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Abstract

Dimethylsulphoniopropionate (DMSP) is the most abundant organic sulphur molecule in the
oceans. Its breakdown by marine organisms is important for the global cycling of sulphur, and as
a nutrient source for microbial life. In recent years, the molecular basis of DMSP catabolism by
marine bacteria has begun to be unravelled, through the discovery of six different DMSP lyases
and a DMSP demethylase, as well as downstream pathways. From these studies, it is becoming
evident that there is great diversity in the way bacteria breakdown this important molecule. The
work presented here further explores and expands our knowledge of this diversity. | have
identified a novel DMSP lyase (DddK), which catalyses the cleavage of DMSP into acrylate and
dimethyl sulphide (DMS) in the DMS-producing Candidatus Pelgaibacter ubique HTCC1062 -
one of the most prolific bacteria on this planet. | have also shown that the y-proteobacterium
Oceanimonas doudoroffii, which has long been a study species for DMSP catabolism, has no
fewer than three functional DMSP lyases - DddD, DddP1 and DddP2 - this being the first
example of a species outside of the a-proteobacteria having multiple lyases. Additionally, | have
presented a thorough bioinformatics analysis of the occurrence and synteny of genes associated
with DMSP catabolism within sequenced members of the abundant Roseobacter clade, revealing
some interesting patterns which warrant further experimental investigation. Finally, | have
shown that the model marine Roseobacter species Ruegeria pomeroyi DSS-3 is able to use
DMSP-derived acrylate as a sole carbon source via a fatty acid biosynthesis route, linked to

propionate catabolism.
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1.1 Dimethylsulphoniopropionate

Dimethylsulphoniopropionate (DMSP) is a tertiary sulphonium zwitterion (Figure 1.1) produced
in marine environments, mostly by photosynthetic eukaryotic organisms. It is a hugely abundant
compound, with estimates of its production reaching 1 billion tonnes annually; indeed, it is the
greatest single source of bio-organic sulphur in the world’s oceans (Kettle and Andreae, 2000).
In a biogeochemical sense, DMSP is also important as a precursor to the gas dimethyl sulphide
(DMS), which is the major source of sea-to-land organic sulphur flux. Importantly, DMSP also
acts as a valuable source of carbon for marine micro-organisms. It has been shown that DMSP
accounts for 1-13% of bacterial carbon demand in surface waters, making it one of the most
important single substrates for bacterioplankton identified so far (Kiene et al., 2000).

CHs

Dimethylsulphoniopropionate

Figure 1.1 Chemical structure of DMSP

The production of DMSP has been confirmed in many species of marine phytoplankton and
macro-algae and a few angiosperms, which mostly reside in or near marine environments. The
only animals known to produce DMSP are corals of the genus Acropora (Raina et al., 2013).
Several different functions of DMSP in these organisms have been proposed, including that of an
osmoprotectant, an antioxidant and an anti-stress molecule, and these will be described in detail

later.
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1.2 Biosynthesis of DMSP

Organisms that can synthesise DMSP are taxonomically diverse. They include species of uni-
and multi-cellular algae, angiosperms, corals and phototrophic bacteria. The common link
between all of these organisms is their habitat. With only a few exceptions, all are marine-based

life-forms.
1.2.1 Algae

The most important producers of DMSP are phytoplankton including the Dinophyceae
(Dinoflagellates), Prymnesiophyceae (including Coccolithophorids) and Chrysophyceae and
Bacilloariophyceae (Diatoms). Within the Dinoflagellates, intracellular levels of DMSP vary
greatly between species (Caruana and Malin, 2014) from 0.003 mM in Pfiesteria piscicida to a
remarkable 7 M in Symbiodinium sp., a symbiont of corals (Broadbent et al., 2002). Of all
studies to date, the median intracellular concentration of DMSP in dinoflagellates is 167 mM
(Caruana and Malin, 2014).

The most studied species of the Prymnesiophyceae class are Phaeocystis sp. and the
coccolithophore Emiliania huxleyi, due to their ability to form massive algal blooms, which have
been associated with an increase in the production of dimethyl sulphide (Gibson et al., 1990;
Levasseur et al., 1996). In Phaeocystis sp., intracellular DMSP levels can accumulate to 150 mM
(Stefels and Boekel, 1993), while E. huxleyi also has high values, ranging from 50 to 250 mM
(Steinke et al., 1998).

Some species of multicellular macro-alga have also been reported to produce DMSP, including
Chlorophytes Ulva lactuca (Greene, 1962; Van Alstyne et al., 2007) and Ulva (previously
Enteromorpha) intestinalis (Gage et al., 1997). The red alga Polysiphonia fastigiata also
produces DMSP, and is the organism which led to the discovery of DMSP as a precursor of
DMS (Challenger and Simpson, 1948).

1.2.2 Angiosperms

DMSP is also produced in a few angiosperms, that reside in marine environments. These include
grasses of the genera Spartina (salt marsh grass) (Larher et al., 1977; Dacey et al., 1987) and the
dicotyledon Wollastonia biflora, known colloquially as the beach sunflower (Hanson et al.,
1994). Four species of Spartina have been confirmed to produce DMSP, namely S. alterniflora,
S. maritime, S. anglica (a hybrid of the first two species), and S. foliosa (Otte et al., 2004), but
interestingly, others (e.g. S. cynosuroides and S. patens) do not despite living alongside some of
the DMSP-producing species (Otte and Morris, 1994). DMSP can accumulate to high
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concentrations in producing plants (up to 250 pmol g dry weight) indicating that it plays an

important role in these organisms (Otte et al., 2004).
1.2.3 Corals

High concentrations of DMSP and DMS have been shown to be associated with coral reefs
(Broadbent et al., 2002; Broadbent and Jones, 2004), but until recently, it was assumed that the
producer of DMSP in this environment was exclusively Symbiodinium, an intracellular
dinoflagellate symbiont of coral. It has now been shown that two species of coral (Acropora
millepora and A. tenuis) are able to produce DMSP in the absence of any algal symbionts (Raina
et al., 2013). This exciting research revealed that DMSP production is not restricted to

photosynthetic organisms, as previously thought.
1.2.4 Cyanobacteria

DMSP has been measured in some species of marine unicellular and filamentous cyanobacteria,
although concentrations were very low compared to those found in marine algae (Vogt et al.,
1998). It is thought therefore that marine cyanobacteria are relatively minor producers of DMSP.

1.3 Pathways of DMSP Biosynthesis

Considering the importance of DMSP, and the vast amount of research into its presence and
function in marine organisms, surprisingly little work has been done on elucidating the
molecular and genetic mechanisms behind its production. As yet, not a single gene involved in
DMSP biosynthesis has been confirmed in any organism. However, four different pathways to
DMSP synthesis have been proposed in the angiosperms Wollastonia biflora, Spartina
alterniflora, the macroalgae Ulva intestinalis and the dinoflagellate Crypthecodinium cohnii.
These studies showed that in all cases the starting material in the dedicated pathways for DMSP
synthesis is methionine, but the way in which this occurs varies between the different organisms

(see Figure 1.2).

1.3.1 DMSP biosynthesis in Wollastonia biflora

As shown by Hanson et al. (1994), the first step in the synthesis of DMSP from methionine in
W. biflora is the S-adenosyl methionine-dependent methylation of methionine to form S-methyl-

methionine (SMM). The methyltransferase responsible for this step has been purified and shown
to be a homo-tetramer of 115 kDa subunits (James et al., 1995a). The resultant SMM is likely

converted to DMSP-aldehyde by successive transamination and decarboxylation steps, although
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no intermediates in this step have been identified (James et al., 1995b). These steps could be
carried out by one enzyme with dual functionality, or a closely coupled transamination-
decarboxylase complex (Rhodes et al., 1997). Finally, the DMSP aldehyde is oxidised to DMSP
(Figure 1.2) by an NAD-dependent dehydrogenase, which has also been purified from W.
biflora. Interestingly, the DMSP-aldehyde dehydrogenase activity was recovered from the
chloroplast stromal fraction, whereas the SMM:methionine S-methyltransferase activity was
found in the cytosolic fraction, suggesting SMM is produced in the cytosol, before transportation
to the chloroplast for conversion to DMSP (Trossat et al., 1996a, b; Trossat et al., 1998).

1.3.2 DMSP biosynthesis in Spartina alterniflora

A different, though related, pathway was identified in S. alterniflora. It differs from the W.
biflora pathway in that a 3-dimethylsulphoniopropylamine (DMSP-amine) intermediate is
produced from SMM (Kaocsis et al., 1998). The enzymes catalysing the SMM - DMSP-amine
- DMSP-aldehyde route are predicted to be an S-methyl-methionine decarboxylase, and a
DMSP-amine oxidase (Kocsis and Hanson, 2000) (Figure 1.2).

1.3.3 DMSP biosynthesis in Ulva intestinalis

A third and entirely distinct pathway was discovered in the macroalga U. intestinalis. The
intermediate 4-methylthio-2-oxobutyrate (MTOB) is produced from methionine via a
transamination step. MTOB is then reduced to 4-methylthio-2-hydroxybutyrate (MTHB) in an
NADPH-dependent reaction, and MTHB is methylated to form 4-dimethylsulphonio-2-
hydroxybutyrate (DMSHB). Finally, DMSHB is oxidatively decarboxylated to DMSP (Gage et
al., 1997) (Figure 1.2). Enzymes catalysing the first three steps of this pathway were partially
purified and characterised as a 2-oxoglutarate-dependent aminotransferase, an NADPH-linked

reductase and an S-adenosylmethionine-dependent methyltransferase (Summers et al., 1998).

1.3.4 DMSP biosynthesis in Fragilariopsis cylindrus

More recently, a proteomics study was carried out using the sea-ice diatom Fragilariopsis
cylindrus (Lyon et al., 2011). The study found that intracellular DMSP concentration increased
under hyper-saline conditions, along with a number of proteins which were identified by mass
spectrometry. Five of these enzymes were predicted to be involved in the DMSP synthesis
pathway, as they fitted in with the existing Ulva intestinalis model. These were an
aminotransferase, a reductase, an S-adenosylmethionine-dependent methyltransferase and two
decarboxylases. Interestingly, three of the enzymes had a chloroplast targeting sequence motif.

The presence of these motifs hints at the possibility that, like in Wollastonia (see above), at least
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part of DMSP synthesis takes place in the chloroplast. Importantly, this study provided the first
candidate genes for a DMSP synthesis pathway, which are currently under investigation.
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Figure 1.2 DMSP biosynthesis pathways in angiosperms, algae and dinoflagellates.
Proposed DMSP biosynthesis pathways for Wollastonia biflora (blue arrows), Spartina
alterniflora (green arrows), marine alga Ulva intestinalis and the diatom Fragilariopsis
cylindrus (orange arrows) and the dinoflagellate Crypthecodinium cohnii (purple arrows). The

chemical reactions are labelled for each pathway. SMM, S-methylmethionine; DMSP,
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dimethylsulphoniopropionate; MTOB, 4-methyl-2-oxobutyrate; MTHB, 4-methyl-2-
hydroxybutyrate; DMSHB, 4-dimethylsulfonio-2-hydroxybutyrate; MTPA,

methanethiolpropanamine; MMPA, methylmercaptopropionate.

1.3.5 DMSP biosynthesis in dinoflagellates

The DMSP biosynthesis pathway described for the dinoflagellate Crypthecodinium cohnii is
significantly different from those of the angiosperms and algae. Although the starting point is L-
methionine, this is then decarboxylated to methanethiolpropanamine (MTPA) and subsequently
converted to methylmercaptopropionate (MMPA) through oxidative decarboxylation. Finally,
MMPA is methylated to produce DMSP (Kitaguchi et al., 1999) (Figure 1.2).

1.4 Functions of DMSP

Although DMSP is abundant in the marine environment, its exact role in the organisms which
produce it is not known. Several different functions have been proposed, based on correlative

evidence and these are presented below.

1.4.1 DMSP as an osmoprotectant

In environments of high, or fluctuating salinity, there is a need for organisms to produce
osmotically active solutes, which are compatible with metabolism. Since DMSP is almost
exclusively produced in such environments, an attractive explanation is that DMSP plays a role
in osmotic balance. Indeed, DMSP is a sulphonium analogue of the well-known compatible
solute, glycine betaine (see Figure 1.3). Both glycine betaine and DMSP have been shown
directly to enhance the salinity tolerance of E. coli at nanomolar levels, likely due to the
presence of a high affinity osmoporter, ProU which could transport DMSP and glycine betaine
(Cosquer et al., 1999).

However, studies carried out in DMSP-producing organisms are less convincing. In some cases
it was found that intracellular DMSP concentrations increased with salinity, for example in the
coccolithophore Hymenomonas carterae (Vairavamurthy et al., 1985), and the diatom
Cylindrotheca closterium (Van Bergeijk et al., 2003). Dacey et al. (1987) also noted a positive
correlation between sediment salinity and the concentration of DMSP in the leaves of Spartina

alterniflora. However, other studies have reported no effect of salinity on DMSP concentration

7
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in this plant (Otte and Morris, 1994; Colmer et al., 1996). The best evidence to date that DMSP
acts as an osmoprotectant is the study carried out in F. cylindrus, which showed an 85% increase
in intracellular DMSP concentration (from ~15 mM to ~28 mM) when the diatom was gradually

shifted from low to high salinity (Lyon et al., 2011).

O 0
e
\\S+/\)ko- AN .

DMSP Glycine betaine

Figure 1.3 Structures of DMSP and glycine betaine

1.4.2 DMSP as an antioxidant

Another possible function of DMSP is as a scavenger of hydroxyl radicals and other reactive
oxygen species (ROS). Studies in marine unicellular algae have shown that cellular DMSP
concentrations and DMSP lysis increase in response to a range of oxidative stressors. For
example, in E. huxleyi, UV radiation, CO, limitation or exposure to high levels of Cu** and H,0,
all resulted in elevated levels of DMSP or DMS. The same was true for the coastal diatom
Skeletonema costatum under iron-limiting conditions, and T. pseudonana in both iron and CO;

limiting conditions (Sunda et al., 2002).

In S. alterniflora, applied oxidative stress did not result in elevated DMSP levels, but it did cause
an increase in DMSP oxidation to dimethylsulphoxide (DMSO), which can scavenge ROS
(Husband et al., 2010).
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1.4.3 DMSP as a herbivore grazing deterrent

There is some evidence to suggest that DMSP or its cleavage products, DMS and acrylate, act as
grazing deterrents. When presented with five different strains of E. huxleyi, all with varying
levels of DMSP lyase activity, protozoan grazers avoided those strains with high DMSP lyase
activity (Wolfe et al., 1997). However, it was noted in a separate study that the addition of
DMSP reduced grazing on E. huxleyi by protozoa, but that the breakdown products (DMS and
acrylate — see below) had no effect (Strom et al., 2003). In a study on different macroalgae (both
Chlorophytes and Rhodophytes) DMSP was seen to act as a feeding attractant to species of sea
urchin, whereas acrylic acid deterred feeding. Conversely, an isopod was not deterred by acrylic
acid (Van Alstyne et al., 2001). From these studies it seems that the effectiveness of DMSP as a

grazing deterrent may depend on both the DMSP producer and the herbivore species.
1.4.4 DMSP as a cryoprotectant

The observation that concentrations of DMSP in some Chlorophyceaen species from Antarctic
regions are much higher than Chlorophyceaen species from temperate environments has led to
the suggestion that DMSP acts as a cryoprotectant (Karsten et al., 1990). Indeed, DMSP was
found to stabilize the enzyme phosphofructokinase at low temperatures (Nishiguchi and Somero,
1992). Later, it was shown for Acrosiphonia arcta that its malate dehydrogenase and lactate
dehydrogenase activities were stabilised by DMSP at low temperatures and during freeze-
thawing, respectively, and lactate dehydrogenase activity was even increased by the addition of
DMSP (Karsten et al., 1996).

1.5 Environmental fate of DMSP

It has been estimated that 1 billion tonnes of DMSP are produced every year in the world's
oceans (Kettle and Andreae, 2000). Measurements of the typical concentration of DMSP in
seawater are patchy, but are usually in the range of 1-2 nM, which can increase dramatically to
several micro-molar during algal blooms (van Duyl et al., 1998) or around coral reefs
(Broadbent and Jones, 2004). This is due to the disruption of the cells of DMSP-producing
organisms, for example by viral lysis, herbivore grazing, or senescence (Wolfe et al., 1994;

Bratbak et al., 1996), at which point DMSP is released into the surrounding environment.

An important study by Kiene et al. (2000) used *S-tracer studies to examine the biochemical
fate of DMSP in samples of oceanic and coastal waters. The investigation revealed that DMSP is
rapidly degraded in seawater, and that sulphur from this molecule enters three major pools:

particulates, dissolved non-volatile degradation products (DNVS) and volatiles. An average of
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9% ended up as volatiles, and the majority of this was methanethiol (MeSH). Further
investigation revealed that the sulphur from MeSH was incorporated into cellular
macromolecules. A longer-lived volatile was dimethyl sulphide (DMS), which had a relatively

slow turnover compared to DMSP and MeSH.

These two volatiles have served as indicators of different pathways of DMSP degradation in
marine organisms. Thus the production of methanethiol from DMSP is attributed to the DMSP
demethylation pathway, whereas DMS production may indicate the presence of a DMSP
cleavage pathway. However, it is important to consider that DMS can also be produced from
MeSH via a methylation step, so the mere production of these volatiles from DMSP is not truly

enough to confirm the presence of either pathway.

In recent years, much work has been carried out on the molecular basis of DMSP-dependent
DMS and MeSH production, mostly by the UEA lab, and Mary Ann Moran's group at the
University of Georgia. Although these studies focussed on DMSP degradation in bacteria, other
organisms also can degrade DMSP. For example, the coccolithophore E. huxleyi and the green
alga Enteromorpha clathrata both have been shown to produce DMS from DMSP (Franklin et
al., 2010; Steinke and Kirst, 1996). However, much more is known about the genetics of DMSP
catabolism in bacteria, and while eukaryotic organisms are the major producers of DMSP, it is
thought that bacteria are largely responsible for the further breakdown of this molecule (Kiene,
1992). For this reason, the following presentation on DMSP degradation will focus on pathways
found in bacteria.
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Figure 1.4 Simplified transformations of DMSP and DMS. Once produced by marine

eukaryotic organisms, DMSP can be catabolised by some producing organisms to DMS, or it is
released into the environment upon rupture of the cells, for example by herbivory, viral lysis,
stress or senescence. DMSP can then be taken up by bacteria and catabolised either to produce
DMS and acrylate or 3-hydroxypropionate (3-HP), or demethylated to
methylmercaptopropionate (MMPA). DMS can be further catabolised by bacteria to
dimethylsulphoxide (DMSO) or methanethiol (MeSH), or released into the atmosphere, where
its oxidation products form cloud condensation nuclei (CCN). In the form of precipitation, the
sulphur from DMS s returned to land, thus contributing to the global sulphur cycle.
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1.6 DMSP demethylation

One pathway of DMSP degradation occurs via the initial removal of a methyl group from
DMSP, resulting in the production of methylmercaptoproionate (MMPA). It is thought that this
route accounts for ca. 70% of the global degradation of DMSP (Kiene et al., 2000). Importantly,
the resultant MMPA can be further catabolised to methanethiol (MeSH) which is a major source
of sulphur for bacterial protein synthesis (Kiene et al., 1999). The production of MMPA and
MeSH from DMSP was discovered over 25 years ago, in studies of anoxic marine sediment
(Kiene et al., 1988), but, despite its importance, the exact pathway and its genetics were not

uncovered until very recently.
1.6.1 DmdA — discovery of the DMSP demethylase and the corresponding gene

The gene encoding the first enzymatic step in DMSP demethylation, and indeed any DMSP
catabolic pathway, was discovered in 2006 in Ruegeria pomeroyi DSS-3, an a-proteobacterium
in the Roseobacter clade of abundant marine bacteria (see below). As shown by Gonzalez et al.
(1999), this strain can produce MeSH as one of the end-products of the DMSP demethylation
catabolic pathway. Using a colorimetric screen, Howard et al. (2006) obtained a mutant, from a
transposon-based mutant library, which failed to make MeSH when the cells were grown in the
presence of DMSP. The mutation was mapped to a single gene, namely SPO1913, which was
termed dmdA.

The dmdA gene encodes a glycine cleavage-T family protein and, using the purified enzyme,
was shown directly to demethylate DMSP to MMPA, using tetrahydrofolate (THF) as a methyl
acceptor. Although it appears to have a strict substrate specificity for DMSP, it has a surprisingly
high Ky, (5.4 mM). However, R. pomeroyi can accumulate intracellular DMSP concentrations as

high as 70 mM from an external concentration of just 1 mM (Reisch et al., 2008).

1.7 Downstream steps in the DMSP demethylation pathway

Having identified the initial enzyme, and gene, in the DMSP demethylation pathway, Moran's
group began to investigate the subsequent degradation of MMPA. In an attempt to identify the
genes and corresponding enzymes that catalyse the rest of the demethylation pathway, they
focussed on a hypothetical demethiolation pathway, whereby MMPA would be degraded via a
coenzyme A dependent cycle of fatty acid p-oxidation (Bentley and Chasteen, 2004).
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1.7.1 The MMPA demethiolation pathway enzymes DmdB, DmdC, and DmdD

Since the focus was on a pathway involving coenzyme A intermediates, enzymes with MMPA.-
CoA ligase activity were purified from cell extracts of R. pomeroyi (Reisch et al., 2011). One of
the four remaining enzymes following purification was identified as a medium-chain fatty acid
CoA ligase. The gene encoding this enzyme, SPO2045, was cloned into an expression vector and
confirmed to have MMPA-CoA ligase activity in E. coli. This gene was designated dmdB.
Interestingly, a DmdB™ mutant strain of R. pomeroyi still retained a reduced level of MMPA-
CoA ligase activity, which was attributed to the presence of a second dmdB in DSS-3 (SPO0677)
(see Chapter 5).

The remaining steps of the pathway were identified using incubations of R. pomeroyi crude cell
extracts with MMPA-CoA which resulted in the production of methylthioacryloyl-CoA (MTA.-
CoA), and separate incubations with MTA-CoA, which released MeSH and free CoA. The
enzyme catalysing the release of MeSH from MTA-CoA was purified and identified as an enoyl-
CoA hydratase encoded by SPO3805. In the genome, SPO3805 is located immediately upstream
of SPO3804 which was cloned and shown to encode the enzyme responsible for the production
of MTA-CoA from MMPA-CoA. The genes were named dmdC (SPO3804) and dmdD
(SPO3805) (Reisch et al., 2011). Thus one pathway of MeSH production from DMSP in R.
pomeroyi occurs via MMPA-CoA and MTA-CoA, summarised in Figure 1.4.

Interestingly, although mutations were made in all of the downstream dmd genes, the mutants
were not assayed for production of MMPA-dependent MeSH production, so the contribution of
each of these genes to the production of MeSH from MMPA is not known. Nor is the overall
flux through this pathway, compared to other, very different ways in which this strain — and

other Roseobacters — can catabolise DMSP (see below).
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Figure 1.5 DMSP demethylation pathway in Ruegeria pomeroyi DSS-3. Enzymes and genes
involved at each step are indicated in boxes. DMSP is demethylated to MMPA in a
tetrahydrofolate-dependent manner by DmdA. MMPA is then converted to MMPA-CoA in an
ATP-dependent reaction mediated by DmdB, and MMPA-CoA is dehydrogenated by DmdC to
produce MTA-CoA. MTA-CoA is hydrated to acetaldehyde by DmdD, releasing MeSH, free
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CoA and CO; in the process. Acetaldehyde can then be oxidised to acetic acid. Figure adapted
from Reisch et al., 2011.

1.8 Distribution of DmdA, DmdB, DmdC and DmdD

Close homologues of DmdA are found in most (though not all — see below) of the genome-
sequenced strains and species of the Roseobacters, a clade of the a-proteobacterial
Rhodobacterales family. It is also seen in two other hugely abundant clades of marine-alphas,
namely Puniceispirillum, and the even more numerous Pelagibacter SAR11s. Indeed, in the
latter group, the corresponding gene was cloned and shown to make a functional enzyme,
though, like that of R. pomeroyi, it had a surprisingly high K, (13.2 mM) in in vitro assays.
DmdA is also present in some marine y-proteobacteria, for example strain HTCC2080 and the
sponge symbiont Thioalkalivibrio sp. HK1 (Figure 1.6).

This widespread distribution of the dmdA gene in two of the most abundant taxa of bacteria
anywhere, underpins the finding that dmdA homologues are so very frequently encountered in
marine metagenomic data bases. Most notably, in the metagenomic Global Ocean Sampling
(GOS) data (Rusch et al., 2007), sufficient numbers of dmdA homologues were found for almost
60% of sampled cells to contain this gene (Howard et al., 2008).

In contrast to DmdA, homologues to DmdB and DmdC are widespread in nature, in marine and
terrestrial environments alike. However, a selection of DmdC enzymes from MeSH-producing
strains have been verified as having MMPA-CoA dehydrogenase activity, and these peptides
form a sub-clade from other acyl-CoA dehydrogenases (Reisch et al., 2011). These included
DmdC from Pelagibacter ubique, Burkholderia thailandensis, Pseudomonas aeruginosa and
Ruegeria lacuscaerulensis, plus two further homologues to DmdC in R. pomeroyi (SPO0298 and
SP02915). Similarly, DmdB from P. ubique and both copies of DmdB from R. pomeroyi have
been verified as functional and they also form a sub-clade from other homologous CoA-ligases
(Reisch et al., 2011).

Unlike DmdC and DmdB, homologues to DmdD are rare, even within those bacteria which
produce MeSH from MMPA.. For example, the closest homolog to DmdD in P. ubique (24%
identity) did not possess MTA-CoA hydratase activity. However, the dmdD-negative strain
Ruegeria lacuscaerulensis, which possesses dmdB and dmdC, was shown to have DmdD
activity, suggesting a non-orthologous isofunctional enzyme may have replaced DmdD, at least
in this bacterium (Reisch et al., 2011).
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The relative abundances of DmdB, DmdC and DmdD homologues are reflected in metagenomic
data. Analysis of the GOS database returned over 6000 homologues to dmdB and dmdC,
indicating they may be present in 61% of sampled cells, whereas only 16 homologues were
found for dmdD (Reisch et al., 2011).
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Figure 1.6 Phylogenetic tree of DmdA polypeptides. Protein sequences of DmdA homologues
were aligned with MEGA 6 and used to estimate an unrooted phylogenetic tree using LG model,

Gamma-Distributed. The scale bar indicates number of substitutions per site. Bootstrap values of
500 replicates are given at the base of each branch pair. Species names are coloured according to

their taxonomic status: a-proteobacteria (red); y-proteobacteria (green).

1.9 Alternative pathways of MMPA degradation

Prior to the study by Reisch et al. (2011) described above, it was thought that MMPA produced
from DMSP was either demethylated further to 3-mercaptopropionate (3-MPA) or demethiolated
to produce MeSH. The latter route could occur via a simple elimination reaction, or reductive
cleavage step, yielding acrylate or propionate respectively as the secondary catabolite (Taylor
and Gilchrist, 1991). Evidence for the sequential demethylation of DMSP, first to MMPA and
then to 3-MPA was produced in early studies of DMSP degradation in anoxic coastal marine
sediment slurries. These slurries were incubated with DMSP, which caused an increase in the
concentration of both methanethiol, and 3-MPA.. Both molecules were presumed to be derived
from MMPA, as addition of MMPA to the slurries had the same outcome (Kiene and Taylor,
1988). The production of 3-MPA from DMSP and MMPA was later shown in aerobic bacterial
isolates, again accompanied by a production in MeSH (Taylor and Gilchrist, 1991). However,
another study found that an aerobic methylotrophic bacterial strain named BIS-6 could grow on
DMSP and MMPA producing 3-MPA, but never MeSH, in the process (Visscher and Taylor,
1994). Therefore, MMPA is not always degraded to MeSH and an organism may have the
double demethylation pathway without any alternative volatile-producing route. As yet, no
enzymes or genes have been identified which play a role in MMPA demethylation, or in the
direct cleavage of MMPA to produce MeSH and much work remains to be done to determine if

this pathway exists in any organism.
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1.10 DMSP cleavage

The initially described ways in which DMSP could be catabolised involved a so-called
“cleavage” reaction, in which the substrate was split into DMS and a C3 compound. This latter
product was generally assumed (and sometimes confirmed) to be acrylate (though there is at
least one instance in which 3-hydroxy propionate {3HP} is the C3 catabolite — see below).

In retrospect, the first hint of this process goes back to 1935 (Haas) who noted the red seaweed
Polysiphonia fastigiata produced a 'penetrating, sickly odour' upon drying. Over a decade later,
Challenger and Simpson (1948) identified the odorous gas arising from P. fastigiata as DMS,
and showed that the gas originated from DMSP. Challenger and Simpson also revealed for the
first time that the second product of DMSP ‘cleavage’ is acrylic acid.

One of the first DMSP catabolic reactions to be described was in a different species of red
seaweed, Polysiphonia lanosa (Cantoni and Anderson, 1956). Extracts from P. lanosa were
shown to cleave DMSP into DMS and acrylate, with high enzymatic activity. However, a
problem with these early studies on DMSP lyase activity in seaweed extracts is that the seaweed
samples were never confirmed to be axenic. Regardless, later studies working with axenic
cultures have confirmed that some algal producers of DMSP can indeed catabolise it to DMS.
For example, several strains of the coccolithophore Emiliania huxleyi (Steinke et al., 1998;
Steinke et al., 2007), the Prymnesiophyte Phaeocystis (Stefels and van Boekel., 1993;
Mohapatra et al., 2013) and the dinoflagellate species Heterocapsa triquetra and Scrippsiella
trochoidea (Niki et al., 2000) have all been shown to possess DMSP lyase activity. DMSP lyase
activity has also been demonstrated in extracts of green algae of the Ulva (previously
Enteromorpha) genus (Steinke and Kirst, 1996), and a DMSP lyase enzyme has been purified
from Ulva curvata (de Souza and Yoch, 1996a). Despite this, algal DMSP lyase enzymes remain

poorly understood, and not a single gene encoding an algal DMSP lyase has been identified.

On the contrary, bacterial DMSP lyases have been well characterised and a diverse range of
bacteria are known to degrade DMSP to DMS. The overwhelming majority of these bacteria
inhabit marine environments, therefore it is somewhat ironic that the first bacterial isolate shown
to produce DMS from DMSP was found in a freshwater river sediment. That isolate, a strain of
Clostridium propionicum grows anaerobically on DMSP by fermenting it to DMS, propionate,
acrylate, acetate, CO, and a proton (Wagner and Stadtman, 1962). The first marine bacterial
DMSP degrader to be identified was also an anaerobe, isolated from intertidal sediments. This
strain was named Desulfovibrio acrylicus on the basis of its ability to use the acrylate derived

from DMSP, as a terminal electron acceptor (van der Maarel et al., 1996b).
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Early studies of aerobic DMSP-cleaving bacteria were conducted mainly using four different
strains: the B-proteobacterium Alcaligenes faecalis, isolated from the surface of a salt marsh (de
Souza and Yoch, 1995a, 1995b); the y-proteobacterium Oceanimonas (previously Pseudomonas)
doudoroffii, isolated from oceanic waters (de Souza and Yoch, 1995a; de Souza and Yoch,
1996b); and two Roseobacter-related isolates, strain LFR (Ledyard and Dacey, 1994; Ledyard et
al., 1993) and Sagittula stellata (Gonzalez et al., 1999). All of these strains were shown to
produce DMS from DMSP, and detailed molecular work on the DMSP lyases responsible for
this phenotype were carried out in A. faecalis and O. doudoroffii (see below). Since these early
studies, many more strains have been investigated for their ability to degrade DMSP to DMS,
including representatives from all classes of proteobacteria and it has become clear that bacteria

have a variety of ways to produce DMS from DMSP.

1.11 Molecular genetics reveal diversity of bacterial DMSP lyases

The first indications that different bacteria used different classes of enzymes to cleave DMSP,
releasing DMS as one product, came from work in Yoch’s laboratory. A comparison of the
properties of DMSP lyases purified from A. faecalis, and O. doudoroffii revealed that these
enzymes had different optimum conditions. For example, the A. faecalis lyase had two pH
optimum peaks, at 6.5 and 8.8, whereas O. doudoroffii lyase had a single peak at pH 8.8. The K,
values for DMSP of the two lyases were also quite different, at 2 mM and <20 uM, for A.
faecalis and O. doudoroffii, respectively (de Souza and Yoch, 1995b). Inhibitor studies also
showed that the lyase activity was in a different cellular location in each strain, and it was
predicted that A. faecalis had an extracellular DMSP lyase, whereas the activity in O. doudoroffii
was likely cytosolic (de Souza and Yoch, 1996b). Recent work, all of it from our laboratory at
UEA, has confirmed, and indeed extended the appreciation that there is a remarkable diversity of
different enzymes, in different microbes and different sub-cellular compartments all of which
can act on DMSP, releasing DMS as a product. Therefore, the term “DMSP lyase” is only used

as useful shorthand and should not be viewed as a description of a particular polypeptide family.

To date, no fewer than six different DMSP lyases, in four wholly distinct polypeptide families
have been described. These lyases were identified using the same general approach, as follows.
Bacteria which produced DMS from DMSP were obtained, either directly from the environment,
or from other laboratories. Then, cosmid libraries were made using the genomic material of the
DMS-producing strains. The libraries were mobilised into suitable host species which provided a
null-background in which to screen for DMSP-dependent DMS production, or for growth on

DMSP as a sole source of carbon. To screen for DMS production, individual colonies of the
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library-containing host were grown in the presence of DMSP in sealed vials. The headspace of
the vials was then assayed for DMS production using gas chromatography. Those cosmids which
conferred DMSP-dependent DMS production (Ddd*) on the host were isolated, and the gene
causing the Ddd" phenotype identified through sub-cloning from the cosmid. The following
section describes our knowledge on six different “Ddd” enzymes and the corresponding ddd

genes identified in this manner: dddD, dddL, dddP, dddQ, dddY and dddw.

1.12 DddY

Despite the fact that the DMSP lyase gene dddY was the fifth such gene to be discovered, it is a
good place to start since it already had something of a history before it was discovered in 2011
(Curson et al.). As mentioned above, some of the early work on DMSP lyases was conducted in
the salt marsh B-proteobacterium Alcaligenes faecalis M3A, by Yoch's group. They had shown
that this strain could grow on DMSP, releasing DMS (Ansede et al., 1999) and had purified the
DMSP lyase that was responsible for this phenotype. Remarkably, they even managed to obtain
a partial N-terminal amino acid sequence for the purified lyase (de Souza and Yoch, 1996b). In
addition, they had evidence that this DMSP lyase might be associated with the cell surface,
unlike the other, cytoplasmic, enzymes that cleaved DMSP in other bacteria (Ansede et al.,
1999; see below). Some years after these studies, an analysis of the genetic basis of DMSP
catabolism in A. faecalis M3A revealed that the DMSP lyase was encoded by the dddY gene, a
finding which fully supported the biochemical data from the Yoch lab.

The dddY gene was discovered by searching for the DMSP catabolism genes that allowed A.
faecalis to use DMSP as a sole carbon source. A genomic library of A. faecalis was mobilised
into Pseudomonas putida, chosen because it has many sigma factors and so may be able to
express introduced “foreign” genes. The transconjugants were screened for their ability to grow
on DMSP as a sole source of carbon (Curson et al., 2011). Two such transconjugants were
selected and, upon sequencing, found to contain a cluster of eight genes, five of which were
homologues of other ddd genes already linked to DMSP catabolism in other bacteria (see
below), plus a novel gene, termed dddY. The dddY gene was cloned and expressed in E. coli,
where it was shown to break DMSP down to DMS and acrylate, and significantly that the DMSP

lyase activity was much higher in the periplasmic fraction (Curson et al., 2011).

Reassuringly, the deduced peptide sequence of DAY is predicted to encode a leader sequence
which would guide it to the bacterial periplasm, consistent with earlier findings that suggested
the DMSP lyase in A. faecalis is associated with the cell surface (Ansede et al., 1999). Even

more reassuringly, if the leader sequence of DddY is cleaved at the predicted site (21 amino

21



E.K. Fowler Chapter 1: Introduction 2015

acids from the N-terminus) then the resultant peptide has an N-terminal sequence exactly
matching the sequence found for the purified lyase by Yoch (de Souza and Yoch, 1996b). Thus,
it was clear that the dddY gene encoded the DMSP lyase described earlier by Yoch.

The DddY polypeptide is predicted to have a molecular weight of 45.5 kDa, similar to the 48
kDa protein purified from A. faecalis by de Souza and Yoch (1995a). It has no similarity

whatsoever to any polypeptide of known function, or any predicted domain features.

1.12.1 Distribution of DddY

Homologues of DddY are found in species of B-, y-, 8-, and e-proteobacteria, as well as one
species of Flavobacterium—Gramella portivictoriae (Figure 1.7). It is the only DMSP lyase, to
date, which is not found in the deduced proteome of any sequenced a-proteobacteria. Almost all
strains with dddY have been isolated from marine environments, like other DMSP-lyase
containing bacteria (see below), although Acinetobacter bereziniae was reportedly isolated from
a hospital environment (Nemec et al., 2010). Interestingly though, the isolates are rarely from
open water samples. Many of the strains, such as G. portivictoriae, Ferrimonas balearica, F.
futtsuensis, Shewanella piezotoleans, S. fidelis were isolated from marine sediment (Lau et al.,
2014; Rossello-Mora et al., 1995; Nakagawa et al., 2006; Xiao et al., 2007; Ivanova et al.,
2003a). Others, like Candidatus Accumulibacter and Acinetobacter baylyi originated from
activated sludge (Albertsen et al., 2012; Carr et al., 2003). Some strains were even isolated from
sea creatures, such as Ferrimonas kyonanensis which was isolated from the alimentary tract of a
little neck clam (Nakagawa et al., 2006), F. senticii which was found in the mucus of a puffer
fish (Campbell et al., 2007), Shewanella waksmanii which was cultured from a marine worm
(Ivanova et al., 2003b). Interestingly, Arcobacter nitrofigilis, the only strain with two dddY
homologues, was isolated from salt marsh sediment associated with Spartina alterniflora
(McClung and Patriquin., 1980). Given that A. faecalis was also isolated from such an
environment, there is at least one example of bacteria from two different classes containing the
same gene, living in similar habitats. Excitingly, this strain of Arcobacter was also confirmed to
have a Ddd" phenotype (Curson et al., 2011), although neither dddY gene from A. nitrofigilis has

been ratified as functional.

Strikingly, dddY is found in many different species of the y-proteobacterium Shewanella (Figure
1.7), but not all. Two strains, S. putrefaciens and S. halifaxensis have been verified as having
Ddd" activity, and dddY from the former strain has been cloned and shown to confer a Ddd" to E.
coli (Curson et al., 2011). Significantly, Shewanella oneidensis, which does not have a
homologue of dddY, did not make DMS from DMSP (Curson et al., 2011).
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It is intriguing that there is a distinct lack of dddY-strains from open water environments, and
that many of the environments that dddY-containing strains are isolated from are anoxic or
microaerobic in nature. In addition, dddY often appears nearby to genes encoding membrane-
bound cytochromes (Curson et al., 2011). These observations hint at the possibility of DddY
being involved in anaerobic respiration. Connected to this theory, Desulfovibrio acrylicus uses
acrylate as an electron acceptor in anaerobic respiration and also has a DddY homologue (van
der Maarel et al., 1996a; van der Maarel et al., 1996b).
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Figure 1.7 Phylogenetic tree of DAdY polypeptides. Protein sequences of DddY homologues
were aligned with MEGA 6 and used to estimate an unrooted phylogenetic tree using LG model,
gamma distributed with invariant sites. The scale bar indicates number of substitutions per site.
Bootstrap values of 500 replicates are given at the base of each branch pair. Species names are
coloured according to their taxonomic status: y-proteobacteria (green); p-proteobacteria (blue);
e-proteobacteria (pink) and d-proteobacteria (orange); Flavobacteriales (brown). *Strains
confirmed as producing DMS from DMSP.

It is worth re-iterating that dddY was discovered in a cosmid which conferred on P. putida the
ability to use DMSP as a sole carbon source, something that A. faecalis does itself. The cosmid
contained an operon of genes, of which dddY was a part, which have been shown to encode a
pathway of DMSP degradation to acetaldehyde. These genes, dddA, dddC, acuN and acuK will
be presented in detail later (see Section 1.16), but it is important to mention it here because this
cluster of acrylate catabolism genes do appear next to another, completely different DMSP lyase
gene called dddD, and bacterial strains containing dddD are also noted for their ability to use

DMSP as a sole carbon source.

1.13 DddD

The dddD gene was the first DMSP lyase gene to be discovered. Thus it was slightly ironic that
the encoded DddD enzyme was actually not a DMSP lyase in the “classical” sense. Instead of
cleaving DMSP to DMS and acrylate, DddD converts DMSP to DMS and 3-hydroxypropionate
(3HP) (see below).

1.13.1 Discovery of the dddD gene

DddD was discovered in the y-proteobacterium Marinomonas sp. MWYL-1. This strain was
isolated from the rhizosphere of the salt marsh grass Spartina anglica, and was selected on the
basis of its ability to grow well with DMSP as a sole carbon source, producing DMS in the
process. The dddD gene was identified using the method described above, by mobilising a
genomic library of MWYL-1 into E. coli. Since E. coli does not produce DMS from DMSP, it
provided a null background in which to screen MWYL-1 library fosmids. A fosmid that

conferred a Ddd" phenotype on E. coli was extracted and sequenced.

By sub-cloning fragments from the cosmid, it was found that a single gene, termed dddD, was

sufficient to confer a Ddd" phenotype to E. coli, as long as an active promoter that functioned in
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this host background was supplied in the cloning vector. And, in agreement with this, an
insertional mutation in dddD completely abolished the ability of the mutant to make DMS and to
grow on DMSP (Todd et al., 2007).

Earlier studies of DMSP lyase activity had shown (or predicted) that the production of DMS was
via a simple cleavage step producing acrylate as the secondary catabolite. Therefore it was
somewhat surprising that the sequence of DddD placed it in a family of type Il acyl-CoA
transferases. Its closest homologue (26% identity) with known function is E. coli CaiB — a y-
butyrobetainyl-CoA: carnitine CoA-transferase that mediates the addition of acyl-CoA to
carnitine (an amino acid with structural similarity to DMSP, see Figure 1.8). Interestingly, the
CaiB protein of E. coli is a homodimer of two separate CaiB polypeptides (Elssner et al., 2001),
whereas the ~93 kDa DddD polypeptide contains two CaiB domains separated by a linker
region, suggesting DddD acts as a form of "intra-molecular" dimer.

o) o)
/\)J\ \N+
>§ o_ / o_
OH
DMSP Carnitine

Figure 1.8 DMSP and its structural analogue, carnitine

In E. coli, CaiB mediates the transfer of CoA molecules from L-carnitinyl-CoA and
crotonobetainyl-CoA to L-carnitine (Figure 1.9; Elssner et al., 2001). The similarity of DddD to
CaiB, led to the prediction that DddD could act as a CoA transferase, in addition to a lyase
(Todd et al., 2010a). Further studies on another y-proteobacterium, Halomonas HTNK1, that
also catabolises DMSP via a DddD enzyme, revealed that DddD is distinct from the other DMSP
lyases. HPLC and **C-NMR analysis were employed to show directly that 3HP was a catabolite
of DddD-mediated DMSP degradation, not acrylate as seen for the other lyases (Todd et al.,
2010a). Unfortunately, the anticipated CoA intermediates were not seen in this work, but this
was rectified in later studies on purified DddD from Marinomonas MWLY 1 (Alcolombri et al.,
2014). The authors confirmed that DddD acts as a CoA-transferase and lyase, converting DMSP
and acetyl-CoA to DMS, acetate and 3HP-CoA (Figure 1.10). Although acetyl-CoA seemed to
be the major CoA donor, they also showed that DddD can use the 3HP-CoA intermediate at a
slower rate, releasing free 3HP in the process. This situation is analogous to CaiB, which uses

the L-carnitinyl-CoA intermediate generated from L-carnitine.
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Figure 1.9 CaiB-mediated transfer of coenzyme A to carnitine. The enoyl-CoA hydratase
(CaiD) dehydrates carnitinyl-CoA to crotonobetainyl-CoA, which is subsequently converted to
crotonobetaine. Both L-carnitinyl-CoA and crotonobetainyl-CoA can serve as CoA donors for
the action of CaiB, which transfers a CoA to the carboxyl group of L-carnitine to form

carnitinyl-CoA. Adapted from Elssner et al., 2001.
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Figure 1.10 Predicted action of the DMSP-CoA transferase DddD. Reactions mediated by
DddD are shown in purple. DddD acts as a CoA transferase and lyase, releasing 3-
hydroxypropionate-CoA (3HP-CoA) and DMS from DMSP, using acetyl-CoA as a CoA donor
3HP-CoA itself may act as a CoA donor in a slower reaction, yielding 3HP. Alternatively, 3HP-

CoA is eventually converted to acetyl-CoA which is recycled as a substrate for DddD
(Alcolombri et al., 2014).
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1.13.2 Distribution of DddD in different organisms

Close homologues (42-76% identity and containing the CaiB-CaiB duplex domains) of DddD
are found in phylogenetically and ecologically diverse groups of bacteria, including species of a-
B- and y-proteobacteria (Figure 1.11). Crucially, most of these bacteria reside in marine
environments, and would likely be exposed to DMSP. For example, DddD homologues are
found in several species of y-proteobacteria, which were isolated from algae and salt marsh
grasses, Enterovibrio spp., isolated from the gut of Turbot larvae (Thompson et al., 2002), B-
proteobacterium MOLA814 which was isolated from the Canadian Beaufort Sea (Courties et al.,
2013) and a deep sea worm symbiont, Osedax symbiont Rs2. Importantly, DddD is often found
in those bacteria capable of using DMSP as a sole carbon source. In addition to Marinomonas
MWYL-1, DddD is also found in Halomonas HTNKZ1, Pseudomonas J465 and Psychrobacter
J466 which were all isolated on the basis of growth on DMSP as a sole carbon source (Todd et
al., 2010a; Curson et al., 2010). In each of these isolates, the dddD gene is found in a cluster of
genes involved in DMSP transport and the catabolism of 3HP, and in the case of Halomonas,
acrylate. The genes involved in downstream DMSP catabolism will be presented in more detail
in Section 1.16.

DddD homologues are also found sporadically amongst members of the Roseobacter clade (see
Chapter 5 for a more detailed discussion), and, intriguingly, also in some species of Rhizobium
and Burkholderia (a rhizophore bacterium) which are known to colonise a wide range of legume
and other plant hosts. Significantly, DddD-containing Sinorhizobium fredii NGR234 and
Burkholderia cepacia AMMD both produced DMS from DMSP, whereas a selection of other
Rhizobium and Burkholderia strains that lacked dddD did not (Todd et al., 2007). In addition,
DddD enzymes from NGR234 and B. cepacia were cloned and expressed in E. coli where they
conferred a Ddd" phenotype (Todd et al., 2007). This was unexpected, since there are very few
terrestrial examples of DMSP-catabolising bacteria, but excitingly it might mean that these

DddD-containing bacteria have unknown DMSP-producing angiosperm hosts.

Interestingly, DAdD is not found uniformly among all members of any single genus. This was
the case for the Burkholderia and Rhizobium mentioned above. For example, several closely
related species of Burkholderia have had their genomes sequenced, but only some species
contain a homologue of DddD (Burkholderia sp. WSM14176, Burkholderia vietnamiensis,
Burkholderia ambifaria, and Burkholderia phymatum). Similarly, within the many sequenced
strains of Rhizobiaceae, Sinorhizobium fredii NGR234, Rhizobium leguminosarum and
Agrobacterium tumefaciens are among those containing DddD, but other members of this family

do not contain a dddD gene.
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This type of distribution is consistent with the dddD gene having undergone several rounds of
horizontal gene transfer. Intriguingly, there is even a reasonably convincing DddD homologue
(22% identical to Marinomonas MWYL-1 DddD) in a eukaryote, the coccolithophore Emiliania

huxleyi, so such transfer may even span the boundaries of different domains.

29



E.K. Fowler

Chapter 1: Introduction 2015

100

oo — Rhodobacteraceae bacteriumPD-2
96 |L Citreicellasp. SE45
Labrenzia
Sagittula stellata
Hoefleaphototrophica
Ahrensia kielensis
Rhodobacteraceae bacteriumHTCC2083
Glaciecola psychrophila170
Leucothrix mucor
Psychrobacter sp. J466
Loktanellacinnabarina
Halomonas sp. HTNK1

100

98 Betaproteobacteria bacterium MOLAS 14
100 r Sinorhizobium frediiNGR234
Rhizobium sp. BR816
Rhizobium leguminosarum
Rhizobium leguminosarum bv. trifolii WSM2304
Rhizobiummongolense
Rhizobium tropici CIAT 899
Agrobacteriumtumefaciens
100 L Agrobacteriumsp. H13-3
Pseudomonasputida
Burkholderia ambifariaMC40-6
Burkholderia sp. WSM4176
Burkholderia phymatum STM815
Burkholderia vietnamiensis
100 L Burkholderia ambifaria AMMD

ﬁinrerowbn'o norvegicus
100 Enterovibrio calviensis

100

——— Grimontia sp. AK16
Osedax symbiont Rs2
100 | Pseudovibrio sp. FO-BEG1
_[ Pseudovibrio sp. JE062
Glaciecola punicea
Oceanimonas doudoroffii
Marinomonas mediterranea MMB-1

8

-

Marinomonas sp. MWYL1
Marinomonas posidonica IV IA-Po-181

Marinomonas sp. MED121
Halomonas anticariensis

100 — gamma proteobacterium HTCC2207
Gammaproteobacteria bacterium MOLA455

—— Pseudomonas sp. J465

0 [ Marinobacter sp. ELB17
100 L Marinobactersp. BSs20148

Leisingera methylohalidivorans DSM 14336
Phaeobacter gallaeciensis
Rhodobacteraceae bacterium KLH11
Dinoroseobacter shibae DFL 12 DSM 16493
Ruegeria pomeroyi DSS-3

Rhodobacteraceae bacteriumHIMB11

86 Halomonas smyrnensis

Mesorhizobium sp. LSJC264 A00

05

30

Emiliania huxleyi CCMP 1516



E.K. Fowler Chapter 1: Introduction 2015

Figure 1.11 Phylogenetic tree of DAdD polypeptides. Protein sequences of DddD homologues
were aligned with MEGA 6 and used to estimate an unrooted phylogenetic tree using LG model,
gamma distributed with invariant sites. The scale bar indicates number of substitutions per site.
Bootstrap values of 500 replicates are given at the base of each branch pair. Species names are
coloured according to their taxonomic status: a-proteobacteria (red); y-proteobacteria (green); p-

proteobacteria (blue); Actinobacteria ( ) and Prymesiophycaea (purple).
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1.14 DddP

The DddY and DddD lyases were discovered in bacteria which reside in marine sediments
surrounding Spartina plants. In contrast, another, completely different DMSP lyase that cleaves
DMSP to DMS and acrylate was discovered in the a-proteobacterium Roseovarius nubinhibens
ISM, a member of the abundant Roseobacter clade, which mostly reside in the open ocean (see
Section 1.20.1). It was noted that R. nubinhibens had a Ddd" phenotype, but its genome did not
encode a homologue of any known DMSP lyase at the time. Again, the lyase was identified
through the screening of a genomic library of R. nubinhibens for any cosmids that conferred a
Ddd" phenotype to the heterologous host, which this time was the a-proteobacterium Rhizobium
leguminosarum. The newly described DMSP lyase gene was termed dddP (Todd et al., 2009).

1.14.1 DddP is a member of the metallopeptidase family

DddP is a ~50 kDa polypeptide in the PepPXaa-Pro aminopeptidase metalloenzyme family. As
expected from its name, members of this family generally cleave peptides, but there are some
which act on non-peptide substrates. For example, the creatinase of Pseudomonas putida
catalyses the cleavage of creatine and water to urea and sarcosine (Bazan et al., 1994).
Therefore, DddP is unusual but not unique in cleaving a non-peptide. Enzymes of the
metallopeptidase family contain an active site with a binuclear metal centre, and require metal
cofactors such as cobalt, manganese, zinc, iron or nickel (Bazan et al., 1994; Schiffmann et al.,
2006). In accordance with this, DddP polypeptides have five conserved amino acids predicted to
form the metal binding sites in the active site of metallopeptidases (Schiffmann et al., 2006;
Todd et al., 2009), and site directed mutations in those residues abolished DMSP lyase activity
(Kirkwood et al., 2010a). Very recent structural studies using X-ray crystallography of DddP
from another Roseobacter, Roseobacter denitrificans, revealed that DddP does indeed have a
metallopeptidase-like fold, and furthermore it binds Fe*" in its active site (Hehemann et al.,
2014). Therefore, DddP is not a peptidase, but it does require iron as a metal co-factor, a

characteristic of the metallopeptidase family.

The R. nubinhibens DddP protein was expressed and purified from E. coli, and shown to be a
homodimeric protein, with a K, of 14 mM for DMSP, and a V.« 0f 0.31 nmol DMS min’* Mg
protein™. Although this is a relatively high K, value, it is comparable to values obtained for
DmdA in R. pomeroyi and Candidatus P. ubique, and suggests that R. nubinhibens may also

accumulate DMSP to high internal concentrations (Kirkwood et al., 2010a).

Significantly, a mutation in dddP of R. nubinhibens severely reduced, but did not abolish, the
ability of this bacterium to make DMS from DMSP. This prompted a search for a second DMSP

lyase in this strain, which will be discussed later (see Section 1.15.5).
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1.14.2 Distribution of DddP

Homologues of DddP are somewhat more abundant than other DMSP lyases, particularly so in
the a-proteobacteria (Figure 1.12). Of the 42 sequenced Roseobacter strains, 22 have a
homologue of DddP. DddP homologues are also found in members of the abundant SAR11 and
SAR116 clades (see Chapter 2) and some y-proteobacteria, including Oceanimonas doudoroffi
which has two copies (see Chapter 3). Remarkably, homologues of DddP are also found in
some species of fungi, notably within the Aspergillus and Fusarium genera. Some of these
DddP-containing fungi were shown directly to produce DMS when grown in the presence of
DMSP (Todd et al., 2009). Significantly, other closely related species lacking DddP were also
tested; these did not possess DMSP lyase activity. To verify that fungi contained functional
copies of DddP, the genes encoding this lyase were amplified from Fusarium graminearum cc19
and Fusarium culmorum Fu42, cloned into an expression vector and expressed in E. coli. Both
copies of dddP conferred a Ddd" phenotype on E. coli (Todd et al., 2009). So, these fungi likely
acquired dddP from bacteria through inter-domain HGT, and the fact that fungal DddPs are
intron-less supports this idea. Although exciting, the finding that fungi were able to make DMS
from DMSP was not unprecedented. In 1998, Yoch’s group isolated the fungus Fusarium
lateritium from seawater and salt marsh due to its ability to grow on DMSP. Using studies in
vivo, they found that F. lateritium had DMSP lyase activity with a K, of 1.2 mM and a V Of
34.7 umol min™ mg protein™ (Bacic and Yoch, 1998). It may be that DddP confers a selective
advantage to fungi which form close associations with DMSP-producing plants and other
organisms. Bacic and Yoch hypothesised DMSP-lyase containing fungi could play an important
role in the degradation of DMSP producers, such as macroalgae and salt marsh grasses (Bacic
and Yoch, 1998). Indeed an opportunistic pathogen of corals, Aspergillus sydowii, also has a
functional copy of DddP (Kirkwood et al., 2010b).
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Figure 1.12 Phylogenetic tree of DddP polypeptides. Protein sequences of DddP homologues
were aligned with MEGA 6 and used to estimate an unrooted phylogenetic tree using LG model,
gamma distributed with invariant sites. The scale bar indicates number of substitutions per site.
Bootstrap values of 500 replicates are given at the base of each branch pair. Species names are
coloured according to their taxonomic status: a-proteobacteria (red); y-proteobacteria (green)

and Ascomycota ( ).

1.15 The Cupin DMSP lyases, DddL, DddQ and DddW.

Whereas DddY, DddD and DddP are of completely different polypeptide families to one
another, the remaining three DMSP lyases share a common domain. These small lyases, termed
DddL (~26 kDa), DddQ (~22 kDa) and DddW (~16 kDa), all have a conserved C-terminal -
barrel, known as a cupin (‘cupa’ is Latin for small barrel) domain. Cupin domains usually bind
transition metals, and are found in a diverse range of polypeptides that are equally diverse in
function (Dunwell et al., 2004).

1.15.1 DddL

The first of the cupin-type DMSP lyases, named DddL, was discovered in the marine a-
proteobacterium Sulfitobacter EE-36. This strain was known to have a Ddd" phenotype
(Gonzalez et al., 1999), but a search of its genome sequence did not reveal any known DMSP
lyase. Therefore, it was supposed that Sulfitobacter EE-36 must use a different DMSP
degradation pathway.

As for dddP and dddD, the dddL gene was identified through the screening of a Sulfitobacter
EE-36 genomic cosmid library for any cosmids that conferred DMSP-dependent DMS
production, to a “null” bacterial recipient, which, this time, was a strain of Rhizobium
leguminosarum. One such cosmid was obtained and a single gene was shown to be required and
sufficient for conferring the Ddd" phenotype to Rhizobium. A dddL insertional mutation in the
genome of Sulfitobacter itself completely abolished its Ddd* phenotype. Furthermore, when
DddL was cloned alone, under the control of a constitutive promoter in a plasmid vector and
introduced into E. coli, the resulting strain generated DMS from DMSP and also formed

equimolar amounts of acrylate, as assayed by HPLC (Curson et al., 2008).
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1.15.2 Distribution of DddL

In contrast to DddD, DddY and DddP, homologues of DddL are mainly restricted to one
taxonomic branch of the a-proteobacteria, namely the Rhodobacterales (Figure 1.13). This
bacterial family includes all the Roseobacters, as well as few other marine genera, including the
much-studied Rhodobacter. Significantly, the “terrestrial” genera of Rhodobacterales, including
Paracoccus spp., do not have a DddL homologue. Outside of the Rhodobacterales, DddL is only
found sporadically in two species of Marinobacter (y-proteobacteria) and an actinobacterium
Serinicoccus marinus, thus it would appear that the dddL gene has undergone only limited HGT,
in terms of taxonomic distance, and the environments inhabited by these bacteria that contain it.
All bacteria containing DddL were isolated from marine, open water environments. In addition
to Sulfitobacter sp. EE-36, the DddL from R. sphaeroides 2.4.1 and Dinoroseobacter shibae
DFL-12 have also been confirmed as functional, although interestingly D. shibae did not make
DMS from DMSP under laboratory conditions (Curson et al., 2012; discussed further in
Chapter 5).
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Figure 1.13 Phylogenetic tree of DddL polypeptides. Protein sequences of DddL homologues
were aligned with MEGA 6 and used to estimate an unrooted phylogenetic tree using LG model,
gamma-distributed. The scale bar indicates number of substitutions per site. Bootstrap values of
500 replicates are given at the base of each branch pair. Species names are coloured according to

their taxonomic status: a-proteobacteria (red); y-proteobacteria (green) and Actinobacteria (

)-
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1.15.3 DddW

Another cupin-type DMSP lyase, DddW, was initially discovered in R. pomeroyi DSS-3, but in a
different way compared to the previously described ddd genes (Todd et al., 2012a). In this case,
it was noted in a microarray survey of this strain that the expression of one gene, SPO0453, was
massively induced (~37-fold) in cells that had been pre-grown in the presence of the DMSP
substrate, compared to succinate-grown controls. Furthermore, the product of this gene had a
predicted cupin domain near its C-terminus. Therefore, SPO0453 was PCR-amplified from R.
pomeroyi genomic DNA, and when the PCR product was cloned into an expression vector it was

found to confer a Ddd" phenotype to E. coli, and so was renamed dddWw.
1.15.4 Distribution of DddW

Similarly to DddL, DddW is also found in the Roseobacter clade, but this enzyme is the least
abundant DMSP lyase, as, to date, it is only found in two species - R. pomeroyi and Roseobacter
sp. MED193.

1.15.5 DddQ

The finding that a dddP™ mutant strain of R. nubinhibens still retained significant levels of DMSP
lyase activity (see above) prompted a search for a second, as yet unknown, DMSP lyase in this
strain. The R. nubinhibens genomic library was therefore further screened for cosmids that
conferred a Ddd" phenotype to Rhizobium but which lack the dddP gene. One such cosmid was
identified and was shown to contain a gene cluster, in a single transcriptional unit which was
confirmed to be responsible. Within this predicted operon, two adjacent genes termed dddQ1 and
dddQ2 were of interest. The gene products were 39% identical to each other, and when cloned
individually, each conferred DMSP lyase activity to E. coli. The production of acrylate from
DMSP by each of these enzymes was confirmed by NMR and HPLC analysis, so these too are
“conventional” DMSP lyases (Todd et al., 2010b).
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1.15.6 Distribution of DAdQ

To date, homologues of DAdQ are exclusive to the a-proteobacteria, where, like the other cupin
lyases, they are mostly found in members of the Roseobacter clade. There are also DddQ
homologues in alpha proteobacterium HIMB5 and HIMB100, members of the abundant marine
SAR11 and SAR116 clades, respectively (see Chapter 2).
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Figure 1.14 Phylogenetic tree of DAdQ polypeptides. Protein sequences of DddQ homologues

were aligned with MEGA 6 and used to estimate an unrooted phylogenetic tree using LG model,
gamma distributed with invariant sites. The scale bar indicates number of substitutions per site.

Bootstrap values of 500 replicates are given at the base of each branch pair.
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1.15.7 Structure and mechanism of DddQ

Recently, the crystal structure of DddQ from Ruegeria lacuscaerulenesis ITI_1157 (which is
45% identical to DddQ2 of R. nubinhibens) was solved, providing insight into the catalytic
mechanism of DMSP cleavage by this (and perhaps other) cupin-containing lyases (Li et al.,
2014). DAdQ consists of five a-helices and eight anti-parallel B-sheets which form the cupin -
barrel. The B-barrel surrounds the substrate-binding pocket, and this is covered by two loops that

permit access to the pocket via a gating mechanism.

The presence of a metal ion is characteristic of cupin-superfamily proteins. The metal is usually
iron, but copper, zinc, cobalt, manganese and nickel ions have also been found in cupin active

sites. DAdQ itself is a zinc metalloenzyme, containing a Zn?" ion in the active site.

The authors also proposed a molecular mechanism for the production of DMS from DMSP. In
the absence of DMSP, four amino acid residues in the active site (His125, Glu129, His163, and
Tyr131) form coordination bonds with Zn?*. Once DMSP enters, the oxygen atom of its carboxyl
group forms a bond with Zn**, displacing the Tyr131 residue. Then, C, of DMSP interacts with
the O of Tyr131, forming a carbanion which attacks C; of DMSP and weakens the S-C; bond.
The proton of C,-H binds the O" of Tyr131, the S-C; bond is broken and a C,=Czdouble bond is

formed, resulting in DMS and acrylate which are released from the active site.

Importantly, the four amino acid residues that bind Zn®* in the active site are highly conserved in
DddQ homologues, and also in the other, cupin-containing DMSP lyases - DddL and DddW. It

is therefore likely that a similar mechanism of DMSP cleavage occurs in all of these enzymes.
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1.16 Fate of DMSP cleavage products

As described above, the DMSP is degraded by the “classical” DMSP lyases to produce acrylate,
or by DddD to release 3HP. The production of either acrylate or 3HP is coupled with the
production of DMS. In this section, | will present our current understanding of the fate of DMSP
catabolites, starting with the volatile gas, DMS.

1.16.1 DMS is an environmentally important gas

The importance of DMS to the global sulphur cycle was realised when Lovelock et al. showed
that it was the major volatile responsible for the transfer of sulphur from the sea to land. This
role had previously been assigned to hydrogen sulphide, despite the low atmospheric
concentration of this gas (Lovelock et al., 1972). Fifteen years later, an additional role was
suggested for DMS, which proposed the biological regulation of climate through the production
of this gas. The theory was named the CLAW hypothesis after the first letter of each of the
author's names — Charlson, Lovelock, Andreae and Warren. They proposed that in the
atmosphere, DMS oxidation products are rapidly converted to cloud condensing nuclei (CCN),
thereby increasing cloud cover over the oceans and reflecting more UV radiation, which cools
the climate. This in turn has an effect on the speciation and size of phytoplankton blooms, and
therefore the amount of DMS released to atmosphere, forming an overall negative feedback loop
(Charlson et al., 1987).

The CLAW hypothesis certainly stimulated a great deal of research into the production and
emission of DMS. However, in 2011 a paper was published which challenged the hypothesis.
This paper was based on two decades of research, and concluded that only very large emissions
of DMS would have any significant effect on cloud cover. It highlighted the importance of non-
DMS sources of CCN, such as sea salts and organics, which are much greater contributors to
cloud formation than DMS (Quinn and Bates, 2011).

While DMS may not play a significant role in climate regulation, it certainly is important in
other ways. It does indeed have a major role in global sulphur cycling, and has been calculated to
contribute to a global sea to air flux of 28 Tg of sulphur per annum, which is approximately 50%
of the global biogenic sulphur input into the atmosphere (Andreae, 1990; Bates et al., 1992;
Lana et al., 2011). A very different, though significant role for DMS is that it is a potent chemo-
attractant for several vertebrates including seabirds (Nevitt and Bonadonna, 2005; Cunningham
et al., 2008; Amo et al., 2013), seals (Kowalewsky et al., 2006), fish (DeBose et al., 2008) and
turtles (Endres and Lohmann, 2012), and invertebrates such as the copepod Temora longicornis
(Steinke et al., 2006).

41



E.K. Fowler Chapter 1: Introduction 2015

Despite the large contribution of DMS to the global sea to air flux of organic sulphur, around
90% of DMS made as a result of DMSP cleavage never reaches the atmosphere. This is because

it is used by microbes as a source of energy, carbon or sulphur.

Some strains of bacteria can use DMS as a sole source of carbon (see Schéfer et al., 2010),
including species of Thiobacillus, Hyphomicrobium and Methylophaga. This is thought to occur
by one of two pathways — either via a DMS monooxygenase or a methyltransferase (De Bont et
al., 1981; Visscher and Taylor, 1993), both resulting in the initial production of methanethiol.
Methanethiol produced via the DMS monooxygenase pathway is then further degraded to
formaldehyde, hydrogen peroxide and sulphide by a methanethiol oxidase. Formaldehyde is
either directly assimilated, or oxidised to CO,, and sulphide is converted to sulphite, and then
sulphate. Hydrogen peroxide is reduced to water and oxygen. Although not much is known
about the biochemistry and molecular basis of most of this pathway, the DMS monooxygenase
from H. sulfonivorans has been purified and characterised, and the genes encoding this enzyme
identified (Boden et al., 2011). Methanethiol oxidase has also been purified from several species,
such as Hyphomicrobium EG (Suylen et al., 1987) and Thiobacillus thioparus (Gould and
Kanagawa, 1992).

The alternative pathway, whereby the initial conversion of DMS to methanethiol is via a DMS
methyltransferase, was proposed for Methylophaga thiooxidans sp. nov. In this pathway, the
sulphur from DMS is incorporated into tetrathionate, rather than sulphate. The tetrathionate can
be used as an energy source by chemolithoautotrophic and photosynthetic bacteria (Boden et al.,
2010). A DMS methyltransferase step was also suggested for the initial step of DMS-
degradation in Thiobacillus ASN-1 (Visscher and Taylor, 1993).However, a DMS

methyltransferase enzyme or gene from any species remains to be identified.

A diverse range of bacteria can oxidise DMS to DMSO. In phototrophic bacteria, this provides
electron donors for carbon dioxide fixation. The conversion of DMS to DMSO has also been
seen in heterotrophic bacteria, for example Delftia acidvorans and the Roseobacter Sagittula
stellata E-37 (Zeyer et al., 1987; Zhang et al., 1991; Juliette et al., 1993; Gonzalez et al., 1997,
Fuse et al., 1998; Sorokin et al., 2000). DMS and DMSO can also be used as a sulphur source.
For example, a strain of Marinobacter was shown to assimilate sulphur from DMS in a light-
dependent manner (Fuse et al., 2000). Strains of Acinetobacter (Horinouchi et al., 1997) and
Rhodococcus (Omori et al., 1995) have been shown to use DMS as a sulphur source via its

conversion to DMSO.
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1.16.2 Fate of acrylate and 3-hydroxypropionate

As noted above, many of those y-proteobacteria that contain the “primary” DddD DMSP lyase
grow very well on DMSP as sole carbon source, as does the dddY-containing B-proteobacterial
Alcaligenes faecalis. Therefore these DMSP-catabolising bacteria must have pathways that allow
them to assimilate carbon from the products of DMSP cleavage. Genetic studies have revealed
the presence of several other “Ddd” proteins that are variously involved in other aspects of
DMSP catabolism — these include those that are involved in the import of DMSP, and in its
downstream catabolism via acrylate and 3HP. In many cases, these are encoded by genes that are
closely linked to the “primary” ddd genes, notably dddD and dddY.

1.16.3 DMSP catabolism in Halomonas HTNK1

The y-proteobacterium Halomonas HTNKT1 is able to use DMSP as a sole source of carbon. In
this organism dddD is part of a six-gene transcriptional unit known to be involved in DMSP
catabolism (see Figure 1.15). Two of these genes, dddA and dddC encode a flavin-containing
alcohol dehydrogenase and an aldehyde dehydrogenase, respectively. Another two genes, acuN
and acuK encode proteins resembling a crotonobetainyl-CoA:carnitine CoA transferase (CaiB)
and an enoyl-CoA hydratase (CaiD) characterised in E. coli (Elssner et al., 2001; see above).
Biochemical studies in Halomonas HTNK1 revealed how these genes are involved in the
catabolism of 3HP produced from DddD cleavage of DMSP, and also, rather unexpectedly,
acrylate (Todd et al., 2010a).

In Halomonas, imported DMSP is converted to DMS and 3HP by DddD. Studies using
recombinant E. coli expressing Halomonas genes were used to show that 3HP is further
catabolised by the products of dddA and dddC. Thus, DddA was shown to convert 3HP to
malonate semialdehyde, while DddC degrades malonate semialdehyde to acetyl-CoA and CO,
(see Figure 1.16).

Previously the gene products of acuN and acuK had no known links with DMSP catabolism.
These proteins resemble CaiB and CaiD which, in E. coli, work cooperatively to catabolise
carnitine (Elssner et al., 2001). Like CaiB and CaiD, AcuN and AcuK also work in tandem, and
when cloned together and expressed in E. coli, they were shown to break down acrylate to 3HP
(Todd et al., 2010a). It was surprising to find genes involved in acrylate catabolism so closely
linked to dddD, a DMSP lyase which does not produce acrylate. However, it was noted that
Halomonas HTNK1 was also able to grow on acrylate as a sole source of carbon. Other dddD-
containing bacteria, such as Marinomonas MWYL1, Pseudomonas J465 and Psychrobacter
J466 do not use acrylate as a sole carbon source, and in accordance with this, those strains lack

the acuN and acuK genes (Figure 1.15).
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Therefore, it seems in Halomonas the pathways of DMSP and acrylate catabolism initially run in

parallel, and then converge at a common intermediate — 3HP (Figure 1.16).
1.16.4 DMSP catabolism in Alcaligenes faecalis

The DddY-containing B-proteobacterium Alcaligenes faecalis also contains a gene cluster near
dddY which closely resembles the six-gene operon of Halomonas HTNK1 (see Figure 1.15).
Importantly, A. faecalis is also able to grow on DMSP and acrylate as sole carbon sources, and it
has a copy of dddA and dddC, and both acuN and acuK. Assuming these genes encode enzymes
with the same functions shown for the homologues in Halomonas, then A. faecalis would also
catabolise acrylate to 3HP, and further to malonate semialdehyde and acetyl-CoA. However, a
key difference is that the DddY-mediated cleavage of DMSP produces acrylate, so in this case

the catabolism of DMSP and acrylate would occur sequentially, as shown in Figure 1.16.

dddY acul dddZ dddC acuR dddA acuN acuk

calgenes foccols {4 ] EEEE) Cy—)yEEm)C—)

dddD dddT acuk acuN dddA dddC dddz
Halomonas HTNK1

dddD dddT dddB dddc dddr

merinomones w1 - () ) I ) )

dddD dddT dddB dddC iclR dddR

preudomonas 1165 ) ) B ENS) )
dddT dddD dddC  dddB,
Psychrobacter 1466 E
1kb

Figure 1.15 Arrangement of ddd genes in Ddd" strains. Genes identified as being involved in
DMSP catabolism are shown for Alcaligenes faecalis, Halomonas HTNK1, Marinomonas
MWYL1, Pseudomonas J465 and Psychrobacter J466. The dotted line indicates a contig
boundary in the sequencing at dddB in Psychrobacter J466.
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v
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Figure 1.16 Pathways of DMSP and acrylate catabolism in Halomonas HTNK1 and
Alcaligenes faecalis. In Halomonas HTNK1, DMSP must be imported by the transporter DddT,
and then it is degraded by the cytoplasmic DddD to produce DMS and 3HP. Acrylate may also
be imported from the environment and converted to 3HP by AcuN and AcuK. Contrastingly, A.
faecalis has the periplasmic DMSP lyase, DddY and so there is no need for DMSP import across
the inner membrane. Acrylate is produced by DMSP cleavage, or imported directly from the
environment where it is acted on in the cytoplasm by AcuN and AcuK to produce 3HP. In both
organisms, DddA converts 3HP to malonate semialdehyde, which is further catabolised to
acetyl-CoA and CO, by DddC.
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1.17 Regulation of DMSP catabolism

It is not surprising that the activities of DMSP lyase can be induced, sometimes markedly so, by
prior growth of the bacteria in the presence of the DMSP substrate. And, indeed, this has been
demonstrated for several of the ddd genes described above, in different bacteria. But again, there
is variability, and no “one size fits all”. Furthermore, there were some surprising features, the
most striking of these being that induction of the ddd gene expression may be via the initial
product (acrylate or 3HP) of the reaction rather than the DMSP itself.

In Marinomonas MWYL1 the dddD gene is transcribed divergently from the adjacent dddTBCR
operon (Figure 1.15). The promoter-distal gene, dddR, encodes a LysR-type transcriptional
regulator, which has been shown to positively regulate dddD in response to DMSP, enhancing its
level of expression by at least 100-fold (Todd et al., 2007). Neither of these operons was affected
by addition of either 3HP or acrylate, so this system most closely resembles the conventional
type of LysR-type gene regulation, in which the substrate acts as the co-inducer. Typical
induction of DMSP lyase expression by the substrate is also seen for the dddQ and dddP genes
in Ruegeria pomeroyi, and Roseovarius nubinhibens. In R. pomeroyi, dddW is also induced
greatly by DMSP (ca. 40-fold), and it is adjacent to a gene whose predicted product is a LysR-
type transcriptional regulator, which has been shown to activate the expression of dddW in
response to DMSP (Todd et al., 2012a).

As with the Ddd" bacteria described above, DMS production by both Alcaligenes faecalis and
Halomonas HTNK1 is also inducible by DMSP but, unusually, it is enhanced more significantly
by the initial products of DMSP catabolism. In both organisms, acrylate, and 3HP in the case of
Halomonas, induces expression of the operon containing dddY or dddD. Indeed, it was shown in
Alcaligenes that DMSP actually does not act as a direct co-inducer, and it must first be converted

to the true inducer, acrylate (Curson et al., 2011).

A conceptually analogous situation was demonstrated in Rhodobacter sphaeroides, although
both the type of regulatory gene (termed acuR, of the tetR family) and the DMSP lyase (dddL)
differ from those above. These two genes are the promoter-proximal and promoter-distal genes
in a three-gene operon (Figure 1.17) whose expression is markedly enhanced by either DMSP or
acrylate. But, as in the case of Alcaligenes, the DMSP acts indirectly, and requires a conversion
to acrylate, the bona fide co-inducer. Another unusual regulatory feature of the acuR-acul-dddL
operon in R. sphaeroides is that the mRNA transcript is leaderless, so lacks a 5’-untranslated
region and ribosome binding site (RBS) upstream of acuR. As a result, acuR is translated at a
lower efficiency than the downstream acul gene (see Section 1.19 below for description of the

acul gene product) which does have a good match to an RBS (Sullivan et al., 2011). This feature
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allows acuR to regulate the expression of acul and dddL in response to acrylate, while not being

highly expressed itself.

acuR acul dddL

Figure 1.17 acuR-acul-dddL operon in Rhodobacter sphaeroides 2.4.1. The DMSP lyase,
dddL is distal in a three gene transcriptional unit, downstream of the regulatory gene acuR, and

acul, which encodes an acryloyl-CoA reductase.

1.18 DMSP transport

In most cases (DddY being the exception) DMSP must be transported into the cytoplasm before
it is acted on by a DMSP lyase or demethylase. Two different families of proteins — the BCCT-
type (betaine-carnitine-choline) and the ABC-type (ATP-binding cassette) transporters — are
capable of importing betaines (Ziegler et al., 2010; Eitinger et al., 2011), and proteins belonging
to these families have been directly shown to import DMSP, which is a sulphonium analogue of
glycine betaine (Sun et al., 2012). Significantly, genes encoding BCCT-type transporters are
found closely linked to dddD in some bacteria, for example the dddD genes of Marinomonas
MWYL1, Halomonas HTNKZ1, Pseudomonas J465 and Psychrobacter J466 are adjacent to a
gene, termed dddT (see Figure 1.15), whose predicted product encodes a BCCT transporter. The
dddT genes of Halomonas HTNKZ1 and Marinomonas MWYL1 are both capable of transporting
DMSP, as shown by expressing them individually in strain MKH13, an E. coli mutant defective
in all three of its betaine uptake systems. Only the mutant strain with a dddT gene was able to
transport DMSP, which corrected the hypersensitivity phenotype of MKH13 to NaCl (Sun et al.,
2012).

The dddD gene of a- and B-proteobacteria is also adjacent to genes that are predicted to be
involved in DMSP import, but in these cases this involves an ABC-type system. This was seen
in such diverse bacteria as Burkholderia ambifara, Rhizobium sp. NGR234, Rhodobacterales
bacterium KLH11 and Hoeflea phototropica. To confirm the role of these genes in DMSP
transport, those of B. ambifara were cloned and were found to correct the defect of E. coli

MKH13, though only partially and not as effectively as the cloned dddT genes, above.
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In bacteria containing DddL, DddP, DddQ, DddW (mainly the Roseobacters) the corresponding
DMSP lyase genes are normally in single gene units, and are not near those that are predicted to
encode transporters. However, it is clear that the Roseobacters do have transporters that
efficiently import DMSP. Thus, Sun et al. (2012) identified two different clusters of genes that
encoded the ABC-type transporters in the Roseobacter Roseovarius nubinhibens ISM, and
another ABC-type cluster in Sulfitobacter sp. EE-36. When cloned, the genes that encode these
transporters corrected the osmotic sensitivity of the E. coli MKH13 strain, as described above. In
contrast to the situation with the dddD genes (above) these ABC transport genes were not linked
to those involved in other aspects of DMSP catabolism, dddL in the case of Sulfitobacter and
dddP, two copies of dddQ and also the DMSP demethylase gene dmdA in the case of R.

nubinhibens.

Lastly, the DddY lyase, found in Alcaligenes faecalis, is so far the only DMSP lyase located in
the periplasm rather than the cytoplasm. This precludes the need for A. faecalis to import DMSP,
and consistent with this the cluster of ddd genes near dddY in this organism lacks the copy of
dddT which is present in DddD-containing bacteria with similar ddd clusters (see Figure 1.15).

The diversity in DMSP transport systems is interesting, as is the fact that some bacteria appear to
have multiple transporters involved in DMSP uptake. In addition to the two different ABC
transport systems of Roseovarius nubinhibens shown to be functional DMSP transporters,
Ruegeria pomeroyi also has no less than five bioinformatically predicted BCCT-transporters
(Moran et al., 2004), although none was experimentally ratified. Thus, it appears that these
bacteria may have multiple ways of importing DMSP as part of their general betaine uptake

system(s) rather than a dedicated transport system.

1.19 Acul — an extremely abundant enzyme involved in acrylate

detoxification

In the course of the studies on the growing list of ddd genes, there was one constant, amid all the
diversity described above. Nearly all the clusters of ddd genes involved in the initial transport,
regulation and catabolism of DMSP, is a gene termed acul. For example, acul is found next to
dddL in Rhodobacter sphaeroides 2.4.1, dddY in Alcaligenes faecalis and dddD in Halomonas
HTNKZ. Additionally, in the Roseobacter clade, there is a version of acul that lies immediately

downstream of the dmdA DMSP demethylase gene (see Chapter 5).

Biochemical studies on the Acul gene product of Rhodobacter sphaeroides 2.4.1 (Schneider et

al., 2012; Figure 1.17) showed that it was an acryloyl-CoA reductase, converting acryloyl-CoA
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to propionyl-CoA. This provided a clear explanation of some of the phenotypes that had been
associated with this gene in DMSP-catabolising bacteria. Most notably, Acul” mutants of
Rhodobacter were less efficient at catabolising acrylate, as measured by assaying labelled CO,in
bacteria fed with 1-'“C-acrylate. More strikingly, these mutants were significantly more sensitive
to the toxic effects of exogenously added acrylate (Sullivan et al., 2011). Since acryloyl-CoA is
extremely cytotoxic (Herrmann et al., 2005) the role of Acul may be to protect those bacteria
that synthesise acrylate from self-inflicted damage, due to the subsequent formation of excess
acryloyl-CoA.

Interestingly, close homologues of acul are not confined to those bacteria that catabolise DMSP.
Indeed, E.coli contains a gene, yhdH, previously of unknown function, whose product is 54%
identical to the Acul of R. sphaeroides. The purified YhdH protein has been shown to have
acryloyl-CoA reductase activity in vitro, and YhdH™ mutants are exquisitely sensitive to added
acrylate in the medium (Todd et al., 2012b). There are many other bacteria with close
homologues of Acul and there is also evidence that other systems for acryloyl-CoA
detoxification exist in those bacteria that lack acul (Curson et al., 2014). Thus, Acul and the
detoxification of acryloyl-CoA may have wider relevance that stretches beyond marine
environments, or the catabolism of DMSP.

1.20 The a-proteobacteria: Roseobacters and the SAR11 clade

There is one group of organisms which consistently emerge as key players in DMSP utilisation.
These are members of the sub-phylum of a-proteobacteria, one of the largest and most diverse
groups of Eubacteria. Among this sub-phylum there are two groups which are particularly
abundant in the oceans, and play a key role in DMSP turnover — the Roseobacter clade and the
SAR11 clade. Both clades have been a particular focus of this work, and will be introduced in

detail in later chapters. However, this section provides a brief overview of each group.
1.20.1 The Roseobacter Clade

Due to their abundance, and physiological and geographical diversity, the group of a-
proteobacteria known as the Roseobacter clade are the most intensely studied group of marine
bacteria to date. Members of this clade are estimated to contribute up to 25% of the bacterial
community in some marine environments. To date there are at least 20 different described genera
of Roseobacters, many of which contain multiple species and strains, as well as hundreds of
uncharacterised isolates and sequences. The clade forms a distinct cluster in the family of

Rhodobacteraceae with Roseobacter members sharing at least 88% identity of the 16S rRNA
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gene (Brinkhoff et al., 2008). Unlike other genera in the Rhodobacteraceae, the Roseobacters are
notably absent from freshwater or terrestrial environments, but the marine environments they do
reside in are diverse. They range from open seas (pelagic) to coastal and deep sea sediments,
from the polar ice to tropical regions. They are often found living in close association with other
marine organisms, including algal blooms (Buchan et al., 2005). Genes involved in DMSP
cleavage and demethylation are particularly abundant amongst the Roseobacter clade, and
several strains have been shown to degrade DMSP (see Chapter 5). One strain, Ruegeria
pomeroyi DSS-3 has become something of a model organism of the Roseobacter clade and
DMSP utilization by this strain has been studied extensively. One reason for this is that R.
pomeroyi is capable of both DMSP cleavage and DMSP demethylation, and possesses a
multitude of DMSP-related genes. This organism was the focus of part of this work, and so will
be discussed in more detail in Chapter 4.

1.20.2 The SARL11 clade

The second of the two groups of a-proteobacteria known to be involved in DMSP degradation is
known as the SAR11 clade, belonging to the Order Rickettsiales. It is predicted that members of
this clade compose ca. 25% of the oceans’ bacteria. Initially identified through culture
independent techniques such as 16S rRNA sequencing, some SAR11 strains have now been
cultivated (Giovannoni et al., 1990; Rappé et al., 2002). DMSP degradation in the SAR11 clade
is the focus of Chapter 2 and, as such, these important bacteria will be introduced in more detail
then.
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1.21 Aims and objectives

DMSP is a significant source of carbon and sulphur in marine food webs, and a precursor of the
environmentally important gas DMS. In order to support environmental and ecological
observations of the amounts and functions of this sulphur molecule, it is necessary to fully
understand the genetics and molecular mechanisms underlying DMSP catabolism.

When this project started in 2010, it was already clear that molecular mechanisms used by
bacteria to break down DMSP were diverse. In addition to the DMSP demethylase, DmdA, four
DMSP lyase genes, dddD, dddL, dddP and dddQ had already been identified and published,
while work on dddY and dddW was still in progress. These initial genetics studies, whilst
addressing the long unanswered question of how bacteria are able to break down DMSP, had
also opened up a new set of exciting questions. More work was required to understand why so
many different lyases existed, why some bacteria have multiple DMSP-enzymes, and how the
different pathways are regulated. In addition to the diversity in lyases, there was also a variance
in how different bacteria use DMSP as a nutrient source, with only some species able to use
DMSP or its breakdown products acrylate and 3HP as sole carbon sources.

My project was therefore to investigate this diversity in DMSP breakdown further, while
addressing the following specific points:

e To perform a thorough bioinformatics analysis of the DMSP-related genes of the
Roseobacter clade, particularly focussing on the synteny of DmdA and each of the
DMSP lyases.

e Toinvestigate how the model marine bacterium Ruegeria pomeroyi DSS-3 is able to
assimilate carbon from DMSP and acrylate.

e To study the multiple DMSP lyases of Oceanimonas doudoroffii, in order to understand
how each lyase gene is regulated.

e To identify the enzyme responsible for DMSP-dependent DMS production in the
abundant and ubiquitous SAR11 strain HTCC1062.
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Chapter 2

DMSP lyases of the ubiquitous
Candidatus Pelagibacter ubique
(SAR11) clade of marine bacteria
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2.1 Introduction

As described in Chapter 1, the “SAR11” clade form an important, hugely abundant, group of
marine a-proteobacteria (the nomenclature reflecting the fact that their existence was first
demonstrated in the Sargasso Sea). The clade was discovered as part of a culture-independent
study into the genetic diversity of the marine environment, through the phylogenetic analysis of
bacterial 16S ribosomal RNA genes amplified from DNA extracted from the Sargasso Sea
(Giovannoni et al., 1990).

The SAR11 clade was later shown to be hugely abundant and widespread in the oceans. Between
25 and 50% of bacterial ribosomal RNA genes in seawater belong to members of this clade
(Morris et al., 2002), making them (probably) the most prolific group of microbes on the planet.
There is also a SAR11 cluster, found at low abundances in freshwater lakes (Bahr et al., 1996;
Grote et al., 2012).

The SARL11 clade can be further divided into seven sub-clades (Table 2.1) (Grote et al., 2012).
Genome sequences are available for a total of seven strains: five from sub-clade la (HTCC1062,
HTCC7211, HTCC1002, HIMB083 and HIMB5); HIMB114 from sub-clade Illa and HIMB59

from sub-clade V.
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Table 2.1 Sub-clades of the SAR11 group

Sub-clade  Strain Comments

la HTCC1062* >98% 16S rRNA identity to each
HTCC7211* other
HTCC1002* Most numerically dominant
HTCC9565 Ubiquitous
HIMB083*
HIMB5*

Ib SAR193
SAR11

1 Arctic95B-1
SAR211

Ia HIMB114*  88% 16S rRNA identity to
OM155 HTCC1062

b S9D-28 Freshwater strains
LD12

v DQ009255
\Y DQ009262 Most distantly related sub-clade

HIMBS59* 82% 16S rRNA identity to
HTCC1062

SARL11 strains are grouped into seven sub-clades. Complete genome sequences are

available for seven strains, indicated by an asterisk.

Despite the ubiquity of the SAR11 clade, difficulties in cultivating these strains have hampered
phenotypic studies. However cultures of some strains, including HTCC1002 and HTCC1062,
have been obtained, with difficulty. The strains grow extremely slowly, reaching a maximum

cell density of 2.5 x 10°-3.5 x 10° cells per ml after 30 days incubation (Rappé et al., 2002).

So far, all cultivated strains of Candidatus Pelagibacter ubique have very small cells with a
length of 0.37-0.89 um and diameter of 0.12-0.2 um (Rappé et al., 2002). Furthermore all
genome-sequenced Pelagibacter ubique bacteria have tiny genomes at <1.5 Mb. Thus, for
example HTCC1062, which is something of a model for this clade has a genome of just 1.31 Mb
(Giovannoni et al., 2005).

Even with this small genome size, SAR11 cells have the great majority of basic functions that
can be found in a-proteobacteria with much larger genomes, a feature which has been attributed
to genome streamlining. These genomes contain very little redundancy or non-functional DNA,
and the average intergenic space is a mere 3 base pairs (Giovannoni et al., 2005). However,
SAR11 cells do have reduced metabolic capabilities. One such example with relevance to the

work in this chapter is that of sulphur metabolism in SAR11, which has been studied in some
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detail. It was found that despite the almost unlimited availability of sulphate in the oceans,
SAR11 cannot use this as a sulphur source because they lack a complete assimilatory sulphate
reduction pathway. Instead, they depend on reduced forms of sulphur, such as methionine,
thiosulfate or DMSP (Tripp et al., 2008).

The importance of DMSP as a source of sulphur to SAR11 strains is reflected in their genetics.
In 2008, Reisch et al. purified the DmdA enzyme (SAR11_0246) from strain HTCC1062 and
showed it to be a functional DMSP demethylase. A BLASTp search of homologues to the
SAR11 0246 sequence revealed that a further five SAR11 strains have a convincing homologue,
with identities ranging from 41-48% (see Table 2.2). Strain HIMB114 has a very weak
homologue with only 24% identity to the Ruegeria pomeroyi DmdA (SP0O1913), so this is

unlikely to be a functional DmdA enzyme.

Table 2.2 DmdA homologues amongst the SAR11 clade

Strain Locus Tag Identity to E value
SAR11 0246

HTCC1002 PU1002_05126 99% 0.0

HIMBO083 Pelub83DRAFT_1008 78% 0.0

HIMB5 HIMB5_ 00000090 75% 0.0

HTCC7211  PB7211 770 70% 0.0

HIMB59 HIMB59 00001390 55% 8e™¥

Homologues were predicted using the peptide sequence of the functionally-verified
SAR11 0246 as a query in a BLASTp search. Locus tags of homologues are presented,

along with percentage sequence identity and E value (cut-off = 8e™%).

Although the purified SAR11_0246 protein was shown to have DMSP demethylase activity in
2008 (Reisch et al., 2008), given the challenges faced in growing cultures of SAR11 strains (as
explained above), it has taken some time to verify that SAR11 strains containing DmdA do
indeed demethylate DMSP. However, very recently an investigation into DMSP consumption
and MeSH production by SAR11 strain HTCC1062 was carried out. This work, conducted by
Stephen Giovannoni’s group at the University of Oregon, showed that HTCC1062 cells removed
DMSP over 18 hour incubations in artificial sea water, while simultaneously producing
methanethiol. This showed for the first time in any SAR11 strain the likely presence of the

DMSP demethylation pathway (S. Giovannoni, personal communication).

Surprisingly, the accumulation of methanethiol was only enough to account for 21% of the
DMSP decrease. The predominant sulphur product released from DMSP was in fact DMS,
accounting for 59% of DMSP decrease. Excitingly, this means that this SAR11 strain may
possess both the DMSP demethylation and the cleavage pathway. This finding was especially
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intriguing given that HTCC1062 was not known to possess any homologues of the known
DMSP lyases. Therefore, the aim of this work was to identify the genetic basis of this Ddd”
phenotype in HTCC1062, and also investigate the functionality of other DMSP lyase
homologues in the SAR11 clade. To do this, homologues of dddQ from strain HIMBS5, dddP
from HTCC7211 and a candidate DMSP lyase gene from HTCC1062 were all synthesised and
checked for DMSP-dependent DMS production.

2.2 Results

2.2.1 Pelagibacter ubiqgue HTCC1062 gene SAR11 0394 encodes a cupin-containing
polypeptide

Pelagibacter ubique HTCC1062 was shown to produce DMS as the major end product when
grown in the presence of DMSP as the sole source of sulphur. To check for homologues to
known DMSP lyases, the genome sequence of HTCC1062 (Giovannoni et al., 2005) was
interrogated in a BLASTp search using DMSP lyase sequences as queries. The query sequences
were: DddD of Halomonas HTNK1 (ACV84065); DddY of Alcaligenes faecalis M3A
(ADT64689); DddL (EE36_11918) of Sulfitobacter sp. EE-36; DAdQ (SPO1596), DddP
(SP0O2299) and DddW (SP0O0453) of Ruegeria pomeroyi. The former five queries returned no
hits with an E value below 0.002. However, one gene, with the tag SAR11 0394 had very weak
homology to DddW with 37% identity over 64% coverage, with an E value of 2e™.
SAR11_0394 was predicted to encode a 130 amino acid polypeptide, with a putative C-terminal

cupin domain.

As discussed in Chapter 1, three other DMSP lyases have cupin domains - DddL, DddW and
DddQ. The structure and possible enzymatic mechanism of Ruegeria lacuscaerulenesis DddQ
has been solved and four key conserved residues in the cupin domain were shown to be critical
for the binding and cleavage of DMSP into DMS and acrylate. The cupin domain of the
SAR11_0394 gene product also contains these four residues, as shown in the alignment in
Figure 2.1. In addition, the computationally predicted tertiary structure of the SAR11 0394
polypeptide has a very similar cupin structure to the experimentally determined DddQ from R.
lacuscaerulenesis (Li et al., 2014; Figure 2.2). Therefore, SAR11_0394 provided a good

candidate for a novel DMSP lyase.
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KTTYPQHSHSEIEESY ISVAGA----WSENDAAVHAPGSLILNEPGEEHRITT

STTYPQHSHKDIEESYISVAGA----WSENDAAVHAPGSLILNRPGLEHRITT
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ATTYPQHSHKKIEESY ISVAGA----WSENNAAVYAPGSLILNRPGDEHRITT
NTTYPQHSHHDIEESYTSVSGA----WSENNAAVFAPGSLILNTSGHEHRITT
NTTYPQHSHREIEESYISVAGA----WSENNAAVYAPGSLILNRSGDEHRITT
RTTYPQHSHHDIEESYISIAGA----WSENQLAVYAPGSLILNRPGEEHRITT
STTYPQHSHPDIEESYVSISGA----WSENDAAVYAPGSLILNKSGEQHRITT
GLYYPFHQHPA-EEIYFILAGEAEFLMEGHPPRRLGPGDHVFHPSGHPHATRT
GYHYPPHHHPA-EEIYLVVAGEAEFHLDGHAPRRLGPGGTVFHPSGVAHALTT
HLYYPWHEHHA-EELYLIVSGQALFGKTGHEEQMLLPGETAFHEHSQPHATRT
DLDYPDHHHPA-QEMYLIVSGSAEFRKAGAPNETLRAGDTALIHVSNQPHAMQT
NTFYTWHHHEA-EEIYFVLSGKAKFESYGDKSEILGPNQARFHKSFQPHSLTT
GLDYDWHSHOQA-EELYLTLAGGAVFEVDGERAFVGA-EGTRLHASWQSHAMST
GHOLRPHRHTP-PEFYLGLEGSGIVTIDGVPHEIRA-GVALYIPGDAEHGTVA
HGRLLPHRHDP-PEFYLGLEGSGVVTIDGTPHEI-RPGVAIYVPANAEHDTQA
GGDLTLHYHSP-AEIYVVTNGKGILNKSGKLETIKK-GDVVYTIAGNAEHATLEN
GGNLTLHYHSP-AEIYVVTNGTGILNKSGKLETIKK-GDVVYIAGNAEHALEN
GGNLTLHHHAP-DEIYVVTNGSGTLNKSGELEEIKKE-GDVVYIAGNAKHALQN
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Figure 2.1 Sequence alignment of the cupin regions of DddL, DddQ, DddW and
SAR11_0394 homologues. Completely conserved residues are highlighted in red, and highly
conserved in yellow. Four residues shown to be key to DddQ cleavage of DMSP are indicated by
asterisks (Li et al., 2014). Sequences 1-8 are DddL polypeptides from the following: 1,
Oceanicola batsensis (OB2597_08014); 2, Rhodobacter sphaeroides 2.4.1 (RSP_1433); 3,
Amorphus coralli (WP_026318838); 4, Roseivivax isoporae (RISW2_01295); 5,
Dinoroseobacter shibae (Dshi_3313); 6, Roseivivax sp. 2211-s10s (AT08_14527); 7,
Maritimibacter alkaliphilus (RB2654_07950); 8. Fulvimarina pelagi (FP2506_12684).
Sequences 9-14 are DAdQ polypeptides from the following: 9, Ruegeria pomeroyi (SPO1596);
10, Roseovarius nubinhibens (ISM_14090); 11. Roseobacter sp. SK209-2-6
(RSK20926_17292); 12, Thalassobium sp. R2A62 (TR2A62_3487); 13, Pelagibacter ubique
HIMB5 (HIMB5_00000220); 14, Ruegeria lacuscaerulenesis (SL1157_0332). Sequences 15
and 16 are DddW polypeptides from Ruegeria pomeroyi (SPO0453) and Roseobacter sp.
MED193 (MED193_09710), respectively. Sequences 17-19 are potential DMSP lyase
polypeptides from the Pelagibacter ubique strains HTCC1062 (SAR11_0394) (17); HTCC1002
(PU1002_04381) (18) and HIMBS5 (HIMB5_00004730) (19).
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Figure 2.2 Predicted tertiary structure of the SAR11 0394 polypeptide. Computationally
predicted tertiary structure of the SAR11_0394 polypeptide (left; Changjiang Dong, UEA). The
same structure was superimposed onto the experimentally determined structure of DddQ from
Ruegeria lacuscaerulenesis ITI_1157 (Li et al., 2014) using the homology modelling
programme SWISS-MODEL (right; Bordoli et al., 2008). The substrate binding pocket is
indicated.

2.2.2 de novo synthesis of SAR11 0394

The approach used to investigate the possible role of the gene in the Ddd" phenotype of strain
HTCC1062, was to clone the gene in an expression vector and determine its phenotype, as was
done for DmdA of this strain (Reisch et al., 2008). To do this, the SAR11_0394 sequence was
optimized for codon usage in E. coli using the OPTIMIZER software (Puigbo et al., 2007), and
that sequence was synthesised by GenScript USA inc. (Piscataway, New Jersey). To allow sub-
cloning into protein over-expression plasmids, 5' and 3' extensions were incorporated, containing
the restriction sites Ndel and BamHI, respectively. The SAR11_0394 insert, initially cloned into
the pUC57 plasmid, was sequence-verified by GenScript.

2.2.3 SAR11_0394 was sub-cloned into the expression plasmid pET16

A preparation of the pUC57 plasmid containing SAR11_0394 was digested with the restriction
enzymes Ndel and BamHI to release the synthesised SAR11_0394 insert. Following gel

electrophoresis, a fragment of the expected size (700 bp) for SAR11_0394 was extracted from
the gel and purified, and then ligated into the expression plasmid pET16b, to create pB102206.

The pET16b plasmid contains an ampicillin resistance gene encoding p-lactamase, a lacl
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repressor gene and the viral T7lac-promoter (Novagen). Thus, a gene cloned into the polylinker
of pET16 will be transcribed from the T7lac promoter when transformed into a host expressing
T7 RNA polymerase. In this case, pBI02206 was transformed into E. coli strain BL21, which
has a chromosomal copy of the T7 RNA polymerase gene, under the control of a lacUV5
promoter. This promoter is under the control of the lacl repressor, whose repression can be
relieved by isopropyl f-D-1-thiogalactopyranoside (IPTG). Thus, in the presence of IPTG, the
T7 RNA polymerase is expressed, along with the cloned gene under control of T7lac promoter.
The pET16b plasmid also has a sequence upstream of the cloning site that encodes an N-terminal
sequence encoding a string of ten histidine residues, such that cloned genes encode polypeptides
with a His-tag, to facilitate their purification, as discussed below.

Following its construction and ratification, plasmid pBI02206 was introduced into E. coli BL21

cells, selecting for ampicillin resistant transformants.
2.2.4 The SAR11 0394 encodes a DMSP lyase
2.2.4.1 DMSP-dependent DMS production

To establish if SAR11_0394 did encode a DMSP lyase, E. coli BL21 cells with pBI02206, or
with an ‘empty’ pET16b plasmid, were grown in LB media in the presence of 100 nM IPTG to
induce expression of the SAR11_0394 gene product. Following overnight growth, the cells were
washed and resuspended in M9 minimal media containing 10 mM succinate as a carbon source,
and 5 mM DMSP, in a sealed vial for 1 hour before assaying by gas chromatography. The rate of
DMS production was calculated as nmol DMS produced per hour, adjusted according to the total
protein content of each vial, as measured by Bradford's assay. As shown in Figure 2.3, BL21
containing pB102206 produced significantly more DMS (0.89 nmol hour™ g protein™) than the
control cells (0.039 nmol hour™ pg protein™; Welch Two Sample t-test, t = -17.276, df =2, p =
0.003). Thus, SAR11 0394 does encode a product with DMSP lyase activity and was re-named
dddK.
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Figure 2.3 DMSP-dependent DMS production by E. coli expressing SAR11 0394. E. coli
BL21 cells containing pBI02206, or ‘empty’ pET16b (control) were grown in the presence of
100 nM IPTG to induce expression of SAR11_0394, then exposed to 5 mM DMSP for 1 hour in
sealed vials and assayed by gas chromatography. Average rates of DMS production were
calculated from triplicate samples, as nmol per hour, adjusted for total protein content. Error bars

represent the standard error.

2.2.4.2. DMSP is cleaved by DddK to produce acrylate

Having shown that E. coli, containing the cloned SAR11_0394 gene generated DMS from the
added DMSP substrate, NMR spectroscopy was used to identify the corresponding C3
catabolite. To do this, BL21 cells containing pBI02206 were grown overnight in the presence of
100 nM IPTG as described above and then resuspended in deuterium oxide, and lysed by
sonication. An aliquot of the soluble fraction was then incubated in the presence of 3 mM [3-
3C]-DMSP for 1 hour. A newly-formed **C catabolite was produced in each case as identified
by NMR spectroscopy (carried out by Dr Yohan Chan in the School of Chemistry, UEA). As
shown in Figure 2.4 this **C catabolite exhibited a peak that did not exactly match the chemical
shift of a reference sample of pure [3-**C]-acrylate, but was identical to the DddK sample spiked
with [3-*C]-acrylate. The reason for the difference in acrylate spectra reflects a difference in pH
between the pure solution and the mixed solutions (Y. Chan, personal communication). A
negative control, in which the cell-free extract of wild type BL21 cells was used, did not yield

acrylate, or any other product.
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Figure 2.4 NMR spectra of E. coli containing dddK. NMR spectra showing (A) [3-*C]-DMSP
reference; (B) wild type E. coli fed with [3-*C]-DMSP; (C) E. coli containing pB102206 fed
with [3-**C]-DMSP; (D) E. coli with pB102206 fed with [3-'*C]-DMSP, then spiked with [3-
BCJ-acrylate; (E) [3-*C]-acrylate reference.

2.2.5 Purification of DddK

Since the cell-free extract containing SAR11 0394 had DMSP lyase activity, the next step was
to purify the polypeptide and determine the properties of this novel lyase.

2.2.5.1 Over-expression of DddK

To obtain significant amounts of DddK for purification and assaying, E. coli BL21 was used as
the host strain a background for over-expression of DddK. This strain is not only designed to
express genes cloned in pET16 at high level, but it has a mutation in the outer membrane
protease VII which reduces proteolysis of expressed proteins. To over-express DddK, BL21 cells
containing pB102206, were inoculated into LB containing ampicillin, incubated at 37°C until
they reached mid-exponential phase (OD of 0.4), then 100 nM IPTG was added, prior to a

further 4 hours incubation at 28°C, at which time the cells were harvested.
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2.2.5.2 DddK is a soluble protein

The harvested E. coli cells were lysed and separated into insoluble and soluble fractions by
centrifugation. The soluble fraction of the cells containing pB102206 was compared to the
soluble fraction of wild type BL21 cells, using SDS-PAGE (Figure 2.5). The predicted size of
His-tagged DddK is 15.8 kDa, and in accordance with this, a strong band was seen in the soluble
fraction of pB102206 cells, at approximately 15 kDa. In contrast, the band was completely
absent in BL21 cells lacking pBI102206.

Figure 2.5 Expression of DAdK polypeptide in E. coli containing the cloned pB102206.
Polypeptides from the soluble fractions of E. coli BL21 cells were separated by SDS-PAGE on a
12% acrylamide gel, and stained with Coomassie Blue. Lane 1: Precision Plus protein standard.
Lane 2: Fraction from wild type cells. Lane 3: Fraction from recombinant E. coli containing
pB102206. A strongly staining band can be seen in Lane 3 at ca. 15 kDa, the approximate size of
his-tagged SAR11_0394.
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2.2.5.3 Partial purification of DddK polypeptide

In an attempt to purify the DddK polypeptide, a 50 ml culture of E. coli containing pB102206
was grown in LB at 28°C in the presence of 100 nM IPTG. The cells were harvested, pelleted
and re-suspended in 1.4 ml equilibration buffer, then lysed by sonication. The lysate was
centrifuged at 13,000 RPM, and the soluble fraction was retained and was applied in two loads
of 0.7 ml, to a Qiagen Ni-NTA spin column. Aliquots (5 pul) of the flow-through from each
application were examined by SDS-PAGE (Figure 2.6, lanes 6 and 7). The flow-through
contained a weakly staining band at ca. 15 kDa, suggesting that some of the His-tagged DddK
had not bound to the Ni-NTA resin. The column was washed three times with wash buffer
(Figure 2.6, lanes 8-10). The majority of remaining non-binding proteins were removed in the
first wash. Again, a weakly stained band at 15 kDa was present in all three washes. Finally, the
bound His-DddK was eluted twice using a buffer containing 300 mM of imidazole, which acts
by competing for binding of the His-tag to the Ni ions, and thus displaces the bound polypeptide.
As seen in Figure 2.6 (lanes 11 and 12), both elutions contained a pronounced band at 15 kDa,
the expected size of His-DddK. The total concentration of protein in eluate 1 and 2 was

estimated using Bradford’s assays, and shown to be 1.2 pg/pl and 0.74 pg/ul, respectively.
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15 kDa
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Figure 2.6 Partially purified P. ubigue HTCC1062 DddK protein from E. coli cultures.
Polypeptides were separated by SDS-PAGE on a 12% acrylamide gel and stained with
Coomassie Blue. E. coli BL21 cells containing pB102206 were induced for DddK over-
expression and separated into insoluble and soluble fractions following cell lysis. Lanes: 1,
Precision-Plus protein standard (Biorad); 2, insoluble fraction; 3, soluble fraction; 4&5, left
blank; 6-7, flow-through from first and second applications of soluble fraction onto an Ni-NTA
spin column; 8-10, flow-through from three consecutive washes of the column; 11-12, Ni-NTA

column eluate.
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2.2.6 Enzyme Kinetics of DddK

The partially pure DddK fraction obtained from the NI-NTA column was used for establishing
the enzyme characteristics of DddK. To determine the K, and V.« Values, the initial rates of
DMS production for different substrate concentrations (0-400 mM DMSP) were measured using
1.2 ug protein incubated at room temperature in sodium phosphate buffer (pH 8.0). The data are
presented as a Michaelis-Menten curve in Figure 2.7. The Vpa Was 3.61 nmol DMS min™(ug

protein)™, and the K, was exceptionally high at ~82 mM DMSP.
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Figure 2.7 Kinetic analysis of DddK activity. Michaelis-Menten plot for the DMSP lyase
activity of DddK. Data were fitted to the Michaelis-Menten equation using Origin software

(version 8, Origin Labs). Viax Was calculated as 3.61 + 0.266 nmol DMS min™(pg protein)™, and
Kn 81.87 £17.17 mM DMSP. DddK (1.2 pg) was in sodium phosphate buffer (pH 8.0.).
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2.2.7 EDTA inhibits DddK activity

A characteristic of cupin superfamily proteins is that they contain a metal ion in their active site.
For the majority of cupin enzymes, this metal ion is iron, but others have copper, zinc, cobalt,
nickel or manganese (Dunwell et al., 2004). Indeed, the DMSP lyase DddQ has been shown to
bind a Zn* ion in its active site (Li et al., 2014). Since DddK also contains a cupin-domain, it
was of interest to see whether this enzyme requires a metal cofactor. To do this, the metal-
chelating agent ethylenediaminetetra-acetic acid (EDTA) was used to determine if sequestering
metals resulted in a decreased activity of DddK.

The EDTA experiments were carried out using the partially pure samples of DddK, in sodium
phosphate buffer (pH 8.0). For this, 0.24 ug of DddK was incubated with or without 50 mM
EDTA in 300 ul of buffer at 28°C for 30 minutes. Then, 5 mM DMSP was added and the vials
were sealed and incubated for a further 30 minutes, before assaying for DMS production by gas
chromatography. The DMS produced was calculated as nmol min™ and adjusted for protein
content (Figure 2.8).
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Figure 2.8 DAdK activity in the presence and absence of EDTA. DddK aliquots were
incubated in the presence or absence of EDTA, before the addition of 5 mM DMSP. Vials were
sealed immediately, and samples were then assayed for DMS production by gas chromatography

following 30 minutes incubation. Error bars represent the standard error from triplicate samples.
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As shown in Figure 2.8, DddK in the absence of EDTA produced 0.22 nmol DMS min™ g
protein™, but when 50 mM EDTA was present, this activity was significantly lower at 0.11 DMS
min™ pg protein™ (Welch Two Sample t-test, t = 4.946, df = 2, p = 0.037). It is therefore likely
that DddK does have a metal co-factor, which is sequestered by EDTA. DddK was not, however,
completely inhibited and this could be for a number of reasons. It may be that a 30 minute pre-
incubation with EDTA was not enough time for the metal-chelating agent to bind all of the metal
co-factors. The time-dependency of EDTA metalloenzyme inhibition was shown for a crayfish
protease, which uses Zn** as a co-factor. In that case, the addition of 5 mM EDTA took 6 days to
reduce the enzyme activity by 50%, a factor attributed to the tight binding of Zn®* to the active
site (Stocker et al., 1988).

2.2.8 Homologues of DddK in the SAR11 clade

An investigation into the phylogenetic distribution of DddK revealed that this lyase is restricted
to the SAR11 clade. Very close homologues (>97% identical) are found in two other strains -
HTCC1002 and HIMBS (Table 2.3). These two strains and HTCC1062 belong to the SAR11
sub-clade la, which is the numerically dominant SAR11 sub-clade. The strains within this sub-
clade are very closely related, with a 16S rRNA gene identity of >98% (Grote et al., 2012).

Table 2.3 Homologues of DddK in the SAR11 clade

Strain Locus Tag Identity to E value
SAR11_0394

HTCC1062 SAR11 0394 100% 1e™

HTCC1002 PU1002_ 04381 97% 1e®

HIMB5 HIMB5_00004730  73% 3e®®

Homologues to DddK in the SAR11 clade were predicted using the peptide sequence of the
functionally-verified SAR11 0394 as a query in a BLASTp search. Locus tags of homologues

are presented, along with percentage sequence identity and E value (cut-off = 3e).
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2.2.9 dddK synteny

In the HTCC1062 and HTCC1002 genomes, dddK is positioned downstream of fabl, fabB and
fabA (see Figure 2.9) which are predicted to encode fatty acid biosynthesis pathway enzymes
(Magnuson et al., 1993). Divergently transcribed from the fab genes in each case is a gene
predicted to encode a Fur-family transcriptional regulator, a widely distributed family of proteins
involved in the regulation of genes in response to iron availability (Andrews et al., 2006).
Downstream of dddK in HTCC1062 is a gene whose product is predicted to be an S-
adenosylmethionine-dependent methyltransferase. This is a large family of enzymes which
catalyse the transfer of a methyl group from S-adenosylmethionine to a wide variety of acceptor
substrates (Struck et al., 2012). For example, in DMSP biosynthesis, a SAM-methyltransferase
is predicted to convert MTHB to DMSHB (Summers et al., 1998; see Chapter 1). In
HTCC1002, dddK is upstream of a gene predicted to encode a polyribonucleotide nucleotidyl
transferase, an enzyme involved in the degradation of mMRNAs (Regnier et al., 1987).

Contrastingly, the dddK of HIMBS is in a different genomic location to dddK of the other
strains. It is divergently transcribed from a gene encoding a hypothetical protein, and
downstream of a gene whose product falls into the YajQ-superfamily. YajQ proteins are
involved in the temporal control of bacteriophage Phi6 gene transcription (Qiao et al., 2008).
None of the genes surrounding dddK in any strain are predicted to be involved in DMSP
degradation. The other cupin-type DMSP lyases are also usually found in single-gene transcripts
or neighbouring genes of apparently no connection to DMSP degradation (see Chapter 5).
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Figure 2.9 Genomic location of DAdK. Arrangement of genes surrounding the dddK genes of
HTCC1062, HTCC1002 and HIMBS5 strains. Genes fabl, fabB and fabA encode the fatty acid
biosynthesis pathway enzymes Fabl, FabB and FabA, respectively. The fur gene encodes a Fur-
family transcriptional regulator. Other genes are predicted to encode a SAM-dependent
methyltransferase (1), polynucleotide phosphorylase (2), YajQ-superfamily protein (3) and a
hypothetical protein (4).

2.2.10 Other DMSP lyases in the SAR11 clade

Of the seven sequenced strains of SAR11, four do not have homologues of DddK. To see if any
other known DMSP lyases are present in the members of the SAR11 clade, each of the seven
strains was searched using peptide sequences of DddD, DddY, DddP, DddL, DddQ and DddW,
as described in Section 2.2.1. No homologues were found for DddD, DddY, DddL and DddWw,
but proteins with sequences similar to DddQ and DddP were present in some strains (Table 2.4).
Homologues to DddP were seen in HTCC7211 (PB7211_1082), HIMB59 (HIMB59 _00005110)
and HIMBO083 (Pelub83DRAFT_0483) with 48-51% identity to DddP2 from the -
proteobacterium Oceanimonas doudoroffii (note: O. doudoroffii has two DddP enzymes, of
which DddP2 is the most active {Curson et al., 2012 and see Chapter 3}). Interestingly, a single
homologue of DddQ was seen in HIMB5 (HIMB5_00000220) with 28% sequence identity to the
R. pomeroyi SPO1596 peptide, therefore this particular strain has homologues to two DMSP
lyases — DddQ and DddK.
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Table 2.4 Homologues of DAdQ and DddP in the SAR11 clade

Strain DddQ (SPO1596) DddP (Od DddP?)

HTCC7211 - PB7211_1082
48% 2e1%°

HIMB5 HIMBS5_00000220 -

28% 6%

HIMB59 - HIMB59 00005110
51% 2¢1*°

HIMBO083 - Pelub083DRAFT_0483
49% 2¢71%

Genomes of SAR11 clade were searched using BLASTp for homologues to DAdQ (SPO1596)
and Oceanimonas doudoroffii DddP2. Locus tags of the homologues are shown, with percentage

identity and E value.

Despite the fairly low identity of the DddQ homologue, HIMB5_00000220, to the ratified DddQ
from Ruegeria pomeroyi (SPO1596), the key residues essential for DddQ mediated DMSP
cleavage are conserved, as shown in the sequence alignment of cupin-type lyases in Figure 2.1.
This is also the case for the DddP-like homologues seen in strains HTCC7211, HIMBO083 and
HIMBS59. A recent paper investigating the structure and mechanism of DddP from Roseobacter
denitrificans showed that two Fe®* ions bind the active site of DddP at six key residues —
Asp297, Glu406, His371, Asp307, Asp295 and Glu421 (Hehemann et al.,