the growth medium and (b) reduced in their
ability to undertake partial catabolism of radio-labelled acrylate.

Other genome-sequenced bacteria were known to make DMS from DMSP, and yet these
contained neither dddD nor dddL. Thus, there were yet other versions of DMSP lyase to be
found. One such enzyme was DddP, first identified in a strain of the Roseobacter clade, as

follows.
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