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CHAPTER 1

LITERATURE REVIEW

1.1 ABSTRACT

In the 1970s a missing component of the global sulfur cycle idantified as the volatile sulfur
compound dimethyl sulfide (DMS) that is released from masysems. The source of this DMS
is dimethylsulfoniopropionate (DMSP) produced by marifengs and algae. While the algae that
produce DMSP can also degrade it to DMS, further work shovaadl bacterial degradation of
DMSP also leads to the production of DMS as well as other camgs. While some processes in
the DMSP degradation pathway are well characterized inogemal studies, many of the molec-
ular mechanisms have not been elucidated. This review vwgEtiuss DMSP’s importance in the
environment, degradation pathways in natural systemsyeeathanisms of degradation in cultured

bacteria and the roseobacter clade.

1.2 INTRODUCTION

From the beginning of the discipline, microbial ecology hesognized the importance of microbi-
ological transformation of chemical substances in therenvent. Beijerinck was the first to use
the term “microoekologie” and described the careful desijoonditions in enrichment cultures
to select for organisms that were able to carry out a pagrccihemical transformation (Beijer-
inck, 1913). Given the staggering number (Whitnedml., 1998) and diversity (Schloss and Han-
delsman, 2004) of microorganisms on earth and that chemme#iiods have been established for
hundreds of years longer than microbial methods, it is ngirsing that a compound was often
first detected in the environment and only later identified asmponent of microbial metabolism.

The degradation of DMSP follows this theme.
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1.3 IMPORTANCE OFDMSPIN THE ENVIRONMENT

1.3.1 VOLATILE SULFUR IN THE GLOBAL SULFUR CYCLE

The broad outline of our knowledge of the global sulfur cyeses in place by the 1970s. The major
geological flux of sulfur from weathering and its accumwatin marine systems was well known.
A large flux of volatile sulfur from the sea to the atmosphegeswequired in order to maintain
sulfur in terrestrial systems. This transfer was assumdzetm the form of HS. However, the
oxidizing conditions of marine surface waters did not swggecompound as reduced agH

would be produced in large quantities.

1.3.2 Q.IMATE EFFECT OFDMS

In the early 1970s, the invention of more sensitive detecaoid analytical methods for gas chro-
matography led to the discovery that dimethyl sulfide (DM$)swhe volatile sulfur compound
released from marine systems that completed the sulfue ¢icvelocket al,, 1972). DMS had
been previously identified as a compound of biogenic andyialéy microbial origin (Challenger,
1951), but its role in a major step of biogenic recycling inrma systems had not been real-
ized. The source of DMS was identified as an algal osmolyteethylsulfoniopropionate (DMSP)
(Dickson and Kirst, 1986).

DMS released from marine systems is a major nonanthropogenrce of sulfur in the atmo-
sphere. It is estimated that 40 Teragrams/year of DMS agaset from marine systems globally
(Lomanset al., 2002). DMS is highly malodorous, end even in low concergratit is a major con-
tributor to the odor of the sea. Taking into account resideimes of various sulfur compounds,
averaging over all marine systems the contribution of DM$h®atmospheric sulfate burden is
42% (Simd, 2001). For comparison, the only other major m@tsource of sulfur to the atmo-
sphere, SQreleased from volcanoes, contributes 18% to the sulfat@dmuStoibeet al., 1987).
Anthropogenic sulfur emissions make up almost all of theai@ater (Simd, 2001, based on Kettle

and Andreae, 2000; Rodhe, 1999).



In the atmosphere, DMS is oxidized to methanesulfonic astleventually to particulate sul-
fate, which then acts as hygroscopic cloud condensatiotein@oncentrations of DMS in the
atmosphere correlate with the cloud condensation nucdeidgBate®t al., 1987), which suggest
a link between DMS production and albedo (the reflection ddrsenergy by cloud cover). As
decrease in solar irradiance of the ocean could reduce tiredahce of the algae that produce
the DMSP that DMS is formed from, there is the possibility éobiogeochemical and climate
feedback.

Increased solar radiation leads to an increase in the abhuad# algae that produce DMSP,
which could in turn lead to an increase in the amount of DM&ted and released into the atmo-
sphere, which would lead to increased cloud formation abedda. As an increase in cloud cover
would then decrease the abundance of algae, this systend wesllt in a negative feedback
loop with DMS acting as an anti-greenhouse gas. This wasetgnime CLAW hypothesis, after
Charlson, Lovelock, Andreae, and Warren, the last namebeofitithors of the paper where it
was first stated (Charlsoet al, 1987). Although there were many connections in this predos
feedback loop that were not fully elucidated, it was the fingichanism for large scale feedback
loops in ecological systems and could be an example of tleeafobiology in preserving global
homeostasis, as described in the Gaia hypothesis (Lovel8a®). For a review of these climatic
implications see Simé (2001).

While the idea of biogenic global homeostasis was crititizased on ideas that natural selec-
tion (Darwin, 1859) could not lead to a seemingly altruigtinergent behavior (Caldeira, 1989;
Dawkins, 1983; Doolittle, 1981), the biogenic effect of DMS climate is clear. There is a high
negative correlation between DMS concentrations and tti@tran dose in the open ocean (Val-
lina and Simao, 2007). Inclusion of the DMS produced from maisystems is essential for mod-
eling the planet’s climate (Stefett al., 2007) and the results of anthropogenic climate change
(Watson, 1998). In models, total marine DMS production pies climatic forcing that would
result in a 3.8 °C cooling over timespans of a few hundreds/8afatson, 1998). However, while

recent models have proposed an important role for DMS inajlolimate, a consensus has yet



to be reached on the climate forcing of this system (Gurdal,, 2006; Klosteret al., 2007). In
addition, the connection between the production of DMSP Iggeaand DMS concentrations is
more complicated, involving both abiotic parameters antt@ng microbiological control of the

products produced from DMSP (Simg, 2001).

1.4 DEGRADATION PATHWAYS OFDMSPIN THE ENVIRONMENT

1.4.1 SDURCES oFDMSP

DMSP is an organic sulfur compound produced by many marigaealdinoflagellates, some
diatoms, and a few species of plants, including the commibmgaish cordgrasSpartina alterni-
flora (Visscheret al, 1994), some sugarcanes, and the beach d&alastonia biflora(Stefels,
2000). DMSP may function as an osmoprotectant (Dickson arsd,K986), an antioxidant (Sunda
et al, 2002), a mechanism to remove reduced compounds (Ste@€l8),2r a precursor for com-
pounds used to discourage algal grazing (Wetfal., 1997). Bacterial symbionts and commensals
are attracted to their host algae by DMSP (Mikgial., 2004), and it may act as a chemical signal
of high productivity to reef fishes, who are also attractedhdy compound (DeBoset al., 2008).

Dissolved DMSP, synthesized by algae, is ubiquitous in neagnvironments.

1.4.2 HJKARYOTIC SYNTHESIS OFDMSP

The role and importance of DMSP in marine algae was reviewe@ibrdanoet al. (2005). The
pathway for DMSP synthesis is still being elucidated, bueaagal overview has been provided
by Stefels (2000). The ultimate source of the sulfur moietypMSP is SG~, which is fixed
by the APS/PAPS system, reduced to sulphite and then to suffithe chloroplasts, incorpo-
rated into cysteine, and modified to methionine by the tnalfigstion pathway (Stefels, 2000,
and references therein). Methionine is then converted t&SBNdy one of three different path-
ways that seem to have evolved independently in two eukiargtant groups and in marine algae.
The algal pathway has been observed in macroalgae, plaokilgae and diatoms (Gag al,,

1997; Hansoret al., 1994; Kocsiset al, 1998). There may be an additional pathway in other



macroalgae and dinoflagellates (Uchatal. 1996), although this is under active debate (Stefels,
2000). Common characteristics of these pathways inclugenéthylation of sulfur by AdoMet,
removal of the amine group of a precursor amino acid, andatixid and rearrangements in the
carbon backbone (Stefels, 2000). The production of DMSR isreergetically expensive process,
requiring eight electrons to reduce the sulfur moiety. Hasveit is a major component of the dry
weight of algae that produce it, reaching up ta ihtracellularly in some dinoflagellate species,

and typically comprising 50-99% of the total cellular sulit marine algae (Kelleet al,, 1999).

1.4.3 BENVIRONMENTAL CONCENTRATIONS OFDMSP

There are many different parameters that affect the coratét of DMSP in marine systems,
including algal growth conditions (van Dut al, 1998), viral lysis, and algal grazing (Wolfe
et al, 1997). Cell lysis is a particularly important parameterlze release of DMSP from algae
and plants is occurs primarily by cell lysis, with very ktbexuded from undamaged cells. DMSP
concentrations in marine waters ranges from typical leek&bout 10 m up to 1 M during algal
blooms (Sim¢et al., 2000; van Duykt al., 1998), and are highly variable spatially and temporally
on the scale of days (Sim6 and Pedros-Alio, 1999b) and sedtedyard and Dacey, 1996). In
oligotrophic marine systems, which contain many compowtdsw concentrations, DMSP may
have highest concentration of any single carbon source. BidS$iot found at significant con-
centrations in freshwater, although its role in a eutrogféshwater lake environment has been
reported (Ginzburgt al., 1998). The activity of DMSP metabolism parallels the sgliof fresh-
water, brackish, and saline waters (de Souza and Yoch, 199&#dh DMSP concentrations and
the major elements of the DMSP degradative pathway haveba&sn observed in a hypersaline

but landlocked lake (Diaz and Taylor, 1996).

1.4.4 \UPTAKE BY BACTERIA

Many bacteria bioaccumulate DMSP in the cytoplasm, whefenittions as an osmoprotectant

(Chambert al,, 1987). In marine environmental samples amended ##8]PMSP, almost all of



the DMSP was rapidly accumulated intracellularly by miegamisms, but over time the amount of
intracellular untransformed DMSP observed decreasedpalydl6% of the intracellular untrans-
formed DMSP remained after two days (Kiene and Linn, 2000bgre are indications from com-
petitive uptake kinetics in marine samples that DMSP coel@rénsported into cells by a glycine
betaine uptake system, which has been described genefikadihe et al, 1998). However, it is
unclear what steps of DMSP degradation take place intrdedy or if there are different cellular

locations in different organisms (Yodt al, 1997).

1.4.5 RATES OFDMSP DEGRADATION

The factors influencing DMS release from seawater are numsgffor a review see Yoch, 2002)
and include physical parameters such as wind speed, watardaixing (Simé and Pedros-Alio,
1999a), and sedimentation (Osirgal., 1996). While these abiotic factors are important, theee ar
many others that control the flux of compounds through the BM8gradation pathway. DMSP
consumption and well as DMS production and consumptionteeadsults of a complex micro-
bial food web (Sim¢et al., 2002). The flux of DMSP is high in most marine systems, witle ra
measurements indicating that pools turn over in less thaaylkfom the total amount of DMSP
consumed and inhibition studies of DMS consumption wittoobflorm, turnover times for DMS
of 0.2-1 day were estimated (Vila-Costhal., 2006b).Very little of the DMSP cleaved to DMS is
released, indicating similar rates of DMS consumption amdipction (Simdet al,, 2000). During
an algal bloom, the rates of DMSP degradation and DMS consamphanged over two orders
of magnitude over 24 hours, and the change in these ratesugas thiological activity (van Duyl

et al,, 1998)

1.4.6 RTHWAYS OF DMSP DEGRADATION

There are multiple pathways for the breakdown of DMSP in nesystems (see figure 1.1,
reviewed in Kieneet al., 2000; Yoch, 2002). While DMSP can degrade spontaneouslgarwater,

the rate is too slow to account for the formation of DMS (Daeeg Blough, 1987). Algae that



produce DMSP can usually degrade it to dimethyl sulfide (DMS8Jacellularly via a cleavage
pathway (section 1.4.7), although this is not the fate oftrBd4SP released. Many marine bacteria
also cleave DMSP (section 1.4.8), but are also able to deddMiSP by a separate demethylation
pathway (section 1.4.9). This demethylation route doeseaat to DMS production, but is impor-
tant in oxic and anoxic marine waters. Anoxic microbial getation of DMSP also occurs (section
1.4.10), but the remainder of this section will focus on deigtion of DMSP and its products DMS
(in section 1.4.11) and methanethiol (MeSH, in section1B}in oxic environments.

DMSIZ
Demethylation O‘\g/\/ AN Cleavage

Pathway / \ Pathway

MeSH DMS
S J
\

Methionine Sulfate

Figure 1.1: Major pathways for DMSP degradation in the emvinent

1.4.7 ALGAL CLEAVAGE OF DMSP

Many algae that produce DMSP cleave it to acrylate and DMS€hger, 1959). This activity

was also described in a salt marsh fungus (Bacic and Yocl8)199

CH,,0,8 — C,H,05 + C,H,S + HT
DMSP acrylate DMS

1.4.8 BACTERIAL CLEAVAGE OF DMSP

Many bacteria can produce DMS from DMSP (Dacey and Bloug871Biene, 1990). This reac-

tion was assumed to be catalyzed by a enzyme similar to tlaé RSP lyase, but other mech-



anisms have been proposed recently (see section 1.6.1)e Wdne DMS is formed by algal
cleavage in marine systems, bacterial production of DMSastecal process (Kiene, 1996), and
the abundance of heterotrophic bacteria is highly cordlatith the amount of DMS that is vented

from the sea (Simét al.,, 2002).

1.4.9 DeEMETHYLATION AND DEMETHIOLATION OF DMSP

The alternative to the cleavage pathway is the demethylgiathway, where methanethiol is
formed from DMSP (Diaz and Taylor, 1996; Visscher and Tayl®94). This is a solely bacterial
process. Intermediate steps in this pathway are the detagtnyof DMSP to produce methylmer-
captopropionate (MMPA), which is then demethiolalatedoiorf methanethiol (MeSH).

C.H,,0,8 + X—H — C,H,0,S~ + X-CH, +H"

DMSP carrier MMPA methylated carrier
C,H.0,8~ —s C,H,0, + CH,S
MMPA acrylate MeSH

DMS is not formed by the demethylation pathway. Many typdsaafteria can demethiolate DMSP
to MeSH, which under most conditions is the major pathway fSP degradation (Zubkoet al.,
2001). Thus, the demethylation pathway is an importantrobof the amount of DMS released
because it provides an alternative fate for DMSP. The bat{gopulation and their DMSP degra-
dation capabilities have a significant effect on the rateeardiproducts of marine DMSP degrada-
tion (Kiene, 1996; Kiene and Linn, 2000a). MeSH also is rjpige by many marine bacteria.
Most probable number dilution experiments indicated thatgopulation of bacteria that pro-
duces MeSH only slightly overlaps with the population thaiduces DMS (Visschest al., 1992).
However, one third of environmental isolates in the rosetéveclade (see 1.7.1) were found to

carry out both pathways (Gonzaleral,, 1999).



The sequential demethylation of DMSP to mercaptoprop® @A) and desulfurization to

H,S and acrylate has also been observed (Taylor and Gilch#81,; Taylor and Visscher, 1996).

C,H,0,8~ + X—H — C,H,0,8~ + X—CH, + H"

MMPA carrier MPA methyl carrier

MPA acrylate sulfite

While it has been observed in one aerobic isolate, thesé@tagiare more common in obligately
anaerobic methanogens and sulfate reducing bacteriaofTagd Visscher, 1996). In addition,
MeSH production from the alternative pathway for MMPA detgtion is observed at higher rates
in oxic environments. Therefore, this route of degradaitsamot thought to be a major contributor

in oxic marine waters, but it could be significant under an@anditions.

1.4.10 ANOXIC DEGRADATION OF DMSP

In anoxic marine sediments, DMSP can be cleaved to DMS, wisiatemethylated to MeSH
and then consumed. Demethylation of DMSP to MMPA and MPA atsturs, but little MeSH is
released by demethiolation of MMPA to MeSH (Kiene and Tayl®88). A DMSP lyase has been
characterized from a sulfate-reducing bacterium (van deaufglet al, 1996), and tetrahydrofolate
was found to be a methyl carrier for the demethylation of DM&E MMPA (Jansen and Hansen,
1998, 2001). Even though the enzyme was purified, neitheptb&in nor gene sequence was
determined (Jansen and Hansen, 2000). Homoacetogen&ibaalso anaerobically demethylate
DMSP to MMPA, probably to synthesize acetyl-CoA by the Ljdagl-Wood pathway. However
these organisms are not able to grow on or increase biomdsODMSP demethylation (Jansen
and Hansen, 2001). The reduction of MeSH and DMS to methamhélsd is a significant process
in anoxic sediments (Kiene and Taylor, 1988; Lomanhal., 1999a), with methanogens carrying
out more demethylation than sulfate- or nitrate-reduciactéria (Lomanst al., 1999b). In anoxic
sediment samples, methanogens use the methyl groupdyireat DMSP and MMPA, but at a

far lower rate than the methyl groups from DMS or MeSH (vanMeaarel and Hansen, 1997).
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1.4.11 HRTE OFDMS

DMS is a volatile compound that is often found at supersétdraoncentrations in the open ocean
(Kiene and Linn, 2000a). The mixed layer depth is a majortabaeterminant of DMS release to
the atmosphere (Sim6 and Pedros-Alio, 1999a). Howevedndital DMS consumption is 3—-430
times more rapid than abiotic release or degradation (KéemkBates, 1990). There are multiple
pathways in the environment that lead to the consumptionMEDSmall amounts of DMS are
transformed to cellular sulfur (Kieret al., 1999).There is low, but significant biotic flux from DMS
to sulfate, potentially via a non-charged and nonvolatdenpound that has not been identified
(Kiene and Linn, 2000b). DMSO was the major product of DMSstonption above the mixed
surface layer in the Sargasso Sea, while sulfate was ther piagduct below the mixed surface

layer (del Valleet al.,, 2007).

1.4.12 HRODUCTION AND CONSUMPTION OFDMSO

One potential sink for DMS is its oxidation to DMSO by marirecteria and abiotic photooxida-
tion.

C,HS + L0, «— C,H 08
DMS DMSO

DMSO can be reduced to DMS as an alternative electron aaceptiegraded by other processes.
The rates and endpoints of DMSO metabolism in marine syséeensurrently not well described
(Hattonet al,, 2004; Leeet al,, 1999). DMSO may be produced and released by marine algae,
which would require a high rate of DMSO consumption in masvaers (Simé and Vila-Costa,

2006).

1.4.13 HTE OF MESH

Methanethiol formed from the demethylation pathway is lgadcorporated into bacterial amino
acids, primarily methionine (Kienet al, 2000). This is an ecologically important process,

involving 15-40% of the DMSP derived sulfur (Kieeéal, 1999).
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The oxidation state of the sulfur in DMSP is the same as thatethionine. Eight reducing
equivalents are necessary to convert sulfate to this ariiatate. In seawater, where sulfate is
found at 16 times the concentration of DMSP, organisms will preferhtiuse DMSP as a sulfur
source, presumably because the sulfur does not need to beerktiefore incorperation (Kiene
et al,, 1999). Another possible bacterial use of the sulfur madétypethanethiol or DMS is oxida-

tion to sulfate, with oxidation or assimilation of the methyoups.

1.5 HUXES AND ENDPOINTS OFDMSP DEGRADATION

1.5.1 BACTERIAL CONTROL

As the open ocean has low concentrations of many differelocacompounds, DMSP is often
the single most significant carbon and energy source foebatgrowth (Kiene and Linn, 2000a).
During an algal blooms in the North Sea and North Atlantic, B®RMwas estimated to provide up
to 15% of the carbon and up to 95% of the sulfur required bydyac{Simoet al., 2002; Zubkov
et al,, 2001).

The sulfur demand of the heterotrophic bacterial poputativay determine if DMSP is
degraded via the demethylation pathway to MeSH, or via thavelge pathway to DMS, as MeSH
is the primary compound available for incorporation intdl peotein (Kieneet al., 1999). The

mechanisms and intermediates of these pathways have nofulgeelucidated.

1.5.2 BNDPOINTS OFDMSP DEGRADATION

Using incubations with oceanic and coastal waters amendbd38 radiolabled DMS, MeSH and
DMSP, Kiene and Linn (2000b) measured the end-producttjmaritaig of the sulfur moiety (see
Figure/ 1.2). Some DMSP was accumulated intracellularly maéhtained unchanged, but most
was transformed into other products. About 60% BB8][DMSP was incorporated into cellular
material in coastal waters, probably into methionine vi&G¥eln contrast 16% was incorporated
in oceanic waters. MeSH that was not incorperated was ceddia nonvolatile dissolved sulfur,

probably SG~. DMS turnover was much slower than the flux from DMSP througéSt. Small
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amounts of the sulfur from DMS were converted to cell prgtéut most of it was converted to
sulfate, potentially via another nonvolatile compound thas not identified. This compound did
not produce a signal on an ion conductivity detector whemusgpd by chromatography (Kiene
and Linn, 2000b). By examining size fractionation and cleaiate of f°S]DMSP incubations,

Vila-Costaet al. (2006a) estimated a release of 10-50% of synthesized DM8P® digae. The

estimated fates of the sulfur from this released DMSP we¥e4@% transformation to nonvolatile
sulfur (DMSO, sulfate or other compounds), 5-30% assiioitaby bacteria (probably into the

protein fraction), and 2-5% transformation to DMS.

Coastal / shelf Oceanic
Atmospheric Atmospheric

DMSP DMS™ DMSP DMS™

Intracellular Intracellular
MSP MSP

Pro:ﬁein

Figure 1.2: DMSP degradation Sankey diagram: Width of |exesproportional to the percentage
of DMSP-sulfur estimated to flow through each of the transfatrons. Figure based on data from
Kiene and Linn (2000b).

* DMS release was prevented in these experiments. Ratesdtioan work suggest released DMS
ranges from 0—10% of DMSP-sulfur produced (Kiene and Li@9db).

Following incubations of coastal and oceanic samples WiB|PMS, 70% of DMS was con-
verted to DMSO, 3% was incorporated into macromoleculed, tae remainder was oxidized
to SO~ (Vila-Costaet al, 2006b). When these samples were pre-incubated with DMS, le
DMSO was formed. The authors speculate that there was a gaapulof bacteria, perhaps in
the roseobacter clade oHypomicrobiumthat converted the DMS to MeSH and then to HS/
heterotrophic oxidation of the methyl groups. The H®Bas then oxidized to Sfy (Vila-Costa
et al,, 2006b).



13

Overall, up to 90% of the sulfur in DMSP goes to the demetigtepathway, forming MeSH
which is incorporated into cells or degraded to sulfate. I@f DMSP that is cleaved to DMS,

60—-99% of the sulfur in DMS is not released, being transfattoesulfate or DMSO.

1.5.3 HGH VARIABILITY

The percent of DMSP cleaved to DMS reported in the literatarges from 9% to 100% (Simo
et al., 2000). Some of this variability may be methodological ameltesult of large errors in esti-
mates, but natural variability is also important. The coniions of DMSP and other conditions
(particularly nutrient availability) vary radically beeen coastal regions and the open ocean, and
the differences in environments may contribute to the pomstraints in the fluxes through this
pathway. The flux of DMS could be controlled by different fasstunder the eutrophic conditions
of an algal bloom and the oligotrophic conditions of the $asp Sea, where UV dosage was found
to be linked to DMS emission (Toole and Siegel, 2004).

In brackish or saline sediments that cycle between oxic awctia conditions, the rates and
endpoints of DMSP degredation can be different. In a mariaeshm the rates of DMSP-cleavage
and demethylation were measured at different DMSP coratgoris. Demethylation occurred at a
higher rate than cleavage below 26 DMSP, but demethylation did not increase at higher con-
centrations, while the cleavage rate increased lineatly @oncentration. Therefore the cleavage
pathway dominated at concentrations above§jonkerset al., 2000).

Many of these rates are poorly constrained and probably stasiability as concentrations
change. An understanding of the bacteria responsible,itehémical mechanism, and the diver-

sity of the genes involved are essential to further undedsta of this process.

1.6 METABOLIC MECHANISMS OFDMSP DEGRADATION IN BACTERIA

Marine bacterial isolates vary in their ability to cleavel@lemethylate DMSP. Some only carry out

reactions in the demethylation pathway, others only cautyreactions in the cleavage pathway,
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and some isolates can perform both. Since little is knowrteoring the regulation of these path-
ways and many isolates were only tested under one conditiempossible that organisms dis-
playing one of the two activities might, under other coratis, display the other activity. In bac-
teria that use both pathways, functional regulation of the pathways has been observed, but
factors that influence this regulation are unknown. One thgxsis is that the sulfur demand of the
organism determines the expression of the demethylatithhwag (Kiene and Linn, 2000a). The
demethylation pathway might be induced in order to produceerivieSH that can be incorporated
into methionine, or the cleavage pathway might be suppdessproduce less DMS that cannot
be incorporated into methionine. During growth on glucase @.0025-10u of [3S]DMSP,Sili-
cibacter pomeroypartitioned more®s into volatile DMS at high DMSP concentrations, and less
into cell protein (Gonzéleet al., 1999). This theory of sulfur demand driving demethylatisn
supported by similar data from environmental studies (vaglBt al., 1998).

Many of the steps in the DMSP-cleavage and demethylatidwagts are not known. The reac-
tions shown in figure 1|3 have been proposed based on gas atugraphic and NMR detection
of intermediates in cultures of different microorganismatural assemblages, and environmental
samples. Therefore, the pathways may be incomplete or giwnoing. The parts of the pathway
that are not well understood include the mechanism of aterylagradation, the roles of MMPA,
MPA and acrylate as intermediates, and the cellular lonaifdhese substrates. This section will
focus on the mechanisms and genes that are known, focusiagrohic heterotrophic degradation
of DMSP and its products, particularly the sulfur moietyr¢iigh DMS and MeSH). The path-
ways involved in DMSP degradation are also reviewed in tioegedings of the 1995 symposium
on DMSP (Kiene, 1996), particularly the chapter by Taylod afisscher (1996). Other reviews
include a thorough coverage of the known biochemistry of IMiggradation pathways (Bentley
and Chasteen, 2004), a review focusing on the degradati@M$, MeSH, and other volatile
sulfur compounds formed by the abiotic oxidation of DMS (deazt and Kuenen, 1992; Kelly

and Baker, 1990), and a review covering both freshwater aartheas well as aerobic and anaer-
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obic degradation of organic sulfur compounds, particulddMPA and MPA by Lomanst al.

(2002).

1.6.1 DMSPLYASES
ALGAL ENZYMES

The activity and kinetic properties of Eukaryotic DMSP lgafiave been well described (de Souza
etal, 1996; Nikiet al., 2000; Seriegt al, 1996; Steinket al, 1998) since the original isolation by
Anderson and Cantoni (1956). DMSP-cleavage is probablied to the extracellular side of the
cellular membrane and is performed by the enzyme dimetbpglpthetin dethiomethylase (E.C.
number 4.4.1.3). Even though a cDNA clone of this gene has ise¢éated (Nishiguchi, 1994), no
sequence of the enzyme or its gene has been determined. tn@ganisms, two DMSP lyases
have been isolated (Nishiguchi and Goff, 1995). Antibodésed against a purified DMSP lyase

was shown to cross-react with other algal DMSP lyases (Nisthii, 1994).

BACTERIAL ENZYMES

Many DMSP-cleaving bacteria have been isolated, beginnitigKiene (1990). ManyProteobac-
teria isolated from a salt marsh degraded DMSP, but enlyroteobacteria produced DMS in a
study by Ansedet al. (2001a). Extensive kinetic studies of whole cell DMSP lyastvity was
performed by Ledyard and Dacey (1994), who found that DMSPaanylate induced this activity.
A DMSP lyase that stoichiometrically cleaved DMSP to ade/land DMS and was inhibited by
MMPA was characterized fromi-proteobacteriunflcaligenesstrain M3A (de Souza and Yoch,
1995) andy-proteobacteriunPseudomonas doudoroffidn antibody raised against th&cali-
genedyase crossreacted with both other bacterial and algal D&&es (de Souza, 1996). N-
terminal sequences were published from Edman degraddtibvese purified enzymes (de Souza
and Yoch, 1996b). However, no corresponding gene has bead o organisms that exhibit this

activity (including Silicibacter pomeroyithe first sequenced organism known to cleave DMSP).
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Figure 1.3: DMSP degradation pathways: Activities involve DMSP degradation pathways.
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Moreover, these sequences do not match any in major seqrepmstories or metagenomic sur-
veys (Johnstoret al, 2008). The cellular locations of these lyase activitiesemexplored, and
the DMSP lyase activity was predicted to be extracellulaklcaligeneshut not inPseudomonas

doudoroffii(Yoch et al,, 1997).

dddL

A DMSP lyase fronSulfitobactelEE-36 was identified by heterologous expression from a absmi
library in Rhizobium leguminosarustrain J391 and screened for DMS production by Cueta.
(2008). This cosmid produced barely detectable levels oMM DMSP inE. coli. To identify
the gene, subcloning and screenindginleguminosarurwas performed, followed by transposon
mutagenesis and subcloning. When expresse. iooli with a native promoter, a single gene,
designatediddL, was identified which conferred DMSP lyase activity. A knoakof this gene in
SulfitobacterEE-36 lost this phenotypelddL has no homologs with known or predicted activity
and had no known functional domains. Nine homologs weretifiiesh in other (mostly marine)
a-proteobacteria, and seven were identified in metagenobmaries, including the Global Ocean
Survey (Rusctlet al,, 2007).dddL cleaves DMSP to acrylate and DMS, askncoli expressing
dddLreleased acrylate into the culture medium (Cursbal., 2008). WhiledddLwas the first gene
identified that produced DMS and acrylate from DMSP, anothechanism for DMSP-cleavage

to DMS had previously been discovered.

dddD

A gene was characterized fronMarinomonasstrain MWYL1, ay-proteobacteria closely related
to Alteromonaghat displayed inducible cleavage of DMSP to DMS (Teddl., 2007).dddDwas
identified by heterologous expression from a fosmid libiar. coli screened for DMS produc-
tion. In the original fragment, four genesdd TBCR were located upstream and transcribed in the

opposite orientation frordddD. While dddD was sufficient to confer DMSP cleavage activity to
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E. coliwhen supplied with #acZ promoterdddR aLysRfamily transcriptional regulator, was nec-
essary for expression with the native promoter. Homologklttb were identified irBurkholderia
cepaciaandRhizobiumand they also conferred cleavage activity when expresdgeddoli. These
organisms were not previously identified as having DMSRa@Ege activity. While they can not
grow on DMSP as a sole carbon source, they do produce DMS frM8M A transposon dis-
rupted gene was used to replace tiielD in Marinomonas This mutant did not produce DMS
from DMSP and was not able to grow on DMSP. TdwdD gene product is an acyl-CoA trans-
ferase. It is composed of two similar domains, each of whia$ lhomology to theaiB gene of
E. coli. DAdD is predicted to form a coenzyme-A thioester with thboayl moiety of DMSP.
DMS is hypothesized to spontaneously cleave from the CoASPMroduct due to the electron
withdrawing properties of the thioester or with one or maeps catalyzed nonspecifically by
E. colienzymes. This would yield-hydroxypropionate as opposed to acrylate, as predicted fo

other DMSP-cleavage pathways (Toeldal, 2007).

DISTRIBUTION OF LYASES

Some DMSP-cleaving organisms only possgddlL, while others have onlgddD. Some organ-
isms have copies of both genes. Despite the unexpecteditjver DMSP lyases, more probably
exist. Both thex-proteobacteri®oseovarius nubinhibeéd the eukaryotic marine algdbalas-
siosira pseudonaneleaves DMSP to DMS, but their genome sequences do not oitgiificant
homologs to either gene (Cursenal., 2008). Lastly, homologs to these genes are not abundant in
marine metagenomic libraries where the activity is wideadr Therefore, it is unlikely that these

genes account for a significant amount of this activity inimasystems.

1.6.2 DMSPDEMETHYLATION

In the demethylation pathway, MeSH is formed from DMSP, pidi with the single demethy-
lation product methylmercaptopropionate (MMPA) as anrmidiate. This metabolism was first

observed in pure cultures by Taylor and Gilchrist (1991)ey isolated bacteria that generated
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MeSH from MMPA or DMSP, and one isolate that did not produceSMefrom MMPA, but
demethylated it to MPA. Later, an aerobic methylotroph vsdated that demethylated DMSP
to MMPA and then to MPA, as well as demethylated DMS to MeSHthed to HS (Visscher and
Taylor, 1994).

A demethylase gene was identified by screening a transpdsany of Silicibacter pomeroyi
with Ellman’s reagent to detect a mutant unable to produadstifHowardet al., 2006). One
mutant lacked the initial demethylation activity of MMPArfoation. This gene was designated
dmdAand belonged to the glycine cleavage T-protein family (PRIRD1571; Howardet al.,
2006). The reactions catalyzed by glycine cleavage T-prei&.C. number 2.1.2.10) include the
demethylation and deamination of their substrates. HogsotodmdAare highly represented in
metagenomic libraries, and are found i@dndidatusP. ubique”, a sequenced representative of
the highly abundant SAR11 clade. When ti@gahdidatusP. ubique’dmdAgene was expressed in

E. coliit conferred demethylation activity in cell extracts (Howa&t al,, 2006).

1.6.3 ACRYLATE DEGRADATION

Acrylate is formed in the cleavage pathway (Kiene, 1990) andlso the most likely product
formed in the demethylation pathway after the release ohamedthiol (see Figure 1.3). There are
a number of possible pathways for acrylate degradationed groups of pathways are possible:
conversion to lactate, those involving propionyl-CoA asistermediate, and the methylmalyl-
CoA pathway. Acrylate may be degraded via acrylyl-CoA tadsiCoA to lactate, although
no organisms are known that use these reactions for growthrnate pathways may be via
propionate to propionyl-CoA and then by succinate to at+@gA and lactate, malonic semi-
aldehyde to acetyl-CoA and GOmalonyl-semialdehyde-CoA to acetyl-CoA and £Or a-
hydroxygluterate to lactate and acetate all of which areritesd in various organisms (Fernandez-
Briera and Garrido-Pertierra, 1988). A final pathway is viagionate to propionyl-CoA and then
by (-hydroxypropionate and malonyl-CoA to acetyl-CoA, but lglthese enzyme activities are

described, no organisms are known that use these reactomggdwth. Lastly, acrylate may be
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degraded by the ethylmalonyl-CoA pathway that inclu@desethylmalyl-CoA and propionyl-CoA
and glyoxylate intermediates, which is part of a proposes pathway for acetate assimilation
in the a-proteobacteria (Albeet al, 2006).3-hydroxypropionate formation was identified as an
intermediate in DMSP degradationdrt and 5-proteobacteria, a reaction that in some organisms

appeared to occur extracellularly (Ansesteal., 2001a, 1999, 2001b).

1.6.4 MESH INCORPORATION TO METHIONINE

The entire MeSH molecule can be incorporated into meth&anime enzyme cystathioning
synthase (E.C. number 2.5.1.48) is thought to be resp@&ibthis activity (Kieneet al., 1999).
This enzyme catalyzes the release of succinate from O+sgldcihomoserine and the formation
of a C-S bond between cysteine and homoserine to form cystértle. However, this enzyme has
a broad substrate specificity. When methanethiol is thetgatbsnstead of cysteine it will form a
C-S bond between methanethiol and homoserine to form mett@gFlavin and Slaughter, 1967).
As the sulfur in methionine is at the same redox state as tlfier sSo methionine, this reaction
would allow the conservation of reducing equivalents dyitine synthesis of methionine. This
may be an obligatory method of methionine synthesis in somganissms, as DMSP was found to
be an essential source of reduced sulfur@ahdidatusP. ubique” and, by extension, the highly

abundant SAR11 clade (Tripg al., 2008).

1.6.5 MESHUTILIZATION

MeSH (as well as DMS and dimethyldisulfide, see below) arel liyeautotrophic thiobacilli as
a source of energy, by methylotrophic hyphomicrobia as acgoaf carbon and energy, and by
diverse methyl-oxidizing aerobic bacteria as a source efg@n(Bentley and Chasteen, 2004;
de Zwart and Kuenen, 1992; Kelly and Baker, 1990). MeSH isatded inHyphomicrobiumand

Thiobacillusby methanethiol oxidase (E.C. number 1.8.3.4), producingéldehyde and sulfide:

CH,S + O, + H,0 — H,S + HCHO + H,0,

MeSH sulfide ~ formaldehyde
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The enzyme that catalyzes this reaction was purified fRImdococcus rhodochroy&im

et al, 2000), but no genes encoding this function are known.

1.6.6 DMDSDEGRADATION

Abiotic oxidation of two MeSH molecules can produce dimddigulfide (DMDS), which is mal-
odorous, toxic, and volatile. DMDS degradation was obskmd®>seudomonas fluorescesisain
76, probably via MeSH. While the organism was not able to goowDMDS as a sole carbon
source, the sulfur moiety was assimilated and served asothesslfur source (Itet al, 2007).

Thiobacillus thioparustrain E6 also reductivly cleaved DMDS (Smith and Kelly, 828

1.6.7 DMSUTILIZATION

Algae that cleave DMSP to DMS may also use DMS by an unknowrhargsm (Wolfeet al,
2002). Bacteria and archaea in anaerobic environmentstglated DMS to MeSH using methyl-
transferases. Aerobes in the gendgghomicrobiunandThiobacillusdemethylate DMS to MeSH
with a dimethyl sulfide monooxygenase (Battal., 1981). These organisms were investigated as
a biological control for industrially generated odorifasdDMS. However, the mechanism was not
fully elucidated, and no genes were described (Borodtiral., 2000; Kanagawa and Kelly, 1986;
Polet al,, 1994; Schafer, 2007; Suylen and Kuenen, 1986)

Visscher and Taylor (1993) proposed another mechanism of [dbgradation iffhiobacillus
strain ASN-1. It includes a cobalamin methyl carrier anddaxion of folate-bound intermediates
without production of free MeSH. The evidence for this padlvincluded the lack of inhibition
by compounds that prevent monooxygenation or oxygenatidraa absence of observed catalase
activity, necessary to remove the®}, generated. This mechanism was proposed in a number of
methylotrophs (Hoefét al., 2000).

There are multiple mechanisms for the oxidation of DMS to BDMS$Vhile usually used for
the reverse reaction, the widely distributed molybdoptemzyme, dimethyl sulfoxide reduc-

tase (encoded bgmsABQ, can carry out the oxidation of DMS (reviewed in McCrindieal.,
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2005). Dimethyl sulfide dehydrogenases specifically caealyMS oxidation irRhodovulum sul-
fidophilumand are encoded bgdhABC This is a molybdopterin enzyme much like a DMSO
reductase (McDevitet al, 2002). InAcinetobacterstrain 20B, thedsoABCDEFgenes cluster
was identified. It conferred the ability to oxidize DMS to DK@Sand has homology to a multi-
component monooxygenase and phenol hydroxylase (Horimai@l, 1997). There have been
reports of a transformation of DMS to DMSO, methanesulfepfarmate, formaldehyde, and sul-
fate in aMarinobacteriumby a light-dependent oxidation catalyzed by excreted pdestsitisers,
including riboflavins and FAD (Fuset al., 2000; Hiranoet al., 2003). There are also reports of
ammonia monooxygenases that oxidize DMS to DMSO, perhapsate reaction (Juliettet al.,

1993).

1.6.8 DMSOUTILIZATION

Many organisms have the ability to respire DMSO to DMS. Thaction is so widely distributed,
it is used as a marker for bacterial respiration. The molyibeion enzyme dimethyl sulfoxide
reductase, encoded bysABCcatalyzes this reaction (reviewed in McCringleal., 2005).

An alternate mechanism for the degradation of DMSO by furthedation to DMSQ was
proposed based on thermodynamic calculations (Wood, 19813 chemical reaction was seen
in abiotic water samples with chloroperoxidases an®HTaylor and Kiene, 1989) and was a
component in a pathway of sulfur assimilation from DMS Byeudomonas putidstrain DS1.
A transposon mutant was isolated that was not able to catahe transformation of DMSO
to methanesulfonate. This led to the identification of she@ECgenes, which encode a FMNH

reductase and monooxygenase (Endbal.,, 2003).

METHANESULFONATE UTILIZATION

MeSH is oxidized in the atmosphere to methanesulfonate (M&&SO;). This acid is a sulfur
source for many organisms and a source of carbon and enengnethylotrophic aerobes following

oxidation to sulfite and formaldehyde. The gene responsiléhis activity is methanesulfonate
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monooxygenase. Gene clusters that confer this activitydecmsuDin Pseudomonas aerugingsa
ssuBACDn Bacillus subtilis andssuEADCBHN E. coli. The functional genes in these clusters are
all FMNH,-dependent monooxygenases (Bentley and Chasteen, 204asa been character-
ized inPseudomonas putidgtrain DS1 assuDE(Endohet al,, 2003). Some methylotrophs have
a different system for the utilization of MSAnsmABCD found in Methylosulfonomonaand
Marinosulfonomonasencode a unique hydroxylase, ferredoxin, and reductasiéy(&nd Murrell,

1999).

1.7 PFHYLOGENY OF DMSP-UTILIZING BACTERIA

The distribution of the DMSP degradation activities in eifnt phylogenetic groups of bacteria
has been extensively studied.

[3*SIDMSP microautoradiography and FISH blotting has been tsdetermine the nature of
the bacteria incorporating the sulfur moiety of DM&FProteobacteria were the primary incorpo-
rators of DMSP in all conditions, followed by-proteobacteria in coastal waters a@dgtophaga-
Flavobacterin both coastal and open ocean waters (Malmstebral., 2004b; Vilaet al., 2004).
The a-proteobacteria were primarily composed of organisms énrtdseobacter clade in coastal
waters, as 13—-43% of DMSP-sulfur incorporating organisyimillized to a roseobacter specific
probe (Vilaet al, 2004). By using flow-cell sorting of marine samples amenditd [3S]DMSP,
Vila-Costaet al. (2006a) found heterotrophic bacteria were the highestraatators of DMSP, fol-
lowed byProchlorococcusindSynechococcudore recently, $°SIDMSP microautoradiography
and FISH blotting has been applied to theproteobacterial SAR11 group, and 31-47% of the
cells incorporating DMSP hybridized to a probe for SAR11tbda. This group is the predomi-
nant DMSP accumulator in oligotrophic waters (Malmstrenal., 2004a).

In an algal bloom in the North Sea, there was a good correl&iidween the abundance of the
roseobacter clade and DMSP concentration (Gon#ilak 2000). In a North Sea algal bloom, the
subset of the microbial population that had the highest bsswandn situgrowth rate was isolated

by flow cytometric sorting and was investigated by 16S rRNAgeequence libraries. Seventy
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percent of the genes in the library had roseobacter segsieibe abundance of roseobacters
during the algal bloom (quantified by FISH) showed signiftaaorrelation to DMSP degradation
rates, and there was a single roseobacter clade 16S rRNAsggnence that made up 24% of the
total bacterial population (Zubkaet al., 2001).

In another study, organisms with elevated nucleic acidemnfindicating active replication)
were isolated by flow-cytometric sorting after DMSP amendite coastal seawater, and 16S
rRNA gene libraries and T-RFLP abundance profiles were usdadentify groups that had a
response to the DMSP treatment (Meual., 2005). There was variability between samples col-
lected from May 2002 — May 2003, but some populations weresistamt in their responses to
DMSP, particularly sequences in the roseobacter cladeshwiniade up 19-37% of the actively
replicating subpopulation. While 28—-38% of bacterial satpes could not be identified to a spe-
cific group, 3-proteobacteria were highly represented in two samples3@2%),y-proteobacteria
were abundant in another two samples (14—-21%)Baxcteroidetesnade up 35% in one sample
(Mou et al,, 2005).

To identify organisms that might consume volatile DMS, ehments inoculated with samples
from coastal and oligotrophic marine environments and Eupented with DMS were inves-
tigated by 16s rRNA clone library sequencing. The libratiesluded 55%--proteobacteria,
23% «-proteobacteria, and 17®acteroidetesThe ~-proteobacteria sequences were composed
of sequences similar tMethylophagain enrichments from both environments and composed
of sequences similar tdhiomicrospirafrom oligotrophic environments. The-proteobacteria
sequences were composed of sequences similar to roseebsetgiences in coastal waters and
SAR11 sequences in oligotrophic environments (Vila-Cestal., 2006Db).

While the bacteria accumulating the sulfur moiety of DMSE ®aell known, phylogenetic
distribution of the demethylation, cleavage, and otheivaiets of the DMSP degradation path-
ways are not fully known and could effect DMS release. Whileeo groups are also involved,
the roseobacter clade is linked to environmentally sigaifi@mounts of DMSP-sulfur incorpo-

ration and DMSP degradation (Gonzakdzal., 1999). Both pathways of DMSP degradation are



25

commonly found in isolated members of the roseobacter greifigen isolated strains from the
roseobacter clade cleaved DMSP to DMS (only four were iedlasing DMSP enrichments), and
five formed methanethiol, an intermediate found in the dégiation pathway (Gonzéleet al,,

1999).

1.7.1 THE ROSEOBACTER CLADE

A major group of marine heterotrophs, the roseobacter ck@esignificant contributors to DMSP
degradation in the environment. The roseobacter clade isrmophylogenetic group of strictly
marine«-proteobacteria. The first roseobacter member describgskepeed bacterial chlorophyll
and exhibited pink pigmentation (Shiba, 1991), but most tmens of this group lack these proper-
ties (Gonzaleet al., 2003). They are ubiquitous in marine systems and foundgh &bundance in
seawater (Gonzalet al,, 1999; Gonzalez and Moran, 1997). The 16S rRNA gene seqgsémre
the roseobacter clade are the second most common groupifooratine 16S rRNA gene libraries
(Giovannoni and Rappé, 2000) and comprise 25% or more obthEttacterial sequences (Buchan
et al, 2005). They are one of the dominant groups associated Vg#h lBlooms (Gonzaleet al.,
2000). Roseobacters are particularly abundant in coasdalater (Gonzalez and Moran, 1997) and
seem to fill many niches (Buchaat al,, 2005). The group has been well reviewed (Buchtal.,
2005; Wagner-Dobler and Biebl, 2006), including reviewsuging on their diversity (Brinkhoff
et al,, 2008) and genomic analysis (Moranhal., 2007).

Unlike many other abundant groups of marine bacteria, masgabacters are easily isolated.
However, the members of the roseobacter clade grown in plinere do not capture the diversity
of those that are abundant in marine systems. For instandegdan algal bloom, members of the
roseobacter clade made up the largest single group, up taoi#8 total bacteria, as enumerated
by ROS537 probe FISH vs. DAPI counts. However, only 1% of thetéria in the bloom were
detected with RSB67, a probe that binds to 16S rRNA gene segadrom currently cultured
roseobacters (Eilemst al, 2001). The ease of culturing roseobacters compared to gtbeps of

marine bacteria, most of which have not be grown in pure celltalows experimental approaches
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that would otherwise be currently impossible. Environraénbseobacter species are related to
organisms that are culturable on defined and rich media, theveloped genetic systems, and are
amenable to laboratory molecular techniques (Buattaad,, 2000; Gonzaleet al,, 1999). Genes
that are found in laboratory strains can be used to discawaologous genes that are important in
environmental populations (Buchanhal, 2001). A cultured and sequenced representative, of the

roseobacter cladsilicibacter pomeroyiis a model system for both demethylation and cleavage.

1.7.2 Silicibacter pomeroyi
| SOLATION

One roseobacter isolate capable of degrading DMSP by botfeitiglation and cleavage path-
ways isSilicibacter pomeroyiS. pomeroywas isolated in 1998 from southeastern U.S. seawater
enriched with 10uM DMSP (Gonzalezt al., 1999) and named after Dr. Lawrence R. Pomeroy

for his work in elucidating the “microbial loop” (Gonzélez al.,, 2003).

TAXONOMY

The first Silicibacter was isolated from a silica-rich lake (Petursdottir and #aissson, 1997).
However, this property is not a distinguishing characterisf bacteria in this genus. It has been
proposed thaSilicibacter should be reclassified into the genlRageria(Yi et al,, 2007), which
was proposed by Uchinet al. (1998) as a reorganization of maridgrobacteriumoriginally
described by Ruger and Hofle (1992). The descriptioRwégeriahas standing in nomenclature
over Silicibacterbecause it was validated earlier (IJSEM, 1999a,b). Howdudher work has
suggested that, on the basis of different physiologicaistr®NA G+C content, and 16S rRNA

gene sequences, that the genera are not synonymous (Mstehat, 2007).

DMSP DEGRADATION

S. pomeroycan demethylate DMSP or cleave it to DMS, grow on DMSP as saillean source,

and incorporate sulfur from DMSP into cell protein (Gonzad¢ al,, 1999). It is able to reduce
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DMSO to DMS, consume DMS and MeSH (Gonzaktzal, 1999) and degrade other sulfur-
containing compounds (Gonzaletal.,, 2003).S. pomeroyregulates the activity of the cleavage
pathway based upon DMSP concentrations and growth stagewf&zet al, 1999; Kiene and

Linn, 2000a). These characteristics make it an excellerdehorganism in which to study the
mechanism and regulation of these activities, particylarlrelation to sulfur demand in marine

systems.

GENES INVOLVED IN SULFUR TRANSFORMATION

The genome sequence $f pomeroyconsists of a 4.1 megabase circular chromosome and a 0.5
megabase megaplasmid. The megaplasmid may be linear andesnmany genes involved in
energy metabolism and transport, as well as two tRNA genggesting that it is a essential part
of the genome (Moraat al., 2004). Multiple replicative units are common in theroteobacteria.
S. pomeroyhas more genes involved in transport than any previouslyesempdy-proteobacteria,
including five systems for transporting glycine beti@p(ADlike genes), which may also trans-
port DMSP, based on uptake competition studies (Kietred., 1998).

The gene responsible for DMSP-cleavag&irpomeroyhas not been conclusively identified.
S. pomeroycontains a homolog with 41.2% identity and 60.0% similataythe dddD charac-
terized fromMarinomonas at locus SPO1703. It may be upregulated during growth on BMS
(Burgmannet al, 2007).S. pomeroydoes not contain a close homologdddL. Two N-terminal
fragments of DMSP lyase proteins have been identified fRsmudomonaand Alcaligenesiso-
lates (de Souza and Yoch, 1995, 1996b), but no correspogdimgcould be found in these or other
organisms that exhibit this activity (Bacic, 1999), and fahgth sequences of these genes have
never been described. A search in the predicted proteorSe médmeroywith Protein Prospector
(Chalkleyet al.,, 2005) did not find any significant matches. In addition, rgngicant matches
were found using a Blast search optimized for short nearhcematches (Altschudt al,, 1990)
and a PSI-Blast search (Altschetl al., 1997) using the consensus positions of the two fragments

as the motif region in th&. pomeroygenome.
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ThedmdAgene that catalyzes the first step of the demethylation of BMSVIMPA was first
described ir5. pomeroyand is found at locus SPO1913 (Howatchl., 2006). The demethylation
of DMSP is a THF-dependent reactiamimdAand genes involved in methyl transfer via THF were
upregulated in microarray experiment with DMSP (Burgmatrml., 2007). Upstream ofimdA
and transcribed in the opposite direction is a GntR fam#yscriptional regulator. Immediately
downstream ofimdAis a dehydrogenas&. pomeroycontains many other genes belonging to
the aminomethyltransferase family, which may catalyze etbgiation of other compounds in the
DMSP degradation pathway-Proteobacteria, particularly roseobacters, are amoadpécteria
that contain the largest number of proteins in this famihg &. pomeroyhas 42 genes classified
as aminomethyltransferase family genes (Pfam01571).

The enzyme that may be responsible for incorporating MeS#l imethionine, methionine
~-lyase (E.C. number 4.4.1.11), is found in t8e pomeroygenome at locus SPOA0318. This
gene was upregulated in microarray experiments with grent®MSP (Burgmanet al., 2007).
Unlike other organisms that require uptake of the cofacbomfethioniney-lyase,S. pomeroyi
has all genes necessary to synthesize pyridoxal phospiaateede novopathway. Some genes
involved in the degradation of products of DMSP cleavageemnethylation (acrylate, DMS, and
MeSH) are found in th&. pomeroygenome, but others are not yet identified.

The acrylate formed by the classical cleavage pathway anthédydemethylation pathway
may be degraded via acrylate-CoA or propionate and propiOny. While these transformations
are catalyzed by various enzymés, pomeroylacks the genes for of many of these pathways.
A recently described pathway for acetate assimilation spdead in then-proteobacteria, the
ethylmalonyl-CoA pathway, has propionyl-CoA as a impottemermediate (Erket al., 2007).
The known genes in the ethylmalonyl-CoA pathway have highdlogy to genes ifs. pomeroyi
In particular, a diagnostic enzyme for this pathway, crgtdDoA carboxylase/reductase, from
Rhodobacter sphaeroidestrain 2.4.1 has 93.0% similarity to the predicted gene pcoaf

SPO370 inS. pomeroyi Genes that are theorized to catalyze the remaining resciio the
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pathway have high homology to genesofpomeroyiAlber et al., 2006; Erbet al., 2007; Meister
et al,, 2005).

Homologs to the anaerobic dimethyl sulfoxide reductaseegdhmsABQ are found in the
genome ofS. pomeroyat locus SPO3557-SP03559. Homologs of this enzyme caryzattle
reduction of DMSO or the oxidation of DMS, as well as similatiaties for a wide variety of
methylated S- and N-compounds. The genes were upregulatieddrowth on DMSP (Burgmann
et al, 2007). HoweverS. pomeroywas observed to carry out the reduction of DMSO to DMS,
but not the reverse reaction (Gonzalkeizal, 1999), which would indicate that this enzyme is
not involved in the degradation of DMS. pomeroydoes not have homologs to known dimethyl
sulfide dehydrogenases, dimethyl sulfide monooxygenasesioomonooxygenases that may cat-
alyze the oxidation of DMS, DMSO, or methanesulfonate. PQ&niimportant cofactor for some
methylotrophic pathways, including methylamine degremha{Duine and Frank, 1990). While
many organisms use this cofactor, not all can synthesizeciu@ding E. coli). S. pomeroycarries
all the genes for thde novosynthesis of PQQuggABCDat SPO1504-SP0O1501).

Another possible pathway for use of the sulfur moieties fildeSH and DMS is the energy-
conserving oxidation to sulfate. This activity is widesgaldn marine bacterieS. pomeroyhas
genes encoding sulfur oxidation (tts®x cluster reviewed in Friedriclet al, 2005, 2001).
S. pomeroyihas genes with high homology to the genes of #uox system, composed of
SoXRSVWXYZABCDBoxG andsoxH that are found at the loci SPO0989-SP01001, SPO0788
and SP02822, respectively (Morah al, 2004).S. pomeroyalso displays high sulfite oxidase
activity in enzyme assays following growth with either thidfate or sulfite (Gonzaleet al.,
1999). Reduced sulfur in the form of thiosulfate increadssl growth yield ofS. pomeroyin
carbon-limited batch cultures (Morat al., 2004), indicating that the organism is able to decrease
the amount of fixed organic carbon that is respired to, @@en using this system. This type
of lithoheterotrophic metabolism might be used in DMSP ddgtion, as reduced sulfur moities
might be formed by the degradation of MeSH or DMS. A lithohetephic metabolism is also

indicated by theeoxSMLgenes for CO oxidation (but not genes for known autotrophibways;
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Moranet al, 2004). This activity is widespread in marine systems,ipaldrly in the roseobacter
clade (Tolliet al., 2006).

A final system for degradation of organic sulfur compoundsusd in the genome. pomeroyi
has a novel pathway for the degradation of taurine (a sulé&rend other organic compounds
with an oxidized (G-SO;’) sulfur moiety (Cooket al,, 1998; Dengeet al., 2006). This pathway
proceeds via cysteate (containing-&O; and—N H, group) to sulfite (Coolet al, 2006). Key
enzymes in this pathway use pyridoxal 5'-phosphate cofac& pomeroypossesses all genes
necessary for the mineralization of the sulfonate tau@wok and Denger, 2006; Gorzynsital.,

2006) and can grow on this compound as a sole carbon and esmrgye (Gonzaleet al., 2003).

1.8 IMPORTANCE AND RELEVANCE

The degradation pathway of DMSP and the role that microesgasplay in this environmental
pathway is an area of active research. It is important in ouleustanding of global climate and
climate regulation, the global sulfur and carbon cyclesl, tai@ marine microbial loop (Pomeroy,
1974). Understanding the mechanism of DMSP degradatidmaddl to our knowledge of bacterial
biochemical activities, the diversity of genes encodingliese important functions, and the details
of the metabolism of this compound.

DMSP is a significant marine carbon and sulfur source and therg@ environmental and cli-
matic impact due to DMS release from the oceans. Knowledd#u$ climate feedbacks would
improve our ability to model global climate. Bottom up apachbes to algal production of DMSP
have not led to a better understanding of DMS release. It besrbe clear that it is the bacterial
metabolism and alternative fates of the sulfur moiety thaednuch of the degradation of DMSP.
It is necessary to understand how the entire marine bakctemmamunity will degrade DMSP to
predict the release of DMS. The process is complicated andrelga on whole ecosystem mea-
surements, like reduced sulfur demand by microorganisodetermine the rates of the different

processes that make up the DMSP degradation pathway.
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Members of the roseobacter clade appear to be importanége thctivities in natural systems.
S. pomeroyis a sequenced roseobacter species, easily manipulatedarcylture, and will serve
as a gateway to understanding other organism’s DMSP ddgwadstivities. SinceS. pomeroyi
has both the cleavage and demethylation pathway, it is &neisting system to investigate ques-
tions of sulfur demand and regulatidd.. pomeroygenome has been sequenced, opening up many
approaches for gene discovery.

Many chemical intermediates in the DMSP-degradation paghtaave not been confirmed,
and the enzymes that carry out many of these processes ataowh. Knowledge of con-
served genes responsible for particular enzymatic aetsvitvould allow the use of molecular
techniques to investigate the DMSP degrading propertiemarine populations and allow fur-
ther work on the complex properties that determine DMSP atiggion in marine systems. With
extended sequencing and metagenomic investigations ottan, the staggering number of genes
for which there is no known or predicted function has emerdeentifying new pathways and
identifying unknown genes that code for known functions major challenge of environmental
microbiology. Many of the metabolic processes involved MEP degradation are still not known.
While recent work has uncovered two DMSP lyase genes, dtde@smore remains to be found,
and none of the available lyases seem numerically imparianarine systems, based on the abun-
dance of homologous genes in metagenomic surveys (Hostaid 2008). Also, the mechanisms
of DMS and MeSH degradation in marine systems have not besmifigéd, and further work is
necessary to elucidate the role of DMSO in the DMSP-deg@augiathway. An understanding
of the abundance and phylogenetic distribution of the gémedved in each step of the DMSP
degradation pathway would help link DMSP degradation rates fate to other ecological and

biogeochemical parameters, including nutrient limitatmd the flux through the microbial loop.
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CHAPTER 2

GROWTH OF Silicibacter pomeroyAND DMSP DEGRADATION

2.1 ABSTRACT

Silicibacter pomeroyia member of the a marine roseobacter clade, is a model systéne study
of dimethylsulfoniopropionate (DMSP) degradati@.pomeroycan cleave DMSP to dimethyl
sulfide (DMS) and demethylate DMSP to methanethiol (MeSH)il&\a number of genes involved
in sulfur transformations have been found in the sequeneedmge ofS. pomeroyimany genes
involved in the degradation of DMSP are not known. In thiskydwo important tools for the dif-
ferential display gene discovery of genes responsible 6P degradation were developedBia-
cibacterminimal medium to aid in growth studies and a chemostat teigeosteady state growth
conditions. Growth experiments from these two developsikate yielded important insights into

the energetics of DMSP degradation.

2.2 INTRODUCTION

Release of volatile organic sulfur (VOS) from DMSP degrauats a critical part of the global

sulfur cycle, and heterotrophic marine bacteria, pardidulthe roseobacter clade, play a critical
role in DMSP’s compeating cleavage and demethylation disgi@n pathways. Key enzymes in
these pathways have not been identified. One approach tovdisthese unknown genes is to
identify them in a model organism in pure cultu&. pomeroy{Figure 2.1) is a member of the
roseobacter clade that was isolated in 1998 from seawatiehed with 10 m DMSP (Gonzélez

etal, 1999).S. pomeroycan grow on DMSP as sole carbon source, demethylate DMSP $biiVie
cleave DMSP to DMS, incorporate DMSP-sulfur into cellulastgin, and catabolize other sulfur-

containing compounds (Gonzalez al, 2003, 1999). Cleavage and demethylation activity in
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Figure 2.1:S. pomeroymicrographs: a) Phase contrast and b) differential intenfee contrast
light micrographs ofs. pomeroyiBars, 5 um.

S. pomeroywvary under different concentrations of DMSP and duringedléht stages of growth

JGonzéIezet al\, 1999; Kiene and Linrl, 2000), indicating complex regulataf genes in both
pathways. With its ability to both cleave and demethylateERE. pomeroyis an excellent model

organism to understand the mechanism and regulation of ta#vities in marine systems.

2.2.1 (ROWTH OFS. pomeroyi

Many characteristics 05. pomeroyphysiology have been determined in batch growth studies.

S. pomeroyhas an optimal salt concentration of 100400 MaCl and a temperature range from

10-40°C (Gonzaleet al\, 200\lb). In marine basal media (MBM), it is able to grow on atst
ethanol, DL#-hydroxybutyrate, glucose, succinate, acrylic acid,aegtysteic acid, glycerol, cit-

rate, pyruvate, Casamino acids, L-alanine, L-argininegtine, L-taurine, L-methionine, glycine

betaine, and DMSP as the sole source of carbon and e%ergy&@zat al\, 200\lb).
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During growth on 10 m DMSP, S. pomeroyproduced DMS and MeSH during exponential-
phase growth (Gonzalezt al., 2003). At this concentration 0fS-DMSP, 38% of the radiola-
beled sulfur was released as volatiles (mostly DMS), 38% nwkesmsed as dissolved non-volatile
compounds, and only 12% was incorporated into trichlorba@id (TCA) insoluble material
(Gonzalezet al., 1999). At low (2.5 ™) concentrations, radiolabeled sulfur froff8-DMSP was
mostly (75%) incorporated into TCA insoluble material, lpably protein, while lower amounts
were released as $O (1.3%) and volatile compounds (2%).

While both MeSH and DMS are released®ypomeroyiluring growth on DMSP, they are also
consumed after longer incubation times and during nutdepletion. During growth on DMSP,
DMS accumulated in the headspace over 24 h and was not codsasniewas being produced.
However, when DMS was provided 8. pomeroyin media containing glucose or yeast extract,
55% or 100% of the DMS, respectively, was consumed after 48dm¢alezet al., 1999). Radio-
labled MeSH was completely consumed after 48 ISbgomeroyin MBM with glucose (Gonzalez
et al, 1999). At low (29 m) concentrations, radiolabled MeSH was mostly (92%) inocajed
into TCA insoluble material, with trace amounts (2%) retxhas S@‘. At higher concentrations
(950 nv) 29% was released as dissolved non-volatile compounds 8X#b incorporated into TCA
insoluble material (Gonzalezt al, 1999).S. pomeroyalso released MeSH from the degradation
of 3-methiol-propionate and 2-ketomethiol-butyrate (G&lezet al., 1999).

Both cleavage and demethylation pathways for DMSP degradate active when DMSP is
present (see Section 5.4.1), but the differential expoessi the two pathways is consistant with a
shift to demethylation when cells have a higher demand fiweed sulfur compounds (Kieegal.,
1999). If the DMSP degradation pathways are regulated jporese to the sulfur demand of the
culture, demethylation genes should be expressed at hHiglreds when other sources of reduced
sulfur are not available. Cleavage genes should be exgressaegher levels when the concentra-
tion of DMSP exceeds the demand for reduced sulfur. Whethaobthis regulatory hypothesis
is correct, genes involved in DMSP degradation are indundtie presence of DMSP, and gene

expression may change in response to the concentration &®(Gonzaleet al., 1999). There-
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fore, genes for DMSP degradation $1 pomeroyare good candidates for a differential display
gene discovery approach. A differential display proteoapproach to detect proteins upregulated
with growth on DMSP would allow the identification of genesatved in DMSP degradation. In
order to achieve this goal, a defined medium and a method toatéor growth effects of different

carbon substrates is necessary.

2.3 MATERIALS AND METHODS

2.3.1 SRAINS AND MEDIA

Silicibacter pomeroyDSS-3 was obtained from Dr. Mary Ann Moran (deposited as DSM 15171
and ATCC 700808) (Gonzale al., 2003). Stock cultures were frozen in 40% glycerol plus Half
strength yeast tryptone sea salt media and passed no morsithtimes. Cultures were grown

aerobically at 30 °C in the dark unless otherwise noted.

HALF STRENGTH YEAST TRYPTONE SEA SALT

Half strength yeast tryptone sea salt media (1/2YTSS) wagposed of 4 g tryptone, 2.5 g yeast
extract, and 20 g sea salts (Sigma Chemical Co., Saint LM@,USA) in 1L H,O. Agar was
added at 15 gt agar for solid medium (Gonzalez al.,, 1996).

MARINE BASAL MEDIUM

Marine basal medium (MBM) was composed of 5anNaCl, 12.5m1 MgSQ,, 2.5mv KCl,
2.5mv CaCl, 0.24mv K,HPQ,, 1.33mv NH,CI, 0.07mm FeEDTA, 0.07 v TRIS adjusted
with HClI to pH 7.5, 0.24 1 K,HPQ,, 1.33nm NH,CI (Baumann and Baumann, 1981) and was

amended with a 1% vitamin solution (Gonzéetzl., 1997).
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SilicibacterBASAL MEDIUM

Silicibacter basal medium (SBM) was prepared as a mixture of three sakitjore-basal, pre-
salt, and carbon source. Stocks were mixed in the order dietow. The pre-salt solution was
composed of 580 mL distilled 40, 50 mL of 0.2» KCI, 50 mL of 0.2m CaCl, 50 mL of 1m
MgSQ,, and 50 mL of 44 NaCl. This pre-salt solution was sterilized by autoclavamgl allowed

to cool to 50 °C. The pre-basal solution was composed of: 6. 8listilled H,O, 50 mL of 1m
PIPES at pH 7.5, 20 mL of 50mK,HPQO,, 20 mL of 0.5» NH,CI, 50 mL of 1.36 v FEEDTA,

1 mL of trace metals mixture, and 2.5 mL of vitamin mix. Thectanetals and vitamin mixtures
are described below. The pre-basal solution was filterlizted. DMSP, acetate, or other sources
of carbon and energy were prepared in 20 mL of distille®tnd sterilized by filtration. The final
medium was prepared by combining these three solutionseiridifowing ratio: 780 mL of the
pre-salt solution, 200 mL of the pre-basal solution, and 2@xnthe carbon source, resulting in a
final concentrations of: 200mNacCl, 50 nm MgSQ,, 10 mv KCI, 10 mv CaCl,, 50 nm PIPES,
1mm K,HPQ,, 10 mm NH,CI, 0.07 nm FeEDTA, trace amounts of vitamins and minerals, and a

carbon source, usually provided at o 50 mm. Agar was added at 1.5% for solid medium.

TRACE MINERALS SOLUTION

The trace metals solution used in SBM was based on that ofriwdhiet al. (1987) and was
composed of the following compounds: 7.&mnitroloacetic acid, 0.53m MnSQO,, 0.42nwm
CoCl,, 0.35mv ZnSQ,, 0.038 v CuSQ,, 0.11 mm NiCl,, 1.2 M N&a,SeQ,, 0.41 nm Na,MoO,,
0.33mv Na,WO,, and 0.25 w1 Na,SiO;. It was sterilized by filtration and stored at 4 °C.

VITAMIN SOLUTION

The vitamin solution used in MBM and SBM was composed of tHewang (all percentages
in wv): 0.002% biotin, 0.002% folic acid, 0.01% pyridoxine-HOBIP05% riboflavin, 0.005% thi-
amine, 0.005% nicotinic acid, 0.005% pantothenic acid)@196 cyanocobalamin, and 0.00%96

p-aminobenzoic acid. It was sterilized by filtration andstbat 4°C.
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2.3.2 HEMICALS

The MeSH source used as a standard was obtained from a caunghnelease Dynacal permeation
tube purchased from VICI metronics (Part number 107-05006035, Santa Clara CA). Crude
DMSP was generously provided by Dr. Al Place at COMB. PuribddSP was purchased from

Selact BV (Netherlands) or synthesized using the followpngtocol (see 2.3!3). All other com-

pounds were purchased from Sigma-Aldrich (Saint Louis, MQDifco (Detroit, Ml).

2.3.3 DMSPSYNTHESIS

Dimethylsulfoniopropionate (CAS# 4337-33-1, MW 170.6588.P. 125 °C) was synthesized
using the procedure of Chambegsal. (1987) as modified in Steinket al. (1998). DMSP was
formed by bubbling gaseous hydrochloric acid through a mm&xiof DMS and acrylic acid in
methylene chloride, and purified by recrystallization fraamethanol and ether mixture. This
is the reverse of the biologically catalyzed DMSP cleavagetion, and requires a free' libn,

provided by HC|,:

All reagents used were reagent grade and anhydrous (ingltice DMS). Gaseous hydrogen chlo-
ride was generated from the reaction of aqueous hydrochdard introduced by capillary tube to
the bottom of a dripping funnel filled with sulfuric acid byethmethod of Conant and Quayle
(1943), referencing Sweeney (1917) (see Figure 2.2). Ip&dy reaction, 10 mL of DMS (the
limiting reagent), 2 mL of acrylic acid, and 60 mL of methyéechloride were mixed in a round-
bottom flask, and HCI(g) was bubbled through the mixture fomin (Figure of 2.2). The resulting
white crystals were decanted, collected by filtration intsefd glass funnel with weak vacuum, and
washed with 600 mL of methylene chloride. Recoveries of 9&%measured by elemental anal-

ysis, were routine. This crude DMSP was dissolved in a mihuolume of methanol with gentle
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Figure 2.2: DMSP synthesis glassware: Diagram of the glassyor the synthesis of DMSP: 1)
125 mL dripping funnel filled with 100 mL HCl,; 2) 500 mL separatory funnelfilled with 100 mL
H,S0O,; 3) capillary tube used to introduce HG) into H,SO, and, by hydrostatic pressure, prevent
gas flow back up the tube; 4) valve for controlling the releaSEICI ,,; 5) 250 mL column for
bubbling through 100 mL k8O,; 6) 250 mL round bottom flask with a Teflon magnetic stir bar and
a tube for bubbling with HG},; 7) and 8) valves to allow removal of unused acids from agpara
All tubing was Teflon, all seals were ground glass joints.
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heating and stirring. The solution was then cooled, andhdiether was added dropwise until crys-
tals formed. Purified DMSP was crystallized at 4 °C and regavéy filtration and washing with
600 mL of methylene chloride. The resulting DMSP was a whitiyflpowder and was recovered
at routine yields of 68%, as measured by elemental analjgisonfirm the synthesis, elemental
analysis for C, H, O, S, and Cl was performed by Atlantic Mialo(Atlanta, GA, USA). Initial
synthesis was confirmed by NMR at the Chemical Sciences M@&gResonance Facility, UGA.
Purities of 98% for the initial crude preparation were comirend the final recrystallized purified
preparation was greater than 99.5% DMSP, with less than @&8fate as measured by either

method.

2.3.4 HEMOSTAT DESIGN

Two continuous flow chemostats were constructed from glask agperated in parallel (see
Figure 2.3 for a diagram of one chemostat). The retentionraelfor each was 50 mL or 100 mL.
Both chemostats were operated aerobically and spargedadth air sterilized by a 0.2 um high
volume filter (Whatman 6702-3600). Air flow was measured androlled by rotameters (Aalborg
184373-3), and a constant flow of air insured that the chemt®shaintained positive pressure.
For growth with DMSP and acrylate, air flow was at 20 mL rhi\ Teflon-coated magnetic stir
bar was used for mixing, and temperature was controlled bya@mpump operating at 30 °C
and water-jacketed vessels. All liquid influx and egress tasugh drip chambers to prevent
back-contamination. Back pressure was prevented in tleevass by venting with 0.2 um sterile
air filters (Whatman 673-5000). The chemostats were assehviith medium in the reservoirs
(or the phase salt solution for growth on SBM), autoclaved&@min, attached to air pumps,
allowed to cool, and any additional temperature-sensa@oraponents to the medium were added
via syringes though butyl rubber stoppers. Tubing was L/Bjigbn, mated to L/S13 Tygon and
passed through a Masterflex L/S peristaltic pump (with pum@dh77200-50), which provided
controlled flow rates of 0.05 to 10 mL min For growth on DMSP and acrylate, a 0.07 mL rhin

dilution rate was used, providing a volumetric retentiandiof 23.8 h for the 100 mL culture.
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Figure 2.3: Diagram of chemostat: 1) 2 L medium reservoif).2)um sterile air filters to prevent

backpressure in reservoir (); 3) peristaltic pump; 4) irelpipette equipped with a sterile air filter
used to measure flow rates (during normal chemostat opertt® tubing to pipette remained
crimped and medium flowed directly to chemostat); 5) dripettd prevent back-contamination;
6) water-jacketed culture vessel with Teflon stir-bar sttakgh a rubber stopper; 7) efflux path
resulting in 50 mL retention volume (tubing crimped for chastat retention volume of 100 mL);

8) efflux path resulting in 100 mL retention volume (tubinghgped for chemostat retention volume
of 50 mL); 9) high volume air filter for sparging tube.
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Rates were measured by an in-line pipette equipped withridesté filter as described in Stafford
(1986). Initial inoculation was performed though a inletvea Collection of overflow in 1 mL
increments was used to follow the culture absorbance. Chitoultures ofS. pomeroyivere
grown in SBM inoculated with mid-log pre-cultures in the samedium. Steady-state growth was

defined as identical absorbance over five volumetric exatgng

2.4 RESULTS AND DISCUSSION

2.4.1 SilicibacterMINIMAL MEDIUM DEVELOPMENT

The defined medium (Marine Basal Media; Baumann and Baunt881,) that was previously
used forS. pomeroygrowth did not support cell densities high enough for défdral proteomic
gene discovery experiments or growth rate studies as idohtjrowth rates to 0.42 dayGonzalez

et al, 2003) and limited final cell yields to low densities. In ritl2YTSS mediumS. pomeroyi
has a doubling time of 1 h with a final absorbance of 1.5 at 600santhese limitations were not
an intrinsic property of. pomeroyiln addition, the effective buffering range of the organigfer

in MBM, TRIS, is 7.5-9 (pK° °= 8). Therefore, at pH 7.5, the optimum f& pomeroyiTRIS

is a poor buffer for acidic additions to media (Goedal.,, 1966; Gueffroy, 1975). PIPES has an
effective buffering range of 6.1-7.5 (§K°= 6.7) and was used instead of TRIS for better acid
buffering at pH 7.5 (Gooet al., 1966; Gueffroy, 1975). Using the elemental cellular cosifon
determined foilEscherichia coliNeidhardt and Umbarger, 1996), MBM media was calculated to
be limiting in nitrogen (at an absorbance of 0.365 at 600 nna) phosphorus (at an absorbance
of 0.724 at 600 nm). A new defined minimal medium (SBM) was twed for S. pomeroyi
optimized for high growth rates and yield. Sufficient amauot phosphorus and nitrogen were
included, and the salt concentration was designed to bdasitoithe optimum folS. pomeroyi
Using this medium with 20 m glucose, doubling times of four hours and culture absorbsiof
1.8 were routinely observed. This higher growth density wrégal for the isolation of sufficient

amounts of proteins from cultures for differential disp&gperiments.
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2.4.2 S.pomeroyGROWTH IN SBM

S. pomeroyreached a maximum absorbance of 1.8 at 600 nm in SBM, whickeeber! the max-
imum yield on MBM and 1/2YTSS. However, 1/2YTSS allowed faster growth than SBM with
any of the tested carbon substrates. Growth rates, finakladosces, and cell yields for acetate,

acrylate and DMSP are presented in Table 2.1. Selected lyawtes are shown in Figure 2.4.

Table 2.1: Characteristics 8f pomeroygrowth on SBM with carbon sources from o 10 mm.
Substrate Average Yield (Qgy, mmol?) Doubling time (h)

DMSP 0.041 253
Acrylate 0.037 16
Acetate 0.037 9

2 non-logarithmic growth, so maximum doubling time is repdrt

Acrylate and DMSP have similar yields and growth rates algfiogrowth is linear and not
logarithmic. Long lag periods were also observed with ateyland DMSP. This lag could be
alleviated by pre-culture in a SBM with a single carbon srgist Both DMSP and acrylate were
toxic, and inhibited growth at concentrations betweervbamd 10 mi. While DMSP is a potent
osmolyte and is concentrated intracellularly, high exdHatar concentrations are not typically
experienced by the bacteria. Acrylate or some other intéiabe might be toxic when used as the
sole substrate for growth. Yields for DMSP or acrylate conicions above 5 m were determined
by addition of DMSP or acrylate to a culture in 3mincrements.

Casamino acids, methionine and cysteine supported grawbla carbon sources. Casamino
acid provided the highest growth rate, followed by methaenivith only weak growth on cysteine.
S. pomeroygrew well on glucose, acetate, and lactate, and had theeshotiserved doubling time

on lactate.

2.4.3 SEADY-STATE GROWTH OFS. pomeroyiN SBM

A chemostat was developed to support growtisopomeroyon DMSP and other compounds in

a defined medium. This allowed the control over the growth aatd densities d8. pomeroyilni-
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Figure 2.4: Growth ofs. pomeroyiOptical density of cultures grown on various compounds as a
sole source of carbon and energy in SBM: circle, BMSP; triangle, 5 1 acrylate; square,
5mMm acetate
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tially, a nitrogen-limited modification of SBM was testedtsteady state growth was not achieved,
and the cultures washed out even at low flow rates (data netrgh@ low sulfur medium was
also tested, with similar results. Therefore, a carbontéichchemostat was used, and growth on
SBM with DMSP or acetate at a constant cellular density wasvad for at least five days (five
volumetric exchanges), suggesting maintenance of stsidg-conditions. In two parallel carbon-
limited chemostatsS. pomeroyivas grown with either 3m DMSP or 5nv acetate at a volu-
metric replacement time of 24 h. The absorbance of outflowwaasured at 4 h intervals. The
average absorbance at 600 nm for the cultures were 2832 for DMSP and 0.2600.019 for
acetate. Therefore the yield was 0.888004 ORQymm* and 0.052-0.003 OQgymM™, respec-

tively, assuming that all substrate was consumed.

2.4.4 ENERGETICS OFDMSP DEGRADATION

Theoretical calculation of the energy available for degtemh of a compound can aid in the under-
standing of it's degradation pathway. Sinf8epomeroyis an aerobic heterotroph with the ability
to oxidize inorganic sulfur compounds, it is theoreticallyssible that it carries out the complete
oxidation of DMSP (GH,,0,S) to CQ and SG~. With 5 carbons carrying a net oxidation of
-4 and the sulfur in the -2 state, the complete oxidation of$fMo CQ and SG~ would yield
24 electron equivalents for the carbon and 8 for the sulturafyield of 32 electrons equivalents
in total (see Appendix A for calculations). If the sulfur rety is incorporated into cellular pro-
tein, electron equivalents are conserved, as it takes &eteequivalents to take SO (+6) to the
redox state of the sulfur in methionine. No net reductioreguired to take the sulfur in DMS or
MeSH to the same redox state as that in methionine. How8vgrpmeroyreleases most of the
sulfur moiety as volatile gasses, particularly DMS. If thethyl and sulfur moieties of DMSP were
released as DMS only 12 reducing equivalents of acrylatddimeiavailable. The complete oxida-
tion of acetate yields 8 electron equivalents. Therefdre ratio of reducing equivalents between
acrylate and acetate (1.5) would be observed between DM&Raatate if DMSP was degraded
to DMS and CQ.
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In a carbon-limited chemostat, the ratio of the cellulaid/er mol of substrate during growth
on DMSP to growth on acetate averaged #8912, close to the expected value of 1.5 for the
oxidation of only the acrylate moiety of DMSP. Since the pcesti molar ratio for complete
oxidation of DMSP to acetate is 4 (from a calculated electatio of 32:8), it is unlikely that
significant amounts of the reduced sulfur and methyl maediee oxidized under these condi-
tions. In addition, similar growth yields were observed fatch cultures grown on equimolar
concentrations of DMSP or acrylate, supporting this cosioli. These results are consistant with
S. pomeroyreleasing most of the sulfur from DMSP without oxidation anthese growth con-
ditions While S. pomeroydoes have the capability of utilizing MeSH and DMS and oittjz
reduced sulfur compounds, these activities do not seem sigoéicant under these conditions.
The small increase above the expected yield could come ftyroxidation of small amounts of
sulfur, 2) utilization of the methyl group transferred toarer in the demethylation pathway, 3)

the savings from sulfur assimilation, or 4) compatible sokffects of DMSP.
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CHAPTER 3

PROTEOMIC DISCOVERY AND ANALYSIS OF GENES

3.1 ABSTRACT

Silicibacter pomeroyia member of the a marine roseobacter clade, is a model systéne study

of dimethylsulfoniopropionate (DMSP) degradation. A ditntial display proteomic approach
was used to identify proteins upregulated with growth on M® identify candidate genes
involved in DMSP degradatiors. pomeroywas grown under steady-state conditions in dupli-
cate chemostats with either DMSP or acetate as a sole cashiores Duplicate samples from each
chemostat were collected, and protein was extracted fam2ssional differential in-gel elec-
trophoresis. About 1000 protein spots were detected. Vllprotein spots increased in abun-
dance during growth on DMSP, only 25 were sufficiently abumdear trypsin fragment peak pro-
file identification using matrix-assisted laser desorgtamzation (MALDI) time of flight spec-
troscopy (ToF-MS). Six unique gene products and two gendymtoparalog pairs were iden-
tified with high confidence, including a gamma-glutamylspeptidase (at locus SPO0633), a
methylmalonate-semialdehyde dehydrogenase (at locu28R) a solute-binding protein (at
locus SP0O2573), an alcohol dehydrogenase (at locus SPQ Efbdmate dehydrogenase (at locus
SPOA0272 or SPO3850), and a conserved hypothetical pr@teincus SPOA0269). These gene
products and their potentially co-transcribed neighlgpgane products may be involved in DMSP

degradation.

3.2 INTRODUCTION

Dimethylsulfoniopropionate (DMSP) is an algal osmolytéquiitous in marine systems. Bacterial

cleavage of dimethylsulfoniopropionate (DMSP) to voltlimethyl sulfide in marine systems is

60
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an important part of the global sulfur and carbon cycles amdgalator of global climate. An
alternate demethylation pathway produces methanethal rttay be incorporated into cellular
protein (Kieneet al., 2000). These two pathways have radically different ingilans for the fate
of sulfur in the environment, but many of the enzymes invdlk@main undescribed. Many aerobic
heterotrophic bacteria, including the abundant and ubaggi marine roseobacter clade, possess
one or both of these pathways (Buchetnal,, 2005). The roseobact&ilicibacter pomeroyis a
model system for both degradation pathways of DM&Romeroycan cleave DMSP to dimethyl
sulfide (DMS), degrade DMS, demethylate DMSP to methanke(MeSH), incorporate MeSH
into cellular protein, and oxidize MeSH to sulfate (Gonzad¢ al,, 1999). While a number of
genes involved in sulfur transformations have been fourndersequenced genome®fpomeroyi
(Moranet al,, 2004), many genes involved in the degradation of DMSP ar&mmwvn.

One method to identify genes used during growth on a paaticubstrate is differential dis-
play proteomics, where cells are grown with the substratatefest and reference substrate, and
their proteomes are extracted. Next, proteins that are mbuadant following growth on the
substrate of interest are identified by techniques such aglimensional differential in-gel elec-
trophoresis (2D-DIGE). Finally, these proteins are thakdd to the genes that code for them, for
instance by finding their trypsin-digest peptide fragmeattgrn using matrix-assisted laser des-
orption/ionization (MALDI) time of flight mass spectrosgofToF-MS). This approach is useful
for pathways that are known to be differentially regulatdding aSilicibacterminimal medium
that supports high cell densities and a chemostat to pratiedy state growth conditions (See
Chapter 2), a differential display proteomics approach ugesl to find genes potentially involved
for DMSP degradation is. pomeroyi

This approach will allow the identification of a subset of theteins whose abundance
increases whefs. pomeroyis grown on DMSP compared to an alternate carbon source hand t
identification of the genes that code for these proteins. Dumethodological limitations, this
approach will only identify a subset of proteins that inc®an abundance, and is unlikely to

identify membrane-associated and insoluble proteinsdbatot separate on the 2D gel, proteins
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that are resistant to trypsin digestion or have fragmerasitmize poorly, and regulated proteins
with similar pl and size to constitutively expressed, hygabundant proteins. However, no spe-
cific pathway is targeted by this approach — any protein theteases in abundance might be
detected. Pathways that might be upregulated include DM&®Rage and demethylation, MeSH
and DMS degradation, MeSH protein incorporation, methplugr utilization, sulfur oxidation,

and degradation of the carbon backbone of DMSP.

3.3 MATERIALS AND METHODS

3.3.1 SRAINS, MEDIA, AND GROWTH CONDITIONS

Silicibacter pomeroyDSS-3 (DSM 15171 and ATCC 700808) was grown Silicibacter basal
medium (SBM, see Section 2.3.1) at 30 °C unless otherwisednéior batch-grown conditions,
S. pomeroywas grown in 50 mL SBM cultures with either 3InMDMSP or 5nm acetate as the

sole carbon and energy source in a 250 mL Erlenmeyer flask’&@ @0th shaking.

3.3.2 (HEMOSTAT GROWTH

S. pomeroyivas grown in 100 mL chemostats (see Section 2.3.4 for dethitenstruction and
operation) in SBM with 3nu DMSP or 5mv acetate as the sole carbon and energy source and
with water jacket temperature controlled at 30 °C. The cheatavas inoculated with 50 mL of
mid-log phase cultures in the same medium. A 0.07 mL+mredium dilution rate was used, pro-
viding a volumetric retention time of 23.8 h for the 100 mLtcué. Sterile room air was provided

at 20 mL mint. Cell growth was followed by measurement of the g&yf the chemostat over-
flow, collected in 1 mL increments. After 5 volumetric excgas at a constant Qg, a 50 mL
sample was removed, and cells collected as described bAksv. the chemostat was refilled

at 0.07 mL mint and the O[Ryo stabilized for 5 more volumetric exchanges at constantgg)D

another 50 mL sample was collected.



63

3.3.3 HFROTEIN EXTRACTION

The urea for the lysis buffer was purified by passing\8.6rea over a AG501-X8 anion/cation-
exchange resin (Bio-Rad) column. Lysis buffer was compo$8d1 urea, 4% CHAPS, and 15w
TRIS (pH 8.5 at 4 °C). Whole cell proteome extracts were preghay collecting 50 mL chemostat
samples, centrifuging at 12,000G for 10 min to collect the cells, washing the cells at 4 °C with
deionized, sterile water, resuspending the cells in lysifelh and freezing the suspension at -
40 °C. Protein was extracted by sonication on ice at 50% p&ove30 s six times, centrifuging as
before, and centrifuging at 62,080G for 1 h. The final supernatant contained the protein exdract
and was desalted and concentrated with three exchangeslgsib buffer using Microcon YM-10
centrifugal filter devices (Millipore). Protein extracteme quantified by the Pierce BCA kit (Smith

et al,, 1985) using BSA as a standard.

3.3.4 HROTEOMIC IDENTIFICATION OF PEPTIDES WITH INCREASED ABUNDNCE

2D-DIGE, gel scanning, statistical analysis, and trypsgest peak profile protein identification
by matrix-assisted laser desorption/ionization (MALDi¢ of flight spectroscopy (ToF-MS) was
performed using equipment at the Georgia Proteomics Resdtacility and the Medical College

of Georgia.

2D-DIGE

Concentrated protein extracts from the two chemostat sesygfl both the DMSP- and acetate-
grown cultures were labled: for each sample, 50 ug totaleprotvas minimally labeled with
200 pmol Cy5 (DMSP-grown cell protein) or Cy3 (acetate-gnavell protein) fluorescent dyes
(Amersham Biosciences) at 4 °C for 30 min. A pooled samplepmsad of 12.5 ug total protein
from each protein extract was similarly labeled with Cy2 feszent dye. The labeling reactions
were quenched with 10 nmol lysine.

One pair of Cy5 labeled DMSP- and Cy3 labeled acetate-grawtepme samples and the

pooled Cy2 labeled proteome sample were all combined, ameips were loaded on two 24 cm
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pH 3-10 IPG strips (Amersham Biosciences) cut down to 18 cepém pH 3—7.5. This pH range
was previously shown to capture all of the protein spotswheae visable with silver staining. The
proteins were separated using the manufacturer recommeradi@ge program totaling 32,000
cumulative volt-hours in a & urea, 2v thiourea, 2% CHAPS, 0.5% IPG buffer, and 0.002% bro-
mophenol blue buffer after active rehydration at 30 V. IP@stwere equilibrated in @ urea, 2%
SDS, 64.8mw DTT, 30% glycerol, 50 m1 TRIS pH 8.8, and 0.002% bromophenol blue for 15 min
at room temperature. IPG strips were then equilibrated thigrabove buffer modified by replacing
DTT with iodoacetamide and incubated for 15 min at room tenafpee. Strips were affixed with
molten agar and proteins were separated on 8—-15% gradiehp8pacrylamide gels in an Ettan
DALT electrophoresis system (Amersham Biosciences) ategrto the manufacturers instruc-
tions. Gels were fixed in 30% ethanol and 7.5% acetic acid overnight at room temperature and
then were imaged using a Typhoon 9400 (Amersham Bioscigrgetings on the photomultiplier

tubes were optimized for each laser scan to achieve the ésbdgnamic range.

GEL ANALYSIS

Gelimages were processed using the DeCyder software (AmmarBiosciences). Initial automatic
spot selection normalized to background was filtered wighftlowing maximum cutoffs: slope
of 1, area of 450, maximum peak of 175, maximum volume of 10®,&Gel images in each fluo-
rescent dye channel were normalized to total protein in twdgul protein sample channel for that
gel per the manufacturer's recommended analysis prot8paits were aligned between two gels
using this mixed standard channel. Differential spot dgnsas statistically analyzed for signifi-
cance across both replicates based on the student’s T andayn&NOVA tests with a confidence
interval of 95%, as implemented by the manufacturer’s saféwEach statistically significant spot

selected for picking was examined manually for potenti&rap from neighboring peaks.
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SPOT PICKING

Gels were stained with Sypro Ruby (Molecular Probes), destiain 10%/ methanol and 6%
acetic acid for 30 min at room temperature, imaged as abodematched to the Cy images using
DeCyder software (Amersham Biosciences). This scan waktasstimate the quantity of protein
found in each spot. The coordinates for the automated pokfrspots was based on the Sypro
image. In addition, for lower abundance spots a gel with éigirotein loads (200 ug of only the
protein extracts from the DMSP-grown culture) was run, pesed as above, and Sypro stained.
Spots were picked in gel plugs with a diameter of 2.0 mm, jmetéigested, and peptides extracted

and spotted (see below) using a Spot Handling Workstationgsham Biosciences) or by hand.

TRYPSIN DIGESTION

Gel plugs were washed once with distilled deionized watece with 50 mv ammonium bicar-
bonate with 5094 methanol for 20 min, and finally with 75% acetonitrile for 20 min at room
temperature. Gels were then dried at 40 °C for 10 min. Follgweduction with 10ma DTT in
20 mv ammonium bicarbonate and alkylation in 5Mnodoacetamide for 30 min, proteins were

in-gel digested by incubation with 140 ng of trypsin (sequieg grade; Promega) at 37 °C for 1 h.

MALDI-T oF MS AND MS/MS

Peptides were extracted twice with 5@%@cetonitrile with 0.1%\ triflouroaceitic acid for 20 min
at room temperature. Approximately 25% of the resultingtiges mixtures were spotted with
partially saturated.-cyano-4-hydroxy-cinnamic acid (Sigma). MS and MS/MS degae acquired
on the 4700 MS-ToF/ToF Proteomics Analyzer (Applied Bideyss) using standard acquisition
methods. MS spectra were calibrated using two trypsin gsitopeaks (1045.45 and 2211.084%.

MS/MS spectra were calibrated using the instrument defaoltessing method.
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PEPTIDE PEAK PROFILE SEARCHING

Peptide peak profiles for each trypsin digestion were fittdoe peaks within 0.25kDa of a pre-
dicted human keratin trypsin digestion and matrix fragreektass lists for all monoisotopic pep-
tide peak profiles from the chemostat experiments were assehbirch a custom database built from
translations of coding regions of ti& pomeroygenome using Mascot (Matrix Science) with one
or fewer missed cleavage sites and 50 ppm mass accuracgirPsobres over 80 and confidence
intervals over 95% were considered good matches, whichnelytcorresponded to more than
eight peptides from the identified protein. In addition, tenoProspector (Clauset al,, 1999) and
Emowse (Pappiet al., 1993) were used to confirm searches. In the initial batclvgreulture
experiment, Emowse was used for all identifications. Untified trypsin digests were analyzed
by MS/MS spectra of major peaks using 4700 Proteomics AealyS-ToF/ToF and the resulting
peaks analyzed using Data Explorer (Applied Biosysterdshtified proteins were compared with

the predicted molecular weight and pl of the original prnotgiot on the gel.

3.3.5 BOINFORMATIC ANALYSIS

Tools used to identify genes included the BLAST search en{itschulet al., 1990), the Joint
Genome Institutes’s Integrated Microbial Genomes (Matkowt al., 2007), and the European
Molecular Biology Laboratory’s InterProScan (Muldetral, 2007). Tools used to investigate the
roles and pathways of the genes included the Brenda Enzyfoeriation System (Schomburg
et al, 2002), SEED (Overbee#t al., 2005), and MetaCyc (Caspt al,, 2008). Alignments and
trees were produced using ClustalW (Thompstral., 1994) or MUSCLE (Edgar, 2004) fol-
lowed by Gblocks (Castresana, 2000), PHYLIP (Felsensi®i®9), and TreeDyn (Chevensttall,,
2006). Alignment of proteins for comparison of conservedatalytic residues was by the Smith-
Waterman algorithm as implemented by EMBOSS (Rital., 2000). Operon prediction was by
OFS1.2 using a cutoff probability of 0.8 (Westowtral,, 2005). Abundance of genes predicted in
metagenomic databases was based on the approach of Hetalr@008) using a 1&° e-value

cutoff, and percentages were calculated based on the lavegtfinted average of single copy genes
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(Howardet al,, 2008). Sargasso Sea databases were accessed on Deced@mm@8earched with
a local BLAST database and custom scripts written by Shulai $he GOS database was down-
loaded in April 2007 and BLAST searched with a*£-value cutoff. Reciprocal best BLAST
searches for orthologs in roseobacter a@@rididatusP. ubique” genomes were performed by
a locally installed BLAST database and custom scripts inRReg programing language with an

initial 1030 e-value cutoff.

3.4 RESULTS AND DISCUSSION

A differential display proteomic approach was used to idgptoteins that increased in abundance
with growth on DMSP compared to growth on acetate. Acryldte presumed common product of
both the demethylation and cleavage pathways, would sedra éogood choice for the alternate
carbon source in a differential display study, but it hasnbsieown to induce DMS and MeSH
production inS. pomeroyisee Section 5.4.1). Therefore, acetate was used to pravidatrol
condition lacking in the production of these gene produRteteins that are regulated in response
to growth on DMSP, including those that carry out the degiiadaof the 3-carbon backbone of

DMSP to central intermediates, are targeted in this apjproac

3.4.1 HROTEIN EXTRACTION

S. pomeroywas grown on varying concentrations of DMSP and acetate 3and DMSP and

5 mm acetate yielded a maximum culture density of approximdet$ ODyqo. The similar growth

yields on DMSP and acetate for these concentrations wedicped by electron yield calcula-
tions (See Appendix A). Batch grown 100 mL cultures at thiegity routinely yielded 200 uL
of 10 mg mL?! extracted proteins. Washing the cells quickly with distlllwater was found to be
necessary to reduce salt contamination from the mediumnitiali2D gels, an interfering agent
prevented isoelectric focusing. This interfering agentlddoe removed by TCA precipitation
or centrifugation at 62,000 G for 1 h. In preliminary experiments, a high level of carbdany

tion was observed as horizontally repeating spots for aflgans. This problem was solved by a
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anion/cation-exchange resin wash of the urea used to extiaproteins and keeping proteins at
4 °C during preparation and sonication. The final protocelded protein samples at high enough

concentrations and free of interfering agents for 2D gedtedphoresis.

3.4.2 BATCH GROWN CELL PROTEOMICS

The proteome 0%. pomeroybatch cultures grown on 3AmDMSP or 5 nm acetate were extracted
and used in a DIGE experiment. The 10 protein spots whosedaloge most increased with growth
on DMSP were picked and identified by trypsin digest peak lgr®fiALDI ToF-MS. Six gene
products were identified (see Table|3.1). While roles fos¢hgene products in the degradation of

Table 3.1: Gene products increased in abundance with batelilgon DMSP.
Abundance Ratio % matched Gene locus Annotation

61.36 50 SPO1508 quinoprotein ethanol dehydrogenase
5.99 30 SPO1914 zinc-binding alcohol dehydrogenase
5.87 23 SP02814 ABC periplasmic peptide-binding protein
5.49 43 SPO0633 gamma-glutamyltranspeptidase

5.17 24 SPO0326 acetyl-CoA acetyltransferase

10.62 26 SPO0142 acetyl-CoA acetyltransferase

DMSP are possible, variation in 2D spot patterns was seen &xperiment to experiment. Addi-
tionally, the identified acetyl-CoA acetyltransferase iisemzyme in the energy storage polyhy-
droxybutarate pathway. This result may indicate that tieesi@se in protein abundance was caused
by growth effects due to the slower doubling time on DMSP thestate and not regulation due
to the DMSP substrate. To control for growth effects, cheatagowth with DMSP or acetate as

limiting carbon sources were used.

3.4.3 HEMOSTAT GROWTH RESULTS

The proteome of duplicate 50 mL samples of chemd&tabmeroycultures grown on either 3w
DMSP or 5nm acetate were extracted and used in a two-gel DIGE experimghta pooled

reference sample (see Figure 3.1). While statistical Bagmice was weighted for individual pro-
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Figure 3.1: 2d gel area of interest: from DIGE scans of thenkbfrom samples grown on acetate
(left) and DMSP (right). Spots significantly increased imatbance and selected for identification
are outlined. The pl range of this region is roughly 3.5 toeft o right) and the size range is 150
to 20 kDa (top to bottom).

tein detection and abundance, a roughly 2.5-fold increasdundance was typically statistically
significant. Over 1000 filtered protein spots were found ochegel, and 80 were significantly
increased in abundance. Of these, 25 spots matched aceas®tigels were abundant enough (by
Sypro staining) to pick for trypsin digest peak profile MALDOF-MS (See Table 3.2).

High confidence identification was achieved with 16 of th@sig digest peak profiles. How-
ever, some proteins were identified from multiple plugs fribv®d same gel. This could be due to
covalent modification of the protein that caused a shift engbl or overlap of gel spots and there-
fore mixing of the proteins. In particular, the plug idemdias carrying peptides from the protein
at locus SPOA0269 was found in multiple neighboring spots@me at a distant location on the
gel, and and may have obscured peptides from other proteahsitreased in abundance but were

not as ionizable. Peptides matching this gene product wieeeefil from the trypsin digest peak
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profiles, and in one case, the identification of a second prtitat had increased in abundance, but
obscured by overlapping SPOA0269, was possible. The rengagpots did not contain identifi-
able peptides of other proteins. In addition to the 6 nonsneldnt protein spots identified as single
gene products, two protein spots were identified as genauptedhat have close paralogs in the
genome, either of which could have produced the proteintifieth These paralog pairs produce
proteins with high identity, and none of the peptide fragtaédentified are from regions that were
predicted to vary between the paralogs. In total, 8 geneymtsdvere identified, two of which

could be produced from two loci on the genome (See Table 3.3).

Table 3.2: Identification of proteins increased in abunédotiowing growth on DMSP.

Category Number
Total protein ORFs predicted in genome 4322
Approximate spots detected in each scan 2000
Approximate filtered spots detected in each scan 1000
Spots aligned across all scans 756
Spots significantly increased in abundance 80
Spots abundant with sypro staining 25
Plugs picked from two gels 32
Non-overlapping plugs 28
Samples with peptide fragments 23
Samples without human keratin fragments 18
Proteins identified with > 90% C.I. 16
Unique proteins identified 6
Pairs of paralogs identified 2

3.4.4 (&ENE CLUSTERS

Many of the genes found are in clusters of genes that arelglepaced and transcribed in the
same orientation (see Table 3./4.4 for a list of these geAdisdf the genes except for those at
locus SPO3850 and SPO2203 are in clusters of genes thaaasetibed on the same orientation
and may be co-transcribed. No clear terminator or promefgions are found between any of the

potentially co-transcribed genes (see Figures 3.2 and Bag) of these genes (at loci SPOA0269



Table 3.3: Gene products increased in abundance with cliahgmewth on DMSP: The average abundance ratio is repostéiearatio
of protein spot area from DMSP grown cells to acetate growis eeross all replicates, the ANOVA score indicates thaisicance
of the increase in abundance of the protein spot, and thedsmde interval (Cl) indicates the percent probability ttiet observed
trypsin digest peak profile matches this gene product. BNIDXA score and Cl are from the plug with highest identificati@lues.
See Section 3.4.6 for details of the identification and aauimrt.

Avg. abundance ratio ANOVA Protein C.1.%

Gene locus Annofat

2.81
3.04
3.04
3.42
3.5
5.04
6.32
8.94
8.94
9.06

0.01
0.01
0.01
0.03
0.02
0.01
0.03
0.04
0.04
0.03

95.678
99.97
99.984
93.306
98.664
100
95.151
99.999
99.999
100

SPOA0269
SPO3850
SPOA0272
SP0O2203
SPO0633
SP0O1914
SPO2573
SP0O3498
SPO0728
SPO1625

Conserved hypothetical protein
Glutathione-dependent formathetighydrogenase
Glutathione-dependent forrattkedehydrogenasde
Methylmalonate-semialdehydgddegenase
Gamma-glutamyltranspeptidase

Zinc-binding alcohol dehydrogenase
Periplasmic binding protein

Translation elongation f&ctor

Translation elongation f&ctor

Serine protease precursor

2. bpairs of orthologs that could not be distinguished.

TL
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and SP0O1625) are predicted by OFS to be in operons. Withtingahcy conditions used, OFS is
guite conservative in it's operon calls, and there may berajlene clusters that are co-transcribed.
One gene is found in an cluster wilmdA a DMSP demethylase (Howaed al., 2006). A trypsin
digest peak profile matched both of the paralogs SPOA026B&@B850. It is more likely that
SPOA0269 was the gene product that was detected, becaug3PDin the same gene cluster

was similarly increased in abundance.

3.4.5 HOMOLOGS IN GENOMES AND METAGENOMES

Othologs to the genes in these clusters were found usingigroeal best BLAST hit approach
with stringent cut-offs between the genome of the SAR11 neemBandidatusP. ubique” and
twelve sequenced roseobacters (see Table 3.5). Poterttialags to many genes in these clus-
ters are found in other roseobacters. Reciprocal best BLA&Wwere found for SPOA0272 in all
roseobacters, but not for the close paralog SPO3850, itmycdat this gene duplication might be
unique inS. pomeroyand that SPOA0272 is the more widely conserved gene. Of thssebac-
ters, all excepSilicibacter spTM1040 (whose production of DMS is unknown), aBdgittula stel-
lata E37 andSulfitobacter spEE-36 (which do not produce MeSH) produce both MeSH and DMS
when grown with DMSPSilicibacter sp.TM1040 andRoseovarius nubinhiberlSM produce
MMPA from DMSP. This pattern suggests that none of the lo€3850, SPOA0268—-SPOA0271
are solely sufficient to confer DMS or MeSH production from BRI The small number of organ-
isms that only carry out only demethylation or only cleavaggkes further predictions based on
ortholog patterns difficult.

A metagenomic approach to analysis of the genomes of thelvaster clade by Moraet al.
(2007) has made predictions of orthologs that are found istmmseobacters (core roseobacter
genes, Table S7 in original publication), orthologs thatspecific to the roseobacters (roseobacter
specific genes, Table S6 in original publication), and dags that have a high association with
marine genomes and metagenomes (marine genes, Table S§imalopublication). Many of the

genes in DMSP-related clusters are in the core roseobacigp SPO0635, SPO0726, SP0O1914,
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Table 3.4: Chromosomal gene clusters: Each cluster of gaargains one or more products
(in bold) that increased in abundance with chemostat grontbMSP2

Avg. abundance ratio Locus Annotation
SP0O0632 2-hydroxyacid dehydrogenase family protein
3.50 SPO0633 gamma-glutamyltranspeptidase
SP0O0634 FAD-binding oxidoreductase
SPO0635 aminomethyl transferase family protein
SPO0725 hypothetical protein
SPO0726 DNA topoisomerase IV, A subunit
SPO0727 hypothetical protein
8.94 SPO0728 translation elongation factor Tu (tuf)
SPO1623 Sensor histidine kinase
SP0O1624 DNA-binding response regulator
9.06 SPO1625 periplasmic serine protease
SP0O1913 dmdA
5.04 SP0O1914 zinc-binding alcohol dehydrogenase
3.42 SP02203 methylmalonate-semialdehyde dehydrogenase
SPO2571 TRAP transporter, putative
SP0O2572 hypothetical protein
6.32 SPO2573 extracellular solute-binding protein
8.94 SPO3498 translation elongation factor
SP0O3499 translation elongation factor
SPO3500 ribosomal protein S7
SPO3501 ribosomal protein S12
3.04 SPO3850 glutathione-dependent formaldehyde dehydrogenase
SPOA0268 transcriptional regulator
2.81 SPOA0269 conserved hypothetical protein
SPOA0270 conserved hypothetical protein
SPOA0271 methylamine utilization protein
3.04 SPOA0272 glutathione-dependent formaldehyde dehydrogenase

& The paralog pairs were SPO0663 / SPO0728 and SPO3850 / SFQA02
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S. pom. Genome

|
1kb
dehydrogenase ggt oxidoreductase aminomethyl transferase
A) 0632 0633 0634 <4
3.50x
Predicted Operon
B) [ >
response
serine protease regulator sensor histidine kinase
1625 1624 1623
9.06x
dmdA Zn-dehydrogenase
C) s Jios AT <<
5.04x
Operon may continue through SPO1915 and include SPO1916-SP02023.
mmsA
D) S §203 <4
3.42x
hypothetical
solute-binding protein  TRAP transporter, DctM subunit
E) 5 N§>573 2572 2571 <
6.32x
Predicted Operon
F) [ >
% translation elongation factor G translation elongation factor Tu
<A 3500 499 <A
8.94x
OR
Predicted Operon
: - ] >hypothetical
hypothetical DNA topo-isomerase protein translation elongation factor Tu
0725 0726 0727 0728
8.94x

Figure 3.2: Chromosomal gene clusters: Genes coding footaiprincreased in abundance with
growth on DMSP are shown above the average amount they sed@aabundance, OFS predicted
operons are illustrated by a outline above genes predicteel ¢o-transcribed. Due to trypsin digest
peak profile ambiguity, either gene cluster in f) could beegpitated.
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Table 3.5: Orthologs: Gene clusters with genes (in bold)sehgene product increased in abun-
dance with growth on DMSP. * indicates a reciprocal best BILAf# to a gene in a sequenced
genome of the roseobacter a@dndidatusP. ubique”: A) ‘CandidatusP. ubique” HTCC1062; B)
Loktanella vestfoldensiSKA53; C) Roseovarius sf217; D) Roseobacter s;(MED193; E) Sulfi-
tobacter spEE-36; F)Roseovarius nubinhibedSM; G) Sulfitobacter spNAS-141; H)Oceani-
cola batsensi$iTCC2597; I)Oceanicola granulosusiTCC2516; JRhodobacterales bacterium
HTCC2654; K)Silicibacter sp.TM1040; L) Jannaschia spCCS1; M)Sagittula stellatéE37.

Genelocus A B C D E F G H I J KL M

SP00632 * * * * * * * * * * * *
SPOO633 * * * * * * * * *
SP00634 * * * * * * * * * * *
SP00635 * * * * * * * * * * * * *

SP0O0725

SPOO726 * * * * * * * * * * * *
SPOO727 * * * * * * * * * *
SPO0728

SP01623 * * % *
SPO1624 * * % * *
SPO1625

SPO1913  * *ox *

SPO 1914 * * * * * * * * * * * * *

SPO 2203 * * * * * * * * * * * * *

SP02571 * * * * * * * * * * * *
SP02572 * * * * * * * * * * *
SP02573 * * * * * * * * * * * *

SPO3498 * * * * * * * * * * * * *

SP03499 * * * * * * * * * * * * *
SPO35OO * * * * * * * * * * * * *
SPO3501 * * * * * * * * * * * * *

SPO3850

SPOA0268
SPOA0269
SPOA0270
SPOA0271
SPOA0272 * * * * * * * * * * * *
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S. pom. Megaplasmid

—_—

1kb

Predicted Operon
[

>
IcIR reg. hypothetical hypothetical MauG-like Zn-dehydrogenase
| A0268 A0269 A0270 A0271 AQ0272 <
2.81x 3.04x

OR

glutathione-dependent formaldehyde dehydrogenase

<@l 3850
3.04x

Figure 3.3: Megaplasmid gene clusters: Genes coding fooiprincreased in abundance with
growth on DMSP are shown above the average amount they sed@aabundance, OFS predicted
operons are illustrated by an outline above genes prediotée co-transcribed. Due to trypsin
digest peak profile ambiguity, either gene cluster couldgregulated.

SP02203, SPO2571, SPO2573, SPO3498, SPO3499, SPO35&KERP@Nd SPOA0272). The
genes from the entire cluster of SPO2571-SP02573 were nofe®bacter specific group. None
were found in the marine specific genes. This may indicateitltaese genes are involved in
degrading a product of DMSP the same genes are found in ath@nisms outside the roseobacter
clade, including non-marine organisms. While the cut-offed in this study were intended to filter
out more distant homologs, close homologs that have sisnlastrate specificity or those that have
high similarity despite catalyzing different reactionsitwbobscure the results.

The abundance of homologs in marine metagenomes can beoudetgtmine how widespread
a particular gene is in a population (Howantchl,, 2008). Homologs to the genes in these gene clus-
ters were found for the Sargasso Sea metagenomic databaser@t al, 2004) and the Global
Ocean Survey (which includes the Sargasso Sea databasd &wd., 2007). Many gene prod-
ucts that increased in abundance with growth on DMSP werkljhigoundant in these marine
metagenomes, including SPO0635, SPO0726, SPO0728, SBC2ROD3898 and SPO3899 (see

Table 3.6). These genes are likely to be important in themeagnvironment.
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Table 3.6: Homologs in Metagenomes: Gene clusters thaagoonnhe or more genes (in bold)
whose gene product increased in abundance with chemostathgon DMSP and the number
of homologs and percentage of organisms in the: SS, Sar§essmetagenomic database; GOS,
Global Ocean Survey database. Percentages over 100 gglibat the gene is more common than
single-copy number genes in the metagenome, indicatingetsal conservation and variability in
this enumeration, or multiple homologs in a majority of thigamisms sampled.

SS GOS
Locus Number Percentage Number Percentage
SPO0632 316 28.6 933 19.1
SPO0633 220 19.9 917 18.8
SPO0634 377 34.1 1609 33.0
SPO0635 1020 92.2 4564 93.6
SPO0725 0 0.0 0 0.0
SPO0726 745 67.3 4132 84.7
SPO0727 0 0.0 3 0.1
SPO0728 649 58.7 3984 81.7
SP0O1623 11 1.0 17 0.3
SP0O1624 206 18.6 259 5.3
SPO1625 514 46.5 2506 514
SPO1913 560 50.6 2266 46.5
SP0O1914 254 23.0 1077 22.1
SP0O2203 1027 92.8 3781 77.5
SP0O2571 337 30.5 588 12.1
SP0O2572 6 0.5 58 1.2
SPO2573 315 28.5 1121 23.0
SPO3498 649 58.7 3984 81.7
SP0O3499 1071 96.8 5169 106.0
SPO3500 369 334 1397 28.6
SPO3501 351 31.7 1688 34.6
SPO3850 132 11.9 708 14.5
SPOA0268 0 0.0 7 0.1
SPOA0269 8 0.7 53 1.1
SPOA0270 1 0.1 18 0.4
SPOA0271 12 1.1 89 1.8

SPOAQ272 132 11.9 666 13.7
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3.4.6 ANALYSIS OF FUNCTION
dmMdAGENE CLUSTER

The gene at locus SPO1913 is next to a gene whose producasectén abundance with growth
on DMSP. SP0O1913 idmdAthe DMSP demethylase that catalyzes the demethylation c5PM
to MMPA, transferring the methyl group to tetrahydrofoldt¢éoward et al, 2006).dmdAwas
previously known to be upregulated with growth on low corications of DMSP. The chemostat
growth conditions provided this condition, and the ideaéfion of this gene cluster acts as a proof
of principle for the differential display proteomic appoba

The gene product of locus SPO1914 increased in abundankegwitvth on DMSP and was
also seen in batch-grown experiments. It matches Pfam 1@ithws composed of NADPH
guinone reductases and related Zn-dependent oxidoregsctand Pfam 8240, which is composed
of alcohol dehydrogenases. These families include thrgerrgeoups of enzymes: alcohol dehy-
drogenases, NADPH:quinone reductases (recruited in mésrasa structural protein of the eye),
and formaldehyde dehydrogenases. While these gene faedie difficult to distinguish on the
basis of sequence or even structural similarity (Sulzelimdeat al, 2004), SPO1914 does contain
the catalytic domain of alcohol dehydrogenases and a NADidibg domain (found in all three
groups). SPO1914 has higher similarity with both alcohdlyditogenases and NADPH:quinone
reductases than formaldehyde dehydrogenases. The ndinpisite, which is found in alcohol
dehydrogenases but not the NADPH:quinone reductasesidamdifiable on the basis of sequence
similarity. SPO1914 has 53% identity and 70% similaritygocoli K-12 YhdH, an uncharac-
terised protein with a solved crystal structure that lack®and zinc ion, which suggests that it
is a quinone oxidoreductase (Sulzenbaatteal., 2004). All conserved residues predicted to be
involved in quinone-binding were found in SPO1914. Howeteese conserved residues were
predicted on the basis of three proteins, none of which hakeosvn quinone substrate. The
reaction cleft is too small for many quinones (Sulzenbaehed., 2004) and may accommodate

another type of substrate. Homologs to this gene are uriNgiOnserved in genome sequences
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of roseobacters and irCandidatusP. ubique” (See Table 3.5), as well as being a core roseabacte
gene (Moraret al, 2007). SPO1914 probably reduces NADH with a electron fesrfsom an
unknown quinone or an alcohol. If the electron transferasrfran alcohol, an aldehyde or ketone
would be formed. SPO1914 is potentially involved in the atidn of a degradation product of the
DMSP or MMPA carbon backbone.

SPO2203GENE

The gene product from locus SPO2203 increased in abundaticgrewth on DMSP. Itis notin a
predicted operon. SPO2203 was annotatethiarsA a methylmalonate-semialdehyde dehydroge-
nase (E.C. number 1.2.1.27). It matches protein familiesW®0171 and TIGRfam 1722, and con-
tains a conserved NADH-binding region and the putativeaiggt active site of realted enzymes.
SP02203 has 48% identity and 61% similarity to a methylmaeisemialdehyde dehydrogenase
characterized fronPseudomonas aerugino$a&wis-Prot P28810; Bannerjext al., 1970; Hatter
and Sokatch, 1988; Sokatehal, 1968). It is more similar to this gene and to Bacillus subtilis
mmsAthan to other aldehyde dehydrogenases with unknown stdbspeacificity. Methylmalonate-

semialdehyde dehydrogenase catalyzes the reaction:

O=CHCH(CH,)COO~ + CoA—SH + NAD" — CoA—S—C(=0)CH,CH, + CO, + NADH

2-methyl-3-oxopropanoate propanoyl-CoA

In the rat, mmsAwas found to also catalyze a similar reaction with the unglated com-
pound malonate-semialdehydeGHCHCOOQ"), forming acetyl-CoA (Goodwiret al., 1989).

In addition, with the purified enzyme frofdseudomonas aerugingsamercaptoethanol substi-
tuted for the CoA in the reaction. If the 3-carbon backbon®BfSP is oxidized from acrylate
to 5-hydroxypropionate to malonate-semialdehyde, SPO22@8dccatalyze the formation of
propanoyl-CoA. However, SPO2203 is also 28% identical anth 4imilar to a characterized
betaine aldehyde dehydrogenase, involved in the betambesis pathway. This enzyme converts

betaine-aldehyde to glycine betaine. If the semi-aldelofdeMSP, MMPA, or MPA is formed
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in the demethylation pathway, SPO2203 could catalyze thmdtion of the carboxylic acid of
these compounds. SP0O2203 also has high homology (with 5itl@atity and 73.7% similarity)
to dddC a gene in an operon involved in DMSP degradatioMarinomonas spMWYL1. dddC

is found in an operon transcribed in the opposite directromfthe DMSP cleavage gewleldD.
SP02203 is in the core roseobacter genes (Metaal, 2007). In three sequences from the GOS
metagenomic library, homologs to this gene are found imatetyi up or downstream afmdA

homologs. These are all indications of a potential role in&Mtegradation.

SPO0632-SPOO063BENE CLUSTER

The gene at locus SPO0632 is annotated as a member of thari@rispecific 2-hydroxyacid
dehydrogenase family proteins, based on matches to Pfarar882826. The conserved catalytic
domain and NAD-binding regions are conserved in this protein. These pretaclude glyoxy-
late reductase (E.C. number 1.1.1.81, also described as@ymyruvate reductase E.C. number
1.1.1.26), which is part of the serine cycle of formaldehgdgimilation. Glyoxylate reductase car-
ries out the reduction of glyoxylate to glycolate, or hydrpyruvate to glycerate with the oxidation
of NADH. S. pomeroyhas a gene with high homology to described glyoxylate reshést at locus
SPO1564, and this is probably the true glyoxylate reductaggeneral, this class of enzymes carry
out the formation of alcohols from 2-3 carbon aldehydes gtdw@es that also have a carboxylic
acid at the other side of the molecule. This gene productdcbalused as part of serine cycle
of formaldehyde assimilation for the methyl group of DMSRhe demethylation pathway or to
perform the transformation of malonate-semialdehydé-tydroxypropionate in the degradation
of the carbon backbone of DMSP from either the cleavage oetleytation pathways.

The gene at locus SPO0633 was increased in abundance witthgyga DMSP, and was also
seen in batch-grown experiments. It was annotateghfs gamma-glutamyltranspeptidase (E.C.
number 2.3.2.2), based on similarity to the characterggtdrom Bacillus subtilisand matches
to Pfam 1019 and TIGRfam 66. This enzyme catalyzes the gasfthe glutathione glutamyl

moiety to either an amino acid, which forms a glutamyl amioiol @r peptide, or to water, which
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forms glutamate. It is used in the detoxifying gamma-gluthoycle. In yeasts it is upregulated
during reduced sulfur starvatio®. pomeroycontains two additional homologs to SPO0633 at
SP0O3411 and SPO0866 (28% and 29% identity, respectivlyyeder, these two genes are more
divergent from characterizeght genes, indicating that SPO0633 may be the functiggal The
SPO0633 gamma-glutamyltranspeptidase may be involvedtoxdying captured formaldehyde
or reactive thiols produced by the demethylation pathway.

The gene at locus SPO0634 is an oxidoreductase with cleamserved FAD-binding domains
and similarity to Ipr domains 4113, 6094, 16164, 16166—8 tafPfam 2913 and 1565, all of which
look for conserved regions involved in FAD-binding and surrding motifs. These gene families
encode oxygen-dependent oxidoreductases that catalymeavariety of oxidations (often with
low substrate specificity), including D-lactate dehydnogse that catalyzes the oxidation of lactate
to pyruvate. In addition, this gene has low similarity to tiieE and glcD subunits of glycolate
oxidase. Howeve$. pomeroyhas a predicted operon with genes that have higher sinyitargll
three subunits of glycolate reductase at SPO3478—-SPOSP&N0634 is not characterized enough
to speculate on its role in DMSP degradation.

The gene at locus SPO0635 has an interesting domain studtus a fusion protein, with
the amino-terminal domain having high similarity to glyeimnd D-amino-acid oxidases, and
a carboxylic-terminal domain having high similarity to amamethyltransferases. The amino-
terminus domain matches Pfam 1266, which includes themgyand D-amino-acid oxidases. The
carboxylic-terminus domain matches Pfam 1571 and 8663 wihcludes the glycine T-cleavage
proteins that catalyze the transfer of a methyl group to THfe glycine T-cleavage protein that
has highest similarity to this region@ndA the DMSP demethylase fro& pomeroyi

This gene fusion results in a poor automated annotation angplkicates homology searches,
as sequences with high similarity to either region will alogcthe lower similarity full-length
matches. This necessitates an initial screening by coededomains using NCBI's CDD
(Marchler-Baueret al,, 2007). There are characterized enzymes that display theldmain

structure of SPO0635 that were identified with CDD pre-sareg Genes with this domain struc-
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ture include the dimethylglycine and sarcosine oxidaseksdaihydrogenases. SPO0635 is more
closely grouped in trees of characterized genes with thargokic dimethylglycine oxidases, but
there is poor resolution and bootstrap values of some noesgebn SPO0635 and the the sar-
cosine oxidases. Other closely related glycine oxidastedyza the removal of the methylamine
moiety, but the eukaryotic dimethylglycine and sarcosiriel@ases catalyze the oxidation of their
substrate with the transfer of only the methyl group to THR&W THF is not present with any of
the enzymes with this domain structure, formaldehyde iméat instead. Some enzymes with this
domain structure carry out the reaction more slowly when T$present and probably produce
formaldehyden vivo. Others transfer the methyl group to tetrahydropteroytpgintamate instead
of THF. The electron acceptor these types of enzymes cariter €,0 + O, (which yields HO,
as a product) or the electron transport chain. Moleculageryis used in thérthrobacterand
Bacillussarcosine oxidases and in tAethrobacterdimethylglycine oxidases. Unknown compo-
nents of the electron transport chain (substitutable byhahi@e methanosulfate) are used in the
eukaryotic dimethylglycine and sarcosine oxidases. QgaezQ is used by the D-amino-acid
oxidase ofE. coli.

SPO0635 has highest similarity to the enzymes that use ¢éa&r@h transport chain to oxidize

dimethylglycine, catalyzing the reactions:

H,0 + N(CH,),CH,CO0~ —s NH(CH;)CH,COO™ + 2e~ + 2H* + 0=CH,

N,N-dimethylglycine sarcosine to acceptor formaldehyde

THF + H,O + N(CH,),CH,COO0~ —s NH(CH,)CH,COO™ + 2¢~ + 2H* + THF—CH,

N,N-dimethylglycine sarcosine to acceptor

Many of the genes in these families have fairly broad sutessecificity, catalyzing the demethy-
lation of a number of similar compounds. Homologs to thistgiro form a hetero tetrameric
enzyme complex with three other proteins, but these typexzidases are less similer to SPO0635,
and homologs to the other three enzymes of the hetero tetramenot found in the genome of
S. pomeroyiThere are 12 homologus genes with the same domain structuhe genome of

S. pomeroyiThis gene is ubiquitous in roseobacters and highly aburidamarine metagenomes.
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This gene could be involved in the demethylation MMPA to MP#hahe production of a methy-
lated THF or formaldehyde, depending on the availability B in vivo.

The gene cluster from SPO0632—-SP0O0635 is conserved in mseglvacters andCandidatus
P. ubique”. Immediately preceding this cluster is the djeetly transcribed SPO0631, which is
a conserved hypothetical protein found in many of the secp@moseobacters and is possibly
involved in regulation. Seven roseobacters, but no seqebmganisms outside of the roseobacters,
share this organization of genes. This gene cluster has aewoh genes with which could have

roles involved with DMSP degradation.

SPOA0268-SPOAQO27@ENE CLUSTER ANDSPO3850

The gene found at SPOA0268 is a transcriptional regulataheflclR family, based on simi-
larities to protein family Pfams 1614 and 5471. This type egulator often regulates glycerol
or glyoxylate bypass pathway operons (also termed the tacefgeron repressor) id. coli and
other proteobacteria. This gene cluster may be represseddigte, and therefore would appear
to increase in abundance during growth on DMSP. Alterngtivimay have a different regulatory
role inS. pomeroyiThis gene is well conserved inproteobacteria.

The gene product found at SPOA0269 increased in abundatio@ifay growth on DMSP.
It is incorrectly annotated as a selenium-binding protéu, it is better described as a con-
served hypothetical. It has similarity to a gene annotasea selenium-binding protein (GenBank
BAB65016.1) fromSulfolobus tokodaiv as well as other homologs in eukaryotes and archaea,
but the physiological function of these genes are not kndweukaryotes, there is some indica-
tion that they might be involved in changing the redox stdtproteins during Golgi maturation.
The similarity between these genes and SPOA0269 is not elosegh to predict even a general
function. However, there are motifs found in SPOA0269 thaidate a potential function. One
is similarity to a WD40-like repeat region (Ipro 15943) whitorm seven-bladed propellers of
beta sheets, and a cytochrome CD1 nitrite reductase-ldierreOther proteins that have these

motifs include a amine dehydrogenase frBaracoccus denitrificangt 32.8% similarity), which
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removes an ammonia group from a carbon backbone, and metimdand dimethylamine dehy-
drogenases which cleave the C-N bond of these amino-mathybounds. All of these enzymes
have a tryptophan tryptophylquinone (TTQ) cofactor redemrter. A gene with high similarity to
SPOA0269 is found in the methylotrophic DMS-degradiigthylococcus capsulatssrain Bath
and in many roseobacters and otlaeproteobacteria. In a proteomics screenMethylophaga
sp. DMSO010 for proteins increased in abundance following ghoan DMS, C- and N-terminal
sequences matched this gene and a homoldgeathylococcus capsulatusrain Bath (Schafer,
2007).S. pomeroyhas paralogs to this gene at SP0O2378 and SP01643. SPOAOZEO unan-
notated, has many indications that it could be involved i diegradation of DMSP. However,
there is not enough information available to make a stroediption of activity. It could catalyze
the oxidation and cleavage of methyl groups from the sulforety of DMSP, probably from
methanethiol to sulfite and formaldehyde or DMS to methaok#émnd formaldehyde, or it could
catalyze the oxidation and cleavage of sulfite from 3-meag@ppionate, the predicted product of
a double-demethylation of DMSP.

The gene found at SPOA0270 is a conserved hypothetical withall defined function. It has
motifs that match Ipr domain 12335, which describes a tldioxen-like fold, and Ipr 3782, which
include biogenesis maturation proteins. It has low sintjlaio proteins involved in maturation
of enzymes, redox changes, and loading of metal centersiding enzymes that are involved
in the maturation of proteins involved in methylamine delgtéon. Homologs are found in a
number of methylotrophs and some roseobacters. This enmyayebe involved in the matura-
tion of SPOA0269, but there is not enough information to ftetiis with confidence.

The gene at SPOA0271 has low similarityntauGgenes, which encode methylamine uti-
lization genes and the closely related cytochrome-c pdesds. SPOA0271 has 48.6% similarity
and 35.5% identity to thenauGof Methylobacterium extorquesM1 (SwissProt Q49128) and
matches Pfam 315. Both of the cytochrome-binding sites dannthis gene are conserved in
SPOAO0271. This enzyme is essential for the maturation ob#ta subunit of methylamine dehy-

drogenase and is involved in the synthesis of the tryptophgrtophylquinone (TTQ) cofactor.
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S. pomeroycontains three paralogs with low similarity (<30% identitg SPOA0152, SPO0330
(which is more homologous to characterized cytochromer@@ases), and SPO0858. A possible
role for this gene product is in the maturation of SPOA02&9hpps the synthesis of TTQ.

A trypsin digest peak profile of a protein spot with increaabdndance following growth on
DMSP matched the gene product of both SPOA0272 and SPO38&8dafter does not appear to
be co-transcribed. The sequence is very conserved betivesmtivo genes, with 97.4% nucleotide
identity, and the amino acid sequence differs by a singlsexed change, resulting in 99.7% sim-
ilarity. There is no similarity in the flanking regions or taeten the upstream regions of SPO3850
and the first gene in the potentialy operon containing SPGR0R is more likely that SPOA0269
was the detected gene product as SPOA0272 in the same gster elas similarly increased in
abundance. Both of these genes are glutathione-deperatemtlfiehyde dehydrogenases (E.C.
number 1.2.1.1) in the family of zinc dependent alcohol debgenases, as identified by matches
to protein family Pfam 107 and TIGRfam 2818. The conserved-binding and dehydrogenase
regions are conserved in these genes, and they have 84.afityided 91.8% similarity to a char-
acterized enzyme frolRhodobacter sphaeroid¢Barberet al., 1996). The glutathione-dependent
formaldehyde dehydrogenases are involved in formaldehgitization by catalyzing the oxida-
tion of S-hydroxymethylglutathione that spontaneoustyrfe from the reaction of glutathione and

formaldehyde:

CH,=0 + GS—H . GS—CH,OH

formaldehyde ~ 9lutathione S-hydroxymethylglutathione

GS—CH,0OH +NAD' 22, GS—CH=0 + NADH + H*

S-hydroxymethylglutathione S-formylglutathione

This gene was identified as a core roseobacter gene (Mxraly 2007) and could use formalde-
hyde generated by the demethylation of MMPA by SPO0635, ¢hetion with MeSH or DMS

potentially catalyzed by SPOA0269, or other formaldehydeegated during the demethylation
of DMSP. As formaldehyde is an extremely reactive moleaml@ny methylotrophs have multiple

copies that are differentially regulated. SPOA0269 may sedwluring growth on DMSP, while
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SP03850 is a more general detoxifying enzyme. The generrégion SPOA0269-SPOA0270 is
identified as a conserved region in the SEED database andrid fo many methylotrophic organ-
isms and roseobacters. SPOA0269-SPOA0271 is a OFS prkdiptron, so these two genes
are not likely to be transcribed separately. Functionddges between SPOA0269, SPOA0270
and SPOAO0271 reinforce the prediction of SPOA0269 as a defiaging enzyme involved in
methanethiol degradation and SPOA272 as an enzyme invoivbe utilization of the resulting

formaldehyde.

OTHER GENES AND GENE CLUSTERS

A second trypsin digest peak profile from a protein that iasesl in abundance matched two par-
alogs in the genome. SPO0728 and SPO3498 are 100% identibalraucleotide level, and code
for tuf, a translation elongation factor in the Tu family. Theseeagehave low similarity to the
selenocysteine-specific elongation facseiB that is involved in the incorporation of a seleno-
modified cysteine. SPO0728 is in a gene cluster with two Hygtatal proteins and a DNA topoi-
somerase, while SPO3498 is in a gene cluster with a traoslatongation factor G, ribosomal S7
protein, and a ribosomal S12 protein. SPO1625, annotatadsasne protease, also increased in
abundance. It contains a PDZ domain, common in sensingipsot8erine proteases with these
domains are often involved in sensing and pre-enzyme aicinjaegulation and proteolytic activ-
ities. SPO1625 is found in a gene cluster with a DNA-bindiegponse regulator. Both SPO0728
/ SPO3498 and SP0O1625 may be involved in a regulatory casicatlis activated with growth on
DMSP compared to growth on acetate.

The gene product of SPO2571 increased in abundance andatatethas a putative DctM
subunit of a TRAP transporter system. It is in a gene clusiér & hypothetical protein and a
bacterial extracellular solute-binding protein that haslarity to a periplasmic mannitol-binding
protein. These genes are core roseobacter genes (Moral) 2007) and may be involved in

transport of DMSP or other metabolites.
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SP0O0728, SPO3498, SP0O1625, and SPO2571 are potentia@tmguwnd transport genes that
may be involved in DMSP degradation, but none of the genedyats in these clusters appear to
be catalytic enzymes directly involved in DMSP degradatiime gene clusters containidgndA
SP02203, SPO0635 and SPOA272 may play a role, either ¢i@cithdirectly, in DMSP degra-
dation and are good candidates for further work toward dhtoig the genes and physiological

activities in this pathway.
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CHAPTER 4

MUTATIONS IN GENES UPREGULATED WITH GROWTH ONDMSP

4.1 ABSTRACT

Silicibacter pomeroyia member of the a marine roseobacter clade, is a model systéne study

of dimethylsulfoniopropionate (DMSP) degradation. A ditntial display proteomic approach
identified proteins upregulated during growth on DMSP. B@eteins are candidates for enzymes
involved in DMSP degradation. A genetic system was develdapeonfirm the function of these
proteins. It included: identification of minimum inhibigpconcentrations of antibiotics and antibi-
otic resistance cassettes functionalSnpomeroyitransformation by electroporation with DNA
protected by Sssl methylase, and construction of genea@piant mutants using suicide vectors.
Gene replacement mutants were constructed for SPO0633RDAZ 2. Their genotype was con-
firmed by PCR amplification and Southern blotting. The phgmes of mutants in these candidate

genes may elucidate undescribed reactions in the glolmappitant DMSP degradation pathway.

4.2 INTRODUCTION

Many methods of gene discovery, including differentiaptiy proteomic approaches, show corre-
lation of protein abundance or gene expression with a métadtate but do not reveal the activity
of a gene product. A useful approach for confirmation of fiomcand examination of the metabolic
role of a predicted gene product is the generation of mutatio that gene. Methods for the con-
struction of targeted mutations are an important tool fanegie investigation of gene function.
The techniques necessary for the development of a genetiersyin an organism are identifica-
tion of functional antibiotics and antibiotic resistan@ssettes and development of methods for

introducing DNA and inactivating endogenous genes.
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A variety of antibiotic cassettes functional $ pomeroyivould aid in genetic manipulation
approaches. Ampicillin, tetracycline, and kanamycing&sice genes were used in this study. The
ampicillin resistance cassettaa, is a class A sering-lactamase. The Thderived MFS family
tetracycline resistance cassetetRA is composed of a regulatory gene and a divergently tran-
scribed gene that encodes the tetracycline specific efflaxppdwo kanamycin and neomycin
aminoglycoside phosphotransferase resistance casseitesused: a APHBa kanRfrom Tn5
which is found in pARO181 and pCR2.1 and APKXanRfrom Tn903 in EZ-Tn5<Kan2>.

There are multiple methods for transformation that must ing@iecally tested to develop
a genetic system (Mercenier and Chassy, 1988). Electrbpors an established method that
can yield high transformation rates in diverse organismgduin, 1997). Restriction modifica-
tion endonuclease systems are one barrier against gersetgfdr. One approach to combat this
problem is to use a methylase enzyme to methylate sites likebe involved in a restriction
modification system. Methylation may also have a role in rata recombination. Methylation
of DNA increases transformation efficiencies up to 4 ordénsagnitude in conjugation (Butler
and Gotschlich, 1991) and electroporation systems (Damahai., 2000). However, this approach
can also reduce efficiency if the methylation increases mmclease activity by a methyl-directed
restriction modification system (for example, see Burkkeadl,, 1992).

While standard molecular techniques have been optimizeatifi@ra-proteobacteria, many of
these methods had not been previously tested SvifomeroyiRelatively few genetic systems that
include a gene interuption method are developed fontpeoteobacteria, and almost all depend
on mating for the introduction of exogenous DNA. Previouskiadicated that the IncP incom-
patibility group broad host range plasmid pRK415 replidateS. pomeroy(Buchanet al., 2003;
Howardet al, 2006, supplementary materials). The improvement andlojewreent of antibiotic
cassettes, high-efficiency transformation, and geneupteEm will provide a basic genetic system

for the conformation of gene function 8. pomeroyi
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4.3 MATERIALS AND METHODS

4.3.1 SRAINS, PLASMIDS AND PRIMERS

Strains and plasmids used in this study are listed in TaldleEscherichia coliK-12 carrying
RP4 was supplied by Dr. Anne Summe8s pomeroySAB-3 was supplied by Dr. Alison Buchan.
E. coliwas grown at 37 °C in LB medium unless otherwise noted. Oligteotides used in this

study are listed in Table 4.2 and were ordered from IntegrBfeA Technologies.

Table 4.1: Strains and plasmids used in this study

Strain or plasmid Relevant characteristics

Referenceuncso

E. colistrains:

DH5« cloning strain
Top-10 cloning strain
S17-1 mating helper strain

K-12 J53(RP4) mating donor for RP4

S. pomeroystrains:

DSS-3 wild type

SAB-3 spontaneous RifRmutant
41H6 dmdA:Ez-Tn<Kan2>
A635 A(SPO0635)tetRA
AA272 A(SPOA0272)tetRA
Plasmids:

pCR2.1 ColE1 AmpRKanR*

RP4 IncP AmpR KanR' TetR"
pRK415 IncP TetR

pARO181 ColE1 TetR

pJRH2x635 ColE1 AmpRKanR" TetR"
pJRH2xA272 ColE1 AmpRKanR" TetR*

Bachmann (1972)

Meselson and Yuan (1968)

Grardt al. (1990)
Simemal.(1983)
Jacaal. (1976)

Gonzaleet al. (2003)
Alison Buchan
Howarebt al. (2006)
This study
This study

Invitrogen
Dattaet al. (1971)
Keenet al. (1988)
Parke (1990)
This study

This study

4.3.2 MOLECULAR METHODS

Standard protocols were used for molecular methods Ritboli (Sambrooket al, 2001). PCR

amplification for the construction of pJRH2x635 was perfedrusing AccuPrime Taq High



Table 4.2: Oligonucleotides used in this work: bold indésaa restriction site, underline indicates region of segaéentity in SLIC

cloning.

Name

Sequenceé B 3

PCRRE-SPO00635-Uf CCCCCAAGCTTTCACCGAAATCACCCTGAAACTGC

PCRRE-SPO0635-Ur

PCRRE-TetR-f
PCRRE-TetR-r

PCRRE-SPO0635-D2f
PCRRE-SPO0635-D5r
SLIC-SPOA0272-Uf
SLIC-SPOA0272-Ur

CCCCCACTAGTCTTTGGGATGGTTTATGCCGAAGC
CCCCCACTAGTACCGTATTACCGCCTTTGAGTGAG
CCCCCCTCGAGACGCTGAGI GCGCTTCAAATCATC
CCCCCCTCGAGAGATGCTCGATCAGCTTTGEGEATG
CCCCCTCTAGAGATGAAACCCTATGI CAGCGAG
CTATGACCATGATTACGCCAAGCT TCGCAATGTCTATGGTCTGEGECTTT
ACTAGI TCCGTGGTCTCCTTAGGT CAGAAA

SLIC-SPOA0272-TetR-f AAGGAGACCACGGAACTAGTACCGTATTACCGCCTTTGAGTGAG
SLIC-SPOA0272-TetR-r AGCAGAT CCGCGATCTCGAGACGCTGAGT GCGCTTCAAATCATC

SLIC-SPOA0272-Df
SLIC-SPOA0272-Dr

del-SPOA0272-Uf
del-SPOA0272-Ur
del-SPOA0272-Df
del-SPOA0272-Dr
del-SPO0635-Uf
del-SPO0635-Ur
del-SPO0635-Df
del-SPO0635-Dr
int-SPO0635-f
int-SPO635-r
blot-SPO0635-Uf
blot-SPO0635-Ur
blot-SPOA272-Df
blot-SPOA272-Dr

CTCGAGATCCCGGATCTGCTTGCTATGGT T
GEECGAATTGEECCCTCTAGATCCCAATTCCACCATCTCGCTGAT
AACTGGCAGATATCCAGECCTTTC
TTACTGGCACT TCAGGAACAAGCG
TTTGECATTCTGCATTCACTCGCC
ATATTGCCATTACCGCCCAACACC
AACGAAACCGGCATCGAAACAGT G
TCGITGT CAGGAACGT TGAAGGAC
ATGATTTGAAGCGCACTCAGCGTC
TCCGATCAACCCCTTTCAGCATTG
TCAACATGI CCTATGCAACCACCC
TTGACAACGT GCTTGGTAAAGGECG
TCTGGECGAGCGTACCCTGAAA
CTTTGGGATGGTI TTATGCCGAAGC
ATCCCGCGATCTCCTTGCTATGGT T
TCGAATGACCGAAATGCAACTGCG

v6



95

Fidelity DNA Polymerase (Invitrogen). All other PCR ampt#tions were performed using Phu-
sion high-Fidelity polymerase (New England Biolabs). DM&&s added to improve amplification
of the SPO0635 downstream region. Plasmids were isolatetdSt pomeroyby either the alkaline
lysis method (Sambrookt al,, 2001) or by using a QIAprep Miniprep kit (Quiagen). Genomic
DNA from S. pomeroywas prepared using standard protocols (Sambetol, 2001) or the

Wizard genomic DNA kit (Promega).

4.3.3 ANTIBIOTIC TESTS

E. coliK-12 J53 carrying the RP4 Birmingham plasmid (Pansegtal., 1994) ancE. coliS17-1
carrying pRK415 were used as conjugation donors in a stdndating protocol (Howaret al.,
2006; Sambroolet al, 2001). Mating was performed on filters on fresh 1/2 YTSSqgdawith

S. pomeroyBAB-3 andS. pomeroy#1H6, and transconjugates were selected on 1/2 YTSS plates
with rifampicin and kanamycin, respectively. Bdhpomeroyiransconjugants, &. pomeroykEZ-
Tn5<Kan2> (Epicenter) insertion mutant (Howaatdal., 2006), andS. pomeroyDSS-3 wildtype
were grown in 1/2 YTSS with two-fold dilutions of ampicillikanamycin, neomycin, and tetracy-

cline from 0.5-256 pg mt, and the Oy, was measured daily for two weeks.

4.3.4 (OONSTRUCTION OF BRH2X635

A shuttle plasmid with regions of sequence identity up- andmstream of SPO0635 flanking
thetetARgenes from pRK415 was constructed by sequential PCR anapidicand cloning. The
upstream region was amplified with primers PCRRE-SPO0Q#3&8nhd PCRRE-SPO0635-Ur,
inserted into a self-ligated pCR2.1-TOPO plasmid digestagd Hindlll and Spel and selected
with blue-white screening. ThetARregion of pRK415 was PCR amplified with primers PCRRE-
TetR-f and PCRRE-TetR-r, inserted between Spel and Xhes sitnd selected for with ampicillin
and tetracycline. The downstream region was amplified WeRRE-SPO0635-D2f and PCRRE-
SP00635-D5r and inserted between Xhol and Xbal sites. Thdtieg plasmid, pJRH2x635 was

maintained irk. coli TOP-10. TheetARcassette and flanking up- and down-stream regions were
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also ligated into pARO181 and pRK415 digested with HindhHtabal and maintained i&. coli

S17-1 for mating experiments.

4.3.5 (QOONSTRUCTION OF BRH2XA272

A shuttle plasmid with regions of identity to up- and dowreaim of SPO0635 flanking the
tetAR genes from pRK415 was constructed by Simple Ligation Inddpet Cloning (SLIC)
without RecA (Li and Elledge, 2007). Briefly, primers to aifplupstream and downstream
regions andetARwere designed with appropriate regions of overlap (SLI©S&8272-Uf and
SLIC-SPOA0272-Ur, SLIC-SPOA0272-Df and SLIC-SPOA0272-BLIC-SPOA0272-TetR-f
and SLIC-SPOAO0272-TetR-r, respectively). Self-ligat€éR2.1 was cut with Hindlll and Xbal,
as well as EcoRI to reduce background. After T4 DNA polymeraisatment, the overlapping
single strands were annealed, and the reaction transformedhemically competent DHb

E. colivia heat shock (Sambroak al., 2001).

4.3.6 HECTROCOMPETENTS. pomeroyi

S. pomeroywas grown to mid-log growth stage (0.15-0.204pand chilled at 4 °C for one hour.
The cells were harvested by centrifugation at 7,8@0for 10 min, the supernatant was decanted,
and the cells were washed four times with 250 mL, 150mL, 100 arid 2 mL of 4 °C sterile
10% glycerol. After the final wash, 90 uL aliquots of the celsgension were transferred into

microcenterfuge tubes and frozen at -80 °C before use.

4.3.7 RESTRICTION PROTECTION

M.Sssl CpG methylase (New England Biolabs) was used to rtethy |1g of DNA according to
the manufacturers directions. Protection was checkeddmsstion with BstUl, a CpG methylation
sensitive restriction endonuclease. DNA was isolatedguaidNA Clean and Concentrator kit

(Zymo Research) and immediately used for electroporation.
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4.3.8 HECTROPORATION OFS. pomeroyi

In the optimized protocol, electrocompetehtpomeroyprepared as above were thawed on ice,
mixed with DNA, and immediately electroporated in a 1 cm gayette using a GenePulser Il Elec-
troporation system with a PLUS Pulse controller (Bio-Raal #he following settings: 2.55kV,
25 uF capacitance, and 2Q(resistance in parallel. Time constants were 4.7—4.9 ms.n\iked,
TypeOne RE inhibitor (EPICENTRE Biotechnologies) was abimhemediately before electropo-
ration. The electroporated cells were immediately suspéntl/2 YTSS at room temperature and
transferred to a sterile glass test tube. Cultures wergedilto 0.5 Oy, incubated at 30 °C with
shaking and allowed to double (usually within 2—4 hours) glated on 1/2 YTSS with 20 pg mbL
tetracycline. Sssl methylated pJRH2x635 or a linear PCRliampof thetetARgenes with the
SP00635 flanking regions (amplified from pJRH2x635 with PERFP0O00635-Uf and PCRRE-
SPO00635-D5r) were electroporated into electrocomp&egnbmeroyDSS-3 and selected on 1/2
YTSS with 20 pg mt! tetracycline to generat8. pomeroyiz635. Sssl methylated pJRH2xA272
was electroporated into electrocompet&tpomeroyiDSS-3 and selected on 1/2 YTSS with
20 ug mL? tetracycline to generat. pomeroyiAA272. Mutants were maintained and stored in

20 ug mL! tetracycline 1/2YTSS media.

4.3.9 OONFIRMATION OF GENE REPLACEMENT

PCR amplifications of genomic DNA extracts with primers tsganned the junction of the
flanking region and the antibiotic cassette (del-SPOAOQ72and del-SPOA0272-Ur, del-
SPOA0272-Df and del-SPOA0272-Dr, del-SPO0635-Uf andSIED0635-Ur, del-SPO0635-Df
and del-SPO0635-Dr) and with primers internal to SPO06353P00635-f and int-SPO0635-r)
were performed. Southern blots (Sambraalal., 2001) were performed using probes generated
by PCR complementary to a region upstream from the SPO63&g(psimers blot-SPO0635-Uf
and blot-SPO0635-Ur), a region downstream from SPOAO2gmh@uprimers blot-SPOA272-Df
and blot-SPOA272-Dr), and a region internatétRA(using primers PCRRE-TetR-f and PCRRE-
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TetR-r). Genomic DNA preparations were digested with Smaéstriction endonuclease found in

thetetRAgene cassette and at locations flanking both disrupted genes

4.3.10 MAINTENANCE OF GENE MUTANTS

S. pomeroyicultures were passed at a 1:500 dilution 5 times in 1/2 YTS® wr without
20 ug mL! tetracycline and then diluted and plate counted on 1/2 YTIS@@with tetracycline to

assess maintenance of tetRAcassette without selection.

4.4 RESULTS AND DISCUSSION

4.4.1 ANTIBIOTIC SELECTION

Initial studies inS. pomeroyiwvere hampered by a lack of stable antibiotic selection aricha |
ited number of functional antibiotic selection cassettegarticular, during multiple-day growth
of S. pomeroyon kanamycin 1/2 YTSS plates (necessitated by long lag tfolksving electro-
poration), high background growth was observed. In ordéteatify functional gene cassettes in
S. pomeroyithe minimum inhibitory concentration (MIC) were determdfor the wild type strain,

a strain carrying the RP4 Birmingham plasmid (Pansegtal., 1994), a EZ-Tn5<Kan2> (Epi-
center) insertion mutant (Howasd al,, 2006), and a strain with pRK415. The MICs for wild-type
S. pomeroyare: 1 ug mtt ampicillin, 64 pg mL! kanamycin, 16 ug mt neomycin, and 4 pug mt
tetracycline in liquid cultures. MIC concentrations wenamigar on 1/2 YTSS plates. Ampicillin
resistance with a MIC of 128 ug miLwas conferred by RP4, but growth was not observed for
3-6 day after inoculation. This long lag proved problemédidater transformation experiments.
Kanamycin and neomycin resistance with a MIC of more thani@g®L! was conferred by EZ-
Tn5 and RP4. On 1/2 YTSS plates with kanamy8irpomeroyDSS-3 wild type showed growth
after 5—7 days, but was due to inactivation of kanamycin aranutation as successive passes on
kanamycin plates also displayed this lag in grov@hpomeroyDSS-3 wild type did not display

this growth on neomycin plates. Tetracycline resistand¢b iMIC of 128 ug mt! was conferred
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by RP4 and pRK415, and growth was observed within 48 hoursatihg. As RP4 and pRK415
are low copy number plasmids with four to seven copies pdr aatl the MIC for kanamycin
was identical for both RP4 and chromosomally integratedkaycin cassettes, the MIC values for
other antibiotic cassettes on plasmids appear to be godlicfwes of the MIC for chromosomal
insertion. The tetracycline cassette from pRK415 was usddrther experiments because of the
large increase in MIC, the absence of lag in growth, and nemesl growth on the wild type after

prolonged incubation.

4.4.2 TRANSFORMATION OFS. pomeroyi

Initially no transformants were observed in electropamagxperiments with pRK415 using stan-
dardE. coli electroporation protocols (Sambroekal, 2001). With modification of the washing
protocol and an extended incubation of cultures on ice pdavashing (see Section 4.3.6), low

levels of transformants were observed (see Table 4.3).duiqus work with the EZ-Tn5 trans-

Table 4.3: Shuttle vector pRK415 transformation efficiency

Treatment CFU/ ug DNA
E. coliprotocol <1
Optimized protocol 19
TypeOne restriction inhibitor 10
Prepared frons. pomeroyi 108

Sssl methylation 10

posase, it was found that the use of TypeOne restrictiortuniwas necessary for the electro-
poration of the transposon-transposase complex (Buehah, 2003). While the addition of the
TypeOne restriction inhibitor improved the transformatésficiency of pRK415 (Table 4.3), which
indicated the presence of a restriction-endonucleasersystheS. pomeroygenome encodes 4
putative methylases and 2 predicted endonucleases, inglaghair at SPO1048—-SP01049 that are
members of the C-5 methylcytosine family (Robatsal., 2007).E. coliDH5« and S17-1 lack the

EcoKI restriction system, but have dam, dcm, and EcoKI mattgn whileE. coli TOP-10 lacks



100

both the EcoKI restriction and methylation genes. DNA preddrom these organisms are methy-
lated at the dam and dcm sites and at the EcoKI sike roli TOP-10. The dcm methylase is a C-5
methylcytosine methylase, but would not protect DNA fronestriction modification system that
was sensitive to methylation at any other C site. Sssl masieylwhich blocks many C-5 methyl-
cytosine methylases, was used to provide global CpG meibglarhis treatment increased the
transformation efficiencies to similar levels as pRK415jared fromS. pomeroyiwhich was iso-
lated from the rare transformants from earlier electroponaexperiments. No transformants were
observed with pUC2.1, pUC, pARO181 or any other ColE1 pldsnith Sssl protection, making
these plasmids useful suicide vectors Srpomeroyi Transformation efficiencies of 1.4 x 40

CFU/ ug were routinely observed for this shuttle vector.

4.4.3 (ENE REPLACEMENT INS. pomeroyi

The high rates of transformation were necessary for theldereent of a functional homologus
recombination system, which preliminary results indidadéd not occur at high enough rates to
be observable with either mating or electroporation. linges in pUC2.1 with up to 1,000 bp of
identity to 3 different regions on th&. pomeroychromosome, including one that was known to be
non-essential (the full-length SPO019di3dA were constructed, but no transformants were ever
observed from single-crossing over insertion of this viebtiy mating or electroporation. Occa-
sionally rare organisms resistant to kanamycin were ifledfibut PCR amplification of recombi-
nation junctions or plasmid regions was not observed, ananmaicilin resistance was observed,
indicating that non-specific recombination or spontand@mamycin resistance, not homologus
recombination, had occurred. No transformants were obdenging treatments that have been
shown to increase homologous recombination (Hiatdsl, 1999), including UV treatment of
DNA or recipient cells, NaOH denaturation of DNA, or in difést growth phases of the recipient
cells (data not shown).

This low rate of recombination despite high transformatiates might be due to the InaP

replicon interfering with chromosomal replication wheneigrated, which would prevent stable
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integration of these vectors (Fenetal., 1993). In addition, using plasmids with regions of identit
to a gene for Campbell insertion of the plasmid and geneuptens limits the length of the region
of identity to less than the length of the gene to be intemiplelonger regions of identity, or
the presence of the recombinational hotspaite, which occurs on average every 350 - 1200 bp
(Karouiet al., 1999) are required, then transformation would not occothBBssues were addressed
by transformation with constructs containing an antili@ssette flanked by regions of identity
up- and down-stream of a gene to be interupted, so doubssaver homologous recombination
would lead to gene replacement.

Constructs with close to 1,000 base pairs of identity up avddtream of SPO0635 did yield
transformants, indicating double-crossover gene repiaceé. Deletion of SPO635 in DSS-3 and
41H6 backgrounds and of SPOA0272 in DSS-3 were construetiddiransformation efficiencies
of 10°-10° CFU/ug DNA. The molar transformation efficiency of doubéeombinant replace-
ments of SPO0635 were roughly equivalent for both linear p&RIuct DNA or circular plasmid
DNA, although both required methylation with Sssl methglaReplacements were confirmed by
PCR amplification across the up and downstream junctioms ffenomic DNA preparations. No
amplification was seen in the mutant with primers internaBRO0635, while this was readily
observed in the wild type (data not shown). In addition, Setrt blots with probes to flanking
regions migrated farther in an agarose gel due to the Sneaihsibduced upon replacement of the
gene with theetRAcassette (See Figure 4.1). These results show that gemaeeepgnt, and not a
insertion of the plasmid into the chromosome by single hagols recombination has occurred.
This bias toward homologous replacement and not integratiaghe plasmid has been observed
in other organisms (Fenret al,, 1993). Tetracycline resistance was maintained for meltpic-
cessive passes in without selection, illustrating theistyabf the mutation. Using this technique,
replacements of many genes of interest can be constructedpomeroyiThis is the first gene

knockout system described in a roseobacter.
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Figure 4.1: Southern blot confirming replacements of SPAQAR02nd SPO635 witlletRA A)
agarose gels of Smal digestion of genomic DNA preparatiBhssouthern blots with indicated
probes and predicted sizes of fragments for wildtype (W) @gletion mutants indicated. A lack
of expected wildtype fragments and the presence of the &gheeplacement fragments in the
mutants indicates double, not single, crossover mutants.
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CHAPTERS

CHARACTERIZATION OF SPO0635AND SPOAQ272REPLACEMENT MUTANTS AND

METHYLOTROPHY IN S. pomeroyi

5.1 ABSTRACT

Silicibacter pomeroyia member of the a marine roseobacter clade, is a model systéne study

of dimethylsulfoniopropionate (DMSP) degradation. A ditntial display proteomic approach
identified proteins upregulated during growth on DMSP. Gespdacement mutations in two of
these genes, SPO0635 and SPOA0272, were constructed. Agasatographic system was
developed to detect volatile organic sulfur (VOS) in headspof cultures. No significant dif-
ferences in VOS production or growth on DMSP were seen in thants. Investigations into
the possible role of SPOA0272 in energy production from aaré@n compounds i8. pomeroyi

led to the observation of methylotrophic growth on methyiteen This suggests th&. pomeroyi

expresses the newly proposed ethylmalonyl-CoA pathwaly patts of the serine cycle formalde-
hyde assimilation pathway, which has implications for thtefof DMSP in the marine carbon

cycle.

5.2 INTRODUCTION

Dimethylsulfoniopropionate (DMSP) is an algal osmolytéquiitous in marine systems. Bacterial
cleavage of dimethylsulfoniopropionate to volatile dimgtsulfide (DMS) is an important part
of the global sulfur and carbon cycles and a regulator of glecbmate. An alternate demethyla-
tion pathway produces methanethiol (MeSH) that may be pm@ted into cellular protein (Kiene

et al,, 2000). These two pathways, with their characteristictlelarganic sulfur (VOS) products,
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have radically different implications for the fate of sulfin the environment, but many of the
enzymes involved remain undescribed. Many aerobic hetgrioiic bacteria, including the abun-
dant and ubiquitous marine roseobacter clade, possessrdm#ioof these pathways (Buchan
et al,, 2005). The roseobact8ilicibacter pomeroyis a model system for both DMSP degradation
pathwaysS. pomeroycan cleave DMSP to DMS, degrade DMS, demethylate DMSP to MeSH
incorporate MeSH into cellular protein, and oxidize MeSkHstifate (Gonzaleet al,, 1999).

Using aSilicibacterminimal medium that supports high cell densities and a clstat®o pro-
vide steady state growth conditions, a differential diggdeoteomics approach was used to find
genes potentially involved in DMSP degradatiorSnpomeroy(see Figure 5/1). Two genes were
disrupted inS. pomeroyDSS-3, forming the mutant&635 andAA272 mutants.

S. pom.Genome

1kb

dehydrogenase ggt oxidoreductase aminomethyl transferase

L W0632 0633 0634 0635 4N
3.50x
S.pom.Megaplasmid
—_—
1kb
IcIR reg. hypothetical hypothetical MauG-like Zn-dehydrogenase
4 A0268 A0269 A0270 A0271 A0272 4

2.81x 3.04x

Figure 5.1: Chromosomal gene clusters: containing germ¢®titode a protein which increased in
abundance during growth on DMSP. Genes encoding a progmifisantly increased in abundance
are indicated in red, and the fold increase in abundancelisated below each gene.

The gene at locus SPO0635 produces a fusion protein, withrtieo-terminal domain having
high similarity to glycine and D-amino-acid oxidases andagboxylic-terminal domain having
high similarity to aminomethyltransferases. Known genéh this domain structure catalyze the
removal of a methylamine moiety from dimethylglycine orcgaine. In the presence of tetrahydro-
folate (THF) these enzymes form methylene-THF. In the ateseh THF, formaldehyde is formed
instead. The electron acceptor for these types of enzynmesecaither Q (which yields HO,) or

the electron transport chain.
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The gene at locus SPOA0272 is a homolog of glutathione-abperiormaldehyde dehydro-
genase. SPOA0272 has high similarity to genes whose pwdueinvolved in formaldehyde uti-
lization by catalyzing the oxidation of S-hydroxymethyltdthione. This compound forms spon-
taneously from the reaction of glutathione with formaldeéyThis activity is found in methy-
lotrophs, where it can be essential for methylotrophy, al asin non-methylotrophs, where
it is used as to detoxify formaldehyde (Barlketral, 1996). There is a paralog to this gene in
S. pomeroyat SPO3850. With 97.4% nucleotide identity, the sequengerisconserved between
these two genes. In fact, the amino acid sequence differssiiygée conserved change, resulting
in 99.7% similarity.

In order to investigate the possible role of these genesytgron various substrates and VOS

production by the mutants were investigated.

5.3 MATERIALS AND METHODS

5.3.1 EMICALS

DMSP was synthesized as previously described (SectioB)2MMPA was synthesized by Erinn
Howard by alkali treatment of the methyl ester, which is caencrally available. The MeSH source
used as a standard was obtained from a continuous-releasec@lypermeation tube purchased
from VICI metronics (Part number 107-050-6000-C35, SantaCCA). All other compounds

were purchased from Sigma-Aldrich (Saint Louis, MO) or Dif®etroit, Ml).

5.3.2 S'NTHESIS OFMESH

A protocol to generate MeSH was developed based on Kiend [18%uffer composed of sterile
water, 0.1 TRIS pH 8 and 50% propanol was sparged with,Njas to remove © Using

a N, purged syringe and needle, dimethyldisulfide (DMDSCBSCH, Sigma) was diluted to
8.6%/ in a sealed vial with the anoxic buffer under a Neadspace. Using a,purged syringe

and needle, tributylphosphine (Sigma), which specificaduces disulfide bonds (Humphrey and
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Potter, 1965; R uegg and Rudinger, 1977), was diluted tav4fba sealed vial with the anoxic
buffer under a N headspace. The strict anoxic conditions were necessagubedributylphos-
phine reacts violently with oxygen in air. All dilutions anections were carried out under a fume
hood. The diluted tributylphosphine and DMDS solutions eveombined in a 9:¥ ratio in a
teflon sealed vial filled with ) providing a molar excess of tributylphosphine. Yields o¢SH
recovered in the headspace were above 85% theoretical ywll no other VOS detected by

GC-FPD.

5.3.3 ANALYTICAL METHODS
GC QUANTIFICATION OF VOLATILE SULFUR GASES

DMDS, DMS and MeSH were measured by GC-FPD using a modificatiothe method of
de Souza and Yoch (1995). Samples were sealed in acid-wathesl vials with butyl Teflon-
lined, crimp-seal caps. On-column headspace injectiong weparated on a 8610C GC (SRI
instruments, Torrance, CA) fitted with a Teflon-lined 1.8 mtb§175 cm diameter Chromosil 330
column (Supelco, Bellefonte, PA). A flame photometric dete¢GC-FPD) was used. The tem-
perature of the column was 60 °C, and the nitrogen carrieflgasrate was 60 mL mid. MeSH
standards were from a permeation tube that released MeSE ptr®dl min' in a glass U-tube
water-bath operated at 30 °C with constantdds flow venting through a sampling chamber and
bubble flowmeter. DMS standards were generated from alkalidtysis of DMSP. DMSP was
measured as DMS following alkali hydrolysis with 2M NaOH aagltation at room temperature
for one hour. Henry’s Law corrections were based on the Gatioms of Staudinger and Roberts
(2001). Quantitative detection limits of 3ng (70 pmol) Me$idre routinely achieved, with sim-
ilar detection limits for DMS. Day-to-day variability wasds than 10%, with a range of detection
of at least three orders of magnitude. Sulfate, metharletlimnethyl sulfide (all with a retention
time of less than 3 min), and DMDS (with a retention time of hj)were well separated with this

protocol.
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QUANTIFICATION OF DMSP DEGRADATION INTERMEDIATES

Acrylate, methylmercaptopropionate (MMPA), and mercapdpionate (MPA) were measured by
high-performance liquid chromatography (HPLC) based enntfethod of Ansedet al. (1999).
Briefly, samples were acidified with sufficient phosphori@dor a concentration of 0.2%, cen-
trifuged, separated on a Eclipse XDB-C18 2.1 x 150 mm colulskegent) by isocratic elution with

a 2.5% acetonitrile and 0.2% phosphoric acid buffer at 0.Z5mm, and detected by absorbance
at 214nm. The detection limit was less than 100 pmol, withnadr responce to 3nmol. The
column was washed with 80% acetonitrile after each separtdiremove nonpolar substances. All
buffers were HPLC grade, filtered with a 0.2 pacuum filter and degassed with helium before use.
Standards (Sigma) were prepared in water. The retentiogstinere: 1.96—1.97 min for acrylate,
6.50—6.55min for MMPA, 26.2—-26.19 min for the methyl esteMMMPA, a contaminant from
incomplete synthesis of MMPA, 10.42-11.13 min for MPA, wahminor peak found at 3.15—
3.16 min that may be a oxidation product of MPA. DMSP was ndaéected in 1 h runs. With a
single batch of running buffer these times do not change ithare2%, but different batches of the

running buffer can change the times by as much as 10%.

5.3.4 SRAINS

Silicibacter pomeroyDSS-3 was obtained from Dr. Mary Ann Moran (ATCC 700808; Gonzélez
et al,, 2003). Stock cultures were frozen in 40% glycerol plus 3% and passed no more than
six times. Cultures were grown aerobically at 30 °C with shgkn the dark unless otherwise

noted. Strains and plasmids used in this study are listedlfeT.1.

Table 5.1:S. pomeroystrains used in this study

Strain Relevant characteristics Reference or source
S. pomeroystrains:

DSS-3 wild type Gonzaleet al. (2003)
41H6 dmdA:Ez-Tn<Kan2> Howarebt al. (2006)
AB35 A(SPO0635)tetRA This work, Chapter 4

AA272 A(SPOA0272)tetRA  This work, Chapter 4
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5.3.5 MEDIA AND GROWTH

S. pomeroyivas grown on 1/2YTSS, and pre-cultured in MBM (see Secti@12. For carbon
source growth experiments, cells were pregrown in MBM withM glucose. DMSP and acrylate
were added to inoculated cultures in threeM mcrements, while all other compounds were added
at 3mM. For headspace experiments, Teflon-lined stopper sealed Bédoes with 10 mL of media
and 18 mL of headspace were used. For growth expering&rmemeroyDSS-3 andA635 were
grown in MBM media with 1 nm acetate, lactate, acrylate, glucose, MMPA, DMSP, thiogyjio
acid, methionine, cysteine, spermidine, glycine betitgyxylic acid, glutathione, cysteic acid, or
taurine. For methyl-group growth experiments, cells waegpwn in 3mnv acetate, inoculated
at a 1:500 dilution with 5 or 50 m methanol, formate, methylamine, or trimethylamine, witlal a

without 3 nv acetate.

5.3.6 WASHED CELL VOS PRODUCTION FROMDMSP

S. pomeroywas grown to an OEyg of 0.3 on MBM with 5nm DMSP (late log phase), collected
by centrifugation, and washed twice with an equal volume &N Cells were placed in sterile
9.8 mL crimp-seal bottles and sealed with Teflon-lined stsppDMSP was added to a final con-

centration of 3 m.

5.4 RESULTS AND DISCUSSION

Genes that are upregulated during growth on DMSP might belviad in many different cel-
lular processes (see Chapter 3). Pathways that might bgulpted include DMSP cleavage and
demethylation, MeSH and DMS degradation, MeSH incorponaitito protein, methyl group uti-
lization, sulfur oxidation, and degradation of the carbaeskibone of DMSP. To further elucidate
the role of the two proteins that were significantly upretpdathe genes SPOA0272 and SPO0635
were replaced in the wild-type strain, yielding straih€835 andAA272, respectively (see Chapter
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4). As neither gene has a downstream gene transcribed imathe direction, polar effects are
unlikely.

When grown on 3m DMSP,S. pomeroyDSS-3,A635, andAA272 all grew to an Olgy of
0.3 with no significant differences in growth rate. Yield dher carbon sources were investigated,
but no significant differences were observed with growth cetae, acrylate, MMPA or glycine
betaine. All three produced DMS and MeSH during growth ircbaultures on 3m DMSP, with
DMS being the predominate product in the headspace duriegdeowth stages. DMS and MeSH
decreased over time in cultures, with no significant diffieeein the rates between the mutants
and the wild type strain (data not shown). However, there avgeeat deal of variability in VOS
production and consumption by different cultures of the satnain and at different points in the
growth curve. This could be due to a complex regulatory sysded the slow, non-logarithmic

growth of S. pomeroyon DMSP.

5.4.1 \OLATILE SULFUR COMPOUNDS PRODUCED BYS. pOomeroyiDURING GROWTH ON

DMSP

Washed cell experiments were conducted in order to quathtéyproduction rates of DMS and
MeSH. Late-growth phas8&. pomeroyiDSS-3 cultures produced both DMS and MeSH from
DMSP when grown on acetate, acrylate, or DMSP (see Figu)je B&ce amounts of DMS were
observed in the headspace of DMSP-grown cultures afterimgsthen no additions of DMSP,
potentially from intracellular accumulation and carryeoof DMSP (data not shown). The average
rate of MeSH and DMS production for acrylate-grown cells Wagher than that for DMSP-grown
cells, which in turn was higher than acetate-grown cell® Jignificantly higher rate of MeSH pro-
duction by cells grown on acrylate might indicate that aatgyinduces the demethylation pathway,
but does not induce the pathway for the consumption of MeBilt§ tesulting in a higher observed
rate of MeSH production. Although the doubling time of thdél<és 25 hours when grown on

DMSP and acrylate, there could be a rapid expression of gemelved in production of VOS,
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Figure 5.2: Production of VOS from DMSP I8, pomeroyDSS-3: Production of DMS (left) and
MeSH (right) from 3 nv DMSP by washed cells grown dilh acrylate, o DMSP, ore actate. Error
bars are standard deviation of three replicates.

which would interfere with the determination of the ratesaofivity when grown on other sub-
strates.

S. pomeroyiA635 contains a gene replacement of a fusion protein with dwramilar to
dimethylglycine and sarcosine oxidases and potentialylired in the transfer of a methyl group to
THF or the formation of formaldehyde. No significant diffece in cell yield was seen between the
mutant and wildtype with growth on acetate, lactate, ateylglucose, MMPA, DMSP, methionine,
spermidine, glycine betine, or glutathione. Neither strgiew on thioglyoxylic acid, cysteine,
cysteic acid, or taurine and both showed only weak growthlpoxylic acid. DMSP grownA635
cells were washed, and DMS production from DMSP was meagseed-igure 5.3). No significant
difference was seen in the production of VOS. This could lxabse SPO0635 catalyzes a reaction

independent of VOS production. For instance, this geneywiotiight be regulated in the presence
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Figure 5.3: Production of VOS from DMSP I8, pomeroyiA635: Production of DMS (left) and
MeSH (right) from DMSP grown washed cells, error bars aredsiad deviation of three replicates.
The final time points are not significantly different (p=0.b¥ Student'd-test.

of DMSP but not be involved in DMSP degradation, or might b®ived in the pathway after VOS
production. Alternativelys. pomeroymay be geneticly redundant for this reaction. The product of
a gene (SP0O0544) with the same domain structure as SPO0B3%isimilar and 32% identical

to SPO0635. Thus, SPO0635’s activity might be complemenydtie activity of SPO0544 under
these growth conditions.

S. pomeroyiAA272 contains a gene replacement of a glutathione-depérioenaldehyde
dehydrogenase. The demethylation pathway of DMSP degoadaight produce toxic formalde-
hyde intermediates from the methyl groups and cause theciiotuof the other glutathione-
dependent formaldehyde dehydrogenases in the genomesfdieercells were grown on acrylate
as well as on DMSP, washed, and the VOS production from addé8ROmeasured (see Figure

5.4). There were no statistically significant differencehia production of VOS with cells grown
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Figure 5.4: Production of VOS from DMSP I8/ pomeroyAA272: Production of DMS (left) and
MeSH (right) from 3mv DMSP by washed cells grown dil acrylate ora DMSP. Error bars
are standard deviation of three replicates. The final timetp@f the acrylate and DMSP grown
MeSH values are significantly different by Studenitest (p=0.015 and 0.028, respectively).
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on either compound. Perhaps the toxicity of trace amounfisrofaldehyde formed in other path-
ways caused upregulation of the close paralog SPO3850,-glatathione formaldehyde oxida-
tion pathway was active, or the formation of formaldehyde bt effect the production of VOS.
No significant difference was observed in formaldehydestaasce between the mutant and wild-
type as measured by zones of clearing around formaldehytteddilters on 1/2YTSS plates (data

not shown).

5.4.2 METHYLOTROPHIC GROWTH

During tests for pathways that might generate formaldelagdan intermediate, it was observed
that wild-typeS. pomeroyDSS-3 uses one-carbon (1C) methyl compounds for energy atid/m
lamine as a sole source of carbon and energy (see Table fi®)crease in cell density above the
0.18 ODyyo With growth on acetate was observed with additions of meith&mrmate, methylamine
and trimethylamine. Growth on methylamine as the sole sofcarbon and energy indicates that
S. pomeroyis a methylotroph. The cultures grown on methylamine weexkead by microscopy
Table 5.2: Cell yield ofS. pomeroygrown on 1- and 2-carbon compounds: Cultures contaim5 m

of the C1 compounds. Maximimum growth was recorded afteray2 dvalues are adverage @p
of duplicates in MBM

1C substrate C1 compounds alone +13 icetate
No C1 No growth 0.18
Methanol No growth 0.30
Formate No growth 0.25
DMSO No growth 0.15
Methylamine 0.35 0.30
Trimethylamine No growth 0.30

and displayed the characteristic morphologysofpomeroygrown on minimal medium. Cultures
were grown on 1/2YTSS and exhibited characteristic colagmia cellular morphologies. When
sub-cultured, they also displayed the characteristictsafigsutilization patterns o. pomeroyi

Multiple passes at low dilution in MBM with methylamine weperformed to confirm that the
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growth was not due to carry-over of nutrients, and methgjahtic growth was confirmed on a
separate source of methylamine.

The genome ofS. pomeroyicontains methylamine dehydrogenase genes, which oxidize
methylamine to formaldehyde, ammonia, and reducing etgnt®S. pomeroyalso contains the
glutathione-dependent formaldehyde oxidation pathwajotmate as well as the glutathione-
independent, THF-dependent formaldehyde oxidation paghte formate. Therefore, even if
SP03850 does not compensate for SPOA0273.ipomeroyiAA272, there is another pathway
for formaldehyde oxidatiors. pomeroytontains all necessary subunits of formate dehydrogenase,
and could produce energy from the complete oxidation of &iemit was previously shown that
S. pomeroygrows by a lithoheterotrophy, oxidizing carbon monoxidel assimilating organic
carbon compounds (Moragt al, 2004). HoweverS. pomeroyiwas not know to be capable of
methylotroph growth.

During the initial annotation ofS. pomeroyi many genes in the serine cycle pathway of
methylotrophic 1-carbon utilization were identified, inding a hydroxypyruvate reductase and
L-malyl-CoA lyase that are diagnostic of this pathway. Hoere several essential genes were
not present: there was no isocitrate lyase gene and a geheomlit low similarity to glycerate
kinase. Recently, the ethylmalonyl-CoA pathway was prepofor Rhodobacter sphaeroides
anothero-proteobacteria, anfl. pomeroycontains genes with high homology to all known genes
in this new pathway. In particular, the predicted gene pebad SPO370 has 93.0% similarity
to a diagnostic enzyme for the ethylmalonyl-CoA pathwagtanyl-CoA carboxylase/reductase
from Rhodobacter sphaeroidesrain 2.4.1. Genes that are theorized to catalyze the neémggai
reactions in the pathway have high similarity to geneS.gfomeroy{Alber et al., 2006; Erbet al.,
2007; Meisteeet al., 2005). The ethylmalonyl-CoA pathway would allow isociérdyase negative
organisms likeS. pomeroyto bypass this part of the serine pathway and carry out sgigtioé 3-

and 4-carbon compounds from formate (Etkal., 2007; Zarzyckit al., 2008).
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During the incorporation of formaldehyde via the serine atidylmalonyl-CoA pathways,
there would be an additional incorporation of four molesubé CGO, for every three molecules
of formaldehyde incorporated into organic carbon molezule

In marine systems, a significant amount (1-13%) of the totatel by autotrophs is incorpo-
rated into DMSP (Kienet al., 2000) and an average of 50-90% of the DMSP is not incorparate
into DMS or cell sulfur (Kiene and Linn, 2000). Thus therehs potential for a large amount of
chemoautotrophic CQOincorporation during the utilization of the two methyl carts of DMSP.
These methyl carbons could be from 0.3—6% of the total C firetharine systems, which core-
sponds to roughly 0.15-3 gigatons of C{dcorporated annually. In addition, other sources of
methyl groups in marine systems incorporated by serinéeayethylotrophs could increase this
amount. The roseobacter clade is a numerically importantigin marine systems. If this pathway
of methylotrophy is widespread in this clade, then methglaity may play a more important role

in marine systems than previously thought (Giovanrmerail., 2008; Sherr and Sherr, 2000).
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APPENDIX A

DMSP DEGRADATION ENERGETICS

A.1 ABSTRACT

A theoretical redox analysis of the degradation of DMSP witl in the analysis of chemostat
growth of Silicibacter pomeroyiElectron equivalents for the complete oxidation and phdxi-
dation of DMSP (with the release of DMS) and the complete atkah of acrylate and acetate were
calculated. This allowed the comparison of cell yields oetaie and DMSP in chemostat-grown
S. pomeroyiThe results support complete oxidation of only the aceyrabiety of DMSP during

chemostat growth with DMSP as the limiting nutrient.

A.2 COMPOUNDS

The idealized oxidation state of each of the compounds @utatked below, based on the conven-

tionthat O is—2 and H is +1.

A.2.1 DMSP

Dimethylsulfoniopropionate, also known as: dimethylpodpetin, DMPT, DMSP, dimethyl-
betapropiothetin, beta-dimethylsulfoniopropionate$-8i-methylbetapropiothetin, 3-(dimethyl-
sulfonio)propanoate, S-dimethylsulfonium propioniciaci

IUPAC Name: 3-dimethylsulfoniopropanoate

Molecular Weight: 134.193 g/mol

Formula:"CH,,0,S"

Net charge0
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oL
\g/\/

Figure A.1: Structure of DMSP

Element Avg. State # Atoms Total
S —2 1 —2
O —2 2 —4
H +1 10 +10

Solving for the oxidation state of the carbon atoms:

—2+—-4+10+x2=0

r=—4

Element Avg. State # Atoms Total

C — d —4

(SN

A.2.2 DMS

Dimethyl sulfide, also known as: methyl sulfide (note thas theme is more properly a discripter
of methanethiol i.e. CE5, but is used in the literature and by commercial suppledescribe this
compound).

IUPAC Name: methylsulfanylmethane

Molecular Weight: 62.129 g/mol

Formula: GHgS

Net charge0
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Figure A.2: Structure of DMS

Element Avg. State # Atoms Total
S -2 1 -2
H +1 6 +6

Solving for the oxidation state of the carbon atoms:

—2+6+2=0
r=—4
Element Avg. State # Atoms Total
C —2 2 —4

A.2.3 METHANETHIOL

Methanethiol, also known as MeSH, methyl-mercaptan, npeacaC1.
IUPAC Name: methanethiol
Molecular Weight: 48.103 g/mol
Formula: CHS
Net charge0

>

Figure A.3: Structure of MeSH
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Element Avg. State # Atoms Total
S —2 1 —2
H +1 4 +4

Solving for the oxidation state of the carbon atoms:

—2+44+x=0
T = —2
Element Avg. State # Atoms Total
C —2 1 —2

A.2.4 ACRYLATE

Acrylate, also known as: acrylic acid, 2-propenoic acigylformic acid, propenoic acid, acroleic
acid, propenoate, propene acid, polyacrylate.
IUPAC Name: prop-2-enoic acid
Molecular Weight: 71.055 g/mol
Formula: GH;0;
Net charge=—1
O—\g/\

Figure A.4: Structure of Acrylate

Element Avg. State # Atoms Total
@) —2 2 —4
H +1 3 +3

Solving for the oxidation state of the carbon atoms:

3+—-4+zr=-1
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z=0

Element Avg. State # Atoms Total

C 0 3 0

A.2.5 ACETATE

Acetate, also known as: acetic acid, ethanoic acid, vinagar
IUPAC Name: acetic acid
Molecular Weight: 59.044 g/mol
Formula: GH;0;

Net charge=—1

Element Avg. State # Atoms Total
@) —2 2 —4
H +1 3 +3

Solving for the oxidation state of the carbon atoms:

3+—-4+zr=-1

z=0

Element Avg. State # Atoms Total

C 0 3 0
A.3 REACTIONS

Balanced reactions were drawn for the complete oxidativeeralization of the following com-

pounds. The oxidation values for carbon and sulfur caledlabove were used.
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A.3.1 MINERALIZATION OF ACRYLATE

The half reactions:

30,4+ 12H* +12¢~ — 6H,0

Reaction sum:

C;H;05 +30,+H" — 3CO, + 2H,0

In this reaction, 3 carbon atoms at 0 are oxidized to +4 whibxyyen molecules are reduced to

H,O for a total transfer of 12 electrons.

A.3.2 MINERALIZATION OF DMS

The half reactions:

C,SHg + 8 H,O — 2CO, + SO +22H" +20e”

50, + 20H' + 20 — 10H,0

Reaction sum:

CySHg + 50, — 2CO, +SO;™ + 2H,0 + 2H"

In this reaction, 2 carbons are oxidized from -2 to +4 and fusatom is oxidized from -2 to +6

while 5 oxygen molecules are reduced tgOHor a total transfer of 20 electrons.



126

A.3.3 MINERALIZATION OF DMSP

The half reactions:

C;H,00,S + 12H,0 — 5CO, + SO~ + 34 H" +32¢~

80, + 32H" +32¢” — 16 H,0

Reaction sum:

C,H,,0,S +80, — 5C0O, +SO;~ + 4H,0 + 2H"

In this reaction, 5 carbons are oxidized from a net of -4 to agheand 1 sulfur atom is oxidized

from -2 to +6 while 8 oxygen molecules are reduced {@Hor a total transfer of 32 electrons.

A.3.4 MINERALIZATION OF ACETATE

The half reactions:

C,H,0; +2H,0 — 2CO, + TH" 4+ 8¢~

20,+8H"8e™ — 4H,0

Reaction sum:

C,H;0; +20,+H* — 2CO, + 2H,0

In this reaction, 2 carbon atoms at 0 are oxidized to +4 whibxyxyen molecules are reduced to

H,O for a total transfer of 8 electrons.
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A.4 ENERGETICS OFDMSP DEGRADATION

Theoretical calculation of the energy available for degtimh of a compound can aid in the under-
standing of its degradation pathway. Sirfftepomeroyis an aerobic heterotroph with the ability
to oxidize inorganic sulfur compounds, it is theoreticallyssible that it carries out the complete
oxidation of DMSP (GH,,0,S) to CQ and SG~. With 5 carbons carrying a net oxidation of
-4 and the sulfur in -2 state, the complete oxidation of DMBREO, and SG~ would yield 24
electron equivalents for the carbon and 8 for the sulfurafgreld of 32 electrons equivalents in
total. If the sulfur moiety is incorporated into cellulapein, electron equivalents are conserved,
as it takes 8 electron equivalents to take?S@+6) to the redox state of the sulfur in methionine.
No net reduction is required to take the sulfur in DMS or Me®Hhe same redox state as that
in methionine, so 8 electron equivalents would be consefmedach sulfur atom that was incor-
porated into methionine from DMSP. Howev&, pomeroyreleases most of the sulfur moiety
as volatile gasses, particularly DMS. If the methyl and wuthoieties of DMSP were released
as DMS only 12 reducing equivalents of acrylate would belalkts. The complete oxidation of
acetate would yield 8 electron equivalents. Thereforerélie of reducing equivalents between
acrylate and acetate (1.5) would be observed between DM&Raetate if DMSP was degraded
to DMS and CQ.

In a carbon-limited chemostat, the ratio of the cellulaid/er mol of substrate during growth
on DMSP to growth on acetate averaged #8912, close to the expected value of 1.5 for the
oxidation of only the acrylate moiety of DMSP. Since the pecesti molar ratio for complete
oxidation of DMSP to acetate is 4 (from a calculated electatio of 32:8), it is unlikely that
significant amounts of the reduced sulfur and methyl maediee oxidized under these condi-
tions, In addition, similar growth yields were observed fatch cultures grown on equimolar
concentrations of DMSP or acrylate, supporting this cosiolu. These results are consistant with
S. pomeroyreleasing most of the sulfur from DMSP without oxidation anthese growth con-
ditions. WhileS. pomeroydoes have the capability of utilizing MeSH and DMS and oittjz

reduced sulfur compounds, these activities do not seem sigéicant under these conditions.
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The small increase above the expected yield could come fiproxidation of small amounts of
sulfur, 2) utilization of the methyl group transferred toarer in the demethylation pathway, 3)

the savings from sulfur assimilation, or 4) compatible sokffects of DMSP.



APPENDIX B

S. pomeroyGENE LOCI

Table B.1:S. pomeroygene loci and Gl assertion numbers
S. pomeroygene loci  Protein GI  Gene size (bp)

SPO0632 Gl:56677274 987
SPO0633 Gl:56677275 1794
SPO0634 Gl:56677276 1398
SPO0635 Gl:56677277 2508
SPO0725 Gl:56677365 1320
SPO0726 Gl:56677366 2349
SPO0727 Gl:56677367 723
SPO0728 Gl:56677368 1176
SP0O1623 Gl:56678244 1371
SPO1624 Gl:56678245 681
SPO1625 Gl:56678246 1437
SP0O1913 Gl:56678524 1095
SP01914 G1:56678525 993
SP02203 G1:56678803 1500
SP0O2571 GIl:56679153 2355
SP0O2572 Gl:56679154 696
SP0O2573 GIl:56679155 1086
SP0O3498 G1:56680057 1176
SP0O3499 G1:56680058 2118
SPO3500 GI:56680059 471
SPO3501 GI:56680060 372
SPO3850 GI:56680398 1113
SPOA0268 GI:56680737 813
SPOA0269 GI:56680738 1311
SPOA0270 GI:56680739 711
SPOA0271 GI:56680740 1215
SPOA0272 GIl:56680741 1113
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