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Abstract Methanesulfonic acid is a very stable strongms, no work had at that time been done to investigate
acid and a key intermediate in the biogeochemical cyclitige microbial degradation of this important intermediate
of sulfur. It is formed in megatonne quantities in the at+ the global sulfur cycle. This was because the occur-
mosphere from the chemical oxidation of atmospheric dénce of methanesulfonate in the natural environment and
methyl sulfide (most of which is of biogenic origin) ands importance as an oxidation product of dimethyl sulfide
deposited on the Earth in rain and snow, and by dry dep@re only recognized in recent years (Lovelock et al.
sition. Methanesulfonate is used by diverse aerobic badi®72; Kelly and Murrell 1996; Ayers et al. 1997; Legrand
ria as a source of sulfur for growth, but is not known to 8897), and dimethyl sulfide itself was only fully estab-
used by anaerobes either as a sulfur source, a fermentdistied as the major atmospheric component of the sulfur
substrate, an electron acceptor, or as a methanogenic sytle in the 1980s (Charlson et al. 1987; Murrell and
strate. Some specialized methylotrophs (includiig- Kelly 1996). Work over the past 20 years has shown con-
thylosulfonomonas, Marinosulfonomonasd strains of clusively that dimethyl sulfide, arising principally from
Hyphomicrobiumand Methylobacteriu can use it as athe dimethylsulfoniopropionate [(GHS*CH,CH,COO]
carbon and energy substrate to support growth. Methaoemolyte of marine algae, is the major source of sulfur in
sulfonate oxidation is initiated by cleavage catalysed the atmosphere, with an annual input of 40-70 million
methanesulfonate monooxygenase, the properties torhes (Kelly 1996; Kelly and Murrell 1996; Kiene et al.
molecular biology of which are discussed. 1996; Murrell et al. 1996; Lelieveld et al. 1997). In the at-
mosphere, dimethyl sulfide is oxidized in the light by OH
Key words Methanesulfonate - Oxidation - Reduction radicals and in the dark by N@adicals. Depending on
Oxygenase - Energy - Methylotrophy the geographical latitude, 25-70% of the flux of dimethyl
sulfide is oxidized to methanesulfonate, which is de-
posited back to the earth in rain, snow and by dry deposi-
Introduction tion (Kelly et al. 1993; Kelly and Murrell 1996; Murrell et
al. 1996).
While researching material for a review (Kelly and Smith
1990) more than a decade ago, one of us wrote to a eel
league: “I have found that there is a sulfur compound tiSsdfonate chemistry
seems to have no ‘metabolic history’ of any consequerarml the special case of methanesulfonate
— methanesulfonic acid. This arises from the destruction
of dimethyl sulfide in the atmosphere (about 20 millicBulfonic acids have the general formula RS&;H,
tonnes a year — not an insignificant amount) — where dodgere R is H in the case of methanesulfonate, but can be
it go?” (Extract from an unpublished letter from D. R longer aliphatic chain or an aromatic ring, with or with-
Kelly to A. P. Wood, University of Western Australia, 2»ut additional substitutions. The common feature of sul-
October 1988). Apart from very limited mention ofonates is their possession of a sulfur atom that is cova-
methanesulfonic acid as a sulfur source for some orgkmtly linked to a carbon atom. The oxidation state of the
sulfur in sulfonates has been reported both as +4 and +5
(Hanselmann 1991; Huxtable 1992; Seitz et al. 1993;

D. P. Kelly &) - J. C. Murrell o . Uria-Nickelsen at al. 1993a), but comparative spectro-
ggegrr]ttrpegt\g EA‘I’_'O%rC]a:aSn‘Sences' University of Warwick,  graphic studies on a variety of compounds have shown
e-mail: %mza@dné.biog.warwick.ac.uk, that the electron distribution within the sulfonate ion re-

Tel.: +44-24-76572907, Fax: +44-24-76523701 sults in the sulfur being at the +5 oxidation state (Frank et
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al. 1987; Vairavamurthy et al. 1993; Kelly and Murre]l_ . _ .
1996: Lie et al. 1998; Cook et al. 1999). Chemically, thelicrobiological consumption of methanesulfonate

are very great differences in the carbon-sulfur bond stabil- ) .
ity in the series of n-alkanesulfonic acids. Methanesi{€thanesulfonate offers a number of hypothetical possi-

fonate is remarkably stable, while ethanesulfonate is @élities for use as a substrate for microbial growth and me-
composed relatively rapidly. The chemical decompositi#Polism (Kelly and Baker 1990; Cook et al. 1999). It
rate of the longer chain alkanesulfonates decreases FRY!d provide sulfur for biosynthesis to any organism able
gressively as the carbon chain lengthens. Wagner dhgleave the C-S bond under aerobic or anaerobic condi-
Reid (1931) measured hydrolysis rates (as release of 4g[S; it could undergo oxidation to carbon dioxide and
fite) of aliphatic sulfonic acids in 3.7 M sodium hydroxidgu!fate, yielding metabolic energy for growth from the ox-
at 345°C. Under these conditions only 1.5% of the sulfii@ation of its methyl-groups, and even of the sulfonate
was hydrolysed from methanesulfonate after 3 h, cofpoiety to sulfate; its methyl groups could provide qarbon
pared to 63% from ethanesulfonate, 20% from propaffdérmediates (e.g. formaldehyde) for methylotrophic bac-
sulfonate and 12% from hexanesulfonate. Such data ifg[i&; it might be used anaerobically either as a terminal

cate that the absence of detectable methanesulfonate f&ifiron acceptor for anaerobic respiration (e.g. by sul-
soils and the marine environment is because of its biolé€-reducing bacteria), as a substrate for fermentative dis-
ical rather than chemical degradation. proportionation, or even as a substrate for methanogenesis

from its methyl groups by archaeal methanogens.

Methanesulfonate in climatic
and palaeoecological microbiology contexts Methanesulfonate as a sulfur source

Current climate models lay emphasis on the opposiNgmerous longer-chain sulfonates are used as sulfur
phenomena of atmospheric warming as a result of chag@urces for growth by diverse bacteria, fungi and algae
ing concentrations of “greenhouse gases” (carbon dioxiffiedlingmeier and Schmidt 1983; Uria-Nickelsen et al.
methane, etc.) and possible atmospheric cooling as al®23a,b; Cook et al. 1999), but the use of methanesul-
sult of albedo modification brought about by changes fenate seems to be much more restric@ulorella used
cloud formation. For the latter, cloud condensation nucfei—Ce-alkanesulfonates as sulfur sources but the variation
(e.g. sulfate aerosols) are key triggers (Ayers et al. 1987C-S bond stability of the different sulfonates appeared
Jones and Slingo 1997), with methanesulfonate being parlimit the growth rate, so that methanesulfonate, the
of the “atmospheric burden” of such nuclei (Ayers et dnost stable sulfonate, was the poorest sulfur source
1997). The phenomenon of “negative cloud forcing”, Hfgiedlingmeier and Schmidt 1983). A number of aerobic
which the atmosphere is cooled as a result of increabagteria (e.gKlebsiella sp., Comamonas acidovorans,
cloud formation, is clearly seen following catastrophfdhodococcussp., Bacillus subtilis, Enterobacter aero-
events such as the injection of massive amounts of sufighes, Serratia marcescens, Escherichiaaodi fluores-
dioxide into the atmosphere by major volcanic everfignt pseudomonads) can use methanesulfonate as a sulfur
(e.g. Mount Pinatubo in 1991; Hansen et al. 1997). Ong@urce (Seitz et al. 1993; Uria-Nickelsen et al. 1993a,b;
ing negative forcing due to aerosol effects on cloud féghih-Ching et al. 1995; Van der Ploeg et al. 1998; Cook et
mation is likely to explain why the global warming thatl.- 1999; Reichenbecher and Murrell 1999), but we have
has occurred progressively since the beginning of the fRKNd no reports of its use as a sulfur source under anaer-
ropean industrial revolution (i.e. for at least 200 years)dBic conditions, even by bacteria able to use it aerobically
only about half of the predicted values (Hansen et &Rook et al. 1999). Recentlyseudomonas aeruginosa
1997). On a geological timescale, analysis of ice cores froas been shown to desulfonate alkanesulfonates using a
the Antarctic and Greenland gives a continuous measif@uced flavin mononucleotide-dependent monooxyge-
of atmospheric methanesulfonate concentrations extefidse, Which showed highest activity with methanesul-
ing from recent times to over 4g@ears before the presenfonate (Kertesz et al. 1999). This 381-amino acid protein
(Legrand 1997). Methanesulfonate derived from atmadas encoded by an 1145 bp open reading frame (ORF),
pheric dimethyl sulfide must, however, have been an #te msuDgene, one of three comprising a desulfonation
mospheric component for much longer thah Viéars, as operon, msuEDC Similarly, Bacillus subtilis has an
coccolithophorids (dimethyl sulfide-producers) were s@peron which includes an ORF encoding for an aliphatic-
perabundant in the oceans of the Cretaceous pefdifonate monooxygenase with a broad substrate range
(Robinson 1995). Methanesulfonate has thus had a cof@n der Ploeg et al. 1998).

tinuous and significant input to marine and terrestrial en-

vironments (potentially at rates of about 50 Tg/year) for at

least the past 100 million years (Kelly 1996). Ample timldethanesulfonate as a respiratory electron acceptor,

was thus available for the evolution of bacteria able to dsementation substrate, or methanogenic substrate
methanesulfonate, and the absence of measurable quanti-

ties of methanesulfonate from soils and water indicatesTitsdate, no bacteria have been described that can degrade
ready degradation by the modern microflora (Kelly 1996nhethanesulfonate in the absence of oxygen (Chih-Ching



et al. 1995; Lie et al. 1996, 1998; Cook et al. 1999). W
and others, have not yet succeeded in isolating denitr
ing methylotrophs able to use methanesulfonate as car
and sulfur source under anoxic conditions. The ability
some fermentative heterotrophs to degrade sulfone
other than methanesulfonate anaerobically as source:
biosynthetic sulfur must involve a hydrolytic split of th
C-S bond that does not require oxygen, so the possibi
of finding anaerobic methanesulfonate degraders can
yet be excluded: further anaerobic studies are needed |
to seek denitrifying methanesulfonate-methylotrophs a
bacteria using methanesulfonate as a sulfur source ur
anoxic conditions. Hydrolysis of methanesulfonate to pr
duce methanol has not yet been shown in any organi
but methanesulfonate hydrolysis as a means of splitt
the C-S bond is possible:

CH,SOy + H,0 = CHOH + HSQ~ (AG® = —56.4 kJ mof)

The standard free energy change for this reaction was
timated using a\G;° value for the methanesulfonate iol
(AGs° = —409.6 kJ mal), calculated by the group substi
tution method (Mavrovouniotis 1991), and publishe
AG;° values for the other compounds (Thauer et al. 19°
Mavrovouniotis 1990; Kelly 1999). The moderately exe
gonic value for the overall hydrolysis suggests that en:
matic hydrolysis of methanesulfonate is at least hypoth
ically feasible.

Methanesulfonate is an analogue of methanephosp
nate, which has been shown to be degrade€daya-
monas (formerly Pseudomongstestosteronito produce
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methane and phosphate by hydrolytic cleavage of the (
bond (Daughton et al. 1979). The analogous reaction

methanesulfonate would be: Fig.1 Phylogenetic tree, based on 16S rRNA sequences, indicat-

ing the diversity of the four genera within theProteobacteria

-+ — + - or — _ which have been shown to contain strains able to use methanesul-
CHsSO;™ + H,0 = CH, + HSQ (AG 143.5 kJ mot) fonate as their growth substratetarinosulfonomonas, Methy-

This has not yet been demonstrated, but the possib|elobacterium, Methylosulfonomonasid Hyphomicrobium (Based
currence of the reaction, which is thermodynamically e°" Holmes et al. 1997)
ergonic and hence does not present an obvious ener¢
problem, is worth investigating. Methanesulfonate has rycle), desulfonation of methanesulfonate can lead ini-
yet been shown to be a respiratory electron acceptortfally only to methanol or formaldehyde. Thus only me-
any sulfate-reducing bacterium, although sobBesul- thylotrophic bacteria (or yeasts) are likely to be able to
fovibrio strains can use aminomethanesulfonate (Cookuse methanesulfonate as the sole substrate for growth, as
al. 1999). Use of methanesulfonate or its hydrolysis pray non-methylotrophic heterotroph possessing a methane-
ucts as respiratory hydrogen acceptors by the actionsoffonate monooxygenase enzyme (Van der Ploeg et al.
methanogens or sulfate reducers could conceivably 1d298; Kertesz et al. 1999) would not be able to derive
to its anaerobic mineralization to methane and sulfite @gll-carbon exclusively from methanesulfonate, although
sulfide: the oxidation of methanesulfonate to carbon dioxide and
_ _ _ or _ water could act as a supplementary energy source. The
CH,SO;™ + H, = CH, + HSOy (AG™ = -152.5 kJ maf) possibility of deriving energy chemolithotrophically from
CH;SO; + 4H, = CH, + HS + 3H,0 the oxidation of sulfite released from methanesulfonate to
(AG®" = -348.4 kJ mal) sulfate exists, but this would allow only very limited au-
totrophic growth (Kelly 1999). The first bacterium iso-
lated on methanesulfonate as sole substrate (Baker et al.
1991) was characterized as belonging to a novel genus
within the a-ProteobacteriaMethylosulfonomonasex-
amples of which were readily isolated from various soils
Unlike all the higher sulfonates, whose breakdown lead#olmes et al. 1997). Novel marine isolates were also ob-
to compounds containing at least @hits which can be tained, comprising another phylogenetically distinct genus
degraded by central metabolic pathways (e.g. the Krewithin thea-ProteobacteriaylarinosulfonomonagThomp-

Methylotrophic growth on methanesulfonate
as a source of carbon and energy
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son et al. 1995; Fig.1). These observations, and theigneonverted to sulfate either by autooxidation or enziymat
ability of some other well-known genera of methylotropleally by sulfite dehydrogenase. Hydrolysis of methane-
to use methanesulfonate, suggested that methanesulfosisifenate to produce methanol does not occur in any of
use might be restricted to these specialized genera. Mbemethylotrophs isolated so far. Indeed, methanol is not
recently, however, we have obtained some 20 new isolate®lved as an intermediate in methanesulfonate break-
that can grow on methanesulfonate: these have been atbawwn, and mutants oMethylosulfonomonadacking
acterized by 16 S rRNA sequence analysis, and are siméthanol dehydrogenase were found to be unimpaired in
lar to the known species bfyphomicrobiumandMethy- their ability to use methanesulfonate (Higgins et al. 1996).
lobacterium(Fig. 1; N. Baxter, P. De Marco, A.P. Woodn addition, oxidation of methanesulfonate Mgrinosul-
and J.C. Murrell, unpublished data). fonomonasstrains was unaffected by cyclopropanol,
which completely inhibited methanol oxidation (Thomp-
son et al. 1995).
Mechanism of growth on methanesulfonate

All of the aerobic bacteria shown to date to use lineBine methanesulfonate monooxygenase
alkanesulfonates as growth substrates probably usef MethylosulfonomonaandMarinosulfonomonas
monooxygenase to split the C-S bond of the sulfonate, as
was first observed with the degradation gfG; alkane- Our earlier work suggested the presence of a somewhat
sulfonates byPseudomonastrains (Thysse and Wanderspecific system for methanesulfonate metabolism in
1974; Cook et al. 1999). This proved also to be the cadethylosulfonomonas methylovostrain M2 andMari-
for Methylosulfonomonasnd Marinosulfonomonasin nosulfonomonas methylotroplsérains TR3 and PSCH4,
which the initial cleavage of methanesulfonate was &fhich when grown on methanesulfonate showed only
fected by an NADH-dependent monooxygenase (Kellylghited ability to oxidize other sulfonates (Kelly et al.
al. 1994; Higgins et al. 1996): 1994; Thompson et al. 1995; Murrell et al. 1996). Strain
. _ M2 oxidized aminomethanesulfonate and ethanesulfonate
CH;SO; I (N)ZABL\IADH *H - HCHO + HSQ + H0 51 8696 and 36%, respectively, of the rate of methanesul-
fonate oxidation, but oxidized propanesulfonate at onl
; prop y
Some of the formaldehyde is oxidized to carbon dioxi@86 of that rate, and longer sulfonates not at all (Kelly et
to provide NADH and energy for biosynthesis from tha. 1994). Similarly, strains TR3 and PSCH4 oxidized
remaining formaldehyde, which is assimilated by the sethanesulfonate and propanesulfonate at 41-52% and
ine pathway (Fig.2; Kelly et al. 1994; Thompson et &5-35%, respectively, of the methanesulfonate rates, but
1995; Kelly and Murrell 1996). Sulfite is the other prodbnly TR3 oxidized butanesulfonate (at 24% of the
uct of the oxygenase, and this is detectable chemically, mdthanesulfonate rate) and neither oxidized pentanesul-
fonate (Thompson et al. 1995).
Cell-free extracts of strain M2 contained a cytoplasmic
methanesulfonate monooxygenase activity that was
Q\ specifically induced by growth on methanesulfonate and
NADHYEI+ Nap”® r
HCHO

catalysed methanesulfonate-dependent NADH (but not
> 1 %: 2
CH3S03H
H20
0, w0 H2503 50

El

ADY NADH + H'

P NADPH) oxidation with an NADH:methanesulfonate sto-
Hmm.\_fz o, ichiometry of 1:1 (Kelly et al. 1994; Higgins et al. 1996).
This NADH oxidation was inhibited by metal chelators
and by azide, cyanide and CO, indicating the involvement
- of metal ions and electron transport in the activity of the
monooxygenase (Higgins et al. 1996; Kelly and Murrell
l 1996; Murrell et al. 1996), as is typical of other oxyge-
nases (Mason and Cammack 1992). Crude extracts also
showed substrate-dependent NADH oxidation with
aminomethanesulfonate (36% of methanesulfonate-de-
pendent rate), ethanesulfonate (79%) and propanesul-
Fig.2 Pathway for the oxidation of methanesulfonate and assif®nate (29%) but not longer chain alkanesulfonates (Hig-
lation of intermediate formaldehyde via the serine pathway (Kelijiins et al. 1996).

et al. 1994; Thompson et al. 1995; Kelly and Murrell 1996; Mur- ; _ _
rell et al. 1996). Key reactions are: (1) NADH-dependent methane-By means of FPLC using Q-Sepharose, the methane

sulfonate monooxygenase; (2) formaldehyde dehydrogenase;S@fonate monooxygenase of strain M2 was resolved into
formate dehydrogenase, generating NADH which is consumedtbyee distinct fractions, none with individual methanesul-
the monooxygenase reaction; (4) the oxidation of sulfite to sulfafienate oxidizing activity, but which together were recon-
this may be catalysed by sulfite dehydrogenase (as indicated indfig ted into an active form (Higgins et al. 1996; Kelly and

scheme) or by autooxidation in solution. Conventional formul . .
are used to express methanesulfonic, formic, sulfurous and sulf i'drre” 1996). Activity of the reconstituted system was

acids, but under physiological conditions these would be preser@E@atly stimulated by FAD and ferrous ions, suggesting
their anions these to be necessary for normal enzyme function, in

H2504

) 20
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common with other oxygenases (Higgins et al. 1996}ructure (molecular mass 206,853 Da, as calculated from

While these results indicate a specific iron site to be the coding sequences) for the enzyme. Spectral analysis

quired for the monooxygenation, the molecular identity showed the presence of a Rieske [2Fe-2S] centre. For

the site (e.g. possibly as a mononuclear iron site like tbamparison, it is noteworthy that the naphthalene dioxy-

of aromatic dioxygenases; De Marco et al. 1999) has gehase described by Kauppia¢t(1998) was an;f3; pro-

been proved. The substrate specificity of the reconstituteoh with Rieske and iron centres.

system was also much more restricted than that of the

crude extract: ethanesulfonate and propanesulfonate sup-

ported NADH oxidation at 98% and 36%, respectively, dhe ferredoxin component

the methanesulfonate rate, but no other sulfonates, inclofithe methanesulfonate monooxygenase

ing aminomethanesulfonate, were used as substrates (Hidvethylosulfonomonas methylovora

gins et al. 1996; Kelly and Murrell 1996). The three frac-

tions were subsequently further purified into four comp@he electron transfer protein was purified (74-fold) to ho-

nents, all of which were required for an active metharmaegeneity by Q-Sepharose ion exchange, S75 gel filtra-

sulfonate monooxygenase (Murrell et al. 1996): (1) tien, and Mono-Q ion exchange FPLC (Higgins et al.

putative hydroxylase of methanesulfonate monooxydE97). The purified protein had a native molecular mass

nase: a 200 kDa complex of two major polypeptides aff about 32 kDa, a pl of 3.9, and chemical and spectral

around 50 and 20 kDa; (2) a 16 kDa ferredoxin companalysis showed it to contain a Rieske [2Fe-2S] centre.

nent; and (3) the putative reductase component Enaturing SDS-PAGE indicated the holoenzyme to com-

methanesulfonate monooxygenase: a 36—38 kDa mopise two identical subunits, and electron spray mass

meric protein catalysing the NADH-dependent reducti@pectrometry showed a molecular mass of 13,752 Da

of several electron acceptors, including cytochronfidiggins et al. 1997). This molecular mass was confirmed

¢ (Murrell et al. 1996; Higgins et al. 1997; De Marco et dby that calculated for the predicted amino acid sequence

1999). (from the DNA sequence of the gene) as 13,748 Da (De
Marco et al. 1999).

Characterization of methanesulfonate monooxygenase
The reductase component
Recently, considerable progress has been made in adhthe methanesulfonate monooxygenase
molecular characterization and genetics of the methanEMethylosulfonomonas methylovastain M2
sulfonate monooxygenase complexesviethylosulfono-
monasandMarinosulfonomonasas well as the monooxy-The reductase component has to date been partially puri-
genases acting on methanesulfonate Pseudomonas fied by Q-Sepharose FPLC, but proved (like the reduc-
aeruginosaand Bacillus subtilis(Van der Ploeg et al.tases of other bacterial oxygenases) to be unstable during
1998; De Marco et al. 1999; Kertesz et al. 1999; Reichguification. It has been identified as a single polypeptide
becher and Murrell, unpublished data). These are sumwfamolecular mass around 38 kDa, with a pl of about 6.5
rized in the following sections. (Reichenbecher and Murrell, unpublished data). Its mole-
cular mass calculated from the DNA gene sequence was
38,852 Da (De Marco et al. 1999).
The hydroxylase component
of the methanesulfonate monooxygenase
of Methylosulfonomonas methylovora Molecular biology of methanesulfonate monooxygenase
from MethylosulfonomonaandMarinosulfonomonas
This has been purified to homogeneity by FPLC using Q-
Sepharose, hydroxyapatite, and Mono-Q columns (Ré&terminal sequences for all four componentdlethylo-
ichenbecher and Murrell, unpublished results), and shosuifonomonasmethanesulfonate monooxygenase were
to consist of larged() and small ) subunits of molecular used to design oligonucleotide probes, enabling detection
masses of 48 kDa and 20 kDa, respectively. These mokaed cloning of the coding genes (Higgins et al. 1997; De
ular masses were also confirmed by MALDI (Matrix-asMarco et al. 1999). The genes, designatesmABCD
sisted laser desorption/ionisation) and FT-ICR (Fourieere clustered on thdethylosulfonomonashromosome
transform ion cyclotron resonance) mass spectrometry. TR&. 3), probably constituting an operon for the coordi-
molecular masses for tlee and 3-subunit polypeptides nated expression of methanesulfonate monooxygenase,
were also calculated as 48,473 Da and 20,478 Da, respect transcribed into a single mRNA (De Marco et al.
tively, for the amino acid composition predicted by the DNA999). They were cloned on a 7.5 kb DNA fragment and
sequences of their respective coding genes (De Marcto#l sequencing of this fragment enabled determination
al. 1999). The respective pl values for thesend3 sub- of the full sequence for each methanesulfonate monooxy-
unit sequences were 6.73 and 5.58 (De Marco et al. 199@nase component, and the calculation of molecular
The native molecular mass of the protein, estimated fopsses and pl values cited. The identity of the genes was
gel filtration, was about 200 kDa, indicative of agB; confirmed by the match of the N-terminal sequences of
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500 bp tifs) to the reductase components of known oxygenases
- (De Marco et al. 1999; Reichenbecher and Murrell, un-
EcoR1 HindIlI EcoR1 published data). Purification of this protein to homogene-
+—t -+ ity, and the expression oismDin a suitable expression
IS ——— host, have not yet been achieved,
Molecular analysis oMarinosulfonomonasevealed
two copies of the methanesulfonate monooxygenase
genes, which have been cloned and sequenced (Baxter N,
Scanlan J and Murrell JC, unpublished data). Comparing
] Ferredoxin the derived amino acid sequences with those for the cor-
et responding genes frorMethylosulfonomonagave se-
Reductase guence similarities fomsmA, msmB, msm&hd msmD

Small Subunit

from each organism of 89%, 82%, 78% and 78%, respec-

of Hydroxylase tively (Baxter et al. unpublished data).

Fig.3 Organization of the methanesulfonate monooxygenase
gene cluster frorMethylosulfonomonas methylovdizased on De
Marco et al. 1999). The genessmABCDand their products, the Molecular genetics of methanesulfonate-oxygenases

four components of methanesulfonate monooxygenase, are shgh, Pseudomonas aeruginosadBacillus subtilis

Recently, Kertesz et al. (1999) showed an operon of three
the purified polypeptides with those indicated by thgenesmsuEDCG in Pseudomonas aerugingseoding for
DNA sequences. the “sulfate starvation-induced proteins” (Van der Ploeg et

The genes for the large and small 8) subunits of al. 1998; Kertesz et al. 1999). This operon was part of the
the hydroxylase component are designatesinAand cysregulon, and the genes coded for proteins synthesized
msmB msmAcodes for a 414-amino acid polypeptidehen the bacteria used organosulfur compounds such as
showing significant identity with the subunits of hy- methanesulfonate as sole sulfur sources. fikeEgene
droxylases known from other mono- and dioxygenasescdded for a 186-amino acid protein, which was an
does, however, show novel features, including an unusiADH-dependent FMN reductase. TimsuDcoded for a
ally long 26-residue sequence between the two conserggd-amino acid protein (41.6 kDa) that was related to sev-
histidine-cysteine residues of the Rieske motif (De Maregal flavoprotein-type monooxygenases, including the
et al. 1999). This sequence in other oxygenases is usug#yD proteins for sulfonate sulfur utilization frdncoli
no more than 18 residues. Other regions showing diffandBacillus subtilis(Van der Ploeg et al. 1998; Kertesz et
ences are those likely to be involved in recognition of the 1999) as well as showing 22—30% identity to diben-
substrate methanesulfonate and in ligating a mononuclesthiophenesulfone monooxygenase and nitrilotriacetate
iron centre for oxygen processing (De Marco et al. 1998)onooxygenase (Kertesz et al. 1999). The MsuD protein
msmBcodes for a 181-amino acid polypeptide and shogisowed greatest activity as a putative methanesulfonate
44-51% similarity in the N-terminal region to tResub- monooxygenase and is one of several enzymes allowing
units of several dioxygenases, but no similarity of the Gse of methanesulfonate as a sulfur sourc®.tgerugi-
terminal region to other known oxygenase subunits (Resa
Marco et al. 1999). No significant sequence identity has An ssuDgene also occurs Bacillus subtilis in which
been found with the methane monooxygenase (MMO)ipfs one of five genes organized in an operon-like struc-
methane-oxidizing bacteria, and methanesulfonate is nafii@ (Van der Ploeg et al. 1998). The SsuD protein has 378
substrate for MMO. Detailed comment on methanesakino acids (41.4 kDa), essentially identical to tha®.in
fonate monooxygenase sequence identities and structieneiginosa which showed highest sequence similarity
compared with other oxygenases, including several dioxy7%) to the SsuD protein (formerly Ssi6) frdi coli
genases, was made by De Marco et al. (1999). (Van der Ploeg et al. 1998). Both are apparently reduced

The gene for the ferredoxin component msmC, FMN-dependent, aliphatic sulfonate monooxygenases,
which codes for a 122-amino acid polypeptide whose g@abling desulfonation of sulfonates as sulfur sources for
guence shows a canonical motif characteristic of Rieskgewth.
type [2Fe-2S] centre-binding proteins (CXH»CXXH),
and similar to those of some other bacterial ferredoxins
(Higgins et al. 1997; De Marco et al. 1999). PhylogeneMblecular ecology of methanesulfonate-using bacteria
comparisons showed the MsmC polypeptide to be maat their detection using functional
closely related to the toluene monooxygenasésetido- and phylogenetic gene probes
monasspecies (Higgins et al. 1997).

msmDcodes for a 366-amino acid polypeptide, whidlt has been possible to design gene-specific primers to
is the reductase component of methanesulfonate moawalyse newly isolated methanesulfonate users from a va-
oxygenase, has a chloroplast-like [2Fe-2S] centre, aiwly of different environments by using the sequences de-
shows significant identity (FAD- and NAD-binding motermined for the highly conservadsmAfrom Methylo-
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sulfonomonastrain M2 andMarinosulfonomonastrain Daughton CG, Cook AM, Alexander M 1979) Biodegradation of
TR3. This has resulted in tests on about 15 differentPhosphate toxicants yields methane or ethane on cleavage of

. . . e the C-P bond. FEMS Microbiol Lett 5:91-93
methanesulfonate-using strains, identifiedveehylosul- De Marco P, Morades-Ferreira P, Higgins TP, McDonald |, Kenna

fonomonas, Marinosulfonomonas, Methylobacteramd  gm, Murrell JC (1999) Molecular analysis of a novel methane-
Hyphomicrobiunby 16S rRNA sequence analysis, giving sulfonic acid monooxygenase from the methylotrbjgthylo-
positive PCR products with thexsmAspecific primer. sulfonomonas methylovara Bacteriol 181:2244-2251

- Frank P, Hedman B, Carlson RMK, Tyson TA, Roe AL, Hogson
TheirmsmAgenes have subsequently been cloned and SrélKO (1987) A large reservoir of sulfate and sulfonate residues

quenced and found all to be 80-90% identical (at derived,ithin plasma cells fromAscidia ceratodesevealed by X-ray
amino acid sequence level) to the MsmA polypeptide absorption near-edge spectroscopy. Biochemistry 26:4975—
from Methylosulfonomonastrain M2. Remarkably, the 4979

; ; ; elmann KW (1991) Microbial energetics applied to waste
26 amino acid sequence centred around the Rieske céﬁ‘t‘ﬁgpositorie& Experimentia 47 - 645-687

is highly conse(ved and is therefore an excellent signatyticen J Sato M. Lacis A, Ruedy R (1997) The missing climate
sequence motif for methanesulfonate monooxygenaseforcing. Philos Trans R Soc Lond Biol 352:231—240

We have also been able to detesmAin a variety of en- Higgins TP, Davey J, Trickett J, Kelly DP, Murrell JC (1996) Me-
richment cultures using this PCR assay (Baxter et al. untabolism of methanesulfonic acid involves a multicomponent

. . . monooxygenase enzyme. Microbiology 142:251-260
published data). DNA was extracted directly from aero I'ggins TP, De Marco P, Murrell JC (1997) Purification and mol-

enrichment cultures, with methanesulfonate as the sol&cular characterization of the electron transfer protein of
substrate, using inocula from soil, sediment and marinemethanesulfonic acid monooxygenase. J Bacteriol 179:1974—
samples. These DNA samples were used as the DNA tem1979

; ; : Holmes AJ, Kelly DP, Baker SC, Thompson SC, De Marco P,
platde In PCfIRh assa;(/j; usdlng_ thesna pr;)me_r Sdet. 'F;1CII§NA Kenna EM, Murrell JC (1997)lethylosulfonomonas methylo-
products of the predicted size were obtained wit vora gen. nov., sp. nov. anMarinosulfonomonas methylo-

from all the enrichments tested. These were cloned intotrophagen. nov., sp. nov.: novel methylotrophs able to grow on
the In Vitrogen TA cloning vector to obtain libraries, each methanesulfonic acid. Arch Microbiol 167:46-53

containing approximately 100 clones,noénA sequences Hu>;t§1p:ll%ﬁllé%992) Physiological actions of taurine. Physiol Rev
from soil, sediment and seawater enrichments. The majRjsas A, Slingo A (1997) Climate model studies of sulphate

ity of the sequences retrieved by PCR from the differentaerosols and clouds. Philos Trans R Soc Lond Biol 352:221—
enrichment cultures were very similar (up to 95% iden- 229 _
tity) to themsmAsequences of the methanesulfonate-uft2uppi B, Lee K, Carredano E, Parales RE, Gibson TD, Eklund H,

. . . Ramaswamy S (1998) Structure of an aromatic-ring-hydroxy-
lizer type strains oMethylosulfonomonaandMarinosul- lating dioxygenase, naphthalene 1,2-dioxygenase. Structure 6:

fonomonagBaxter et al. unpublished data). These obser-571-536
vations strongly support the view that a conservéelly DP (1996) Perspectives on the microbiology of atmospheric
methanesulfonate monooxygenase enzyme is present in #ace gases. In: Murrell JC, Kelly DP (eds) Microbiology of at-

; ; ospheric trace gases. Springer, Berlin Heidelberg New York,
variety of bacterial genera and consequently enables th 539-295

use of molecular techniques for the direct study of enlisily pp (1999) Thermodynamic aspects of energy conservation
ronmental samples, thereby avoiding laborious and potenby chemolithotrophic sulfur bacteria in relation to the sulfur
tially biased enrichment culture methods (De Marco et al. oxidation pathways. Arch Microbiol 171:219-229 _
1999) Kelly DP, Baker SC (1990) The organosulphur cycle: aerobic and
' anaerobic processes leading to turnover gS@phur com-
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