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SUMMARY 1

SUMMARY

The complete degradation of organosulfonates, regardless of their natural or anthropogenic
origin, by bacteria is importanty these compounds would accumulate in the environment. In

the course of this thesis, several aspects of bacterial degradation of organosulfonates have been
examined, i.e., for organosulfonates that are produced either by industrial synthesis in the case
of the xenobiotic dundry surfactants linear alkbgnzenesulfonates (LAS), or naturally in the

case of édeoxy6-sulfoglucose (sulfoquinovose, SQ).

LAS are the most important anionic surfactants in respect to their global consumption and can
be degraded coptetely in two tiers by bacterial communities. A thraember model bacterial
community has been genorsequenced, and in this thesis, their genomes were analyzed. These
organisms areParvibaculum lavamentivoran®S-1", Comamonas testosteroiiF-1 and

Delftia acidovoransSPH 1. P. lavamentivoransitilizes the alkyl chains of the LAS molecules

as a carbon and energy source and excremdfophenylcarboxylates (SB); which are
utilized and completely degraded by the second tier organi€mtgstosteroniKF-1 and

D. acidovoransSPH1. The P. lavamentivoransgenome encodes a wealth of genes for
degradation of alkanes, but only few candidates for sugar or amino acid catabolism, hence,
shows a pronounced niche adaptation for degradatialkyl-groupcontaning substrates. The
genomes of. testosteronKF-1 andD. acidovoransSPH1 encode various sets of genes for
thedegradation of aromatic substrates, and the genome of stralralsbfor the degradation

of steroids.

C. testosteronKF-1 utilizes a majo SPC from LAS for growth, -84-sulfophenyl)butyrate
(3-C4-SPC), and a pathway for its degradation has been proposed, involving a
4-sulfoacetophenone (SAP) Baeydtliger monooxygenase (BVMO). Transcriptional
analyses showed that only one of four BVMOdidate genes in the genome of strain K5
specifically induced during growth with-Gs-SPC, and this gene was heterologously
overexpressed. The purified enzyme catalyzed a BVMO reaction with SAP, but also with other
aromatic and aliphatic ketones as sudes. The product of the SAY¥MO reaction,
4-sulfophenyl acetate, is cleaved by-&2SPC inducible esterase encoded directly next to the
SAP-BVMO gene, yielding acetate anesdlfophenol. The 4ulfophenol was initially thought

to be hydroxylated td-sulfocatechol for aromatic ring cleavage and desulfonation. However,
proteomic analyses of-G4-SPGgrown cells revealed two identical gene @spof a highly

induced aromatiaing cleavage dioxygenase, for which the recombinant proteins did not
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convert4-sulfocatechol, but hydroxyquinol. Hence, hydroxyquinol isthesiiintermediate for

ring cleavage in the -84-SPC/4sulfophenol degradationpathway, and this implies yet
unknown desulfonating oxygenase system(s) in order to convaulfegphenol to
hydroxyquinol. In addition, differential proteomics revealed sets-Gi-SPC inducible genes
that are most likely responsible for the conversion-&i5PC to SAP involving CoAesters

and reactions in analogy to shetain fatty acid degradation, as wedl eandidates for the
implied desulfonating oxygenase system(s) and aromatic ring cleavage pathway; these can be
characterized in future worknterestingly, all identified3-Cs-SPC degradative (candidate)
genes are encodedh the same genome region and within a complex arrangement of mobile
genetic element8S1071lelements)lt is easy to rationalize that these genes have only recently
been mobilized from a different location into tBetestosterongenome in order to allowof

the metabolism of xenobioticBs-SPC.

The other three BVMO candidates in the strain-KEenome were also heterologously
overexpressed and the substrate range of the purified enzymes examined. One enzyme showed
high BVMO activity with the steroid subrsttes progesterone and pregnéddiene3,20-dione,

producing each the corresponding acetate esters, testosterone acetate and boldenone acetate,
respectively. This BVMO was specifically induced during growth of strainlKwith
progesterone. The correspamgl acetate esters are hydrolytically cleaved by an inducible
esterasencoded directly next to the sterd¥MO gene, yielding testosterone andd®ione,

respectively, which enter the wédhown steroid degradation pathway@ftestosteroni

SQ is the polar headgroup of the plant sulfolipid sulfoquinovosyldiacylglycerol (SQDG) and
represents, with an estimated annual production of about 10 billion tons, a major portion of the
organaesulfur in nature.Escherichia coliK-12, the most widely studied prokaryotic model
organism, is able to utilize SQ as sole carbon and energy source. SQ is catabolized in analogy
to the glycolytic pathway, hence, the SQ pat
involves a SQ isomase, a @&leoxy6-sulfofructose kinase, a-@eoxy6-sulfofructose
1-phosphate aldolase, and audfolactaldehyde reductase. The enzymes are encoded i a ten
gene clusterincluding transport and regulation, and are specifically induced during growth
with SQ. The pathway was reconstituted vitro using recombinant proteins, and all
intermediates formed were identified by HRb@ass spectrometri. coli K-12 utilizes only

half of the carbon of SQ and excretes-@if3ydroxypropanel-sulfonate (DHPS), whicls
degraded completely yther bacteria.
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ZUSAMMENFASSUNG

Der vollstandige Abbau von Organosulfonaten natirlichen oder anthropogenen Ursprungs
durch Bakterien ist von gro3er Wichtigkeit, da sich diese Verbindungen sonst in der Umwelt
anreichern. Im Zuge dser Arbeit wurden verschiedene Aspekte des bakteriellen Abbaus von
Organosulfonaten untersucht, die einerseits in industrieller Synthemstetit werden, wie im

Fall der WaschmitteTenside Lineare Alkylbenzensulfonate (LAS), oder natirlich entstehen,

wie im Fall von 6Desoxy6-sulfoglukose (Sulfoquinovose, SQ).

LAS sind hinsichtlich ihres weltweiten Verbrauchs die wichtigsten anionischen Tenside und
kénnen von bakteriellen Gemeinschaften in zwei Stufen abgebaut werden. Eine- Modell
Gemeinschaft aus dr&8akteriengimmen wurde Genoisequenziert und in dieser Arbeit
untersucht. Die Organismen sinBarvibaculum lavamentivorandDS-1", Comamonas
testosteronKF-1 undDelftia acidovoransSPH-1. In der ersten StufeutztP. lavamentivorans

die Alkylketten der LAS-Molekile als Kohlenstoff und Energiequelle undscheidet
4-Sulfophenylcarboxylate (SBL aus, die von den Organismen der zweiten Stufe,
C.testosteronKF-1 undD. acidovoransSPH1, vollstdndig abgebaut werden. Das Gervam

P. lavamentivorangkodierteine Vielzahl an Gemeflr einen Abbau von Alkanen, jedoch nur
wenige fur eine Verwertung von Zuckern und Aminosauren, und ist somit stark an eine
Verwertung von Substraten, die Alkylketten enthalten, angepdist. Genome von

C. testosteronKF-1 undD. acidovoransSPH1 kodieren eine Vielzahl an Genen fir einen

Abbau aromatischer Substrate was von Stamm KB aucheinen Abbauweg fur Steroide

C. testosteroniKF-1 kann ein aus LAS gebildeteSPC fir sein Wachstum nutzen
3-(4-Sulfophenyl)butyrat (3-Cs-SPC) woflr ein Abbauweg unter Beteiligung einer
4-Sulfoacetophenon (SAP) Baeyéilliger Monooxygenase (BVMOYorgeschlagen wurde.
Transkriptionsanalysen zeigten, dass nur eines von vier BXd@lidatengeneaus dem
Genom wéhrend des Wachstums m@&43SPC induziertvorliegt Dieses Gen wurde heteog|
Uberexprimiert. Daglereinigte Enzym katalysiert eine BVMReaktion mit SAP, aber auch
mit anderen aromatischen und aliphatischen Ketonen. Das Produkt d&\8AB Reaktion,
4-Sulfophenylacetat, wird duratine 3Cs-SPC induzierte und direkt neben der SBYMO
kodierte Esteradeydrolytischgespalten, wodurch Acetat unésdilfophenol entstehen. Fir den
weiteren Abbau von -&ulfophenol wurde urspringlich eine Hydroxylierung zu
4-Sulfocatechol als RingspaBuostrat angenommen. Durch proteomische Analysen wurden

zwei identische GeKopien einer stark induzierten RingspBlioxygenase identifiziert, deren
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rekombinante Proteine jedoch keine Aktivitdt miSdlfocatechql abermit Hydroxychinol
zeigten. Somit istHydroxychinol das RingspaBubstrat im 3Cs;-SPQ4-Sulfophenol
Abbauweg, was eine Beteiligung eines noch unbekannten desulfonierenden Oxygenase
Systems impliziert, um -&ulfophenolzu Hydroxychinol umzusetzen. Durch proteomische
Analysen wurden weitere Gs-SPC induzierte Gene identifiziert, die wahrscheinlich am Abbau
von 3C4-SPC zu SAP uber SPCoA-Ester analog zum Abbau kurzkettiger Fettsayren
beteiligt sind. Weiter kdnnten fislas desulfonierende Oxygenasesystem und eine Verwertung
des RingspalProdukts kodieren dies muss jedoclerst in zuklnftigen Arbeiten bestatigt
werden Interessanterweise sindlle identifizierten (Kandidateh Gene des -&4-SPC
Abbauwegs gemeinsam mit mobilen genetischen Element&@711&lemente) in der gleichen
GenomRegion kodiert, weshalb gut vorstellbar ist, dass diese Gene erst kurzlictGeras

von Stamm KF1 transferiert warden, um eine Verwertunges xenobiotischen Substrats

3-C4-SPC zu ermdglichen.

Die anderen drei BVMO Kandaten im Genom von Stamm KFwurden ebenfalls heterolog
Uberexprimiert und das Substratspektrum der gereinigten Enzyme untersucht. Ein Enzym zeigte
BVMO-AKktivitdt mit den SteroieSubstraten Progesteron und Predpbdien3,20-dion unter

Bildung der entsrechenden AcetdEster Testosteronacetat und Boldenoneacetat. Diese
BVMO ist spezifischwéhrend des Wachstums von StammK#it Progesteroimduziert. Die
AcetatEster werden durch eine induzierte und direkt neben der SBWWD kodierten
Esterasehydrolytisch gespalten, wodurch Testeron undBoldenon entstedn, die Uber den

bereits bekannten Sterefbbauweg vorC. testosteronverwertet werden.

SQ ist die polare Kopfgruppe deflanzenSulfolipids Sulfoquinovosyldiacylglycerin (SQB)

und stellt mit einer geschégn jahrlichen Produktion von cird® Milliarden Tonnen einen
Hauptteil des organisch gebundenen Schwefels in der Natlgstdrerichia colK-12, der am
besten untersuchte prokaryotische Modellorganismus, ist in der IS(Qeals alleinige
Kohlenstoff und Energiequelle zu nutzen. Der Abbau erfolgt in Analogie zur Glykolyse und
wurde deshalb aSulfoglykol ysed gS®Qrisamerase, Di e
eine 6Desoxy6-sulfofruktose Kinase, eine-Besoxy6-sulfofruktosel-phosphat Aldolase

und eine 3Sulfolaktaldehyd Reduktase. Die Enzyme sind in einer®&0 Cluster, inklusive
Transport und Regulation, kodiert und werden wahrend des Wachstums mit SQ induziert. Der
Abbauweg wurde anhand rekombinanter und gereiriignzymaen vitro rekonstituiert und alle

dabei gebildeten Intermediate mittels HRMassenspektrometrie nachgewiedencoliK-12

nutzt dabei nudie Halfte des Kohlenstoffs vo8Q undscheidet 2,3Dihydroxypropan
1-sulfonat (DHPS) aus, welches durch andere Bakten#standig abgebaut wird.
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CHAPTER 1

General introduction

Organosulfonates

Organosuionatesare organic compounds thadntain a sulfonom@up (-SOs) directly linked
to a carbon atom, as opposed to orgsmifate estersQ-SOs’). The carborsulfur bond oimost
organosulfonates is renkably stableagainsthydrolysis(Wagner and Reid 1931Therefore,
microorganismshad to acquire more sophisticatedvays than a facile hydrolysi for
desulfonation e.g. in order toake use athe sulfur and/ocompletely utilizeéhe carbon moiety

of these compoundsr their growth(Cook and Denger 2002

Severaldesulfonating strategiend enzymeare known (i) desulfonatingmonooxygenation

of alkanesulfonateéThysse and Wanders 1974, Coetkal. 1998, Kelly and Murrell 1999,
Erdlenbruchet al.200J); (ii) desulfonating dioxygenatioe.g. ofpara-sulfobenzoatéJunker

et al.1996); (iii) a sulfoacetaldehyde acetyltransferase (Xsc), whichdacetyl phosphatend
sulfite from sulfoacetaldehyd@uff et al. 2003; (iv) a 3-sulfolactate sulfdyase (SuyAB),
which formspyruvate and sulfite from-8ulfolactatgReinet al.2005, Denger and Cook 2010

and () a cysteate sulftyase (CuyA), which forms pyruvate, ammonium and sulfite from
cysteatgDengeret al.2006. Notably, in order t@ircumventthe negative effects of the toxic
productof intracellular desulfonation, dulfite, bacteriacanprotectthemselves bgxtrusion

of sulfite through specific sulfiteexporters(e.g., Felux et al. 2013 and by sulfiteoxidizing
enzymes (SorA and Sor{Kappleret al.2000, Dengeet al.2008, Wilson and Kappler 2009
Further, organosulfonatesganosulfonic acids are strong acids dreteforeat a physiological

pH deprotonated and charg@boket al. 1998, which, on the one hand, requires import (and
export) systems in bacteria to transpantganosulfonates across the cell membranes. On the
other hand, sulfonated groups are often used in organic synthesis to make an organic compound
more water soluble and, thus, mangustrialchemicals are organosulfonategy. most of the

surfactants in commercial detergents, dyepharnaceuticals Cooket al.2007).

Importantly, there are adheterotrophic organosulfonatiegrading bacterithatareunable to

catalyze a desulfonation, and such organisms utilize only parts of the carbon moiety of
organosulfonates and release corresponding organosulfonate degradation intermediates. These
intermedates are then completely degraded (and desulfonated) by other bacteria. Hence,

organosulfonates may also be degraded completely, inclusive desulfonation, in a cooperated
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effort by bacterial commuties. Different aspects airganosulfonate degradationagized by
bacterial communities are the subject of this thesis (see below).

In conclusion, the bacterial organosulfonate degradation process represent a major component
of both the biological sulfur and carbon cycle (édarwood and Nicholls 197%9and are
important to maintain a healthy environment. Further, they may provide interesting and novel
biochemistry, and in respecttite occurrence of both natural and xenobiotic organosulfonates

in the environment, they may allova comparison for supposedBancienyi and ewd
degradation pathways, respectively. For the latter, it is especially exciting to define the enzymes
and geneshat havebeenrecruited in these bacteria to assemble such novel pathways and to,
ultimately, explore the fundamental molecular adaptasioategies of microbes to chang

environmentatonditions yan der Meer 2008

Linear Alkylbenzenesulfonates: Prominent xenobiotic organosulfonats

Organosulfonates that contain a rfmolar hydrophobic alkane moiety and the negatively
charged, hydrophilic sulfonated group, are amphipathic and powerful surface active
compounds, i.e., for their use as surfactants in household detergents and in industria
applications. The most relevarimpoundsvithin the class of anionic synthetic surfactants are
the linear alkylbenzenesulfonates (LAS, Figurewith an annualconsumption of about

3 x 10° tons worldwide(Knepper and Berna 20p3Notably, LAS replaced branched chain
alkylbenzenesulfonates (Figutg, which resisted effective biodegradation, whereas LAS are
completely biodegradahle.g. in sewage treatment plants, as known since many(gaavger

and Ryckman 1957, Knepper and Berna 20B8r thecompletedegradatiorf LAS, aprocess
involving bacterial communities was proposed: First, bacteria catalyze an initial degradation of
LAS andsecond, different bacterieompletely degrade the LAS degradation intermediates
(Schleheck et al. 20043. As a representativdor the initial degradation step,he
Alphaproteobacterium Parvibaculum lavamentivorddS-1" convertscommercial LASvia
omegaoxygenation and fattgcidbetaoxidatiors of thealkyl chains to a complex set of short
chainsulfophenylcarboxylates (SRJ; which areexcretedSchleheclket al. 2000, Dongget al.

2004, Schleheclet al. 20043. In the secondstep, theseSPG are completely utilizedby
different organismswhichinvolve aremoval of the carboxylate side chafram the aromatic

rings of SPG, aromatic ring cleavage and desulfonaiiohleheclet al.20043.
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Figure 1. A LAS congener, here-@-sulfophenyl)dodecané2-Ci>-LAS, top), one of its major degradation
intermediates, -84-sulfophenyl)butyrate (&4-SPC, centgr and of abranched chain fz-alkylbenzenesulfonate
(bottom).The degradation pathway for(G3-SPC was a major aspect of this studige Btructures are tak from
Knepperet al.2003and fromSchleheclet al.2004a

Due totheir xenobiotic characteand since LAS has been introduced only few decades ago
(Knepper and Berna 20Q)3he bacteria were faced withnew, potential carbon and energy
source. This fact raises the questions hbese bacteria have adapted to utilize these new
substrates for their growth, which enzymes and genes have been recruited batbesa to
assemble such novel pathways, and what distinguishes these organisms to their tieddtives
are unable to utile these compounds. Completely semeel genomes greatly facilitate
answering these questions. Tépenome of the heterotrophic LA&gradingbacterialmodel
community,hence, ofP. lavamentivorandDS-1" and the second tier membeZ®mamonas
testosteronKF-1 andDelftia acidovoransSPH1 were kindly provided by the Joint Genome
Institute (JGI), in order to elucidate the pathways, enzymes and genes involved in LAS and
SPC degradation. The present thesis focusedlynan the experimentallwell-accessible
pathway for &PC inC. testosteronKF-1, for 3-(4-sulfophenyl)butyrate (&4-SPC; Figurel).
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Sulfoquinovose: Aprominent natural organosulfonate

Natural organosubnates can also fulfilfunctions as amphipathic compounds sulfonate
containing lipid,1,2-diacyl-3-sulfoquinovosyglycerol Gulfoquinovosyldiacydlycerol SQDG,
Figure2),is found in the photosynthetrmembranesf all higher plants and represents, with an
estimated annual production of X80°tons a majorcomponenbf theorganosulfuin nature
(Bensonret al. 1959, Benson 1963, Harwood and Nicholls 97%e polar headgroup of this
sulfolipid is a sulfonated sugasulfoquinovose (SQ,-8eoxy6-sulfoglucose)Daniel et al.
1961). Notably, he biosynthetic route of SQDG is still not completely understood, but it is
thought that uridinediphosphate (UDBMlcose and sulfite are the precursors for an 4HQP
molecule(Pughet al. 1995, which afterwardss fusedwith adiacylglycerol molecule, forming
SQDGalong withrecoveryof the UDRPmoiety(Seifert and Heinz 1992Also the physitogical
function of SQDG isnot completely understood. Although it occurs in high amounts in
photosynthetic tissue@Harwood and Nicholls 1979SQDG is likely not involved in the
photosynthetic process, since there@retosynthetic organisms withoBQDG (Selstam and
Campbell 199§ as well as organisms and plant tissnesinvolvedwith photosynthesis that
also contain SQDG(Benson 1963, Isonet al. 1967, Andersoret al. 1978, Cedergren and
Hollingsworth 1994. However SQDG is thought to represemt alternative to pbspholipids
under phosphate limiting growtonditions(Yu and Benning 2003as well as aulfur storage
compoundunder sulfur limited growth conditior{fSugimotoet al.2007).

CH,SO,

HO 0

HO

Ry

Figure 2. Structure of silfoquinovosyldiacylglycerofSQDG). Ry and R of the diacylglycerol indicate acyl chains
of variablelength and degree of unsaturatidhe sulfoquinovose $Q) and diacylglyceromoietiesareconnected
via a glycosidic bond to the anomeric carbon of 8@re, thealphaanomer is depictedjhe structure is taken
from Benning 1998

Importantly, the complete degradation of SQDG and SQ by baetedidhe recycling of the
organosulfuras inorganic sulfate (or sulfite) as parttbé global sulfur cycleis not well
understood, although a glycolyigpe pathway for the bacterial degradation of SQ has been
proposedRoyet al.2003. Further, it is known that SQ can be degraded completely by bacterial
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communities, where a first tier utiks half of the carbon of thes-Grganosulfonate SQ for
growth and excretes arse@rganosulfonate, eithe,3-dihydroxy-1-propanesulfonate (DHPS)

or 3-sulfolactate, which are then completely utilized, inclusive desulfonation, by a second tier
of bacteria Dengeret al. 2012. However no enzymatic or genetic informatiam the initial

SQ degradation pathway(sas beemade available until today

Aims of this study

With the genome sequersc®f the three members of thé\S-degrading bacterial model
communitybeingavailable (see above), bioinformatic analyses and examisatitire genome

level in respect to LAS and SPC degradation are possible, as well as the consolidation of the
knowledge established in the ligdure, in order to publispenome reprts.

Further,3-Cs-SPC isavailabke from chemical synthesasgrowth substratéor C. testosteroni
KF-1, as well asits proposed degradation intermediatésulfoacetophenone (SAP) and
4-sulfophenolfrom commercial sourceSchlehecket al. 2010. Hence, it can be examined
which enzymes and genage involved in the postulated@-SPC pathwayn strain KF1 in
order to yield 4sulfophenal an involvement oi SAP BaeyeVilliger type monooxygenase
(SAP-BVMO) was already proposg@chlehecket al. 2010. In addition it can be examined
how the pathway proceeds further fromsulfophenol,for instance which ring cleavage
reaction and which ring cleavage pathwiayinvolved. Finally, a differential proteomics
approach may reveal other enzymes and genes involved inrGaSBC pathway in strain
KF-1.

In respect to the unknown pathwayfsr the initial degradation of the natural organosulfonate
SQin bacteria, relevant amounts of SQ walsomade available by chemical syntheglefger

et al.2012. Further, it vas found thaEscherichia colK-12is able to utilize SQ as solewsce

of carbon and energy for growth. Hence its SQ degradation pathway, and the involved enzymes
and genes can be examined by physidalgi biochemical, bioinformati@and molecular

methods.
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ABSTRACT

Parvibaculum lavamentivorari3S-1T is the type species of the novel gemasvibaculumin

the novel familyRhodobiaceadformerly Phyllobacteriaceaeof the orderRhizobialesof
AlphaproteobacteriaStrain DS1" is a nompigmented, aerobic, heterotrophic bacterium and
represents the first tier member of environmentally important bacterial communities that
catalyze the complete degradation of synthedientlry surfactants. Here we describe the
features of this organism, together with the complete genome sequence and annotation. The
3,914745 tp long genome with its predicted 3,6p¢bteincoding genes is the first completed
genome sequence of the geRasvibaculum and the first genome sequence of a representative

of the novel familyRhodobiaceae

INTRODUCTION

Parvibaculum lavamentivorarstrain DS1" (DSM13023 = NCIMB13966) was isolated for its
ability to degradéinearalkylbenzenesulfonate (LAS), a major laundry surfactant with a werld
wide use of 2.5 milliotonsper annum (http://www.lasinfo.org). Strain BiSwas difficult to
isolate, is difficult to cultivate, and represents a novel genus inPAlpleaproteobacteria
(Schleheclet al.2000, Schleheckt al.2004h. Strain DS1 catalyes not only the degradation
of LAS, but also of 16 other commercially important anionic andiooit surfactants (hence
the species nanfavamentivorans: consumingchemicalsjused for washin@Schleheclet al.
20041). The initial degradation as catald by strain DS involves the activation and
shortening of the alkythain of the surfactant molecules, and the excretiorhoft-gshain
degradation intermediates. These interiaed are then completely utdid by other bacteria
in the communitySchlehecket al.2003, Schleheckt al.20044. P. lavamentivoran®S-1" is
therefore an examplef a first tier member of awo-step process that mineradz

environmentally important surfactants.

Other epresentatives of the novel gen&arvibaculum have been recently isolated.
Parvibaculum spstrain JP57 was isolated from seawaf&ilerset al.2001) and is difficult to
cultivate (Schlehecket al. 20040. Parvibaculum indicunsp. nov. was also isolated from
seawateryia an enrichment culture that degragedlycyclic aromatichydrocarbons (PAH) and
crude oil(Lai et al.2010). AnotherParvibaculumsp. strain was isolated from a PAtg¢grading
enrichment culture, using river sediment as inoculltityard et al. 2008. Parvibaculum
species were also reported in a study on marine alkageading bacterigVanget al. 2010.
Parvibaculum species are frequently detedt by cultivatiorindependent methods,

predominantly in habitats or settings with hydrocarbon degradation. These include a bacterial
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community on marine rocks polluted with diesel(@lonso-Gutiérrezet al. 2009, a bacterial
community from diesetontaminated so{Paixaoet al.2010, a petroleunrdegrading bacteal
community from seawate(Li et al. 2009, an oildegrading cyanobacterial community
(Sanchezt al. 2005 and biofilm communities in pipes of a district heating systijaldsen

et al.2007). Parvibaculumspecies havalsobeen detected in denitrifying, liaenonylphenol
(NP)}degrading enrichment cultures from {gBlluted river sedimeniDe Weert et al. 2011

and in goundwater that had been contaminatetifmaralkyl bereenes (LABs; nossulfonated

LAS) (MartinezPascualet al. 2010. Additionally, Parvibaculumspecies were detected in
biofilms that degradegolychlorinated biphenyls (PCBs) using pristine soil as inoculum
(Macedoet al.2007), and in a PAHdegrading bacterial community from desga sediment of

the West PacifiqgWang et al. 2008. Finally, Parvibaculumspecies were detected in an
autotrophic Fe(lBoxidizing, nitratereducing enrichment cultu{@lothe and Roden 2009as

well as in Tunisian geothermal sprin@Sayehet al. 2010. The widespread occurrence of
Parvibaculumspecies in habitats or settings related to hydrocarbon degradation implies an
important function and role of these organisms in environmental biodegradation, despite their

attribute as bing difficult to cultivate in a laboratory.

Here we present a summary classification and a set of featuesléstamentivoran®S-1T,
together with the description of a complete genome sequence and annotation. The genome
sequencing and analysis was part of the Microbial Genome ProgramD®Ehdoint Genome

Institute.

CLASSIFICATION AND F EATURES

P. lavamentivoransDS-1" is a Gramnegdive, nonpigmented very small (approx.
1.0x 0.2 um), slightly curvedrod-shaped bacterium that can be motile by means of a polar
flagellum (Figure 1, Table ). Strain DS1" grows very slowly on complex mediune.. on

LB- or peptoneagar platesandforms pinpoint colonies only after more than tweeksof
incubation. The organisman bequickly overgrown by other organisms. Larger colonies are
obtained when the complex medium is supplemented with a surfactant, e.g. Tween 20 (see
DSM-medium 884 http:/Mww.dsmz.de) oLAS (Schleheclet al.20040. When cultivated in
liquid culture with minerabalts medium, strain DS grows within one week with the single
carbon sources acetate, ethanol, or succinatdkanes, alkanols and alkanoates{Czie); N0
sugars tested were utiéid (Schleheclet al.20040).

To allow forgrowth of the organism in liquid culture with most of the 16 different surfactants
at highconcentratios (e.g. for LAS, >1 mM; se8chlehecket al. 2004, the culturefluid
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needs to be supplemented with a solid surface, e.g. polyester fleece or glagSdcibefrseck

et al.2000, Schleheckt al.2004h. The additional solid suréa is believedo support biofilm
formation, especially in the early growth phase when the surfactant concentration anbigh,

the organism grows then as single, suspended cellsnfotite) during tke later growth phase.
Growth with a normembrane toxic substrate (e.g. acetate) is independent of a solid surface,
and constitutes suspended, single cells (motile). We presume that the biofilm formation by
strain DS1T is a protective response to the expesto membransolubilizing agents (cf.
Klebensbergeet al.2006).

Based on the 16S rRNA gene sequence, rstié$-1" was described as the novel genus
Parvibaculum which wasoriginally placed in the familyhyllobacteriaceasvithin the order
Rhizobialeof AlphaproteobacterigSchleheclet al.2004b, Euzéby 2005The nearest well
described organism tdrain DS1T is Afifella marina(formerly Rhodobium marinuin(92%
16S rRNA gene sequence identity), a photosynthetic purplesuléur bacterium. The genus
Rhodobiumwas later reclassified to the novel familjRhodobiaceadGarrity et al. 2005c,
Validation-List-107 2009, together with two novel genera of other photosynthetic purple non
sulfur bacteriaAfifella andRoseospirilluny, as well as withwo novel genera of heterotrophic
aerobic bacteria, represented by thep&pgnentedAnderseniella balticggen. nov., sp. nov.)
(Brettaret al. 2007, Euzéby 2008&nd norpigmentedTepidamorphugemmatuggen. nov.,
sp. nov.) (Albuquerqueet al. 2010, Euzby 201Q. A phylogenetic tree (Figur@) was
constructed with the 16S rRNA gene sequende laivamentivoran®S-1" and that ofi) other
isolated Parvibaculum strains, ij) representatives of other genera within the family
Rhodobiaceag(iii ) representatives of the genera in the farRiyllobacteriaceaeas well as,
(iv) representatives of other families within the ord®rizobiales The phylogenetic tree
confirmed the placement &arvibaculumspecies within the familjRhodobiaceaeand tha
the Parvibaculumsequences clustered as a distinct evolutiotiagage within this family
(Figure 2). This classification oParvibaculumhas been adopted in the Ribosomal Database
Project (RDP) and SILVA rRNA Database Project, but not in the Green@artedsase. The
family Rhodobiaceadas also not been included in the N@&onomy, IMGtaxonomy, and
GOLD databases.

Currently, 360 genome sequences of members of the Rhilsvbialef Alphaproteobacteria
have been made available (GOLD database; Aud¥l1), and within the family
Phyllobacteriaceaethere are 21 genome sequences availaBleelagtivoranssp. BNC1,

Hoeflea phototrophicaDFL-43, and 18Mesorhizobiumstrains). No genome sequences
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currently exist for a representative of the novel faRihadobiaceaeexcept of the genome of

P. lavamentivoranS-1".

Figure 1. Scanning electron micrograph Bf lavamentivorandS-1'. Cells derived from a liquid culture that
grew in acetate/mineral salts medium.

Chemotaxonomy

Examination of the respiratorjipoquinone composition of strain BE showed that
ubiquinones are the sole respiratory quinones present, and the major lipoquinone is ubiquinone
11 (Q11)(Schlehecket al. 2004h. The fatty acids oP. lavamentivoransre straight chain
saturated and unsaturated, as well as-emteramiddinked hydroxyfatty acids, in membrane
fractions (Schlehecket al. 2004). The major polar lipids are phosphatidylyagrol,
diphosphatidyl glycerol, phosphatidyl ethanolamine, phosphatidyl choline, and two,
unidentified aminolipids; the presence of the two additional aminolipids appears to be
distinctive of the organisnfSclehecket al. 2004h). The G + C content of the DNA was
determined at 64%Schlehecket al. 20040, which corresponds well to the GC content
observed for the complete genome sequence (see below).
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—ig.09 a5 Parvibaculum lavamentivorans (AY387308)
9g _|—— Parvibaculum . strain JPST (&Y 007G
A0 Parvibaculum sp. strain 22-23 (ELMET954)
a4 —— Parvibaculum indicum (FJ152044)

Anderseniella baltica (AMT12634)

Rhodobium orientis (D30792)
Rhodobium gokarnense (&M180706)
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Rhodobiaceae

Tepidamorphus gemmatus (GU1E7912)
Afitella marina (D307300) —

4|:Hueﬂea phototrophica DFL-43 (r21484)
Hoeflea marina (&A%Y595517)

20 | & Mitratireductor kimnyeongensis (AM495744) %
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Phryllobacterium trifali (A5 7SE0S0)
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== CAULOBACTERALES

Figure 2.Phylogenetic tree oil6S rRNA gene sequencebowing the position oP. lavamentivoranDS-17

relative to other type strains within the familRsodobiacead’hyllobacteriacea@and other families in the order
Rhizobialegsee the text)Strains within theRhodobiaceaand Phyllobacteriaceashown in boldhave genome

projects underway or completed. The corresponding 16S rRNA gene accession numbers (or draft genome sequence
identifiers) are indicated. The sequences were aligned using demGenes NAST alignment to@eSantiset

al. 2006; neighba-joining tree building and visualization involved the CLUSTAL and DENDROSCOPE
software(Husonet al. 2007). Caulobacteralessequences were used as outgroup. Bootstrap values >30% are
indicated; bar, 0.01 substitutions per nucleotide position.
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GENOME SEQUENCING IN FORMATION

Genome project history

The genome was selected for sequencing as part of the U.S. Department of Bfierglgial

Genome Program 2006. The DNA sample was submitted in April 2006 and the initial
sequencing phase was completed in October 2006. The genome finishing and assesably pha
was completed in June 2007, and presented for public access on December 2007; a modified
version was presented in February 2011. Table 2 presents the project information and its
association with MIGS version 2.0 compliar{égeld et al.2008.

Table 2.Project information

MIGS ID Property Term
MIGS-31 Finishing quality Finished
MIGS-28 Libraries used 3.5 kb, 9 kb and 37 kb DNA
libraries
MIGS-29 Sequencing platforms  Sanger
MIGS-31.2 Fold coverage 16x
MIGS-30 Assemblers Phred/Phrap/Consed
MIGS-32 Gene calling method Glimmer/Criteria
Genbank ID 17639
Genbank Date of Releas July 31 2007
GOLD ID Gc00631
MIGS-13 Source material identifie DSM 13023 = NCIMB 13966

Project relevance

Biodegradation, biotechnological

Growth conditions and DNA isolation

P. lavamentivoran®S-1" wasgrown on LB agar plates (2 weeks) and pinpoint colonies were
transferred into selective medium (1 mM LAS/minimal salts medium; with -fjlaes
supplement, Bnl scale;(Schlehecket al. 20040). This culture was swgultivated to larger
scale (106ml and Zliter scale) in 30 mM acetate/minimal salts medium; cell pellets were stored
frozen until DNA preparation. DNA as prepared following the JGINA Isolation Bacterial

CTAB Protocol fttp://my.jgi.doe.gov/general/index.html

Genome sequencing and assembly

The genome oP. lavamentivoran®S-1" was sequenced at the Joint Genome Institute (JGI)
using a combination of 3.5 kb, 9 kb and 37 kb DNAdi@s. All general aspects of library
construction and sequencing performed at the JGI can be fourideadGIl website
(http://www.jgi.doe.goy. Draft assemblies were based on 76,870 readsbined the reads
from all three libraries provided if6ld coveage of the genome. The Phred/Phrap/Consed

software package (http://www.phrap.com) wased for sequence assembly and quality
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assessmerfEwing and Green 1998, Ewirgg al. 1998,Gordonet al. 19998. After the shotgun

stage, reads were assembled with parallel phrap (High Performance Software, LLC). Possible
mis-assemblies were corrected with DupfinisfteanandChain2006, PCR amplification, or
transposon bombing of bridging clones (Epicentre Biotechnologies, Madison, WI, USA). Gaps
between contigs were closed bytedj in Consed, custom primer walk or PCR amplification
(Roche Applied Science, Indianapolis, IN, USA). A total of 24 primer walk reactions were
necessary to close gaps and to raise the quality of the finished sequence. The completed genome
assembly contas 76,885 reads, achieving an average efold sequence coverage per base

with an error rate less than 5 in 100,000.

Genome annotation

Genes were identified using a combination of Cri{Badger and Olsen 199and Glimmer
(Delcher et al. 2007) as part of the genome annotation pipeline at Oak Ridge National
Laboratory (ORNL), Oak Ridge, TN, USA, followed by a round of manual curation. The
predicted CDSs werganslated and used to search the National Center for Biotechnology
Information (NCBI) nomaredundant database, UniProt, TIGRFam, Pfam, PRIAM, KEGG,
COG, and InterPro databases; miscellaneous features were predicted using T{KHddhi

et al. 2001 and signalRDyrlgv Bendtseret al. 2004). These data sources were combined to
assert a product description for each predicted protein. The tRNAScan$Eoweland Eddy
1997 was used to find tRNA genes, whereas ribosomal RNAs were found by using BLASTn
against the ribosomal RNA databases. The RNA components of the protein secretion complex
and the RNaseP were identified by searching the genome for the corresponding Rfi@s profi
usingINFERNAL (http://infernal.janelia.org Additional gene prediction analysis and manual
functional annotation was performed within the Integrated Microbial Genomes (IMG) platform
(http://img.jgi.doe.goy developedby the Joint Genome Institute, Walnut Creek, CA, USA
(Markowitz et al.2008.

GENOME PROPERTIES

The genome dP. lavamentivoran®S-1" comprises one circular chromosome of 3,948 Gp
(62.33% GC content) (Figui®), for which a total number of BL4 genes were predictedf

these predicted genesf34 are protewtoding genes, and 7223 of the proteirtoding genes

were assigned to a putative function and the remaining annotated as hypothetical proteins; 18
pseudogenes were also identifiadotal of60 RNA genes and omBNA operon are predicted,;

the latter is reflective of the slow growth Bf lavamentivoran®S-1" (Schleheck and Cook

2005, Schlehecket al. 2007). Furthermore, oneClustered Regularly Interspaced Short
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Palindromic Repeatdemen{CRISPR)includingassociated protein genes were predicted. The
properties and the statistics of the genome are summarized in Tallé Bie distribution of
genes into COGs functional categories is presented in Table 4.

Table 3. Nucledide and gene count levels of the genomP.dhvamentivoran®S-1

Attribute Value % of total?
Genome size (bp) 3,914,745 100
Coding region (bp) 3,535,064 90.30
G+C content (bp) 2,439,986 62.33
Number of replicons 1
Extrachromosomal elements 0

Total genes 3,714 100
RNA genes 60 1.62
rRNA operons 1

Proteircoding genes 3,654 98.38
Pseudo genes 18 0.48
Genes with function prediction 2,723 73.32
Genes in paralog clusters 620 16.69
Genes assigned to COGs 2,904 78.19
Genes assigned to Pfam domains 3,054 82.23
Genes with signal peptides 717 19.31
Genes connected to KEGG pathwe 1,085 29.21
Genes with transporter classificatic 430 11.58
Genes with transmembrane helices 782 21.06
CRISPR count 1 % of totaf

8 The total is based on either the size of the genome in base pairs or the total number of protein coding genes in
the annotated genome.

METABOLIC FEA TURES

The genome ofP. lavamentivoransencodes complete pathways for synthesis of all
proteinogenic amino acids and essentiafamtors, and the central metabolism is represented
by complete pathway for the citrate cycle, glycolysis/gluconeogenesis, and tiogidative
branchof the pentos@hosphate pathway; no candidate genes for the oxidative branch of the

pentosephosphate pathwayr for the EntneérDoudoroff pathway are predicted.

P. lavamentivorandDS-1" does not grow orD-glucose, Bfructose, maltose, dmannitol,
D-mannose, and {dcetylglucosaminéSchlehecket al. 2004b, Laiet al. 2010, and there are

no valid candiate genes predicted in the genome for AlEPendent sugar uptake systems or
for D-glucose uptakeia a phosphotransferase system. Similarly, no valid candidate genes were
predicted for ATPdependent aminacid and di/oligepeptide transport systems or father
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aminoacid/peptide transporters, which reflects the poor growth of straid"i$ complex

medium (LBmedium).

Table 4. Number of genes associated with the general COG functional categories in
P.lavamentivoran©S-17

Code Value %age Description

J 163 5.07 Translation, ribosomal structure and biogenesis
A 1 0.0 RNA processing and modification

K 243 7.0 Transcription

L 137 3.9 Replication, recombination and repair

B 1 0.0 Chromatin structure and dynamics

D 25 0.7 Cell cycle controlmitosis and meiosis

Y 0 0 Nuclear structure

Z 0 0 Cytoskeleton

wW 0 0 Extracellular structures

Vv 85 2.4 Defense mechanisms

T 118 3.4 Signal transduction mechanisms

M 131 3.8 Cell wall/membrane biogenesis

N 6 0.2 Cell motility

U 39 11 Intracellular trafficking and secretion

@] 77 2.2 Posttranslational modification, protein turnover, chaperon
C 153 4.4 Energy production and conversion

G 294 8.4 Carbohydrate transport and metabolism

E 214 6.1 Amino acid transport and metabolism

F 79 2.3 Nucleotide transport and metabolism

H 110 3.2 Coenzyme transport and metabolism

I 73 2.1 Lipid transport and metabolism

P 152 4.4 Inorganic ion transport and metabolism

Q 30 0.9 Secondary metabolites biosynthesis, transport and catabc
R 318 9.1 General function prediction only

S 200 5.7 Function unknown

1082 31.0 Not in COGs

For the assimilation of acet@@oA from the degradation of alkanes and surfact@uthkleheck

et al. 2000, Schlehek et al. 2003, Schleheckt al. 20041, or during growth with acetate, the
genome ofP. lavamentivoranencodes the glyoxylate cycle (isocitrate lyase, Plav_0592;
malate synthase, Plav_0593) to generate succinate for the synthesis of carbohydrates. The
genome also encodes the coetp ethylmalonytCoA pathway to assimilate acetégbet al.

2007. This observation, i.e. glyoxylate cycle and etmdlonylCoA pathway in the same
organism, has been made befofErb et al. 2009, and these two pathways in
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P. lavamentivoransDS-1T might be differentially expressed under varying environmental

conditions.
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2700001 .

2500001

2100001 1800001
2000001 1200001

Figure 3. Graphical circular map of the genomeRoflavamentivoran®S-1". From outside to center: Genes on
forward strand (color by COG categories), gemeseverse strand (color by COG categories), RNA genes (tRNA,
green; rRNA, red; other RNAs, black), GC content, GC skew.

For thedegradation of alkanes and surfactants thraalggiraction of acetyCoA (Schleheck

and Cook 200p the genome contains a wealth of candidate gendsd@ntry intaalkyl-chain
degradation dmegaoxygenation to activate the chain) supplemented by a wealth of genes
predicted foomegaoxidations (to generate the corresponding fatigls) and fattyacid beta
oxidations (to excise acet@oA units). Weare currently exploringthis high abundance of
genes for alkane/alkyitilization in strain DSLT by transcriptimal and translational analysis
(unpublishedl For example, at leas® cytochromeP450 (CYPR alkane monooxygenase
(COG2124) 44 alcohol dehydrogenase (COG1028), 11 aldehyde dehydreg@&@a&1012),

20 acytCoA synthesise (COG0318), 40 ac@loA dehydrogenase (COG1960), 31 enGglA
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hydratase (COG1024), 14 adybA acetyltransfease (COG0183),six thioesterase
(COGO0824), and 17 putative lomfpain acCoA thioester hydrolase (PF03061) candidate
genes are predicted in the genome.

Other predictedoxygenae genesomprise three putative Baeydilliger-type FADbinding
monooxygenas genes (COG2072). Cyclolaone and hydroxyacetophenone, which are
putative substrates for such oxygenases (ghgnet al. 1988, Rehdorét al.2009 were tested

as carbon source for growth of strain-DS as well as cycloalkand€s, Cs, Ci2), however,
none supported growtiThe terpenoids camphor (for the involvement afytochromeP450
oxygenase in the degradation pathwajedegaard and Gunsalus 196&nd geraniol,
citronellol, linalool, menthol and eucalyptol (for the involvement of #&yA interconversion

enzymes in the degradation pathwagssubstrates for growttrere also testedegative

In contrast to the high abundance of genes for aliphgticocarbon degradation, the genome
containsfew genedor aromatichydrocarbon degradation. One gene setafoaromaticring
dioxygenase componentPlav_1761 and 1762 BenAB-type), three aromatic ring
monooxygenase component genes (Plav_154Da8% MhpA-type Plav_1785, HpaBype),

and three valid candidate genes for extladng cleavage dioxygenase (Rlal539(Sipila et

al. 2008 and 1787, Bph&ype; Plav_0983, LigBtype) were predicted in the genon&train

DS-1T did not grow with benzoate, protocatechuate, phenylacetate, phenylpropionate, or

phenylalanine and tyrosine aarbon source when tested.

Finally, P. lavamentivoransDS-1" is predicted to ste carbon in form of intracellular
polyhydroxyalkanoate/butyrate (PHB) as its genome encodes asiitBase (PhbC) gene
(Plav_1129), PHBIepolymerase (PhaZzZ) gene (Plav_0012), and BitBhesis repressor
(PhaR) gene (Plav_1572).

ACKNOWLEDGEMENTS

We thank Joachim Hentschel for SEM operatilime work wasupported by the University of
Konstanz and thBonstanz Researchchool Chemial Biology, the University of New South
Wales and th€entre for Marine Bidnnovation andthe Deutsche Forschungsgemeinschaft
(DFG grant SCHL 1936£1 to D.S.). The work conducted by the U.S. Department of Energy
Joint Genome Institute was supported bg Office of Science of the U.S. Department of
Energy under Contract No. DEC02-05CH11231, and that of the University of California,
Lawrence Livermore National Laboratory under Contract Ne74A05Eng48, Lawrence
Berkeley National Laboratory under catt No. DEAC03-76SF00098, and Los Alamos
National Laboratory under contract No-¥05ENG-36.






CHAPTER 3 25

CHAPTER 3

Permanent draft genome sequenc€ainamonas testosteradi-1

Michael Weis$? Anna I. Kesber Kurt M. LaButt?, SamPitluck®, David Brucé, Loren
Hausert, Alex Copelang, Tanja Woyké, Stephen Lowry Susan Luc&sMiriam Lanc, Lynne
Goodwirt4, Staffan Kjelleberf) Alasdair M. Cook, Matthias Buhmanh Torsten Thom&s
and David Schleheéi

1Department of Biologicabciences, University of Konstanz, Germany

’Konstanz Research School Chemical Biology, University of Konstanz, Germany
3DOE Joint Genome Institute, Walnut Creek, California, USA

4Los Alamos National Laboratory, Bioscience Division, Los Alamos, New MekI&@\
®0Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA

Centre for Marine Bidnnovation and School of Biotechnology and Biomolecular Science,

University of New South Wales, Sydney, Australia

This chapter was published $tandards in Genomic Scees2013,8:239-254



26 CHAPTER 3

ABSTRACT

Comamonas testosterdfi-1 is a model organism for the elucidation of the novel biochemical
degradation pathways for xenobiotic-sdifophenylcarboxylates (SR formed during
biodegradation of synthetic-gulfophenylalkane wsfactants (linear alkylbenzenesulfonates,

LAS) by bacterial communities. Here we describe the features of this organism, together with
the complete genome sequence and annotation. The 6,026,527 bp long chromosome (one
sequencing gap) exhibits an averageCGontent of 61.79% and is predicted to encode 5,492
proteincoding genes and 114 RNA genes.

INTRODUCTION

Comamonas testosterostrain KF1 (DSM14576) was isolated for its ability to degrade
xenobiotic sulfophenykcarboxylates (SP€), which are degradatio intermediates of the
synthetic laundry surfactantgear alkylbenzeneulfonates (LAS)(Schlehecket al. 20043.

LAS is in use worldwide (appr. 3 x 46ns per yearknepperet al. 2003 and consists of a
complex mixture of linear alkanes {#C13) subterminally substituted by-gulfophenyl rings
(i.e., 38 different compounds)Knepper et al. 2003. Commercial LAS is completely
biodegradable, as known for more than 50 yéSkgisher 197]) eg., in sewage treatment
plants, and its degradation is catalyzed by heterotrophic aerobic bacterial communities in two
steps. First, an initial degradation step is catalyzed by bacteria suétaradaculum
lavamentivoran®S-1T (Schleheclet al. 2011) through activation and shortening of the alkyl
chains of LAS, and many sherhain degradation intermediates are excreted by these
organisms, i.eapproximately 50 diffeent SPGand related compoundSchleheclet al.2000,
Dong et al. 2004, Schleheclet al. 2004a, Schleheckt al. 2004b, Schleheckt al. 2007).
Secondly, the ultimate degradation ste@,, mineralization of all SPCis catalyzed by other
bacteria in the community, and one representative of th€&mmsimonas testosterdfi-1. In
particular, strain KFL was isolated from a laboratory trickling filter that had been used to enrich
a bacterial community from sewage sludge that completetyraded commercial LAS and
SPG (Donget al. 2004, Schleheckt al.2004g. Strain K1 is ableto utilize four individual
SPG (both enantiomers), nameR/S-3-(4-sulfophenyl)butyrate (3Cs-SPC),enoyt3-Cs-SPC,
R/S-3-(4-sulfophenyl)pentanoate (8s-SPC), and enoy8-Cs-SPC (see therefore also below),
as novel carbon an energy sources for its heterotrophic aerobic g8nlitheclet al.20044a,
Schleheclet al.2010, Weisst al.2012).

The firstComamonas testostergfiormerly Pseudomonas testostergiamaokeet al. 1987))
strain, typestrain ATCC 11996, was enriched from soil and isolated in 195&sfability to
degrade testosteron@lalday et al. 1952, Talalay 2005 Since then, the physiology,
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biochemistry, geetics, and regulation of steroid degradation in this and in @thestosteroni

strains havéoeen elucidated in great detagl.g.,Marcus and Talalay 1956, Shawal. 1965,
Horinouchi et al. 2001, Horinouchiet al. 2003b, Xionget al. 2003, Roéschet al. 2008,
Horinouchiet al.2010, Gonget al.2012h. Most recently, the genome Gf testosterorATCC

11996 has been sequenced in order to further improve the understanding of the molecular basis

for the degradation of steroigGonget al.20123.

In the environment, members of the gei@mamonasnay also be important degraders of
aromatic compounds other than steroids, especially of xenobiotic pollutants, since they have
frequently been enriched and isolated for their ability tdizeti(xenobiotic) aromatic
compounds. For exampl€omamonasp. strain JS46 is able to grow witinBrobenzoate
(Providentiet al. 20060, Comamonasp. strain CNBL with 4-chloronitrobenzenéVa et al.
2009, C. testosteroniT-2 with 4toluenesulfonate and-gulfobenzoatélLocheret al. 1989,

C. testosteronWDL7 with chloroaniling(Krol et al.2012, Comamonasp. strain JS765 with
nitrobenzene(Nishino and Spain 1995 Comamonassp. strain with lignin-polymer
fragments(Chen et al. 2012, C. testosteroniB-356 with biphenyl and 4hlorobiphenyl
(Ahmad et al. 1990, Comamonassp. strain KB7 with dibenzofuranWang et al. 2004,
Comamonasp. strain 4BC with naphthalef2esulfonate(Songet al. 2005, or C. testosteroni
SPB2 (as well as strain KE) with 4-sulfophenylcarboxylateéSchlehecket al. 20043. In
severalC. testosteronstrans, the physiology, biochemistry, genetics, and/or regulation of the
utilization of aromatic compounds Ve been elucidatede(g., Ornston and Ornston 1972,
Locheret al. 1989, Ahmackt al. 1990, Schi&fliet al. 1994, Nishino and Spain 1995, Sylvestre
et al.1996, Teramotet al. 1999, Providentet al.2001, Tralaiet al.2001, Lesseret al.2002,
Tralauet al.2003a, Tralaet al.2003b, Mampeét al. 2004, Mampeét al.2005, Providentet

al. 2006a, Providentet al. 2006b, Sasolet al. 2006, Fukuharat al. 2010, Kamimureet al.
2010, Kasaet al.2010, Niet al.2012, Weis%t al.2012. Furthermore, the genome sequence
of (plasmidcured)C. testosteronCNB-2 has been publishéifla et al.2009, and the sequence
of its plasmid pCNBL1 (o€. testosteronCNB-1) (Ma et al. 2007, in order to further improve
the understading of the molecular basis for the ability@ftestosteronio degrade such a large

array of aromatic compounds.

Members of the genUSomamonasire able to cope with harsh environmental conditions such
as high concentrations of arsen@banget al.2007, Caket al.2009, zinc(Xiong et al.2011),
cobalt and nickelSiunovaet al.2009, or pheno(Tureket al.2011), and carexhibit increased
resistance to oxidative stre@Sodocikovéet al. 2005 or antibiotics(Oppermanret al. 1996.

AnotherC. testosterongenome sequence, of strain S44, has recently been established in order
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to improve the understanding of the molecular basis for its resistance to increased
concentrations ofinc (Xiong et al. 2011). Notably, an increased antibiotic resistance (and
enhanced insecticide catabolism) as consequences of induction of the steroid degradation

pathway has been shown fortestosteronATCC 119968 (Oppermanret al. 1996).

Here, we present a summary classification and a set of features for @hadiséosteronstrain,

strain K1, which has been genormequenced in order to improve the understanding of the
molecular basis for its ability to degrade xenobiotic compounds, particularly xenobiotic, chiral
3-C4-SPC, and how this novel degradation pathway has besmmbated in this organism,
together with the description of its draft genome sequence and annotation. The genome
sequence and its annotation have been established as part of the Microbial Genomics Program
2006 of the DOE Joint Genome Institute, and aresstisievia the IMG platform (Markowitz

et al.2012.

CLASSIFICATIONS AND FEATURES

Morphology and growth conditions

C.testosteronKF-1 is a rodshaped (size, appr. 0.5 x 2 um, Figure 1) Gragative bacterium
that can be motile and grows strictly aerobically with complex medium (e.g.-iarlji#ptone
medium) or in a prototrophic manner when cultivated in mirgsib mediun{Thurnheeret

al. 1986 with a single carbon source (e.g., acetate). Straii i§Fows overnight on LEgar
plates and forms whitisheigecolonies Table ). The strain grewvith all amino aids tested
(D-alanine, lalanine, Laspartate, {phenylalanine, tvaline, glycine, Lhistidine,
L-methionine), but not with any of the sugars testeehl{idose, Dfructose, Dgalactose,
D-arabinose, and Inaltose). Strain KR utilized the following alcobls and carboxylic acids
when tested (ithis study): Ehanol, acetate, glycerol, glycolate, glyoxylate, butanol, butyrate,
isobutyrate, succinatenmesetartaric acid, D and L-malate, mesaconate, and nicotinate.
Furthermore, strain KBE was positive for gpwth with polybetahydroxybutyrate (this study).
Strain KF1 is able to utilize the steroids testosterone and progesterone (confirmed in this
study), as well as taurocholate and cholate (and taurine andthyl taurine)Roschet al.
2008, and taurodeoxycholate; strain KIFwas tested negative for growth with tdgierol,
ergosterol, 1f-estradiol and ethinylestradiol (this study), correlating with the findings for
C. testosteronstrain TA441(Horinouchiet al.2010.

In respect to other aromatic compounds, strainrlKis know to utilize benzoate,-3and
4-hydroxybenzoate protocatechuate (3dihydroxybenzoate), gentisate

(2,5dihydroxybenzoate), phthalate, terephthalate, vanillate, isoatmilveratrate, -2and
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3-hydroxyphenylacetate (tested in this study, and $ehlehecket al. 20043. Xenobiotic
aromatic substrates for strain KF known are the -$ulfophenylcarboxylates
R/S-3-(4-sulfophenyl)butyrag  (R/S-3-C4-SPC), 3(4-sulfophenylha®-enoylbutyrate (enoyl
3-C4-SPC), R/S-3-(4-sulfophenyl)pentanoate  R(S-3-Cs-SPC), 3(4-sulfophenyl)
a2-enoylpentanoate (enegtCs-SPC), as well as the three xenobiotic metabolites in the
3-C4-SPCGpathway, 4sulfoacetopenone (4acetylbenzenesulfonate);sdilfopheny acetate,
and 4-sulfophenolSchleheclet al.2004a, Schlehecgt al.2010. Finally, strain KF1 did not
utilize the following, other carbon sources tested (this study andSeftehecket al. 20044,
Schleheck et al. 2010: n-alkanes (&Ci2), cycloalkanes (&£Ci12), secondary
4-sulfophenylalkanes (LAS surfactants), secondary alkanesulfonateS gsirfactants),
dodecylsulfate (SDS surfactant), benzene sulfonat®luénesulfonate, -4ulfobenzoate,
phenylacetate, -Bhenylpropionate, -3and 4phenylbutyrate, 4ulfostyrene, 4ulfocatechol,
cyclohexanone, -4minoacetophenone, gallic acid (3Bydroxybenzoic acid) and
gallotannic acid, pentanesulfonate, isethionate, sulfoacetateytddic acid, acetamide,
gammaaminobutyrate, oxalate, methanol, methylamine, methanesulfonate or formate, and not
2-C4-SPC (2(4-sulfophenylputyrate), 4Cs-SPC, 4Cs-SPC, 5Cs-SPC, or any of theQ Co

SPG& generated during commercial LAS surfactant degradation.

C. testosteronKF-1 has been recognized for its poor ability to form structured biofilms on
surfacegBuhmann 2008see alsoLi et al.2008, or micre or macroscopic cellular aggregates

in liquid cultures(Schlehecket al. 2009, in direct comparison to
organisms such aBelftia acidovoransSPH1 (Buhmann 2008 Pseudmonas aeruginosa
PAQO1(Schleheclet al.2009, or C. testosteronSPB-2 (Schleheclet al.20043.

No significant production of siderophores could be observed féestosteronKF-1 when
grown inpresence of nemhibitory levels @ iron chelator 2,2dipyridyl (seeStelzeret al.
2000, in comparison to siderophepeoducing Delftia acidovoransSPH1, Pseudomonas
aeruginosaPAO1, andPseudoalteromonas tunicabB? (Thomaset al. 2008 (reported in this
study, data not stwn).

Finally, strain KF1 is able to grovin the presence of up to 500 prdf* ampicillin or 600ug mi

kanamycin in liquid cultures, as tested in this study.

Phylogeny
Based on its 16S rRNA gene sequence, straifl K a member of the gen@mamonas
which is placed in the familyComamonadaceasavithin the order Burkholderiales of

Betaproteobacteriaas illustrated by a phylogenetic tree shown in Figure 2. Currently, 686
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genome sequences of members of the dBadekholderialesof Betaproteobacteriaand 147

genome sequences within the fam@pmamonadaceaehave been, currently are, or are
targeted to be established (GOLD database; May 2013).

Figure 1.Scanning electron micrograph@bmamonas testosterddi-1. Cells derived from a liquid cultutbat
grew in LB medium.

GENOME SEQUENCING IN FORMATION

Genome project history

The genome was selected for sequencing as part of the U.S. Department of BAierglgial
Genomics Program 2006. The DNA sample was submitted in February 2006 and the initial
sequencing phase was completed in July 2006. After the finishing and assembly phase the
genome was presented for public access on January 2009; a modified version was presented
(IMG) in August 2011. Table 2 presents the project information and its assoaiath MIGS

version 2.0 compliancg-ield et al. 2008.

Growth conditions and DNA isolation
Comamonas testosterdfi-1, obtained from the Leibnilnstitut DSMZDeutsche Sammlung

von Mikroorganismen und Zellkultean (DSM14576), was grown on LB agar plates and
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transferred into selective medium (6 mMsdlfophenol/minerasalts medium) in the-8l
scale, and this culture was sabltivated in larger scale; cell pellets were stored frozen until

DNA preparation. DNAws prepared following the JGIOs

Protocol.

Genome sequencing and assembly

The genome o€omamonas testosterodiF-1 was sequenced at the Joint Genome Institute
(JGI) using a combination of 3.5 kb, 9 kb and 37 kb DNA libraridsyexeral aspects of library
construction and sequencing performed at the JGI can be found at JGI website
(www.jgi.doe.goy. In total, 66.91 Mbp of Sanger sequence data were generated for the
assembly from all threlébraries, which provided for a 12f8ld coverage of the genome. The
Phred/Phrap/Consed software package was used for sequence assembly and quality assessment
(Ewing and Green 1998, Ewirgg al. 1998,Gordonet al. 1998. After the shotgun stage, reads
were assembled with parallel phrap (High Performance Software, LLC). Possible mis
assemblies were oected with DupfinisheHan and Chain 200§, PCR amplification, or
transposon bombing of bridging clones (EpiceBiechnologies, Madison, WI, USA). Gaps
between contigs were closed by editing in Consed, custom primer walk or PCR amplification
(Roche Applied Science, Indianapolis, IN, USA). The genome could not be closed due to clone
viability issues, however, sewrclones circularized the contig, and a PCR product was
obtained that spanned the ends, but all attempts at primer walking and transforming the
amplicon were unsuccessful. At this time no additional work is planned for this project (labeled

as Permanentiaft; one linear contig).

Genome annotation

Genes were identified using Prodigilyatt et al. 2010 as part of the genome annotation
pipeline at Oak Ridge National Laboratory (ORNL), Oak Ridge, TN, USA, followed by a round
of manual curation using the JGI GenePRIMP pipéd(itetiet al.2010. The predicted CDSs
were translated and used to search the National Center for Biotechnology Information (NCBI)
nonredundant database, UniProt, TIGRFam, Pfam, PRIAM, KEGG, COG, and InterPro
databases. Necoding genes and miscellaneous features weragmeddusing tRNAscaiSE

(Lowe and Eddy 1997 RNAMMer (Lageseret al.2007), Rfam(Griffiths-Joneset al. 2003,
TMHMM (Krogh et al. 2001, and signalRDyrlgv Bendtseret al. 2004. Additional gene
prediction analysis and manual functional annotation was performed within the Integrated
Microbial Genomes (IMG) platform (http://img.jgi.doe.gov) developed by tiet Genome
Institute, Walnut Creek, CA, USMMarkowitz et al.2008.
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Table 1.Classification and general featuresGifmamonas testosterddF-1 according to the MIGS recommendatidReeld et al. 2008

MIGS ID Property Term Evidence codé
Current classification DomainBacteria TAS (Woeseet al. 1990
PhylumProteobacteria TAS (Garrity et al.20059
ClassBetaproteobacteria TAS (Garrity et al.2005b, ValidatiorList-107 2006
OrderBurkholderiales TAS (Garrity et al.2005d, ValidatiorList-107 2009
Family Comamonadaceae TAS (Willemset al. 19913
GenusComamonas TAS (Davis and Park 196De Voset al. 1985 Tamaoka
et al. 1987, Willems et al. 1991k Zhanget al.2013
SpecieComamonasestosteroni TAS (Tamaokeet al. 1987, Willems et al. 1991H
Strain KF1 TAS (Schleheclet al.20043
Gram stain negative TAS (Schleheclet al.20043
Cell shape small rod
Motility motile
Sporulation non-sporulating
Temperature range mesophile TAS (Schleheclet al.20043
Optimum temperature 30 °C TAS (Schleheclet al.20043
Carbon source 3-(4-sulfophenyl)butyrate (£4-SPC) and other SPCsee texk, IDA, TAS (Schleheclet al.2004a, Rosclket al. 2008
4-sulfoacebphenone, 4ulfophenyl acetate -dulfophenol, testosterone,
progesterone, taurocholate, cholate, taurine, benzohigréxybenzoate,
vanillate, isovanillate
Energy source chemoorganotroph TAS (Donget al.2004, Schleheckt al.20043
Terminal electron molecular oxygen TAS (Donget al.2004, Schleheckt al.20043
receptor
MIGS-6 Habitat aerobic habitat TAS (Donget al.2004, Schleheckt al.20043
MIGS-22 Oxygen requirement aerobic TAS (Donget al.2004, Schleheckt al.20043
MIGS-15 Biotic relationship freeliving TAS (Donget al.2004, Schleheckt al.20043
MIGS-14 Pathogenicity nonpathogenic, Risk group 1 (classification according to German TRB,
MIGS-4 Geographic location isolated from a LAS surfactaiegrading laboratory trickling filter TAS (Donget al.2004, Schleheckt al.20043
(University of Konstanz, Germany) that had been inoculated with sludge
from a communal sewage treatment plant (Herisau, Switzerland).
MIGS-5 Sample collection time 1999 TAS (Donget al.2004, Schleheckt al.20043
MIGS-4.1 Latitude 47° 41' 27.24" TAS (Donget al.2004, Schleheckt al.20043
MIGS-4.2 Longitude 9°11'16.25" TAS (Donget al.2004, Schleheckt al.20043
MIGS-4.4 Altitude 440 m TAS (Donget al.2004, Schleheckt al.20043

3 Evidencecodes- IDA: Inferred from Direct Assay; TAS: Traceable Author Statement; NAS:-tdaceable Author Statement. These evidence codes are from the Gene Ontology
project(Ashburneret al.2000. If the evidence is IDA, then the property was directly observed for a live isolate by one of the authors or an expert mehgawahowledgements.
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Delftia acidoworans SPH-1 (CP000884)

T Comamonas testosteroni CNB-2 (NC_013446)
' 100 | Comamonas testosteroni S44 (NZ_ADVQO01000001)
100 Comamonas testosteroni ATCC 11996 <T> (CP001220)

Comamonas testosteroni KF-1 (NZ_AAUJ02000)

42 Verminephrobacter eiseniae <T> (DQ327663)
ﬂk Acidowvorax delafieldii (HM62625980)

40 Acidovorax citrulli (CP000512)

q3  Varioworax paradoxus S110 (CP001635)
Variovorax paradoxus EPS (CP0002417)
Polaromonas sp. JS666 (CP000316)

# £0

Polaromonas naphthalenivorans <T> (AY 166684)
Albidiferax ferrireducens (AF435948)

- ﬂdovorax sp. JS42 (CP000539)
E— 35 Alicycliphilus denitrificans BC (CP002449

Alcaligenaceae

Oxalobacteraceae

s

Burkholderiaceae

Sutterellaceae

Figure 2. lllustration of the phylogenetic position o€omamonas testosteroriF-1 within the order
Burkholderialesof BetaproteobacteriaThe 16S rRNA gene alignment included the three dtheestosteroni
strains whose genome sequences have been published, strgiki@wyet al. 2017), strain CNB2 (Ma et al.
2009, and typestrain ATCC 1199¢Gonget al.20123, and some of other genorsequenced representatives of
the family Comamonadaceaar of other families within the ord@urkholderiales The corresponding genome
project accession numbers, or 16S rRNA gene accession numatgensdicateddm Giindicates a type strain. The
sequences were aligned using the RDP tree byitdeet al.2009 and displayed using MEGA@ amuraet al.
2007. Bootstrap values are indicated; bar, 0.02 substitutions per nucleotide position.

GENOME PROPERTIES

The genome o€. testosteronKF-1 comprises a chromosome of 6,026,527 bp (61.76% GC
content) (Table B for which a total number of 5,606 genes were predicted. Of these predicted
genes, 5,492 are protetoding genes, and 4,009 of the proteading genes were assigned to

a putative function and the remaining annotated as hypothetical proteins. Gendyses ana
predicted 114 RNA genes and six rRNA operons. The properties and the statistics of the genome
are summarized in Table 3, the distribution of genes into COGs functional categories is
presented in Table 4, and the chromosome map of the genof@etedosteroniKF-1 is

illustrated inFigure 3

The chromosome @. testosteronKF-1 (6.03 Mb) is larger in comparison to these of the three
otherC. testosteronstrains whose sequences have been published, of stra(iXisag et al.
2017 (5.53 Mb), ¢srain CNB-2 (Ma et al. 2009 (5.46 Mb), and strain ATCC 1199&onget
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al. 20123 (5.41 Mb), and in comparison to that ©f testosteronNBRC 100989 (5.59 Mb)

whose draft sequence has not yet been published (BioProject ID FRIB&. Upon genomic

BLAST comparison however, the strain NBRC 100989 chromosome showed the highest

similarity to the chromosome @f. testosteronKF-1.

For the thre€. testosterongjenomes accessible within th&G platform for direct comparison
(Markowitz et al. 2012, strains KF1, S44 and CNE, the gene abundance profile indicated,

most strikingly, a much higher abundance of transposases (COG2801, COG2826 and
COG4644) in strain KA (42 total) in comparison to strains S44 (4 total) and @NB total);

retrovird integrases (pfam00665) are more abundant in straith KI6 total) in comparison to

strains S44 (none) and CNB (13 total), and hemagluttinin repeat proteins (pfam05594)

implicated in cell aggregation are more abundant (10 total) in comparison ts S4dirfnone)

and CNB2 (none).

Table 2.Project information

MIGS ID Property Term
MIGS-31.1 Sequencing status Complete
MIGS-28 Libraries used 3.5 kb, 9 kb and 37 kb DNA
libraries
MIGS-29 Sequencing platforms  Sanger
MIGS-31.2 Sequencing depth 12.8x
MIGS-30 Assemblers Phred/Phrap/Consed
MIGS-32 Gene calling method Prodigal
Genbank ID 17465
Genbank Date of Releas January 142009
GOLD ID Gi01330
MIGS-13 Source material identifie DSM 14576

Project relevance

Biotechnological

In respect to candidate genes encoding the metabolic featuf@stedgtosteroniKF-1 (see

above), almost identical (syntenic) gene clusters were found for the main steroid degradation

genes characterized @ testosteroniTA441 (Horinouchiet al.2001, Horinouchet al.2003b,

Horinouchiet al. 2010, including the genes characterizedGntestosteroniATCC 11996
(M6bus and Maser B8, Xiong and Maser 2001, Xioreg al. 2003, Pruned#®azet al. 2004,
Xiong et al. 2011, Gonget al. 20121; the strain KF1 genes are up to 98identical in their

aminoacid sequences. Candidate gefoeshe degradation of the acgidechain of cholate in

Pseudomonasp. strain CholiBirkenmaieret al. 2007, Birkenmaieet al. 2011) were also
found (thiolase, locus tag CtesDRAFT_PD3654; #yA dehydrogenase, PD3666), and the

genes for inversion of the choladtereochemistry inComamonastestosteroni TA441

(Horinouchiet al. 2008) (PD374044). In respect to the complete degradation of taurocholate
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(Roéschet al. 2008, several candidate genes for kskdts hydrolase (taurocholate hydrolase)

and candidate genes for the

(2-aminoethanesulfonatgRoschet al. 2008, e.g., for sulfoacetaldehyde acetyltransferase

(Xsc, PD0O776), weréound.

complete démgiran of the taurinenoiety

Table 3 Nucledide and gene count levels of the genom€ atestosteronkKF-1

Attribute Value % of total?
Genome size (bp) 6,026,527 100
DNA coding region (bp) 5,275,818 87.54
DNA G+C content (bp) 3,723,913 61.79
Number of replicons 1
Extrachromosomal elements 0

Genes total number 5,606 100
Proteircoding genes 5,492 97.97
RNA genes 114 2.03
rRNA operon count 6

Genes with function prediction 4,009 71.51
Genes in paralog clusters 1314 23.44
Genes assigned to COGs 4,131 73.69
Genes assigned to Pfam domains 4,375 78.04
Genes connected to KEGG pathwe 1,502 26.79
Genes with transmembrane helices 1,265 22.57
Genes with signal peptides 1,410 25.15

8 The total is based on either the size of the genome in base pairdaatimumber of protein coding genes in

the annotated genome.

Strain KF1 has acquired the ability to utilize xenobiotkC3SPC, 3C4-SPG2H, 3Cs-SPC
and 3Cs-SPG2H, 4sulfoacetophenone (SAP), andgdlfophenol (SP) (see aboy&chleheck
et al.2004a, Schleheakt al.2010. The 3Cs-SPC is converted to SABchleheclet al.2010
and further to 4ulfophenol acetate (SPAc) by a recently iderdifiBaeyerVilliger

monooxygenase (6 SAPMOOG,

PD5437) , and SPAc

carboxylester hydrolase encoded by the next gene in the genome (PD5438), to yield acetate and

SP (Weisset al. 2012. The two identified genes, together with other (predicted) catabolic

genes, are framed by 1971 insertion sequence elements Blamily transposase genes),

which suggests that these genes have only recently been acquired, possibly in the form of a

6catabolic composite

t ransp@eissatdl.2019.rGenesg h

for other settons of the proposed-B;-SPC degradation pathway in strain -KFi.e., the

hor
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oupper 6 and 0l o-G&SPGo JAR anthfrom P, further to cantr8l metabolites,
respectively(Schleheclet al.2010, are examined in our present work (unpublished).

Table 4. Number of genes associated with the general COG functional categories in
C. testosteronKF-1

Code Value %age Description
187 4.02 Translation, ribosomal structure and biogenesis
2 00M RNA processing and modification
407 8.75 Transcription
212 4.56 Replication, recombination and repair
2 0.04 Chromatin structure and dynamics
32 0.69 Cell cycle contralcell division, chromosome partioning
- - Nuclearstructure
53 1.14 Defense mechanisms
263 5.65 Signal transduction mechanisms
239 5.14 Cell wall/membrane/envelope biogenesis
102 2.19 Cell motility
- - Cytoskeleton
Extracellular structures
159 3.42 Intracellular trafficking secretion, and vesicular transport
154 331 Posttranslational modification, protein turnover, chaperon
304 6.54 Energy production and conversion
170 3.66 Carbohydrate transport and metabolism
361 7.76 Amino acid transport and metabolism
90 1.94 Nucleotide transport and metabolism
164  3.53 Coenzyme transport and metabolism
283 6.08 Lipid transport and metabolism
303 6.51 Inorganic ion transport and metabolism
154 3.31 Secondary metabolites biosynthesis, transporcatabolism
546 11.74  General function prediction only
464 998 Function unknown
NA 1475 26.31 Not in COGs

NITOIT—ITMOOOCSNZZIAK<KOWCrX>o

C. testosteronKF-1 encodes a vedth of genes for aromatic ringjeavage oxygenases and
aromaticring-hydroxylating oxygenase (systems), as commonly observed for members of the
order Burkholderiales (PérezPantojaet al. 2012. Firstly, the complete protocatechuate
4,5cleavage(meta)degradation operorpindoperon) characterized i@. testosteronistrain
BR6020(Providentiet al.2001, Providentet al. 20063, strain E§Kamimuraet al.2010 and
CNB-1 (Ni et al. 2012 involved in the degradation pathways for viié, isovarilate and

3- and 4hydroxybenzoate, was found in strainAfpmdB PD1898) (and twpmdBparalogs,
PD1614and 1810). An ortholog of the-l8ydroxybenzoate monooxygenase characterized in
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C. testosteroniGZ39 (Chang and Zylstra 2008vas found in strain KR (PD1242), as were
the genes foranversion of vanillate and isovanillateafAlivaA: PD0400/PD0403)Providenti
et al.20063.

Gene clusters of theetapathway enzymes for degradation of phenol as characterized in
C. testosteroniTA441, i.e.,aphCEFGHJIArai et al. 2000and aphKLMNOPQB(Arai et al.
1998, were not found inteain KF1, but in strains S44 and CNB However, homologs for

all metapathway enzymes (correspondingafthCEFGHJ) seem to be encoded distributed at
different locations in the strain KE genome, but a valid candidate gene cluster of the phenol
hydroxylase componentsph- (Arai et al. 1998 or phcKLMNOP (Teramotcet al. 1999 genes)

and catechol 2;8ioxygenasedphB could not be found in the strain KlFgenome. Also the
gene cluster for the-@-hydroxyphenyl)propionic acid degradation pathwayhgoperon)
characterized iComamonas testosterohPA441 (Arai et al. 1999 was nofound in the genome

of strain KF1, and not in strain CNR, but in strain S44; homologs for all pathway enzymes
(corresponding tonhpABDFE)seem to be distributed at different locations in the strairl KF

genome.
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Figure 4. Chromosome map of the genowfeC. testosteronkKF-1. From bottom to tapGenes on forward strand
(color by COG categories), genes on reverse strand (color by COG categories), RNA genes (tRNA, green; rRNA,
red; other RNASs, black), GC content.

An almost identical gene cluster for tleedthalate (benzeng,4-dicarboxylic acid) pathway
(tph-cluster) as characterizedintestosteron¥ZW-D (Wanget al.1995 and strain E§Sasoh
et al. 2006, Kasaet al.2010 was found in strain KA (t{phA PD2130). The gene cluster for
the isophthalate (benzefig3-dicarboxylic acid) pathway df. testosteroniyZW-D (Wanget
al. 1995 and strain EqFukuharaet al. 2010 was also found in strain KE (iphA, PD2139),
encoded directly upsteam of tigh-cluster. Notably, at least nine other Rieskanain ring

hydroxylating oxygenase component genes (COG4638) similar tpaAiphA
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(PD2130/PD2139) andanAivaA (see above, P0400/PD0403), seem to be encoded in strain
KF-1 (PD2042, 1888, 4205, 2022, 0968, 3693, 1612, 2032, 5293).

No ortholog of the catechol 2/fhg cleavage dioxygenase (rbeme F&") of the phenol
pathway gene clusteaghB (Arai et al. 1998 was found in strain KA, but twoother class

I/ll extradiol ring cleavage dioxygenase candidates (PD0021, 5290) in addition to a
(decarboxylating) 4ydroxyphenylpyruvateioxygenase candidate (PD0347) (also in GAB
and S44)tesB of the steroid gene cluster (PD3739), and thasslll type extradiol ring
cleavage dioxgenases mentioned above (PmdAB) were found.

In respect to intradiol ringleavage dioxygenases, three didates for (nofheme F&)
catechol 1,alioxygenase/protocatechuate -8jéxygenase beta subunt/hydroxyquinol
1,2-dioxygenase were found in strain Kki.e., PD0424, 5469, and 5471; notably, the latter

two candidates are not represented in strains-2ldBd S44.

Not represented in the. testosteronkKF-1 genome is the nitrobenzemdy) degradation gene
cluster ofComamonasp. JS76%Lessneret al. 2002, the 3nitrobenzoaterink) degradation
cluster ofC. testosteronBR6020(Providentiet al. 2006h, the 4chlorobenzoate uptake and
degradation cluster &domamonasp. strain D2 (Chae and Zylstra 2006, Ceai al. 2009,
and not the €hloronitrobenzenecfib) cluster on plasmid pCNB1 i€. testosteroniCNB-1
(Ma et al. 2007 and the uppepathway chloroanilinedca) cluster on plasmid pWDL7 in
C. testosteronWDL7 (Krol et al.2012. Finally, an ortholog of the aliphatic nitrilase/cyanide
hydratase (NitA) charderized in &C. testosteronsoil isolate(Levy-Schil et al. 1995 was also

not found in the genome of strain K- nor in those of CNR or S44.

Strain KF1 utilized none of the sugars tested (see above), and this observation is reflected by
an absence of appropriate candidate genssréin KF1 for hexokinase and glucokinase in
glycolysis, as well as of genes of the oxidative branch of the pentose phosphate pathway, as
reported also fo€. testosteronCNB-2 (Ma et al.2009.

Strain KF1 is able to utilize nicotinate for growth and encodes an ortbaksgt of genes for
the nicotinate dehydrogenase /hydroxylase complex (PD@8)5 characterized in
C.testosterondAl (Yanget al.2010.

The poly(3hydroxybutyrate) (PHB) biosynthesis aatllization operon ofComamonassp.
EB172(Yeeet al. 2012 is also encoded in strain KF (e.g.,PD2272). Furthermore, strain
KF-1 was tested positive for growth with extracellular polgg@roxybutyrate) (this study),
andstrain K1 encodes an ortholog (PD3795) of the characterized pbiyBxybutyrate)
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depolmerase precursor (PhazZz)@dmamonasp. strain 31AJendrossekt al.1995; notably,
the ortholog was also found @ testosteronATCC 11996, but not in strais S44 and CNE.

In respect to the ampicillinbétalactam) anbiotic resistance oftrain KF1, the genome
encodes at least twmetalactamase class A (PD2722, 4357) and belactamase class B
(PD0340) candidates, and with respect to kanamycin (aminoglycoside) resistance, two
aminoglycoside phosphotransferase candidates (PD3713),; hétably, the latter two are not
represented in strains CNBand S44.

All four heavy metal exporter ATPase gena®f) and five CzcAfamily exporter gene clusters
described for highlginc-resistantC testosteron544(Xiong et al. 2011) were found in strain

KF-1, and in total eighzntAand 11cntA candidates. Two arsenical resistance gene clusters
(PD170806 and 354412), each with candidates for arsenical pump (ArsB), arsenate reductase
(ArsC), NADPH:FMN oxidoreductases (ArsH), and transcripdioregulator (ArsR), and a
third arsC candidate (PD0567), were found in strain-KF
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ABSTRACT

Delftia acidovoransSPH1 is the second genonsequenced model bacterium for the
elucidation of novel biodegradation pathways for xenobiotic sulfophenylcarboxylates)(SPC
which are formed during initial biodegradation afommercial surfactantslinear
alkylbenzenesulfonas€LAS). Here we describéelftia acidovoransSPH1 together with its
complete genome sequence. The 6,767,514 bp long genome with its 6,048quditegngenes
and 98 RNA genes exhibits an average G+C content of 66.48%.

INTRODUCTION

Delftia acidovoransstrain SPH-1 (DSM 14801) was isolated fronm anrichment culture with

the sulfophenylcarboxylate (SP@)4-sulfophenyl)hexanoat@bbreviated 4C¢-SPQ asthe
solecarbon and energy source for aerobic growth. The enrichment culture was inoculated with
sludge froma sewage treatment plar@ahlehek et al. 20043. The substrate,-&s-SPC, had
been generated biologically, through growth B#&rvibaculum lavamentivoran®S-1"
(Schlehecket al. 2011) with a single surfactant congener of linear alkylbenzenesulfonate
(LAS), i.e., with 3-(4-sulfophenyl)dodecane (abbreviatedC3-LAS): P. lavamentivorans
DS-1T catalyzes a primary degradation of all LAS congetiesare present in a commercial
LAS-surfactantmixture (i.e., 3C1>-LAS and 19 other congeners ofo&13 LAS), through
shortening of the LAS alkyl chains by faiéigid betaoxidation, and produces a cptax
mixture of shordchain SPG and other relatedompounds (app60 compounds)¥onget al.
2004, Schleheckt al.2004a, Schleheaodt al.2004h Schleheck eal. 2007.

In fact, commercial LAS argyntheti¢ xenobiotic compoundsf petrochemical originand are
completely degraded in a cooperated effort by complex bacterial commueitjesn sewage
treatment plantdn order to elucidate how the enviraental bacteria have adapsadquickly

to a complete utilizatioof LAS and SPGas growth substrates and, hence, to their complete
degradationtwo representative bacterial stratlmsve been isolated and genessguenced, i.e.,
the LASdegrading isolat®. lavamentivoran®©S-1 (Schleheclket al. 200Q Schlehecket al.
2011 and the SP@egrading isolat€omamonas testosterodF-1 (Schlehecket al. 2004a
Weisset al.2013. D. acidovoransSPH1 isa second SPdegrading isolate and has a different
SPCdegradatiorpathway Schlehecket al. 20043. In particular,D. acidovoransSPH1 has
only a verynarrow substrate range for S®@ degrades the-&s-SPC in the SPC mixture
gererated from commercial LAS arCs-SPC @-(4-sulfophenyl)pentanoateas well aghe
correspondin@lphabetaunsaturated SFE®f 4-Cs-SPC and 4Cs-SPC,but none of the many
other SPG (see thereforeSchleheck et al. 20043, for example not 3-Cs;-SPC
(3-(4-sulfophenyl)butyrate The 3Cs-SPC however, can be degraded by the other SPC
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degrading genomsequenced isolat€omamonas testosterokF-1, but this strainin turn,
can not utilizehe4-Cs-SPC Schleheclet al.20043. Hence, despite thatriguingquestion of
how these two bacterial strains have established their &&@€dationpathways, another

interesting question regards their substrateeaficity for SPC degradation: W is
C. testosteroniKF-1 not able to utize also 4Cs-SPC (or any other SPCand why is
D. acidovoransSPH1 not able to utilize also-@4-SPC (or any other SPC)?

Figure 1. Scanning electron micrograph DElftia acidovoransSPH1. Cells derived from a liquid culture that
grew in LB medium.

Here, we describe some featuoé®. acidovoransSPH1 and a summary classificaitiof this
organism together with its complete genome sequence, which has been established as part of
the Microbial Genomic Program 2006 of the DOE Joint Genome Institute. The genome is
accessible in GenBank and its annotatiofMG (Integrated Microbial Geomes Markowitz

et al.2012 platform.

D. acidovoranswas formerly known a€omamonas acidovoranand even prior to that as
Pseudomonas acidovorarkhe type strain db. acidovoranss strain ATCC 15668(Tamaoka
et al. 1987, Weret al. 1999. Other members of the genDelftia havebeen recognized for

their potential to degrade aromatic compouriRrézPantojaet al. 2012, for instance strain
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MBLF, which is able to utilize cocaine due to the presence of a cocaine esterase yielding
benzoateand ecgonine methyl estdrigter et al. 1996, strains MC1 and P4a, which are able

to utilize chlorophenoxy herbicideM(ller et al. 1999, Hoffmannet al. 2003, or other
members that utilize anilines and chloroanilin®@ednet al. 2001, Urateet al.2004). Further,

D. acidovorans strains have been recognizedio utilize diethylphosphate and
diethylthiophosphate as sole phosphorous sou@moK et al. 198)) and to express
phosphodiesterase (PdeAkrfara and Keasling 2003

ORGANISM INFORMATION AND CLASSIFICATION

Morphology and growth conditions

D. acidovoransSPH1 is a rodshaped (size, appr. 0.8 x 3 um, Figure Gramnegative
bacterium forming beige colonies on LB agpates.

Phylogeny

On the basis of 16S rRNA gene sequence, strainBBldlassified as a member of thenus
Delftia within the family Comamonadaceaeand the order Burkholderiales of
Betaproteobacteriaas illustrated by a phylogenetic tréagure 2). Currently, 959 genome
sequences of members of the orBerkholderialesof Betaproteobacteriaand 219 geome
sequences within the famiyomamonadaceaéave been, currently are, or are targeted to be
established (GOLD database; September 2014).

GENOME SEQUENCING IN FORMATION

Genome project history

The genome was selected for sequencing as part of the Lp&tmen of Energy- Microbial
GenomicProgram 2006. The DNA sample was submitted in February 2006 and the initial
sequening phase was completed in Aug606. After the finishing and assembly phake
genome wa presented for public access Movember2007. Table2 presents the project

information and its association with MIGS version 2.0 complidresd et al. 2008.
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Figure 2. Phylogenetic tree of I5rRNA gene sequences showing the positiob.aicidovoransSPH1 relative
to genomesequence@omamonaceand other families within the ordBurkholderiales The corresponding 16S
rRNA gene accession numbers or project accession numbers are indeeatéolaculum lavamentivoraridaS-1
was used as outgroup. The sequences were aligned using the RDP treg(@aliger al. 2009 and displayed

using MEGA4(Tamuraet al.2007).
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Table 1.Classification and general featuredDdlftia acidovoransSPH1 according to the MIGS recommendatidheld et al. 2008

MIGS ID Property Term Evidence codé
Current classification DomainBacteria TAS (Woeseet al. 1990
PhylumProteobacteria TAS (Garrity et al.2005¢
ClassBetaproteobacteria TAS (Garrity et al.2005b, ValidatiorList-107 2009
OrderBurkholderiales TAS (Garrity et al. 2005d, Validatior_ist-107 2009
Family Comamonadaceae TAS (Willemset al. 19913
GenusDelftia TAS (Tamaokeet al. 1987 Wenet al. 1999
SpeciedDelftia acidovorans TAS (Tamaokeet al. 1987 Wenet al. 1999
Strain SPH1 TAS (Schleheclet al.20043
Gram stain negative
Cell shape small rod
Motility motile
Sporulation nortsporulating
Temperature range mesophile TAS (Schleheclet al. 20043
Optimum temperature  30°C TAS (Schleheclet al.20043
Carbon source 4-(4-sulfophenyl)hexanoate {@s-SPC) andther SPCsdee tex}, IDA, TAS (Schleheclet al.2004a, Réschket al.2008
phenylacetate,-Bydroxyphenylacetate -Bydroxyphenylacetate,
4-phenylbutyrate, taurine, taurocholate, ethanol, benzoate,
4-hydroxybenzoate, protocatechuate
Energy source chemoorganotroph TAS (Schleheclet al.20048
Terminal electron molecular oxygen TAS (Schleheclet al.20043
receptor
MIGS-6 Habitat aerobic habitat TAS (Schleheclet al. 20043
MIGS-22 Oxygen requirement aerobic TAS (Schleheclet al.20043
MIGS-15 Biotic relationship free living, in aggregates or in biofilms TAS (Schleheclet al.20043
MIGS-14 Pathogenicity nonpathogenic, Risk group 1 (classification according to German TRB.
MIGS-4 Geographic location isolated froma 4Cs-SPGdegrading laboratory enrichment culture TAS (Schleheclet al.20043
(University of Konstanz, Germany) that had been inoculated with sludge
from an aeration tank of a communal sewage treatment plant (Konstanz,
Germany).
MIGS-5 Sample collection time 2001 TAS (Schleheclet al.20043
MIGS-4.1 Latitude 47° 40' 41.96" TAS (Schleheclet al. 20043
MIGS-4.2 Longitude 9° 8'26.87" TAS (Schleheclet al.20043
MIGS-4.4 Altitude 399 m TAS (Schleheclet al.20043

8 Evidence codesIDA: Inferred from Direct Assay; TAS: Traceable Author Statement; NAS:-tdaceable Author Statement. These evidence codes are from the Gene Ontolog
project(Ashburneret al.2000. If the evidence is IDA, then the property was directly observed for a live isolate by one of the authors or an expeetdnettie acknowledgements.
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GROWTH CONDITIONS AN D DNA ISOLATION

D. acidovoransSPH1 was grown on LB agar platasdcolonies were transferred into selective

medium (1 mM 4Ce-SPGsalts medium; 3nl scale Schleheclet al.20043. This culture was
sub-cultivated to larger scalelQO-ml and lliter scale) in 30mM acetate/minimal salts

medium; cell pellets were stored frozen until DNA preparation. DNA weggped following

the JGI 6s DNA | sol at i litp/my.micddegav/gendral/i@éxhdt Pr ot o

Table 2.Project information

MIGS ID Property Term

MIGS-31.1 Sequencing status Complete
Sequencing quality Finished

MIGS-28 Libraries used 3.5 kb, 9 kb and 37 kb DNA

libraries

MIGS-29 Sequencing platforms  Sanger

MIGS-31.2 Sequencing depth 12.8x

MIGS-30 Assemblers Phred/Phrap/Consed

MIGS-32 Gene calling method Glimmer/Criteria
Genbank ID CP000884
Genbank Date of Releas November, 2007
GOLD ID Gc00683

MIGS-13 Source material identifie DSM 14801
Project relevance Biotechnological

GENOME SEQUENCING AND ASSEMBLY

The genome obelftia acidovoransSPH1 was sequenced #te Joint Genome Institute (JGI)
using a combination of 3.5 kb, 9 kb and 37 kb DNA libraries. All general aspects of library
construction and sequencing performed at the JGI can be fouride aiGl website
(www.jgi.doe.goy). Sanger sequence data were generated for the assembly from all three
libraries, which provided for a 12f8ld coverage of the genome. The Phred/Phrap/Consed
software package was used for sequence assembly and quality asséSsnmgnand Green

1998, Ewinget al. 1998,Gordonet al. 1998. After the shotgun stage, reads were assembled
with parallel phrap (High Performaa Software, LLC). Possible nassemblies were corrected

with Dupfinisher(HanandChain2006, PCR amplification, or transposon bombing of bridging
clones (Epicentre Biotechnologies, Madison, WI, USA). Gaps between contigs were closed by
editing in Consed, custom primer walk or PCR amplification (Roche Applied Science,
Indianapolis, IN, USA).

GENOME ANNOTATION
Genes were identified using Prodig&lyatt et al. 2010 as part of the genome annotation
pipeline at Oak Ridge National Laboratory (ORNL), Oak Ridge, TN, USA, followed by a round
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of manual curation using the JGI GenePRIMP pip€(itetiet al.2010. The predicted CDSs
were translated and used to search the National Center for Biotechnology Information (NCBI)
nonredundant database, UniProt, TIGRFam, Pfam, PRIAM, KEGG, COG, and InterPro
databases. Neocoding genes and miscellaneous features weregbeddusing tRNAscaSE

(Lowe and Eddy 1997 RNAMMer (Lageseret al.2007), Rfam Griffiths-Joneset al. 2003,
TMHMM (Krogh et al. 2001, and signalPyrlgv Bendtseret al. 2004). Additional gene
prediction analysis and manual functional annotati@ne performed within the Integrated
Microbial Genomes (IMG) platform (http://img.jgi.doe.gov) developed byJGé Wanut
Creek, CA, USA Markowitz et al.2008.

Table 3.Nucleotide andjene count levels of the genomdXfacidovoransSPH1

Attribute Value % of total?
Size (bp) 6,767,514 100
G+C content (bp) 4,498,790 66.48
Coding region (bp) 6,102,591 90.17
Number of replicons 1
Extrachromosomal elements 0

Genes total number 6,146 100
Proteircoding genes 6,048 98.41
Pseudo genes 9 0.15
RNA genes 98 1.59
rRNA operon count 5

Genes with function prediction 4,422 71.95
Genes in paralog clusters 1,439 23.41
Genes assigned to COGs 4,627 75.28
Genes assigned to Pfam domains 4,870 79.24
Genes connected to KEGG pathwe 1,664 27.07
Genes with transmembrane helices 1,372 22.32
Genes with signal peptides 1,567 25.50

8 The total is based on either the size of the genome in base pairs or the total number of protegrenediirg
the annotated genome.

Genome properties

The genome ob. acidovoransSPH1 comprises a chromosome of 6,767,514 bp (66.48% GC
content) (Table 3), for which @tal number of 6,146 genéspredicted.For these predicted
genesp,048 are protewcoding genesind 4,422 of the proteicoding genes were assigned to
a putative functionwhereashe remainingare annotated as hypothetical proteins. 98 RNA

genes and five rRNA operoage predicted. The properties and the statistidhefgenome are
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summarized in Table 3, and the distribution of genes into COGs functional categories is

presented in Table 4.

GENOME PROPERTIES AND METABOLIC FEATURES

Delftia acidovoransSPH1 is a prototrophic organismand able toutilize aromatic carbon
sources, such abenzoate, ‘hydroxybenzoate, 3;dihydroxybenzoate (protocatechuate),
phenylacetate, -Bydroxyphenylacate, 3hydroxyphenylacetate, -ghenylbutyrate,
4-sulfocatechol, and the LAS degradation intermediat€s-8PC, 4Cs-SPC, 4Cs-2enSPC,
and 4Cs-2enSPC (this study an8chleheclet al.20043.

In respectto degradationof aromatic substrates, strain SRHarbors candidate genes for
phenylpropionate dioxygenases and related -nydroxylating dioxgenases (COG4638;
Daci_0610, 0964, 1352, 1355, 2143, 2239). Two of them are locategeimeacluster almost
identical to a luster of theC. testosteroniKF-1 genome for vanillate and isovanillate
degradation\anA Daci_1352jvaA 1355).These oxygenasestalyzethe demethylation of
vanillate, isovanillate, and veratrate to protocatechuate, which is a central intermediate of the
aerobic degradation of aromatic compouf@ovidentiet al. 2006g. The genes responsible
for the 4,5metafission pathway of protocatechuaf@{dABCDEFK (Providerti et al. 2001)
were also found in strain SPH (Daci_4446, 4445, 4444, 4447, 4449, 4448, 4450).
Interestingly, there are twother paralogs opmdAB encoded in the genome of SHH
(Daci_3814, 3813 and Daci_0915, 0914).

Gene candidates foran ortho-degmadation of catechol are also egent (catechol
1,2-dioxygenase, Daci_1867; muconate cycloisomerase, Daci_I8d€onolactonadelta
isomerase,Daci_1869 3-oxoadipate endlctonase, Daci_19963-oxoacid ©enzyme A
(CoA)-transferaseDaci 5561, 5562), andandidatedor a CoAdependent aerobic benzoate
degradation pathwayboxABGC regulator, and a benzoate Cdiyase; Daci_007D076;
Gescheet al.2002.

For phenylaetate (Paa) degradatiothe phenylacetyilCOA monooxygenase genes of an
aerobic phenylacetate catabolic pathwagaApaaE (Teufel et al. 2010 are encoded
(Daci_08160814). This gene cluster organizatioo@asnmonlyfound in almost all bactertaat
harborthepaaencoded Padegradatiompathway(Fernandeet al.2006. The multicomponent
monooxygenase PaaABCE regenesateenylacetyiCoA from the toxic epoxide intermediate
(Teufel et al. 2012. PhenylacetylCoA, which is formed by a P&2oA ligase (Paak,
Daci_0809 and Daci_0570),hydrolytically cleaved in a backwards reaction into Paa and HS
CoA by a phenylacetyCoA thioesterase (Paal, Daci_056@)eufel et al. 2012. The
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epoxidized phenylzetylCoA is isomerized by an ene@loA isomerase (PaaG, Daci_0568) to
oxepinCoA, which is subject of a ringleavage reaction (Paad)otably, D. acidovorans

SPH1 daesnot encode the responsible fusion protein PdaZthe aldehyde dehydrogenase
(PacL,Daci_0808). The aldehyde producing hydratase is encoded outside the gene cluster, as

also known for some other Rdagrading bacteri@leufelet al.2010, Teufekt al.2011).

Table 4. Number of genes associated with the general COG functional categories in
D. acidovorans SPH

Code Value %age Description
188 3.56 Translation, ribosomal structuaed biogenesis
1 0@ RNA processing and modification
567 10.75 Transcription
170 3.22 Replication, recombination and repair
3 006 Chromatin structure and dynamics
33 0.63 Cell cycle control, cell division, chromosome partioning
- - Nuclear structure
72 1.37 Defense mechanisms
350 6.64 Signal transduction mechanisms
255 4.84 Cell wall/membrane/envelope biogenesis
135 256 Cell motility
- - Cytoskeleton
Extracellular structures
178 3.38 Intracellulartrafficking, secretion, and vesicular transport
162 307 Posttranslational modification, protein turnover, chaperon
316 5.99 Energy production and conversion
220 4.17 Carbohydrate transport and metabolism
455 8.63 Amino acid transport anchetabolism
86 163 Nucleotide transport and metabolism
183 347 Coenzyme transport and metabolism
250 4.74 Lipid transport and metabolism
328 6.22 Inorganic ion transport and metabolism
162 307 Secondary metabolites biosynthesiansport and catabolisn
588 1115 General function prediction only
571 10.83 Function unknown
NA 1519 24.72 Not in COGs

NITOIT—ITMOOOCSNZZIAKSK<KOWCrX>o

There is ndhexokinase candidate gene faranplee glycolysisencoded irtheD. acidovorans
SPH1 genomeand no PTS or othéransport system for glucose is predicteddwever there
arecandidategor a PQQdependent gluise dehydrogenase (Daci_0342yluconolactonase
(Daci_0257)aglucokinase (Daci_3761§6-phosphogluconate dehydratase (Daci_3/&%)
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a 2-keto-3-deoxy phosphogluconate aldolase (Daci_37@®coded Further, there are
candidates for fructose permease (fruA, Daci_2665), phosphoenolpyruvateotein
phosphotransferase (fruB, Daci_2663), arghbsphofructokinase (Dac664). Indeed, stnai
SPH1 is able to grow with Bfructose, but not with Eylucose (this study)Strain SPHL
harbours candidates fmocitrate lyase (Daci_4617) and malate synthase (Daci_0Gébge,

most likely uses thglyoxylate cycle for anaplerosis.

35#, mz
. !“‘I" ‘

Figure 2. Grarhical circular map of the genome bf acidovoransSPH1. From outside to centeGenes on
forward strand (coloby COG categories), genes on reverse strand (color by COG categories), RNA genes (tRNA,
green; rRNA, red; other RNAs, black), GC content, Gensk

D. acidovoransSPH1 utilizestaurine as sole carbon and energy soarmkencodes t@aurine
dehydrogenase (TauXY, Daci_2019/2020), sulfoacetaldehyde acetyltransferase (Xsc,
Daci_1992), phosphansacetylase (Pta, Daci_199dylfite exporter (TauZ, Daci_1990) and

a sulfite dehybgenase (SorAB, Daci_0054/0095¢ngeret al. 2008, RoOschet al. 2008.

Strain SPH1 utilizes also taurocholatéhroughinitial hydrolytic cleavage into taurine and
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cholate catalyzed bgperiplasmic bile salt hydrolase (Bsh, Dael63), cholate is not subject
of furtherdegradatiorfRoschet al.2008. InterestinglyD. acidovoran$SPH1 doesnot encode
anABC-taurine transport syste(auABC, Eichhornet al.20000r TauKLM, Briiggemanret
al. 2004, but a taurine permeag¢€auP, Daci_2021 K r e jef ak 2012. Candidate genes for
a ketoglutaratelependent taurine hydroxylase (TauD) are also encoded igetimme (e.g.
Daci_2006, Daic 2012, Daci_3041, Daci_4757, abaci_4891).

TheD. acidovoransSPH1 genome harbours thikel gene cluster (Daci_4758759) including

a nonribosomal peptide synthetase/polyketide synthase responsible for the production of a
linear polyketidenonribosomal peptide (delftibactinyhich protects the organism frotoxic

soluble goldons (Au®*) by complexation angbrecipitationof solid goldparticles(Johnstoret

al. 2013.

With respect to heavy metain resistancethere is a genomic island present in strain SPH
which containsall accesory genes for metal resistane&d which irganized in five aisters

(Van Houdtet al. 2009: (i) resistance to coppecqpKDCFOGBARSDaci_04430452); (ii)
resistance to silver/coppesilABCDR Daci_04730477); (iii) resistance to cadmium/lead
(pbrRACBT Daci_04780482); (iv) resistance to mercurynerAPTR Daci_0483 0486); (V)
resistance to arseniar6RIC2BC1H Daci_ 04870492) (Hynninenet al. 2009, Van Houdtet

al. 2009. The cluster for copper resistance is flanked by a conjugative madalRtip,
Daci_04280442) and thearAB (Daci_04530468) maintenance genes, whereas the other four
clustersare framed byparAB and theint gene (Daci_0497Van Houdtet al. 2009. Ten
candidate genes for heavy metal efflux psnof the CzcAamily (COG3696;Daci_0018,
0473, 1087, 1550, 1716742, 2709, 2752, 3918, 4763) and 17 candidates for efflux transporter
of the RND family, MFP subunit (COG 084®aci_0019, 0163, 0474, 0501, 1088, 1549, 1715,
2256, 2420, 2574, 2685, 2710, 3367, 4764, 5137, 5654, B8&8)ncodedandfurther, 29
annotated outer membrane (efflypdpteins (COG1538Daci_0017, 0125, 0165, 0475, 0499,
0761, 1089, 1551, 1714, 1739, 2077, 2259, 2315, 2417, 2681, 2707, 2751, 2911, 3056, 3284,
3369, 3744, 3917, 3958, 4247, 4572, 4765, 5135, 5656), candidate germeméarolide
specific efflux protein McA (Daci_2256, 2317, 3282), drug resistance transporter of the
subfamily EmrB/QacA (Daci_3742, 5911), drug resistance transporter of the subfamily
Bcr/CflA (Daci_3365, 5152, 5334), and further 36 candidate genes oR8DIG

D. acidovoransSPH1 grows in LB Medium supplemented with ampiailin concentrations
up to 1 mgml. For protectionagainstbetalactam antibioticsstrain SPH1 encods a set of
predictedbetalactamases and penicillin binding proteins (COG23&ici_4574 COG1680:
Daci_0349, 0805, 3034, 3665, 3787, 51@5G2602: Daci_2332, 4544).
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For aminoglycoside resistancgtyain SPHL encodes a predictestreptomyi kinase gene
(COG3570paci_2795).

In Delftia sp. HT23 a D-threo-3-hydroxyaspartate dehydese washaracterized withdaivity
towards Dthreo-3-hydroxyaspartate, -threo-3-hydroxyaspartate, “erythro-
3-hydroxyaspartate, and-8erine;an ortholog is found in strain SPH(Daci_0971 Maedaet
al. 2010.

Strain SPH1 is highly tolerant tesurfactant stres concentrations up to 0.4hM LAS, by
increased aggregate formationliquid culture or biofilmformation on surfacefBuhmann
2008. The genome otrainSPH1 harbous component$or microbial suface attachement

for exampleat least one cluster related to pili biogenesis, putatively containing type IV pilus
assembly protein PIlE (Daci_5192 and Daci_5198) and type IV pilus assembly protein PilV
(Daci_5188 and Daci_®%; Thomaset al.2008.
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ABSTRACT

Complete biodegradation of the surfactant linear alkylbenzenesulfonate (LAS) is accomplished
by complex bacterial communities in two steps. First, all LAS congeners are degraded into
about 50 sulfophenylcboxylates (SP€), one of which is 3J4-sulfophenyl)butyrate
(3-C4-SPC). Second, these S$are mineralized3-Cs-SPC is mineralized b omamonas
testosteronKF-1 in a process involving 4ulfoacetophenone (SAP) as a metabolite and an
unknown inducible Bager-Villiger monooxygenase (BVMO) to yield-dulfophenyl acetate
(SPAc) from SAP (SAPMO enzyme); hydrolysis of SPAc tsuffophenol and acetate is
catalyzed by an unknown inducible esterase (SPAc estefaaa¥criptional analysis showed

that one of foucandidate genes for BVMOBg the genme of strain KF1, as well as &PAc
esterase candidate gene directly upstream, was inducibly transcribed during growth with
3-C4-SPC. The same genes were identifie@ihgyme purification and peptide fingerprimass
spectrometrywhen SAPMO was enriched, and SPAsterasepurified to homogeneityy
protein chronatography. Heterologously oygoducedoure SAPMO converted SAP to SPAc

and was active with phenylaione and hydroxyacetophenonleut not with cyclohexanone

and progesterone. SAPMO showed highesguence homology to archetyphlenylacetone
BVMO (57%) followed by steroid BVMO (%) and 4hydroxyacetophenorigVMO (30%).

Finally, the two pure enzymes added sequentially, SAPMO with NADPH and SARhend
SPAcederase, catalyzed the conversion of SA® SPAc to 4sulfophenoland acetate in a
1:1:1:1molar ratio. Hence, the firéwo enzymes of a complete LAfggradation pathway were
identified, giving evidence for the recruitment of members of the very versgidé BVMO

and carboxylestenydrolase enzyme families for the utilization of a xenobiotic compound by
bacteria.

INTRODUCTION

Linear alkylbenzenesulfonate (LAS) is the major synthetic laundry surfactant in worldwjde use
with an annual production of agpimately3 million tons per yeafKnepperet al.2003. The
commercial preparation of LAS is nominally constituted of a mixture of 20 congeners of
secondary 4ulfophenylalkanesseécondaryCioto C13-LAS), 18 of whichare chiral(Knepper

et al. 2003. This complex mixture of congeners and enantiomecsnspletely degraded by
complexheterotrophic aerobic bacterial communities in two stEgifel) (van Ginkel 1996,
Donget al. 2004, Schleheckt al. 20043. In the fiist step, bacteria utilezthe alkyl chains of

LAS for growth, by acquisition of acetyloenzyme A (acetyCoA) throughbetaoxidation of

the alkyl moiety, and release a complexxtmie of appoximately 50 shorichain
4-sulfophenylcarboxylates (SBOCs to G chain lengths) and related SHKe intermediates,
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as observed with our model organism for primary LAS degradatiRaryvibaculum
lavamentivoran©S-1T (Schlehecket al. 2000, Schleheckt al. 2004b, Schleheck and Cook
2005, Schleheckt al.2011). Foran exampleelevant in this paper, the primary degradation of
a Go-LAS congener(R,9-4-sulfophenyldecane {210-LAS), by P. lavamentivoranDS-1"
yields R 9-3-(4-sulfophenyl)butyrate (E4-SPC) as major productde Figure 1 for the

structures).

In the second step, the SPCand the other products) are completely degraded by other
heteotrophic bacteria to cell material, GQvater, and sulfat€Schulzet al. 2000, Schleheck

et al. 2004a, Schleheckt al. 2010. For this ultimate degradation step, our work with pure
cultures of SPditilizing bacteria has shown that nyadifferent organisms must be active,
because all known SP@egrading representatives have a narrow substrate spectrum of only 3
to 4 individual SPaike compoundg¢Schulzet al.2000, Schleheckt al.20043.

Any detiled information on the LA8Gnd SPQlegradation pathways, particularly the enzymes
and genes involved, is still absent. In this study, we used thed8§@ding bacterium
Comamonas testosteroKiF-1 (Schlehecket al. 20043 and its available genome sequence
(Genome Online Databa@8OLD) ID Gi01330), the proposed@s-SPC degradation pathway
(see below), and thevailable single SPC as substrate for strairlKEhemically synthesized
3-C4-SPC Schleheclet al.2010, as our model system in the attempt to reveal the first enzymes

and genes of a compéedegradation pathway for LAS.

Our recent workSchleheclet al.2010 strongly suggested that AIADPH-dependent Baeyer
Villiger monooxygenase reaction is employed in the degradation patfonetCs-SPC in
C.testosteronKF-1 (Figurel). Baeye+Villiger monooxygenases (BVMOS) are a specific type
of oxidoreductases (EC 1.14.13.f9und in many different organisms for the catalysis of a
variety of oxidation reactions, includii@peyerVilliger oxidations(Baeyer and Villiger 1899

in which aliphatic, cyclic and/or aromatic ketones are converted to esters or lactones by
insertion of an oxygen atom into the higher subsdiwcarborcarbon bond of the carbonylic
substrate (e.gKamerbeeket al.2003. In the 3Cs-SPC pathway irC. testosteronKF-1, the
identified carbonylic metabolite -dulfoacetophenone (SAP4-acetylbenzeesulfonate)
(Figure 1) was indicated to be converted by an unkmostrictly NADPHdependent SAP
BVMO enzyme (SAPMO) to 4ulfophenyl acetate (SPAc) (kige 1) (Schleheclet al.2010.
The estg which is stable, was shown to be cleaved by an unknowerasst to yield
4-sulfophenol (dhydroxybenzenesulfonate) and acetateyfed) (Schleheclet al.2010. The
precedentsor this reaction sequence in strain-KKFigure 1) can be found i?seudomonas
strains that convert a structural analog of SAP, carbonytigddoxyacetophenone (HAP), to
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4-hydroxyphenyl aetate (HPAc) using ra NADPHdependent HAPBVMO enzyme
(HAPMO), whichis subsequenthhydrolyzed to hydroquinone and acetate by an esterase
(HPAc-esteraselKamerbeelet al.2001, Mooneret al.2008a, Rehdorét al.2009, Rehdorét

al. 2012. HAPMO belongs to #arge family of secalled typel BVMOs within the familyof
flavoprotein monooxygenases; theseymes are NADPldependentcontain flavin adenine
dinucleotide andKAD), and share a highly conserv@8VMO fingerprintd sequence motif
(Fraaijeet al. 2002. Type Il BVMOs use NADH andflavin mononucleotide KMN) and
contain no BVMOfingerprint motif(Leischet al.2017).

Parvibaculum

Ccoo" lavamentivorans DS-1
B ( alkyl-chain utilization w
3'04'SPC - komega—oxygenalion and beta—oxidations) 2-C10'LAS
SO, SO,

| Comamonas testosteroni KF-1

1 N\

oo SAPIVIO
CH,
side-chain ut|I|zat|on > )§
beta-oxidation? 0]
SO, NADPH NADP+
esterase )
SToN
CO, o
_ aromatic-ring utilization
HQO - e.g. ortho-ring cleavage pathway - SPAC
8042— and desulfonation acetate H o

\ 4—sulfophenol /

Figure 1. Schematic representation of the complete degradation of LAS surfactant by pairs of heterotrophic
bacteria andillustration of the two enzyme reactions that are theictopf this study, involving a
4-sulfoacetophenone (SAP) Baeyéiliger-type monooxygenase (SAPMO) and-aulfophenyl acetate (SPAc)
esterase (SPAesterase) ilComamonas testosteroiF-1. LAS (hee 2Cio-LAS; 2-(4-sulfophenyliiecane) is
degraded in a first step tsulfophenylcarboxylates (SBC(here, to 3Cs-SPC; 3(4-sulfophenylputyrate), by
e.g.Parvibaculum lavamentivorar®S-1" (Schleheclet al. 2004b, Schleheckt al.2007). In a second step, the
SPGare mineralized by other bacteria, represented he@dmamonas testosterddi-1, which is able to utilize
3-C4-SPC for growth{Schleheclet al.20043. None of the enzymes or genes for LAS and @B@radation has

been identified thus far.

The BVMO-esterase reaction seqeenfrom SAPvia SPAc to 4sulfophenol and acetate in
C. testosteroniKF-1 (Figure 1) allowed for the firstproposition of a reasonable SPC
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degradation pathway in bacte(chleheclet al.2010. Briefly, the upper part of the @s-SPC
pathway leading to SAR thought to involvehe utilization of a first G unit from the G side
chain of 3C4-SPC, most likely by a reaction sequence in analodpetaoxidationand,thus
an abstraction of acetfloA (see scbmatic representation in kige 1) (for details and
structures, se8chlehecket al. 2010. The lower 3C4-SPC pathway, i.eafter the proposed
BVMO-esterge reaction sequence and fromutfophenol furthevia aromaticring cleavage
to central metabolgs, is thought to proceedia 4-sufophenol 2monooxygenation to
4-sulfocatechol, followed by-4ulfocatechobrtho-ring cleaage(Contzenet al. 2001, Halak
et al. 2006, Halaket al. 2007) (see schmatic representatiom Figure 1) (for details and

structures sereferenceSchleheclet al.2010.

In the present study, we focused on the two readily accessible enzyme reactionsGa 83
degradation pathway i€. testosteroniKF-1, catalged by predicted SAPMO and SPAc
esterase, and report tithe genome sequence ©f testosteronKF-1, kindly made available
by the Joint Genome Institute of the U.S. Department of Energy (D&l contains four valid
candidate genes for BVMOs and that one of these genes encodes SAPMO. Tres®Rdse
was ale identified.

MATERIALS AND METHOD S

Growth conditions

C. testosteronKF-1 (DSM 14576) was isolated in our laborat¢®chleheclet al. 2004g3. A
phosphatebuffered mineratsalts medium (Thurnheer et al. 1986 suppgemented with
3-(4-sulfophenylputyrate (6 mM) or succita (15 mM) aghe sole carbon source was used.
Cultures in the 3nl scale were incubated in glasdes (Corning) in a roller and culturieshe
0.1- to 2-l scale in Erlameyer flasks on a shaker a@0in the dark. Cultures were inoculated

(1%) with cutures pregrown with the same substrate.

Chemicals

Standard chemicals were obtained from Sighidrich, Fluka or Merck. 4sulfoacetophenone
(4-acetylbenzenesulfonate) was purchased from ABCR (Karlsruhe, Germany) and
4-sulfopheny acetate (dphenot4-sulfonateacetate) from SYNCHEM (Felsberjtenburg,
Germany), and biochemicals (NADH, NADPH, NAzand NADP) from Biomol (Hamburg,
Germany). Racemic -@-sulfophenyl)butyrate was synthesized as described previously
(Schleheclet al.20043.
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RNA-preparation and RT-PCR

RNA preparation andeverse transcriptiorR()-PCR was performed as described previously

(Ruff et al. 2010 with the bllowing modifications. After cells were grown in the appropriate
selective medium (5 ml) and harvested in the-exgonential growth phasetical densitiy at

580 nm ODssg) & 0 . 3ckll, pellétshweere stored a20°C in RNAlater RNA dabilisation

soluion (Ambion,Applied Biosystems). Total RNA was prepared using the E.Z.N.A. Bacterial

RNA Kit (Omega BieT e k) following the manufacturer s
preparation (40 pl) was ta¢ed with RNasdéree DNase (2J for 30 min at37°C) (Fermatas).

For cDNA synthesis, the Money murine leukemia virus (MMW/) reverse transcriptase
(Fermentas) was used foll owing t mtanech@2yugf act u
total RNA and 2(mol sequencspecific primer. The used primer sequenare provided in

Table S1 in the upplementalmaterial and were purchased from Microsynth (Balgach,
Switzerland). PCR(20-ul scale) were done usintag DNA polymerase (Fermentas) and the
manufacturero6s standard r e a eg).tAs thentemplates ¢tDNA e (i n
from RTreactions (2ul of RT reaction mixtwe), genomic DNA (shg DNA) for PCRpasitive

controls, or nofreversetranscribed total RNA (2i) for the confirmation of absence of DNA

impurities in the RNA preparations was used.

Preparation of cell extracts andpurification of native enzymes

C. testosteronKF-1 cells were harvested in the exponential growth phase by centrifugation
(15,000x g for 20 min at 4°C) and stored frozer20°C). Cells were resuspended in 50 mM
Tris-H2SOy buffer (pH 8.0 or pH 9.0) containing 0.03 mghidNase | (Sigma) and 2 mM
MgCl», and disrupted by three to four passages throlgbnah pressure cell (140 MPa &)
(Newport Scientific, Inc./AMINCO, Silver Spring, MDWhole cells and debris were rewed

by centrifugation 15,000x g for 20 min at 4C) to obtain crude extract, and membranes were
removed by ufracentrifugation (60,008 g for 30 minat 4°C) to obtain the soluble fraction;

the membrane pellets were resuspended in 50 mMHBBEL buffer (pH 8.0 or pH 9.0) to

obtain the membrane fraction.

For purification of native SPAesterase, the salinity tfhe soluble fraction (in 50 mM Tris
H>SQOy buffer, pH9.0) was increased to IM ammonium sulfate through dropwise addition of
ammoniumsulfate solution (3.4 M) while stirring on ice. The precipitatptbteins were
collected (15,00& g for 20 min at 4C), and the supernatant was passed over a PD10 column
(Pharmacia) equilibrated with 50 mM T#&SQy buffer, pH 9.0, for desalting. The protein
solution was then subject to anierchange chromatography on MonoQ High-resolution)
10/10 column (Pharmacia) equilibrated with 50 mM HiSQs buffer, pH 9.0, at a flow rate
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of 1mImin™. Bound proteins we eluted byisinga linear NaSQu gradient (to 0.2 M in 45nin,

and to 0.5 M in 10 min), and fractions (3 ml) were collected; the esterase activity eluted at about
80 mM NaSQy in two fractions. Active fractions were pooled, the salinity increased th1.7
ammonium sulfate (see above), atliey were subjected to hydrophobic intestion
chromatography on phenfuperose HR 10/108olumn (Pharmacia) equilibrated with 1M
ammonium sulfate in 50 mM TrHd>SQy buffer, pH 8.5; the esterase activity eluted aiwab

150 mM NaSQy in two fractions, which were pooled and concentrated uaingvaspin
(10-kDa cubff, Sartorius,Goettingen,Germany). Finally, gel filtration om Superose 12

(HR 10/3Q Pharmacia) was performed in 50 mM FTHsSQs buffer, pH 9.0, incluoshg 150 mM
sodium sulfate, at a flow rate of 0.4 ml minStandard higimolecular weight proteins
(aprotinin,RNaseA, carbonic anhydrase, ovalbumin, conalbumin, and aldolase) were used to

calibrate the column.

For separation of native SAPMO, the resuspambuffer (50 mM TrisH.SQy, pH 8.0) was
supplemented with FAD and NADPeach at 50 uM concentration, and 10% (v/v) glycerol.
Anion-exchange chromatography on MonoQ and gel filtration were performed as described
above, when using 50 mM T#4,SQs buffer, pH 8.0, supplemented by FAD and NADP
(100uM each).

Heterologous expression othe Comamonas testostero§APMO gene inEscherichiacoli

and purification of the recombinant protein

Chromosomal DNA was isolated by phembloroform extaction and thegene (locus tag
CtesDRAFT_PD543/amplified by PCR using Phusiéti DNA Polymerase (Finnzymes) and
the primer paithat isgiven in the supplementataterial(seeTable S1); the PCR conditions
were 30 cycles of 20 s denattion at 98C, 20 s annealing &3°C, and 90 s elongation at
72°C. The PCR mduct was separated by agargst electrophoresis, excised, and purified
using the QIAquick gel extraction kit (Qiagen), followed by ligation into aemhinaly Hise-
tagged expression vector using th&éhampion pET100 directional TOPOxpressionKkit
(Invitrogen). OneShot TOPI®. colicells (Invitrogen) were transformed with the construct and
the correct integration of the insert confirmed by sequencing (GBibt&ch, Konstanz,
Germany). For expression, BL21 ast(DE3) OneShotE. coli cells (Invitrogen) were
transformed wh the construct and grown at°&7in LB medium containing 100 mg litér
ampicillin. AtanORgd 0. 6, the culture waMisopropgtr-ed by
thiogalactopyranoside. Theelts were grown for additional 5 h at 20°C, hateel by
centrifugation (15,008 g for 20 min a#4°C) and stored frozerd0°C). Cells were resuspended
in buffer A (25 mM TrisHCI pH 8.0, 50 uM FAD, 5QuM NADP™*, 10% (vol/vol) glycerol)
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containing 0.03 mgnl™ DNase | (Sigma), and disruptég four passages through a gueled
French pressure cell (140 MRdewport Scientific, Inc./AMINCO, Silver Spring, MDXell
debris was rewved by centrifugation (15,000 g for 10 min at4°C), and membranegy
ultracentrifugation (60,008 g for 1 h at 4°C). The soluble fraction was loaded on &'Ni
chelating Agarose affinity column {hl column volume, Machey-Nagel, Germany
preequilibrated with buffer Ageeabove), followed by a washing step using 20 mMdezole

in buffer A. The Histagged protein was eluted using 200 mM imidazole in buffer A,
concentrated using Vivaspin (56kDa cubff; Sartorus, Germany), and stored-20°C after

theaddition of glycerol ta 30% (vol/vol) final concentration.

Enzyme assays

Activity of native and recombinant SAPMO was followed routinely as decrease of absorption
ofcosubstrate NADPH 5axt10® 3téct') (Bergméyei 1976 to3avoid
interference  with  substrates -hgdroxyacetophenone, -a@minoacetophenone and
4-hydroxypropiophenone at 34@m, or occasionally as substrate disappearanae\®sed
phase higkpressure liquid chromatography (HPLC) with UV detectidRI(C-UV; see below)

or substratedependent oxygen consumption with a Clgge oxygen electrodgchleheclet

al. 2010. The standard reaction mixture (1 ml) contained 50 mM-H@$ (pH 8.0), 0.5 mM
NADPH, 0.5 mM SAP, and SAPMO as present in cell extracts or in pafpalified
preparations (20 50 g total protein)or in form of the purified recombinant enzyme (13 ug
total protein). TheKm for NADPH was determined when its concentration was varied (from
0.005 to 0.3 mM) while keeping the SAP concentration constant (0.5 mMKq&fer SAP

and othercarbonylic substrate§lable 1) weredetermined when their concentrations were
varied (SAP, 0.01 to 1 mMphenylacetoneRA), 0.01 to 0.75 mM#a-aminoacetophenone
(AAP), 0.01 to 4 mM;4-nitroacetophenoneN@AP), 0.01 to 1 mM;4-hydroxyacetophenone
(HAP), 001 to 1 mM;4-hydroxypropiophenoneHPP), 0.05 to 5 mMacetophenoneAP), 0.5

to 20 mM;and benzaldehydd&f), 0.05 to 5 mM) while keeping the NADPH concentration
constant (0.5 mM). All substrate stocks were dissolmegthanol at concentrations suittat

final ethanol concentrations in the reaction mixtuhiesnot exceed% (vol/vol). The activities
were plotted using hyperbolic fit in Origin (Microcal Softwatec.). The pHoptimum of
SAPMO was determined when the pH of the reaction buffer was varied from pH 5.2 to 10.5
(Cleland 1982 The thermostability of SAPMO was detelimed as described for PAMReetz

and Wu 2009 with the enzyme incubated aiffdrent temperatures (22 to 42) for 1 h,

followed by activity determination under routine conditions (see above).
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SPAcesterase was routinely spectrophotometricalasuredstheincrease of absorption of
the reaction productd u | f ophenol at “2n8.or, oteasiopdly as sulistrage
disappearance and product formation by HPLC, as described prev(@a$liehecket al.
2010.

Analytical methods

SAP and other aromatic ketones tested (Table 1), and SPAc, NARRHNADF were
analyzed by reveestphase HPLC with UMletection (HPL@UV) using a Nucleosil &
column(125 by3 mmwith aparticle sizeof 5 um, MachereyNagel, Germany) and a gradient
system (mobile phase A, 20 mM potassium phosphate ppHe2.2; eluent B, 100% methanol,
with a flow rate 0f0.5 ml mint); the gradient program was 100% A fonfn, to 35% B in

3 min, to 75% B in 11min, 78% B for 6 min, to100%A in 1 min, followed by requilibration
for 10min. The retention times of the analytes were as foll@#d?, 8.1min; SPAc, 8.4min;

4 sulfophenol, 2.4min; PA, 16.1min; AAP, 10.2min; HAP, 13.7min; NAP, 14.8min; HPP,
15.7 min; AP, 16.3min; BA, 15.2min; NADPH, 2.4 min;NADP*, 6.7 min. Acetate was
determined by gas chromatograghgueet al.1997). Soluble protein was assayed by protein
dye binding(Bradford 197. Denaturd proteins were separated byaér 136 SDSPAGE
gels and stained with Coomassigllant Blue R250(Laemmli 197(. Stained protein bands
were cut from the gel and seljed to peptide fingerprintiagassspectrometry (PIMS) at

the Proteomics Facility of the University of Konstanz (www.proteosfacgity.uni-

mM

konstanz.de) to identifghe corresponding genes; the MASCOT engine (Matrix Science,

London, LhitedKingdom) was used to search against a local araicid sequence database of
all annotated gené®OE-JGI Integrated Microbial Genomé@#1G), 16 August 2011 versign

and a local datzase of the translated (6 frames) nucleotide sequence, of the genome of

Comamonas testosteroki-1.

RESULTS

BVMO candidate genes in the genome @f. testosteronKF-1

SAPMO is stritly NADPH dependen(Schleheclet al.2010, and four valid candidate genes
for NADPH-dependent (typh BVMOs (Figure2A) were found in the unclosed, draft genome
sequace of strain KFL (6.026 Mbp, %492 proteircoding genesunpublished dajawhen
prototype NADPH-dependent (typd) BaeyerVilliger monooxygenase sequences (e.g. of
HAPMO) were used for the search (IMG BLASTfi)e candidates share up to 57% anaoiol
sequence identity with representatives of the tiyfgaeyerVilliger monooxygenases (see

Discussion for sequence alignmesee FigureS1 in the supplemental matejialrhree of the
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four predicted BVMO gene8{MO1 to BVMO3 gene$ are located next to a candidate gene
for a corresponding esterasdphabetafold hydrolase), either directly downsama on the
same strande§tlandestd or directly upstream in divergent orientatia@stl (Figure2A).
Notably, theBVMO2 andBVMO3 genecandidates areachclustered with predicted genes for
acylCoA metabolism, and thBVMOS3 candidate gene clustappeas to be framed by two
Tn3 family transposase gendsidure2A) that share >99% nucleotide sequence identity (see
Discussion). Finally, th8VMO1 candidate is located next to the protocatechoataring
cleavage pathway operon (Proderon) identified ina different C. testosteronistrain
(Providentiet al. 2001), and theBVMO4 genecandidate is clustered with putative genes for

arsenic resistance (see tig2A).

Transcriptional analysis of BVMO-candidate genes

SAPMO is inducibly expressgéchlehecket al. 2010, and reverséranscripion-PCR (RF
PCR) was used to testhetherany of the attributed candidate BVMO genes is inducibly
transcribed during growth with-G4-SPC. The radts (Figure 2B) suggested that candidate
BVMO3 genewas strongly induced during growth withkG3-SPC but not during growth with
succinate, whereas no signals floe candidat8VMO1 andBVMO2 geneswere detectable
under any growth conditientested;the BVMO4 gene candidateexhibited negligible
transcription during both growth conditions tested. Furthermehen tested bRT-PCR a
strong induction of esteraggnecandidateest3was indicatedKigure 2A) (data not shown)
during growth with 3C4s-SPC but not during growth with succinate. Hence, we had first
experimental support that the candidB¥MO3 and est3genescould encode SAPMO and

SPAcesterase, respectively, @ testosteronKF-1.
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Figure 2. lllustration of clusters of genes in tle testosteronKF-1 genome that contain BVMO candidate genes

(A), and analysis by revergmnscription PCR of inducible transcription of the BVMO candidate genes in cells
grown with 3C4-SPC in comparison to their transcription in succirgatavn cells (B). A) The four BVMO
candidates are indicated, and their locus tag numbers, not including the prefix CtesDRAFT_PD, are shown.
Colocalized esterase candidate gersstl(to estg as well as colocated genes fioetaring cleavage dioxygenase
(pmdAB and degradaon of protocatechuate, for aef@loA metabolism, for arsenic resistance, and for
transposases of insertion (I1S) elements (see the text), are also shown. (B) Agarose gel illustrating the strong PCR
signal observed for the reverse transcript (cCDNAhefBYMO3 candidate gene specifically during growth with
3-C4-SPC. Also shown are positive controls for PCR with genomic DNA as template (PCR control), and the RT
PCR positive controls (+) when testing for cDNA of a constitutively expressed gene (CtesDRAFT4PD51
succinytCoA synthetasalphasubunit). Length marker (M) in bp.

Partial purification, some characteristics and identification of SAPMO

The SAPMO activity in celextracts of 3C4-SPGgrown C. testosteronKF-1 appeared to be
labile, as observed preusly(Schleheclet al.2010, but a supplementation of all buffers with
glycerol, FAD, and NADP(van den Heuvett al.2005 increased the activity and the stability.
Under these conditions, membrainee soluble fraction exhibited aepfic SAPMO activity
of up to 0.12 umol mit mg?, about 16fold highe than observed previous{$chleheclet al.
2010 and hence, closer to the calculatedvivo activity of 0.29 pmol mir! mg? (Schleheck
et al.2010. Furthermore, the enzyme could be stored frozen without significant loss/af/act
whereas about 30 of the activity was lost after day at 4°C, no matter it waept under air

or nitrogen. After a firspurification step (anio®xchange liromatography, Mor@), about
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50% of the total activity was lost, but the specific activity had increasietti&o 0.96 pmol
mint mg?; a second Mon@ step at a higher pH was unsuccesgfol activity) as well as a gel
filtration step (no purification) (data not shown).

We used the partially purified, native SAPMO (MonoQ fraction) to determine apgé+sent
values for SAP and NADPH of 23 uM (£ 2 uM) and 6.3 pM (= 1.2 pheans + standard
deviations) respectively, whicltonfirmed a high affinity of the enzyme to the substrates (see
also below);NADH could not replace NADPHisthe csubstratgSchlehecket al. 2010.
Furthermore, the activity of SAPMO with sorsguctural analgues of SAP was tested (see
below): 4hydroxyacetophenone (HAP),-aminoacetophenone, and-n#roacetophenone
appearedo begood substrates, whereas neither cyclohexanonacetone were accepted, and

these substrates were not inhibitory, as judged by normal activity upon addition of SAP.

We anticipated a 6RDa protein to be enriched in SAPM@cive fractions compared to
SAPMO inactive fractions when observed by denatgrEDSPAGE, hence, a protein band
representative of the monomer encoded byB¥WMO3 canddate (predicted molecular mass,
59.8 kDa); the other threBVMO gene candidates encodptbteins with lowemolecular
masss (appoximately38to 55 kDa). A valid bad (at around 60 kDa) was observed, cut from
the gel, and wbjected to peptide fingerprimassspectrometry (P#MS) (data not shown),
which attributed locusag CtesDRAFT_PD543[ it (score >500,andcoverage>45%), i.e.

the BVMO3 genecandidate (Figre 2A). Three other prominent protein bands visible in the
active fractionat lower molecular weight (approximateb8, 52 and 46 kDa) were also
identified by PFMS, but the fingerprints did not match to any BVMO candidate genes (the
locus tagsidentified were CtesDRAFT_PD5455, PD3982nd _PD1824 for acetyfToA

acetyltransferase, threonine synthase and isocitrate dehydrogenase, respectively).

Heterologous expression of the SAPMO candidate gene and charagstics of the purified
enzyme

The SAPMO gen@8BVMO 3) was cloned and ovexpressed ii. colias a soluble, Nerminally
Hise-tagged protein that could be purifieda nitrilotriacetic acid NTA)-agarose affinity
chromatography (see Material and Methods). $IA&SE (Figuire 3) confirmed that a
prominent pratin band at appximately60 kDa had appeared in cell extracts aftepropyt
b-D-thiogalactopyranosiddRTG) inductionand that a single protein band at apgmately
60 kDa (with negligible impurities at around 30 kDa)as obtained from the affinity
chromatography step. The purified recombinant proteinCoftestosteronicatalyzed a
NADPH-dependent oxygenase reaction with SAP, as assayed routintlg @sotometrical
decrease of absorption e csubstrate NADPH. Furthermore, tisappearance &AP and
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NADPH and the formation of SPAc and NADBuring the reaction was confirmed by HPLC
analysis of samples taken during the reaction (see below)spéétfic, NADPHdependent
oxygen consumption was confirmed with an oxygkttrode $chleheclet al.201Q data not
shown. The activity of the recombinant enzyme showed an app&reof 61.7 uM (and a
Vimax Of 2.8 pmol mint mg?) for the reaction with SAP (Table Itherefore theKnvalue was
slightly higher thardetermined for the native, sgmrified enzymegeeabove) As illustrated

by the kinetic parameters shown in Table 1, the recombinant SAPMIOtestosteronalso
catalyzed the conversion of several other aromatic ketdneisg whichthe uncoupling rate
(NADPH-disappearance in the absence of a substrate) was negligible (0.03 prohgin
Interestingly, the conversion of phenylacetone (ph&mytopanone) occurred at a rate (and
affinity) that was similar to the conwaon of SAP (Table 1), whereas specific activities were
lower for the other substratesdecreasing in he order 4aminoacetophenone,
4-hydroxyacetophenone (HAP), -nltroacetophenone, -Hydroxypropiophenone,
acebphenone, and benzaldehydgalfle 1). Howeverthe highest substrate affinity was
determined for the reaction with HAR, 35.9uM). Notably, progesterone, cyclohexanpne
and acetone did not affect any measurable activity when tested under the conditions we used,
and these substrates were not irtiityi, as judged by normal activity upon addition of SAP.
The pH optimum of the SAPMO reactipraround pH 8, was determined to be broad
Furthermore, the temperature stability of SAPMO was determined as described for
phenylacetonBVMO (PAMO) (Reetz and Wu 2009 however, loss of aboutalf of the
activity dter 1 h at a temperature of € compared to the control reaction with enzyme that
had been stored at 4°C indicated that SAPM@.déstosteronis not heat stable.
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Figure 3. Analysis by SDSPAGE of SAPMO (encoded by BVMO3 genandidate) overexpression ki coli

and of the purification of the d&rminally His-tagged SAPMO protein. Lane 1, whole cells prior to IPTG
induction (approximately 60 pg total protein); lane 2, crude extract 5 h after induction (100 pg protein); lane 3,
soluble protein fraction after ultracentrifugation (80 pg protein); lane 4, protein fraction obtained fgmANi
purification (30 pg protein); lane M, molecular mass markers (kDa).
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Purification, identification and characterization of SPAcesterase

The SPAcesterase was highly active (1.5 pmol thimg?) (Table 2) in comparison to the
calculatedn vivo activity (0.3 umol mint mg?) (Schlehecket al. 2010. The enzyme was in
the soluble fractiopand a threestep purification protocoll{able 2) was sufficient to obtain an
essentially pure ptein, as observed by SEFAGE (Figire4, lane 3); a further slight increase
in purity was achieved by géltration (Figure 4, lane 4) to, finally, a 12%ld-purified
homogenous protein with a yield of 12% (Table 2). The protein band was cut front #melge
analyzed by PMMS, which identified locus tag CtesDRAFT_PD5438 (scor800, and
coverage>6%) in theC. testosteronKF-1 genomethus this isthe esterasgenecandidate
est3(Figure 2A). The predicted molecular mass of the gene product was 33.604 kDa, which
matched the mass observed for the denatured protein WPBBE (Figuire4). Furthermore,

a native molecular weightf about 30 to40 kDa was indiated during the calibrated gel
filtration-chromatography rurthus a monomeric structure of the enzyme is very likely. The
purified enzyme catalyzed the conversion of the substrate SPAc to the predutitsphienol
and acetate in a 1:1:1 stoichiometry (not showi)ich confirmed our e&ier observations
made with crude extrac{Schlehecket al. 2010. An apparenKnyvalue of 27 uM(x 6) for
SPAC Vmax= 255 umol mint mg?) was determined, showing a high affinity of theyanme to

its substrate. Finally, preincubation dktpurified enzyme for 5 miat 30°C, 37°Cor 45°C

did not result in aignificant loss of activitf{Rehdorfet al.2012), and 25% of the initialcivity
remained after 5 min afcubation at 680C (see Discussion).
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Figure 4. SDSPAGE analysis of the different stages of purification of SPAc esteraSe tetosteronKF-1.

Lane 1, soluble protein fraction after ulrantrifugation; lane 2, active fraction after anexchange
chromatography;ane M, molecular mass markers (with masses in kDa flanking the gel); lane 3, active fraction
after hydrophobignteraction chromatography; lane 4, active fraction aftefifjedtion chromatography (from a
different purification run).

Reconstitution of the reaction sequence from SARia SPAc to 4sulfophenol

The two pure enzymes, SAPMO and SRdsterase, were used to demonstrate quantitative
NADPH-dependent formation of SPAc from SAP over time, followed by quantitative
formation of 4sulfophenol from SPA@nd hence, a stoichiometric conversion of SAP to
4-sulfophenol. Recombinant SAPMO was incubated with 0.5 mM SAP and 1.25 mM NADPH
and samples for HPL-OV analysis were taken at intervals. After 30 minutes, purified esterase
was added, and the reactionxinre was monitored further BYPLC-UV. The data obtained
(Figure 5) confirmed quantitative conversion of SAP tsulfophenol through SAPMO and
SPAcesterase, inclusive transient appearance of quantitative amounts of SPAc. Furthermore,
the HPLGUYV data cafirmed quantitative NADPH conversion to NAD&uring the SAPMO
reaction, and a quantitative formation of acetate was confirmed bghgasatography in a

sample taken after the SPA&sterase reaction (data not shown)
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Figure 5. Reconstitution of the reaction sequence from SFSPAc to 4sulfophenol using the purified SAPMO

and SPAc esterase enzymes, as followed by HBWGnalysis of samples taken at intervals during the reactions.
SAPMO (15 pg protein mi) and SPAeesteras€0.7 pg protein mt) were added sequentially (arrows) to a
reaction mixture that contained 0.5 mM SAP (Yy) and
SPAc ¢ ) and 4sulfophenol ), respectively. For clarity of the illustration, the datatetwing a stoichiometric
NADPH-to-NADP* conversion during the first reaction (determined by HRINJ), was omitted in this graph.

DISCUSSION

LAS is on the market and effectively degraded by microbes foragSawyer and Ryckman
1957. It has also beeknown for many years that SB&re intermediates in the degradation of
LAS, but the microbial degradah pathway for shofthain SPG resisted all attempts at
elucidation(Dodgson and White 1983, Cain 1987, White and Russell 1994, Sanaini 996
until we established that SAP, SPAc, anduffophenol (Figurel) are intermediates in the
3-C4-SPC degradation pathway @ testosteronKF-1 and that a BVMO and an esterase must
be involved(Schleheclet al. 2010. Now, the first two enzymes (and genes) in tHexSPC
degradtion pathway are known, a typdaeyerVilliger monooxygenase (EC 1.14.13.x) as
SAPMO (locus tag CtesDRAFT_PD5437) and a carboxylesterase (EC.13 as SP&
esterase (locus tag CtesDRAFT_PD5438).

Research on BVMOs is progr&sg at an impressive pace in recent yeeegiéwed inLeisch
et al.2011), snce an increasing number of BVMOs from vari@asirces has been cloned and

characterized, with several crystal structures available, for the aim of understanding their
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complex reaction mechanisms. In addition, there is interest in exploiting their diubsteate
preferences and extraordinary enantiegio, and chemoselectivities for biotechnological
applicationsas well asn altering their characteristics through directed evolution (restei
Leischet al.2017). In the present study, we revealed an example of how bacteria are exploiting
BVMOs to access a novel carboand energy source for their growthn this case, in

C. testosteroniKF-1 for the utilzation of xenobiotic 4-SPC derived from primary
degradation of commercial LAS surfactants. Interestingly, it appeared that the identified
SAPMO and SPAesterasgene clusterRigure2A) could have been mobilized recently from

a different location into the genome of strain-KRs part of a catabolic transposon (seg

Top and Springael 20Q3First, the identified genes (together with otlpeedicted catabolic
genes, discussed below) are framed by tw8 fBmily transposase genelSigure 2A) with

nearly identical sequences (9%®that, upon closer inspection (not shown), appear as complete
insertion sequena@S) element®f the 1ISLO71family (i.e. the 118bp inverted repeats; 99.8%
identical to archetypdb51071of C. testosteronBR60 (Nakatsuet al. 1997)). IS1071elements

have frequently been identified in close proximity to various xenohietipadation genes
environmental baetia (Nakatsuet al. 1991, Junker and Cook 1997, Boetnal. 2001, Ruffet

al. 2010 and have been shown to transpose at high frequendizdaatosteronstrains(Sota

et al.2006. Secondhomologous gene clusters of SAPMO and &P#terase genes framed by
IS1071elements were not found in the other t@otestosterongenomes availablehoseof
strains S44 and CNB (Ma et al. 2009, Xionget al. 2011) (nor on plasmid pCNBIlof
C.testosteronCNB-1 (Ma et al.2007). Given the wide substrate range of BVMsischet

al. 2011, such as observed for SAPMO (Table 1), and given the anticipated wide substrate
range of SPA estease (discussed below), it is easy to rationalize that sualtafunctional
BVMO-esterase gene module mobilizad 1S1071mediated transposition would have been
maintained in a bacterial genome if the genes became part of a novel biochemical pathway fo

exploiting novel growth substrates.

The sequence @AAPMO is typical of typd BVMOs, as it contains the BVM@ngerprint
motif (FXGXXXHXXXWP) and two Rossmanfold motifs (GXGXXG) for FAD and NADPH
binding (Fraaijeet al.2002); the SAPMO sequence doaot include the Nerminal extension
(120 amino acids) of HAPM@ike type | BVMO sequencegseethe sequence alignment in
Figure S1) SAPMO showed highest BLASTpits to BVMO candidate genes encoded in
Sorangium cellulosurb6 (sce4944, 68 identical amim acid$, Rhodopseudomonas palustris
BisB5 (RPD_1860, 5% identity) and, surprisingly, in our LASlegradingParvibaculum
lavamentivorandS-1T (Plav_0813; 58%dentity) (Schlehecket al. 2011). With respect to
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cloned and weltharacterized BVMOs, the highest homology of SAPMO was wbdeto
phenylacetone BVMO (PAMOJjFraaijeet al. 2005 of Thermobifida fuscd57% identical
amino acids) and sterolBVMO (STMO) (Morii et al. 1999 of Rhodococcus rhodochrous
(55% identity). Cyclohexanone BVMO (CHMQPBhenget al.2001) and HAPMO sequences
(Kamerbeelet al.2001, Rehdorét al.2009 appeared to be more distantlyateld to SAPMO
(around 45 and 3@ identity, respectively). The observed phylogenetic relationship of SAPMO
with the charactered typel BVMO PAMO described above appeared to be directly reflected
in the substratedependent SAPMO activities determined (Table 1). PAMO appears to prefer
substrates bearing phenyl groupéereas other carbonylic compousdsh as cylohexanone

are not accepte®@APMO converted also-dminc and 4nitro-acetophenone witéfficiencies
similar to its conversion ofas HAPR acetophenone, -Bydroxypropiophenone and
benzaldehyde were less effectively convertadd cyclohexanone and acetone were not
substrategKamerbeelet al. 2003, Bocolaet al.2005. Furthermore, SAPMO did not convert
progesterone, an observatitirat isin accordance with the substrate preference observed for
PAMO (Franceschinet al.2012). Finally, SAPMO exhibited a broad pH optimuas typically
observed for typeBVMOs and, in contrast to PAMO, was not hetdble(Fraaijeet al.2005.
Overall, we identified and charadtad a novel member of the typ8VMO enzyme family

that plays a key role in a degradation pathway for a xenobiotic compound in bacteria.

The SPA esterasesequence showed highest BLASTts to sequences encoded in
Burkholderia xenovorand.B400 (Bxe_A3606, 5% identical amino acigs Cupriavidus
pinatubonensisIMP134 (Reut_B5462, 48 identity) and Burkholderia sp. CCGE1002
(BC1002_5819, 4% identity); the latter two homologs are, like tI8PAc esterase gene,
encoded inthe immediatevicinity to a BVMO candidate gene. Furthermore, SRAterase
showed 38% aminacid identity to HPA@sterase (ACA50464) iRseudomonafluorescence
ACB, which is also cencoded with a corresponding BVMO geiie,this caseHAPMO
(Moonenet al.2008h, as is the isofunctional, recently characterized (see below), carboxylester
hydrolase irP. putidaJD1 (termed PPk Rehdorfet al.2012, which shows 94% aimo acid
identity to HPA esterase of strain ACERehdorfet al. 2012 (the PPE sequence was not
deposited in Genbank). The latter gene (for féBterasghas bee cloned and expresseadd
characterized aspurified enzymgRehdorfet al.2012. PPEhydrolyzeda wide rage of aryl
esters, cyclic esters, and tertiadgadnol esters with sterically momdemanding sidgroups at

the quaternary carbon atom, making this type of carboxylester hydrolase useful for
biotechnological application&chmidtet al.2009. Besides thalpha/betahydrolase fold and
catalytic triad (Ser/Asp/His) including the classical pentédep(GDSAG) around the
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catalyticsite serindBornscheuer 2002the PPEesterase, SRXesteras, as well as all of the
other abovementioned homologs, contain the additional GG@a&tif (not shown). This motif
has been recognized to represent an enlarged oxypooket in the Bzyme, allowing
sterically moredemanding substrates to enter the aditesthan is possible fogsterases with
the more widespread GXiotif and smaller active sitgHenkeet al.2002, Rehdorét al.2012).

In this study, we had only limited amounts of purified, native SBAerase available; however,

it will be interesting to see in future wonkhetherthe enzyme also exhibits such a promiscuous
behaviour to a wide range of acetyl esters. Notably, S&®#Aerase qeared to be rather
temperaturensensitive in comparison tdPEesterase, whicbuffered 66% loss of activigfter
only 5 min at 37°C and was cotefely inactivated at 45°(Rehdorfet al.2012).

Access to a genome sequence and protein identification throulftSRffeatly facilitated this
work, and this is particularly encouraging since questions remain regarding the nature of other
important steps in theBs-SPC pathways i€. testosteronkKF-1. First how is the acetyside
chain removed from-&4-SPC in strain KFL (Figure 1; upper pathwgyto yield SAP? This
reaction sequence has been postulated to inveGueSP CCoA-esters and reactions in analogy
to shat-chain fatty acidCoA oxidation, e.g. detaketoacid lyase (discussed StHehecket

al. 2010. The SAPMO and SPAesterase genes are clustered with predictedsgfar acw

CoA metabolism(Figure 2A) (e.g, acyFCoA synthetase, Coftansferase, and acet@bA
acetyltransferase candidate genes), and we are currently exploring if these genes play a role in
the 3C4-SPC degradation pathway or n@econd how is 4sulfophenol converted to
(desulfonated) central metabolites in strain-K¥ We found evidence for the involvement of
4-sulfocatechol as substrate for a desulfonatistho-ring cleavage pathwagSchulzet al.
2000, Schleheckt al.2004a, Schleheadt al.2010, as has been characterized in other bacteria
(Contzenet al. 2001, Halaket al. 2006, Halaket al. 2007); however, we have preliminary
evidence to suggest that the pathway may also (or instead?) invbixdrdkyquinol (1,2,4
trihydroxybenzene)rtho-ring cleavage. Finally, the different biochemical strategies and
pathways employed in otherganisms that degrade other SP€.g, for 4-Cs-SPC inDelftia
acidovoransSPH1 (Schlehecket al. 20048, remain completely unexplored, as dhe
enzymes of primary LASlegradation inP. lavamentivorandDS-1 (Figurel), but genome
sequencefor these organismsave been made availablégnhomes Online Database@LD)
identification number$5c00683 and Gc00631¥chleheclket al. 2011). Hence, it is obvious
that much more work lies ahead to completely uncdwemtetabolic pathways for SB@nd

LAS in bacteria.
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Table S1.PCR primers

primer gene locus tag . . product
name (binding position [bp]) primer segognc Ie(gg;h
bvmolfor CtesDRAFT_PD1901 (41332) GCGCCGGCTATTACGACCAC 640
bvmolrev® CtesDRAFT_PD1901 (1052034) CCGCCGAACCGCTTGAGAT
bvmo2for CtesDRAFT_PD3136 (67895) TGCAGCGCGAACCCACCTA —_—
bvmo2rev® CtesDRAFT_PD3136 (1232213) TGCTCGCCGCGTTCTATCAG
bvmo3for CtesDRAFT_PD5437 (511) CTTCGCCGGCCTCTACCAACT 544
bvmo3rev® CtesDRAFT_PD5437 (594677) GGCGATCACGGGCACCAT
bvmo4for CtesDRAFT_PD1705 (46283) CGTATCTCCCGAGCCGTTCAAA 498
bvmo4rev® CtesDRAFT_PD1705 (96®39) ACCATAGCCCACCAGCCACAAG
sucDfor CtesDRAFT_PD5114 (11837) GCAGGCGTGAACCCCAAGAA 451
sucDrev? CtesDRAFT_PD5114 (56850) CGC CACCGATACCGACAGC
est3for CtesDRAFT_PD5438 (88.06) AGCGGCCCGATGTTGATGG 437
est3rev? CtesDRAFT_PD5438 (52406) GCGGGCTTGGCGTTGTTGT
TOPOfor ® CtesDRAFT_PD5437 {20) CACCATGAGCAATTCAACCACCCG 1616

TOPOrev®  CtesDRAFT PD5437 (1616596) TTTCAGGCCTTCGCAAAGCCC

aprimer used for reversganscription reaction.

bthe adaptosequence for directional TOR&oning is underlined in the primer sequence and the start codon in
bold letters.

¢ the stop codon is indicated in bold letters.
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Figure S1.Alignment of the aminacid sequences of the four typBVMO candidate genes
(bvmoli bvmoj in the genome oC. testosteronKF-1 and of four characterized type
BVMOs for comparison. The characterized tfpBVMOs included in the alignment are
phenylacetone monooxygenase ®hermobifida fusca¥YX (PAMO [Q47PU3]), steroid
monooxygenase  of Rhodococcus rhodochrous (STMO [BAA24454]), and
4-hydroxyacetophenone monooxygenase Bfeudomonas fluorescen&CB (HAPMO
[AAK54073] ) and ofPseudomonas putiddD1 HAPMO [ACJ37423] ). The characteristic
O0BVMO nger pri nt 0(Frasage@tuak 2002eis indwated finred and the two
Rossmarfold motifs for FAD and NADPHKbinding are indicated iblue other characteristic
flavoprotein sequence motifs are also indicated (in black). Note that the sequendavaidde
candidate contains two substitutions in the BVifi@erprint motif EXGXXXHXXX- Vinstead
of FXGXXXHXXW ( P/ D) ).
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CHAPTER 6

Characterization of a steroid Baeyétliger monooxygenase and esterase in

Comamonas testosterorkiF-1

Michael Weiss, AntKatrin Felux, Dieter Spiteller & David Schleheck

Department of Biology and Research School Chemical Biology, University of Konstanz,

Germany
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ABSTRACT

Comamonas testosterois well-known forits ability to utilize steroids for growth, such as
cholate, progesterone and testosterone, through alefilled, inducible steroidng cleavage
pathway. Here, we report the identification and functional characterization of a steroid-Baeyer
Villiger monooxygenase (BVMO) and esterase Gn testosteroniKF-1 that catalyze an
abstraction of the G-acetyl side chain of progesterone in order to yield testosterone for an
entry into the steroiding cleavage pathway. The knowAD- and NADPHdependent (typé

family) BVMO in strain KF1, 4sulfoacetophenone BVMO, showed no activity with
progesterone, and therefore, three other candidate genes for type | BVMOs in the sttain KF
genome were also expressed recombinantly, and the proteins purified and tegtexheQodl

the candidates converted progesterone, hence, is a steroid BVMO. Only this BVMO gene was
inducibly and strongly transcribed as mRNA during growth of straifilK#th progesterone,

in a transcriptional unit (as polycistronic mRNA) with a steroigémse candidate gene. The
esterase candidate was also expressed recombinantly and purified. With progesterone as
substrate, the steroid BVMO and esterase catalyzed an NARPehdent formation of
testosterone acetate followed by formation of testosteamie acetate, respectively. With
pregnal,4-diene3,20dione (PDD) as substrate, an NAD#dpendent formation of
boldenone acetate, followed by formation of boldenone and acetate, was observed. The latter
reactions for a progesterone utilization, acatyfraction from PDD after unsaturation of the
steroid Aring of progesterone, may be prevailing in strainXBince PDD was observed as a

transient metabolite in liquid cultures during growth with progesterone.

INTRODUCTION

BaeyerVilliger-type monooxygerses (BVMOs) (EC 1.14.13.x) of the family of flavin
dependent monooxygenagean Berkelet al.2006 are found in many different organisms for

the catalysis of oxidation reactions including Baey#liger oxidations(Baeyer and Villiger

1899, in which aliphatic, cyclic, or aromatic ketones or aldehydes are converted to esters (or
lactones) by insertion of an oxygen atom into the higher substituted ezaildmon bond ofhe
carbonylic substratéKamerbeelet al. 2003 (see Figurel). Members of the BVMO families

are remarkably versatile in their substrate range and, due to their extraordinary- eregitio

and chemoseldwities, are subject of intensive research in the recent years, e.g., for their
bi otechnol ogical, 0 g fLeiszmet al. R IniBalkeet wl62013d.pp |l i c a
Members of the typé family BVMOs, i.e., strictly NADPHdependent and FADontaining
enzymes, which share highly conserveadiidctive typel BVMO sequence motif§Fraaijeet

al. 2002, Leisclet al.2011, Riebekt al.2012), represent the best characterized BVMOs thus
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far. For example, cyclohexanone BVMOs (e@henet al. 1988, Yachniret al. 2012 and
4hydroxyacet ophenon dTaB& h@ Bopen2B0A, Ré&hGestd 2000)

in different bacteri al st r ai nmsThernmbifida fascap heny
(Malitoetal.200dand a st er oi dof BheddeaccysahS8dbaO@ranceschini

et al.2012), have been cloned, expressed and characterized; this yielded important insight into

the structure of the catalytic site of typ&VMOs and their highly sophisticated reaction
medanism (e.g.Franceschinet al.2012, Yachniret al.2012.

CH

H,0 /LQ OH
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(PD5437) (PD5438) )
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Figure 1. lllustration of a known (A) and a predicted (B) Baeygitiger monooxygenase (BYMO) and esterase
reaction sequence i€@. testosteroniKF-1 for an abstraction of acetglde chains from carbonylic growth
substrates. (A) The known reaction4ulfoacetophenone BVYMO andstilfophayl acetate esterase to yield
4-sulfophenol and acetate from-sdifoacetophenone in a pathway fa catabolism of xenobiotic
3-(4-sulfophenyl)butyrate (for details on this pathway, ¥ésisset al. 2012). (B) Postulated steroid BVMO and
steroidesterase reactions (. testosteronKF-1 for a conversion of progesterowia testosterone acetate into
testosterone, as implied from the ability of strain-KFo utilize progesterone for growth; the testosterone is
catabolisediia androstal,4-diene3,17-dione through the weliefined steroieting cleavage pathway (9,%&&co

pathway), as commonly found f@. testosteronspecies (see text). Continuous horizontal arrows indicate the
enzyme reactions that were defined in this study, of progesteronebafrdetiene3,20-dione (PDD) Baeyer

Villiger monooxygenase (steroid BVMO, STMO) and testosterone acetate/boldenone acetate esterase (steroid
esterase, SEST), and the identified genes are denoted by their locus tags (prefix CtesDRAFT_). The vertical dotted
arrows indicate observed oxidations of the steroiefings (see text). Abbreviations used: SAPMO,
4-sulfoacetophenone Baey¥illiger monooxygenase; SPAc,-gulfophenyl acetate; STMO, steroid Baeyer
Villiger monooxygenase; SEST, steroid esterase; PDDnpreg-diene3,20dione; ADD, androstd ,4-diene
3,17-dione.



86 CHAPTER 6

For the heterotrophic bacteria that apply BVMO reactions as key steps of catabolic pathways,

the esters formed by the BVMO are cleaved by an esterase, e.g., by a carboxylester hydrolase /
alpha/ketafold hydrolasefamily enzyme(Moonen et al. 2008a, Weisst al. 2012. For

example inComamonas testosterdfiF-1, the carbonylic substradesulfoacetophenone (SAP)

(Figure 1A) is converted to 4ulfophenyl acetate b@a BVMO ( 6 SAPMOO) , an
4-sulfophenyl acetate is hydrolyzed by an esterase to yieddltbphenol and acetate, which

are further catabolizeWWeisset al.2012. The transformation of a carbonylic substrate to an

ester by a BVMO, followed by ester cleavage to yield an alcohol and carboxylic acid, is a
widespread bideemical strategy in bacteria for an abstraction of substituents from various
aromatic or aliphatic carbonylic growth substrates, or from carbonylic intermediates of growth
substrates (e.gHigson and Focht 1990, Kotaeti al. 2007, Mooneret al. 2008a, Rehdorét

al. 2009, Weisst al. 2012. The genes for such a BVMEsterase reaction sequence can be
encoded directly next to each otl{dtoonenet al. 2008a , Rehdorét al. 2009, Weisset al.

2012 Kotaniet al.2007 Van Beilenet al.2003 and can represent transcriptional ufigeiss

et al. 2012); such -ecsB¥M@se gene pairsdé are highly

metagenomic databases.

The genome of. testosteronkKF-1 (Weisset al. 2013 contains, in total, four valid candidate

genes for typé BVMO enzymes, based on their segae motives, and three of theare

encoded in pair with an esterase candidate (&teésset al.2012. The physiological funabin

of one of these BVM&esterase gene pairs has recently been identifiedr@dd\): they encode

a4sul foacetophenone BVMO (6SAPMOG ,-sulfophenyls t ag
acetate esterase (CtesDRAFT_ PD5438), respectively, for a catabolic ypafhmwihe
xenobiotic substratd-(4-sulfophenyl)butyratésee therefor&chlehecket al. 2010, Weisset

al. 2012. The 4sulfoacetophenone BVMO showed a preference for phenylacetone (jphenyl
2-propanone) and other substituted acetophenones as substrates, however, the enzyme showed
no activity with the carbonylic steroid progester@idéeisset al.2012).

C. testosteronspecies have long been known for their ability to completely degrade the steroid
testosteronia its inducible steroiding cleavage pathway, which has been defined in great
detail in the recernyears(e.g.,Horinouchiet al. 2001, Horinouchet al. 2003a, Horinouchét

al. 2003b, Horinouchet al. 2004a, Horinouchet al. 2004b , Horinouchet al. 2009. In this

study, we explored specifically the BVMO and esterase reaction sequence, i.e., the enzymes
and genes, which are implied in the abilityOotestosterortio utilize also the carbonylic steroid
progesterone for growth: an abstraction of the acth@d chain of progesterone to yield

testosterone, which is further catabolizeéd the wellcharacterized steroidng cleavage
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pathway (FigurelB). No progesteme BVMO of C. testosteroniand only one other steroid
BVMO, the STMO ofRhodococcus rhodochro(Branceschinet al.2012), have been cloned
and characterized thus far.

MATERIALS AND METHOD S

Chemicals

All standard chemicals were btained from Sigm&ldrich, Fluka or Merck, and
4-sulfoacetophenone {dcetylbenzenesulfonate) was purchased from ABCR (Karlsruhe,
Germany), boldenone acetate from Mondophor GmbH (Munich, Germany), and NADH,
NADPH, NAD" and NADP from Biomol (Hamburg, Gerany).

Growth conditions

C. testosteronKF-1 (DSM 14576) was isolated in our IéBchletecket al.20043 and grown

in a mineralsalts mediun{Thurnheeret al. 1986 with succinate (1BnM) or steroids (0.0%
0.15% /v)) as sole source of carbon and energy. Culturd®ibit 10 ml scale were incubated
shaken (150 rpm) in Corning tubes, or in the 50 rhll scale in Erlenmeyer flasks, at 30°C in
the dark. Cultures were inoculated with outgrown, homologousuydtares (1%). Due to
precipitation of the steroid substraiaghe culture fluid, the growth was monitored routinely

as optical density (OD 580 nm) after removal of the steroid particles by filtration (folded filter
paper MN 615 ¥4, Macherdyagel, Germany), or by cell counting using a Helber counting
chamber (Saargia, Germany). Cells for enzyme assays, total RNA extraction, and proteomics,
were harvested by centrifugation in the meixponential growth phase after the residue steroid
precipitate had been separated from the cellular biomass by filtration (se¢. &zoveles to
determine the total growth yield (total cellular protein, see below) were taken in the stationary

phase, and hence, unfiltered samples were used.

Analytical chemistry

Steroids in the culture medium or in enzyme reactions were determgadst authentic
standards by gas chromatographgiss spectrometry (GMS) in ethyl acetate extracts;
therefore, 250 ul of aqueous sample and 250 pl ethyl acetate were vortexed, centrifuged, and
0.2 ul of the ethyl acetate extract were injected into t6eMS. A Trace GC Ultra ISQ series
chromatograph connected to a Single Quadrupole mass spectrometer (Thermo Scientific) fitted
with a TG5MS capillary column (15 m x 0.25 mm, 0.25 pum, Thermo Scientific) was used. The
GC temperature program started at IDQ? min isotherm) followed by gradients (30°C mjin

to 200°C and (15°C mif) to 290°C (5 min isotherm). The retention times were as follows:

progesterone9.17 min; testosterone aceta®93 min; testosterone8.39 min; pregna
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1,4-diene3,20-dione (PDD, 9.37 min; boldenone aceta870 min;boldenone, 8.56 mihe

MS conditions were as follows: temperature of transfer line, 290°C; temperature of ion source,
200°C; liner temperature, 280°C; helium was the carrier gas (1.2 rm);nsiplit ratio 12:1.
Electron impact ionization (70 eV) was used to record mass spectra within the mass range 41
500 amu.

Total cellular protein was determined following a Lovingsed protocdKennedy and Fewson
1968 and soluble protein by protein dye bindifgyadford 19%); bovine serum albumin was
used as the standard.

Heterologous expression of BVMOs and the steroid esterase (SEST) En coli and
purification of the recombinant proteins

Chromosomal DNA ofC. testosteroniKF-1 was isolated using the lllustra bacteria
genomicPrep Mini Spin Kit (GE Healthcare). The genes were amplified by PCR using Phusion

HF DNA Polymerase (Finnzymes); primer sequences are given in Table S1.

For CtesDRAFT_PD1705, the PCR conditions weres Biitial denaturation at 98°C; 30 cycles

of 15 s denaturation at 98°C, 20 s annealing at 65°C, ansl @0ngation at 72°C. For
CtesDRAFT_PD1901, the PCR conditions weres $fitial denaturation at 98°C; 30 cycles of

15 s denaturation at 98°C, 20 s annealing at 65°C, and éngation at 72°C. df
CtesDRAFT_PD3136, the PCR conditions weres $fitial denaturation at 98°C; 30 cycles of

15 s denaturation at 98°C, 20 s annealing at 60°C, arsleé80ngation at 72°C. The PCR
conditions for CtesDRAFT_PD3135 were: 90 s initial denaturation of at; 38 €ycles of 15
denaturation at 98°C, 20 s annealing at 62.8°C, and 45 s elongation at 72°C. The PCR products
were purified (MinElute PCR Purification Kit, Qiagen) and ligated into pET100,-terrinal
Hiss-tag expression vector, using the Champio 0 Directional TOPO Expression Kit and
OneShot TOP1&. coli(Invitrogen); correct constructs were confirmed by sequencing (GATC
Biotech, Konstanz). For expression, of CtesDRAFT_PD1705, CtesDRAFT_PD3136, and
CtesDRAFT_PD3135, BL21 Star (DE3) OneSEotwli (Invitrogen) cells were transformed
with the construct and grown in LB medium (100 mgimpicillin) at 37°C. At OBsorm& 0 . 7,
the cultures were induced (WM Isopropylb-D-1-thiogalactopyranoside (IPTG)) and grown

for additional 5 h at 20°C; cellgere harvested by centrifugation (15,00, 20 min, 4°C) and
stored at20°C. For the expression of CtesDRAFT_PD1901, BL21 Star (DE3) OnESboli
(Invitrogen) cells were also transformed with the construct, but the LB medium (containing 100
mg It ampicillin) contained also 2% ethanol, and the expression was carried out at 18°C for
approximately 36h without additional IPTG induction. The cells were harvested by
centrifugation (15,000 g, 20 min, 4°C) and stored &0°C.
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Preparation of cell extracts and purification of recombinant proteins

C. testosteronKF-1 cells grown with either progesterone or succinate were harvested in the
mid-exponential growth phase, centrifuged, and washed with buffer A{@0rris-HCI pH

8.0). The cell pellets were respended in buffer A containing 50 pghidNase | and 12.5 ug

ml' RNase. E. coli cells from the heterologous expression of CtesDRAFT_PD1705,
CtesDRAFT_PD1901, and CtesDRAFT_PD3136 (STMO) were resuspended in buffer B (25
mM Tris-HCI pH 8.0, 50 uM FAD, 5QuM NADP?, 10% v/v) glycerol), and cells from the
heterologous expression of CtesDRAFT_PD3135 (SEST) in buffer C (25 mNATtipH 8.0,
10%(v/v) glycerol, and 100 mM KClI), each containing 30 pgdNase I. All cell suspensions
were disrupted by four gaages through a chilled French pressure cell (140 MPa) (Newport
Scientific, Inc./AMINCO, Silver Spring). Cell debris wasnreved by centrifugation
(15,000x g, 10 min, 4°C) followed by ultracentrifugation (100,00@,x1 h, 4°C) in order to
obtain the mefmrane pellet and the soluble protein fraction. Soluble fractions from
heterologous expressions were loaded onto eequdibrated (with buffer B or C) Ni-
chelating agarose affinity column (MachkgiNagel). After washing with buffer (B or C)
containing ® mM imidazole, the Hisagged proteins were eluted with buffer (B or C)
containing 250 mM imidazole. The eluted protein was concentrated using Vivaspin (30 kDa
cutoff, Sartorius, Gottingen), glycerol was added (to a final concentration of(\@®¥}, and

the preparation was stored-20°C.

Enzyme assays

The activity of native STMO in crude extract from either progesteronsuccinategrown

cells was followed discontinuously by @S, when from reactions with 500 ug protein’ml

in 50 mM TrisHCI (pH 80; stirred) in the presence of 25 uM progesterone and 0.5 mM
NADPH samples were taken at intervals for ethyl acetate extraction prior #l%ee
above). The activity of native testosterone acetate esterase in crude extracts from either
progesteroneor succinategrown cells was also followed discontinuously by-GIS, when
reactions with 100 ug protein rhin 50 mM MOPSNaOH (pH 7.0; stirred) in the presence of

100 pM testosterone acetate were sampled at intervals, the samples extracted with ethyl acetat

and the extracts analyzed.

The activity of the recombinant, purified BVMOs were routinely followed as decrease of the
absorptionoftheece ubstrat e NADPH at b Bergmayer@dJpthe 3. 5
reaction contained 50 mM T¢l4ClI (pH 8.0), 0.5 mM NADPH, 1 uM to 400M progesterone

or PDD, 0.01 to 5 mM -hydroxyacetophenone, 0.01 to IVhtyclohexanone, 0.01 to 4 mM
4-sulfoacetophenone, 0.1 to 5 mM acetone, 0.005 to 5 riddcanone, or 0.1 to 10 mM
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phenylacetone, and typically between 8 and 24 pug recombinant BVMOI pgeomthe reaction

with ethionamide, the formation of its oxide produce s measur ed ax10400 nm
M-lcml; Fraaijeet al. 2004). Ethionamide concentrations in the reaction mixture ranged from

0.01 to 5 mM. The activities determined were plotted using hyperbolingfith Origin

(Microcal Software, Inc.).

The activity of recombinant, purified SEST was examined discontinuously bi&(see
above); the reaction mixture contained 50 mM M@¥REH (pH 7.0), 100 pM testosterone
acetate or boldenone acetate, and 5 pg SBSTIn order to confirm also the release of acetate
during the reactions-thl samples were taken at intervals and analyzed using an acetic acid kit
(NZYTech, Portugal). The recombinant SEST was also tested wsthifdphenyl acetate
(SPAC) as substrateéhe reaction contained 0.5 mM SPAc and 10 ug SEST, fat which
samples were taken at intervals and analyzed by revplrsesst HPLC as described previously
(Weisset al.2012.

Forin vitro reconstitution of the reaction sequences from progesteranestosterone acetate

to tegosterone and actetate, or from PR boldenone acetate to boldenone and acetate, the
recombinant purified STMO (15 pg M, and after 30 min the recombinant purified SEST (15
ug mit), were added sequentially to stirred reactions that contained 50 BMSNaOH

(pH 7.0), 0.5 mM NADPH, and 20 uM progesterone or PDD. The reactions were analyzed

discontinuously by G&@/S and by the acetic acid determination kit (see above).

RNA-preparation and reversetranscription (RT) PCR

Cells were harvested at Gfanma 0.4 and the cell pellets were stored 20°C in RNAlater
RNA stabilization solution (Ambion Biosystems). Total RNA was prepared using the E.Z.N.A.
bacterial RNA kit (Omega Bidek) following the manufacturer’s instructions; the obtained
RNA preparation wa treated with DNase | (100 U, 30 min, 37°C) (Fermentas/Thermo
Scientific). Reverse transcription for cDNA synthesis (26sgdle) was performed using
Maxima reverse transcriptase (100 U, 60 min, 50°C) (Fermentas/Thermo Scientific) with 200
ng of total RNAand 0.5 uM of the sequensgpecific reverse primer (see Table S1). The cDNA
(2 pl) was used as template in PCR reactiongiZgale) using aqgDNA polymerase (Thermo
Scientific). The dllowing PCR program was useditial denaturation, 3 min, 95°C; Iycles

of 30 s denaturation at 95°C, 30 s annealing at 6@rG°C per cycle, and 49 elongation at
72°C; 15 cycles of 30 s denaturation at 95°C, 30 s annealing at 55°C, anelct@ation at
72°C. For positive controls, genomic DNA of strain-KRwvas wised (10ng). To confirm the
absence of DNA contamination in the RNA preparations, the@egrse transcribed total RNA

preparation (2 pl) served as template. The cDNA was also used as template for a PCR assay to
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test for polycistronically transcribed mRNA&ee the Results). The PCR conditions udiag
DNA polymerase were:nitial denaturation, 95°C, 3 min; 10 cycles of 30 s denaturation at
95°C, 30 s annealing at 602@.5°C per cycle, and 40elongation at 72°C; 20 cycles of 80
denaturation at 95°QGQ0 s annealing at 55°C, and d@&longation at 72°C. All primers used

were purchased from Microsynth (Balgach, Switzerland).

Protein gelelectrophoresis and proteomics

Proteins in crude extract . testosteronKF-1, or proteins obtained from the hetexbus
expressions, were analyzed onAZSDSPAGE gels with Coomassie brilliant blue 280
staining(Laemmli 1970. Proteins in the soluble fraction @f. testosterorkKF-1 were analyzed
by two dimensional geélectrophoresis (2IPAGE; IEF/SDSPAGE) as described previously
(Schmidtet al. 2013 with the following modifcations: A IEF strip of the range pH4a was
used; one mg of total protein was used; the IEF separation involved 30,000 Vh. Protein bands
or spots of interest were excised and analyzed by peptide fingerpnnéisg spectrometry (PF
MS) at the ProteomicBacility of the University of Konstanz. The MASCOT engine (Matrix
Science, London, UK) was used to search against an aanidosequence database of all
annotatedC. testosteronkKF-1 genes (IMG version 20108-16); the parameters for searching

and scoringvere set as described previougchmidtet al.2013.

RESULTS

Physiology of growth of C. testosteronKF-1 with progesterone and identification of a
transient metabolite, pregnal,4-diene-3,20-dione, in the culture fluid

In a detailed growth experiment with 1.5 mM progesterone as sole source of carbon and energy
(Figure 2A), strain KF1 grew exponentiallyl( = 0.6 h') and the culture reached stationary
phase at about 44 at which time progesteronecheompletely been utilized, as confirmed by
GC-MS. The molar growth yield was 4.9 g protein per mol of carbon, a value which indicated
guantitative incorporation of progesterecerbon into biomas€ooket al.1983, Cook 198/
Further, a novel peak was observed in thecBmatograms (not shown) and indicated that a
degradation intermediate was excreted into the culture medium in a first growth phase, and in
a laer phase completely utilizedhe transient metabolite was preghd-diene3,20-dione

(PDD) (Figure 2B inset), as identified by an identical GC separation and MS fragmentation
pattern in comparison to commercially available, authentic PDD (not shown). Hence, it
appeared that the first reaction on progesteron€.inestosteroniKF-1 involves also a

dehydrogenation of the Aing of progesterone to PDD, prior to a sterBMMO and esterase
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reaction (Figurd B), thus, a xosteroiddeltal-dehydrogenase activity (EC 1.3.99%4ge the
Discussion).
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Figure 2. Growth of Comamonas testosterodiF-1 in a liquid culture with progesterone as the sole source of
carbon and energy (A) and of the observed transient appearance of a degradation intermediate in the culture fluid
(B). (A) The mineraisalts medium contained 1.5 mM progesterone (0.08%(q ) and substte utilization was

followed by GGMS analysis, and growtHE() as optical density (OD 580 nm). (B) In a first growth phase, a
degradation intermediate () accumulated in the culture medium that, in a second phase, was completely utilized;
the intermediatevas identified as pregrb4-diene3,20-dione (PDD; inset).

Progesterone and testosterone acetate conversion in dedle extracts of progesterone
grown cells

Evidence for activity of an inducible, strictly NADP#ependent steroid BVMO (STMO) in

C. testostroni KF-1 was obtained when the reaction was followed as disappearance of
progesterone by G®IS, and when cellree extract of progesterommgown cells was used, but

not with extract of succinatgrown cells(see Supplemental material, Fig@8#&A). When ve

tried to follow the BVMO reaction as progesteronend NADPHdependent oxygen
consumption in an oxygen electrode, or as progestatependent NADPH conversion in a
spectrophotometer, no significant activities were detectable in comparison to the high
background activities observed (not shown); these observations are in contrast to the well

detectable activities (in all three assays) of the first BVMO that we characterized in
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C.testosteronKF-1, of 4sulfoacetophenone BVM(Bchleheclet al.2010, Weis®t al.2012).
Newertheless, the STMO could be assayed infcedl extracts, discontinuously by @4S, and
therefore, we expected that also a recombinantly produced STMO candidate enzyme (from a

BVMO candidate gene) could be assayed under these conditions (see below).

A testosterone acetate esterase activity was also progesiedanidly expressed, as
confirmed when the reaction was followed as substrate disappearanceM$ @h extract

of progesterongrown cells in comparison to succinaown cellg(see the Suppieental file,
FigureS1B). Two novel peaks in the GC chromatograms (not shown) suggested the formation
of testosterone and boldenone during the reaction, as identified BYS$5i@ comparison to
authentic standards. Hence, also these observation implieactivédy of a steroid Aring

dehydrogenase (see Erg 1B and the Discussion)

BVMO candidate genes, their heterologous expression and characterizati of the
recombinant proteins

The genome o€. testosteronKF-1 contains, in total, four candidate genesBVMOs, i.e.,

for NADPH-dependent typé BVMO (genesbvmoli bvmo4 (Weisset al.2012), and three of
these are ctocated with a candidate esterase gebempl - bvmo3. One encodes
4-sulfoacetophenone BVMO (gertlevmo3d, is inducibly transcribed with the docated
4-sulfophenyl aetate esterase gefWeissetal. 2012, and the heterologously ovekpressed,
purified BVMO3 enzyme convertedgulfoacetophenone, other substituted acetophenones and
phenylacetone, but not progester@Wéeisset al. 2012. The three other candidate genes for
type-l BVMOs in C. testosteronkKF-1 were also dned and oveexpressed ilk. coli, the His
tagged proteins purified (Rige S2), and the purified proteins tested for an NABdRHpendent
activity with progesterone as substrate. Only one of the candidate enzymes, BVMO2 (locus tag
CtesDRAFT_PD3136), shatactivity with progesterone:tie disappearance of progesterone,
concomitant to a formation of testosterone acetate, and a NAl2Behdent disappearance of
PDD concomitant to a formatioof boldenone acetate (see FigliB), was confirmed by GC

MS (see belw).

The reaction of recombinant BVMO2 could be followed also spectrophotometrically by the
conversion of NADPH; the NADPH disappearance in the absence of steroid (uncoupling rate)
was 0.035 pmol mitymg?. The highest specific activities, each at aro@rfdumol mint mg?,

were observed with 20 uM progesterone and PDD as substrates, but these activities decreased
with highe substrate concentrations (Figur® @/hich was attributed to steresblubility
limitation (Francescimi et al. 2012 or substrate inhibition effects; therefore, the kinetic

parameters for the reaction with progesterone and PDD could not be determined. The enzyme
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showed also activity with phenylacetone (phePydropanone), but not with
4-sulfoacetophenone;ydroxyacetophenone, cyclohexanone, or acetone when testéq; the
for the reaction with phenylacetone was 182 + 38 uM, \&rg was 0.73 + 0.03 pumol mih

mg?.
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Figure 3. Specific activities of recombinant STMO determined for progesterqneapd PDD ¢ ) as substrates.
Note that the activities did not follow a Michaelfenten kinetic (see text).

The protein expressed from candidate ganmaol(CtesDRAFT_PD1901) showed no activity
with progesterone, PDD,-gulfoacetophenone,-dydroxyacetophenone, cycloteone, and
acetone as substrates. However, the enzyme was active with phenylaketéh2 £ 0.5 mM
andVmax 0.85 + 0.07 umol mih mg?). Interestingly, the BVMO1 seguce in a phylogenetic
tree (Figure S6) clustered together with a BVMO fradAseudoranas putidakT2440 and a
BVMO from Mycobacterium tuberculosi8oth genes were already cloned and characterized
(Fraaijeet al. 2004, Rehdorét al. 2007 and showed no, or hardly any, activity with most of
the aromatic or cyclic ketones tested, except for aliphatic ke(énasijeet al. 2004, Rehdorf
et al.2007) and the antitubercular prodrug ethionamiBiaaijeet al.2004). Correspondingly,
recombinant BVMO1 showed activity withdecanone and ethionamide as substri&igs20.7

+ 8.9 UM andVmax 1.89 + 0.11 pmol mih mg* for 2-decanone, anlm, 5.31 + 1.21 mM and
Vmax 0.93 + 0.13 pmol mih mg* for ethionamide). Notaly| also the STMO of. testosteroni



CHAPTER 6 95

KF-1 (BVMO2) was active with 2lecanone as substrate when testeg 0.84 + 0.55 mM and
Vmax, 0.36 + 0.08 pmol mity mg?), however there was no significant activity measurable with
ethionamide as sglrate. The BVMO3d S AP MO , 1A;Beae glstWersset al.2012 was
also tested positive with-@ecanonelm, 76.31 + 14.43 M anW¥max 2.13 + 0.09 pmol min
mg?), as well as with ethionamide as substrétg §9.71 + 15.00 pM anW¥max 1.76 + 0.07
pumol mint mg?).

Finally, the recombinant protein expressed from candidatelyene4(CtesDRAFT_PD1705)
was, in our hands, only active with the substratee@noneKm1.84 + 1.25 mM an®max,
0.14 + 0.04 pmol mit mg?) and ethionamideK{,, 1.52 + 0.48 mM anifmax, 0.39 + 0.05 umol

mint mg?).

Transcriptional and proteomic analyses

STMO is inducibly expressed in strain KFE as observed with ddree extracts of
progesterongrown strain KF1 cells (see above), and therefore, the transcription of the four
BVMO canddate genes in progesteregewn cells in comparison to succingwn cells

was analyzed by reversanscription PCR (R'PPCR)(Weisset al.2012. The results (Figure

4) confirmed that théovmo2(STMO) candidate was strongly transcribed during growth with
progesterone, but not dag growth with succinate, whereas no significant transcription of the
candidatebvmol bvmo3andbvmo4was detectable under the growth conditions tested. Hence,
we had experimental support that the candidate gem@2encodes an STMO (above), and is
specifically and strongly induced during growth with progesteron€.irtestosteronKF-1
(Figure 4). Further, the STMO gene is located in a thgeee cluster (locus tags
CtesDRAFT_PD31387) together with an esterase (carboxylebigirolase) candidate gen
downstream (PD3135) and a shontin dehydrogenase/reductase (SDR) gene upstream
(PD3137), each on the same DNA strand (seerEB3A). The results of a RPCR experiment
that mapped cDNA spanning oviie whole PD31387 locus (Figure&S3AB) suggested that
the STMO, esterase and SDR gene are induciblirazscribed as a polycistronic mRNA

during growth with progesterone.
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Figure 4. Reverse transcriptiecRCR (RTFPCR) analysis for an inducible transcription of the four BVMO
candidate gnes inC. testosteronKF-1. The agarose gel shows the strong PCR signal obtained for the reverse
transcribed RNA (cDNA) of the BVMO2 candidate gene specifically for progestemawen strain KF1 cells.
Genomic DNA of strain KFL was used as template #8€R positive controls, and for RACR positive controls

(+) the cDNA generated of a constively expressed gene (succirybA synthetasalphasubunit geneyeiss

et al.2012). The length marker (M) is indicated in bp. The lane nhumberidgefers to BVMO candidate genes

1-4, respectively.

A proteomics approach (the data are shown and described in the Supplemental file) yielded
significant hits for the esterase (PD3135) and SDR locus (PD3137) specifically for
progesterongrown cells in comparison to succingpown cells and, ths, further evidence

for a progesteronmducible expression of the thrgene locus PD31337; no significant hits

could yet be detected for themo2ocus by proteomics. In addition, significant hits for several
genes of the weknown steroiering cleavage pathway, that is, in the steroid gene hot spot
PD3640 3746 in strain KFL (Horinouchiet al. 2012, Weisst al. 2013, and specifically for
progesterongrown cells, could be obtained by proteomics (see the Supplemental file), hence,
also the testosterone/boldenone generated from progesterone is metabolized in stnaiogF

likely viat h e 0 n or wirglcléavag pathway rodte.

Heterologous expression of the steroid esterase candidate and characteti@a of the
recombinant enzyme

The steroid esterase candi dat e-e presSde#&Tcol; PD31
(Figure S2). The protein catalyzed thgdrolysis of testosterone acetate to testosterone and
acetate, as confirmed in a discontinuous enzyme assayé€big the enzyme hydrolyzed also

boldenone acetate (see below), but netifophenyl acetate, as determined by HPLC.
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Figure 5. Discontinuos enzyme assay demonstrating the quantitative conversion of testosterone Ajdtate (
testosterone, () and acetater () by the recombinant steroid esterase. The reaction was started by the addition of
esterase (15 pg protein Mland followed by GEVIS aralysis of samples taken at intervals.

In vitro reconstitution of the steroid BVMO and esterase reaction sequence

The purified recombinant STMO (15 pg ®lwas incubatedvith 20 uM progesterone and
0.5mM NADPH, and after 30 min, the purified recombinasteease was added (15 pginl
samples were taken at intervals for -®fS analysis throughout the reactions. As expected,
STMO converted progesterone to testosterone acetate, and the addition of steroid esterase
resulted in a rapid conversiontektosterone acetate to testosteroneuEigA). Furthermore,
recombinant STMO (15 pg M) was incubated with 20M PDD ard 0.5mM NADPH (Figure

6B). The GEGMS analysis indicated disappearance of PDD concomitant to formation of a novel
reactionproduct,boldenone acetate (Figuid), as identified against authentic standard (not
shown); boldenone acetate was fednn quantitative amounts (Figué&). After addition of
recombinant steroid esterase (SEST; 15 pg) r(figure6B), boldenone acetate was @i
converted to boldenone (Figut® as identified against authentic standard, as well as to acetate,
each in quantitative amounts.
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Figure 6. In-vitro reconstitution of the conversion of (A) progesteroge) (via testosterone acetaté) to
testosterond, ), and of (B) PDD € ) via boldenone acetatéd() to boldenone?) and acetater(), with
recombinant STMO and steroid esterase, respectively. The reactions were started by addition of STMO (15 pg
protein mit), and after 30 min, the esterase (15pugtein mi') was added.

DISCUSSION

In 1952, Talalay and coworkerf§alalay et al. 1952, Talalay 20056isolated an aetnc

bacterium that grew with testosterone as its sole source of carbon and &€wrgymonas
testosteron(formerly Pseudomonas testosterpiiamaokaet al. 1987, as a model organism

to explore its corresponding testosterone (steroid) degradation pathway. Since then, the
involved enzymes, genes, and their regulahame been explored in great detail in several

C. testosteronstrains (e.g.Marcus and Talalay 1956, Shaw al. 1965, Plesiaet al. 1991,

Abalainet al. 1993, Florinet al. 1996, MObuset al. 1997, Cabrerat al. 2000, Horinouchget

al. 2001, Horinouchet al.2003b, Horinouchet al.2010, Gonget al.2012b, Horinouchet al.

2012. That the catabolism of the carbonylic steroid progesterone involves Bageyérl i ger 0 s
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reaction(Baeyer and Villiger 189%has been recognized mdhan 50 years agéonkenet al.
1960, Carlstrom 1966, Rahim and Sih 1966, Itagaki 1986a, Itagaki J1988kbr, a steroid
BVMO in steroidinducedRhodococcus rhodochrowsas isolatedMiyamoto et al. 1995,
cloned and oveexpressedMorii et al. 1999, and crystallizedFranceschinet al. 2012. A
testosterone acetate hydrolase has been described 50 years ago, in cell eRhactsafccus

equi(Sihet al. 1963, but no protein or gene information had been made available since.

In C. testosteroniKF-1, the steroid BVMO (locus tagftesDRAFT_PD313@nd steroid
esteras€tesDRAFT_PD3135 catalyze a%acetyl sidechainremoval from progesterone and
PDD and yield acetate, and testosterone or boldenone, respectively, during growth with
progesteroneThe STMO and esterase gene pair (see Introduction) aeacmmled together

with a predicted shoithain dehydrogenase/reductase (SDR) gene (CtesDRAFT_PD3137), and
these genes appear to betanscribed and eexpressed as an ape (on a single mRNA) (see
Figure S3). Syntenic thregene cluster were found in all other genome£otestosteroni
strains that are currently available (IMG database; strains ATCC 11996;1CINBBRC
100989, and S44), and hence, the tigeee cluster may be a feature of the core genome of
C. testosteronspecies.

During growth of strain KFL with progesterone, a transient intermediate was detected in the
culture fluid and identified as PDD (kige2). The recombinant STMO converted progesterone,
as well as PDD, to the correspamgisteroidacetate esters (Figubg, eah with similar activity
(Figure 3. Furthermore, both steroid esters were hydrolyzed by the recombinant steroid
esterase (Fige6). A catabolism of progesteron& PDD, boldenone acetassnd boldenone

and acetate (Figu® has also been described for the progesterone pathways icdheyaste
Cylindrocarpon radicicolaand the actinobacteri@atreptomyces lavendulamd Nocardioides
simplex(Friedet al. 1953, Petersoat al. 1957, Mahatet al. 1988. Thetransient excretion of
PDD (Figure2B, see alsdiu et al.2013, may reflect that STMO is active and/or expressed at
much lower level in comparison to ao%o-steroiddelta 1-dehydrogenase i6. testosteroni

thus, correspating to the observations that in crude extracts of strawl Kénly low STMO
activity was detectable (by GRS) in comparison to-4ulfoacetophenone BVMQNeisset

al. 2012, and that any BVMO locus was detectable by proteomics. Another possible
explanation dr such metabolic ovedv (Figure2B) is moleculaioxygen limitation of STMO,
particularly in dense cell suspension of exponential cultures, a phenomenon that has previously
been observed for-dulfoacetophenone BVMO of strain K for which an insufficient
aeration of the culire fluid led to transient excretion ofstilfoacetophenone during growth
with 4-sulfophenylbutyrat¢Schleheclet al.2010.



100 CHAPTER 6

The SDR gene (CtesDRAFT_PD3137) of the thyeme cluster was alscloned, over
expressed, and the purified protein tested negative (not showny/lashgdroxysteroid
dehydrogenas@arcus and Talalay 1956, Benastral.2002 with the substrates progesterone,
testosterone, androsBl7-dione and cholate and the-sobstrates NAD(P)or NAD(P)H,

under the conditions we used; alternative functions of this SDR, e.g., to produce the acyl
carbonyl group on progesterone for a subsequent BVMO reaction (e.g., frombsteate
pregn4-en-20-ol-3-one(Hashimotoet al. 1968), need to be explored in future work. Notably,

a second SDR candidate was found to be highly expressed by proteomics
(CtesDRAFT_PD3138), which is located directly upstream of the three gene cluster, in
divergent orientation, whereat another SDR candidate downstream (CtesDRAFT_PD3103)
showed the highesidentity (92%) to the dydroxysteroid dehydrogenase identified in

C. testosteroni ATCC 11996 (3BHD _COMTE Abalain et al. 1993; the second
3-hydroxysteroid dehydrogenase/carbonyl reductase from strain ATCC 11996
(DIDH_COMTE; Mo6bus and Maser 1998shows 95% identity to yet another SDR
(CtesDRAFT_PD3679), which is part of a putatiggeroid degradation gene hotspot
(Horinouchiet al.2010, Horinaichiet al.2012. The genome of strain KE contains >20 valid

SDR candidates, several of whictewdentified by proteomics (see the Supplemental file;
CtesDRAFT_PD3137, 3138, 3084,327, and 4155). We presume that SDRs might be
expressed from redundant loci@ testosteronKF-1, and maybe differently in the different

C. testosteronstrains; hence, we postponed any attempts at disentangling the identities and
functions of these many (putative steroid) dehydrogenases in straln &tte focused solely

on the steroid BVMO and esterase in this study.

The C. testosteronSTMO amino acid sequence is only 26% identical to that of archetype
R.rhodochrousSTMO (and 25% to phenyl acet oteccby®V MO,
phylogenetic tree (Figur86), did not cluster in the same branch with fherhodochrous

STMO (i.e., ot in the CHMO/PAMO/STMG@group, se®iebelet al.2012), but clustered with
the4hydroxyacet ophenone B\WMS®, whilébéiAgPoRDZERB% ( S e e
identical to HAPMO sequences. HAPMO has rbeeported not to convert progesterone at
significant rates(Rehdorf et al. 2009, and theC. testosteroniSTMO did not convert
4-hydroxyacetophenone but accepted phenylacetone, progesterone, PDEjeah@e as
substrates. In contrast, the previgusharacterized4 ul f oacet ophenone BVMO
of C. testosteronKF-1, which seems acquired through horiabrgene transfer (discussed in
Weiss et al. 2012, and which seems to be phylogenetically more closely related to the
R.rhodochrousSTMO and PAMO (557% identity) than to the HAPMOs (3§) (FigureS6),
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converted 4sulfoacetophenone, -Hydroxyacetophenone and phenylacetone, but not
progesterongWeisset al. 2012, as confirmed in this study (using 20 pM progesterone, cf.
Figure 4). Hence, an analysis of the pbgénetic relationship of type | BVMOs (Fige S6)

gives no indication of the substrate specificity of these enzymes, at least in respect to a
conversion of carbonylic steroids. Notably, the factors in the architectures of type | BVMOs
that distinguish thepecific substrate recognition and specificity have not been clearly identified
yet, though the recent resolution of the crystal structure dRthteodochroussTMO (and of
mutant forms) indicated that the substrate preference may result rather froneainsp
hydrophobic interactions between the substrate and the binding site ¢bréateeschinet al.

2012). The availability of ssecond STMOgf C. testosteronKF-1, which is phylogenetically

more distantly related to the STM@MO than to the HAPMGgroup of typel BVMOs
(Figure S6), might be valuable in future attempts to distinguish possible common factors of
steroidsubstrate binding in these enzymes and, more generally, why BVMOs bind and convert

substrates, or not.

The steoid esterase is about 35% identical to that-sLifophenyl acetate esterase in strain
KF-1 (Weisset al. 2012 and contains the characterisatphabeta fold, a catalytic triad
(S,D,H), a pentapeptide (GDSAG), as well as a GGGX motif, of carboxylester hydrolases
(Bornscheuer 2002, Henket al. 2002, Rehdorft al. 2012. Recombinant steroidsterase
showed activitywith testosterone acetate (Figuie6A) and boldenone acetate (Fig@B),

but not with 4sulfophenyl acetat@NVeisset al.2012).

Hence, the observat idegmdation énaymesthhesteserofiSTMO e 6 st
and steroid esterase, do nobnvert 4sulfoacetophenone and-sdilfophenyl acetate,
respectively (and also BVMO1 and BVMO4 nesdlfoacetophenone when tested), correspond
to the observation that strain KIFhad to acquire two novel genes, fesulfoacetophenone
BVMO and 4sulfophenyacetate esterase, through horizontal gene transfer in order to catalyze
the analogous acetgide chain removal reactions in a newly established pathway for a
utilization of xenobiotic 4sulfophenylcarboxylate@Veisset al.2012).

ACKNOWLEDGMENTS

We would like to thank Andreadarquardt for proteomics, the DE2JGI for theC. testosteroni

KF-1 genome sequence, and Anna |. Kesberg for her help in individual experiments. The work
of M\W. was funded by the Research School GbamBiology (KoORSCB) and the
Zukunftskolleg of Universityf Konstanz. The work of AK.F. was funded by the KoRGB.

The work of D.S. was funded by a German Research Foundation (DFG) grant (SCHL 1936/1)



102 CHAPTER 6

and by the University of Konstanz, and supported by the KBR&nd by the Konstanz Young
Scholar Fund (YSF).



CHAPTER 6

103

SUPPLEMENTAL MATERIA L

Characterization of a steroid Baeye+Villiger monooxygenase and

esterase inComamonas testosterofiF-1

MICHAEL WEISS, ANN-KATRIN FELUX, DIETER SPITELLER, AND DAVID SCHLEHECK

Department of Biology and Reseai®thool Chemical Biology of the Unisgy of Konstanz

Table S1.PCR primers

product
primer name __gene IOC.U.S tag pri mer se-§06¢&nc length
(binding position [bp]) (bp)
bvmoZlfor CtesDRAFT_PD1901 (41232) GCGCCGGCTATTACGACCAC 540
bvmoZrev? CtesDRAFT_PD1901 (1052034) CCGCCGAACCGCTTGAGAT
3136for, bvmoZor ~ CtesDRAFT_PD3136 (67895) TGCAGCGCGAACCCACCTA 556
3136rev, bmoZev?®  CtesDRAFT_PD3136 (1232213) TGCTCGCCGCGTTCTATCAG
bvmo3for CtesDRAFT_PD5437 (571) CTTCGCCGGCCTCTACCAACT sa4
bvmo3rev? CtesDRAFT_PD543(594 577) GGCGATCACGGGCACCAT
bvmo4for CtesDRAFT_PD1705 (46283) CGTATCTCCCGAGCCGTTCAAA 208
bvmo4rev? CtesDRAFT_PD1705 (96@39) ACCATAGCCCACCAGCCACAAG
(+), sucDfor CtesDRAFT_PD5114 (11837) GCAGGCGTGAACCCCAAGAA 451
(+), sucDreva CtesDRAFT_PD5114568550) CGCCACCGATACCGACAGC
3135for, estor CtesDRAFT_PD3135 (24865) GCTGGCATGGCAGGGTGATAGT a1
3135rev, estzev? CtesDRAFT_PD3135 (66847) GCGGCGGCTGGTGCATAG
3137for, sdifor CtesDRAFT_PD3137 (9215) CGGCGCCAGGGTGGTGT 450

3137rev, sdrev

CtesDRAFT_PD3137 (54B826)

ATATAGCCGGGGCTGATGCTGTT

TOPO_Ct_1705or®
TOPO_Ct_1705ev

CtesDRAFT_PD1705
CtesDRAFT_PD1705

CACCCGCGTAGAGGGAGCGCTTGAGG
CTGGCCGGGAGGCTAGTGTCTCAG

TOPO_Ct_190%or®
TOPO_Ct_190ev

CtesDRAFT_PD1901
CtesDRAFT_PD1901

CACCATGGCACAGCATTTCGACTTTC
CTAGCGATAGGCCAAGGCATCGTC

TOPO_Ct_3135or®
TOPO_Ct_3135ev

CtesDRAFT_PD3135
CtesDRAFT_PD3135

CACCATGCCGATACACCCCGAAA
TCAGGACCGAACACGCGCCAAGG

TOPO_Ct_313dor °
TOPO_Ct_3136ev

CtesDRAFT_PD3136
CtesDRAFT_PD3136

CACCATGAAATATGATGTCATTGTGATT
GGCTG CGCGCCCGCTCGGTTCT

2primer used for reversganscription reactior?.the adaptesequence for directional TOP€oning is underlined
in the primer sequence.
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Figure S1.Progesterone (A) and testosterone acetate (B) disappearance as followedVisy iGCrude extract
of C. testosteronKF-1 cellsgrown with progesterone (solasterisk or succinate (opeasterisk. The reaction
with progesterone contained NADPH.
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Figure S2. SDSPAGE analysi®f recombinant enzymes (each 20 g total protein per lane). Lane 1, molecular
mass marker (in kDa); lane 2, purified CtesDRAFT_PD1705 (BVMO4); lane 3, purified CtesDRAFT_PD1901
(BVMO1); lane 4, purified CtesDRAFT_PD3136 (BVMO2; STMQane 5, purified CtesDRAFT_PD3135
(steroid esterase; SEST).
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< PD3135 < PD3136 < PD3137
est2 bvmo2 sdr
3135rev,. R1  3135for
3136rev, R2 g3136f0r
I 3136rey, R3  313600r
BIBOMRVE e 3137rev R4 3137for
R 313710y, R5 3137or

1953

800
700
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Figure S3.Schematic representation of th&HRCR assay (A) that was used to analyze-gamscription of the
threegene cluster with the esterase candidate, STMO (BVMO2), and SDR gene\ss kitus tags PD3135

37) and (B) illustration of the result obtained. (A) An open triangle represents the primers used to generate cDNA
in an individual RT reaction and closed triangles represent the primers used for the mapping of the length of the
cDNA obtained by these RT reactions. The labeling of the PCR producRFR1A) corresponds to the labeling

of the lanes of the agarose gel (B); genomic DNA of strairiKas used as template for the PCR positive controls

(+). The length markers are indied (in bp).

Identification of progesteroneinducible proteins by proteomics

We used differential proteomics to obtain further evidence for an inducible expression of locus
tags PD31387 during growth with progesterone, and to identify also other pregest
inducible proteins. Firstly, soluble proteins of progesteramel succinatgrown strain KF1
cellswere separated by 2BAGE (FigureS4), and the most prominent protein spots that were
visible specifically on the gel from progesteregrewn cells vere excised and analyzed by
peptide fingerprintingnass spectrometry (F¥S) (Table S2). Secondly, cdliee crude
extracts (i.e., soluble and membrane proteins) of progesteandeuccinatgrown strain KF

1 cellswere separated by 1BAGE (FigureS5),and the proteins in the molecular mass ranges
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456 5 kDa (for ster oi d40RDAN@ steraddJtvEHSE Paled® 3 0
excised (see Figui®5) and analyzed by higlesolution PEMS (Orbitrap MS) (Tables S386).

pH 5 7 pH 5 7
kDa kDa

170
130
70

55

170
130

70
55

40 40

35 35

25 25

15 15

10 10

progesterone succinate

Figure S4.2D-PAGE of solubleprotein fractions ofC. testosteronKF-1 cells grown with progesterone and

succinate. Protein spots that were excised are labeled by the locus tag number (CtesDRAFT_PD0000) obtained
from PEMS analysis (Table S2).

None of the prominent protein spots frtime 2D-PAGE could identify the STMO GEST but
the SDR locus (PD3137) of the gene cluster (PD3A5wvas identified by @rominent spot
visible exclusively for progesterorggown cells. In the samples of the -bels, theSEST
canddate (PD3135) was iaéfied, specifically for progesterorgrown cells, but still not
STMO (FigureS5, Table S3). Interestingly, locus tag PD3138, which is located directly
upstream of the PD313%/ locus in divergent orientation, was attributed by a different

prominent spobn the 2Dgel, specifically for progesterorgrown cells; PD3138 is annotated
to encode another SDR.

Furthermore, several genes of the steroid degradation genpdtqP®36403746 in strain
KF-1; Weisset al.2013 described foC. testosteronfHorinouchiet al.2012 were attributed
as pogesteronenducibly expressedif(appropriate, ORF/protein names were adoptechfro
Horinouchiet al. 2012. Briefly, on he 2Dgel were identified (FigureS4 and Table S2):
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PD3646, 4,9,10disece3-hydroxy-5,9,1#trioxoandrostel(10),2diened-oate hydrolase
(TesD; PD3648, aldehyde dehydrogenasteqh; PD3666, acylCoA dehydrogenase;
PD3693, 3ketosteroid 9monooxygease subunit A (designated Ksl{@an der Geizeet al.
2002); PD3724 acetylCoA acetyltransferase ORF33; PD3734, enoylCoA
hydratase/isomeras®@RF5. The analysis of the 1-Del samples confirmed and expandedn
these identications (FigureS5 and Tables S36). Confirmed was the progesteranducible
expression of PD3646TésD, PD3648(TeshH and PD3666 (acyCoA dehydrogenase). In
addition, the following loci were identified as progesteroricibly expressed. PD3643-
oxosteroid idehydrogenase (TesHPD3644, 2hydroxy-9,10-secoandrosta,3,5(10)jtriene
9,17-dione monooxygenas@esA?, PD3647, 2oxo-3-hexenedioate decarboxylase (TesE)
PD3653, protein of unknown function (DUF35); PD3655, glycosyl hydrolase; PD3@#8ip

of unknown function DUF1302; PD3660, putative regulatory protein DUF1329; PD3667, lipid
transfer protein; PD3669, ae@loA dehydrogenase; PD3670, putative DNA binding protein
(DUF925; PD3730, amidaséRF25; PD3732, acylCoA dehydrogenas®©fRF22; PD3737
CoA-transferase subunit BORF2; PD3739, 3,4lihydroxy9,10secoandrosta,3,5(10)
triene9,17-dione 4,5dioxygenase (TesB)

Table S2.Identities of 2DPAGE protein spots (see Figure S4)

spot / locus tag

(CtesDRAFT_PD) annotation score coverage(%)
3137 shortchain dehydrogenase/reductase SDR 452 89
3138 shortchain dehydrogenase/reductase SDR 104 47
3646 alpha/betahydrolase fold protein 171 67
3648 acetaldehyde dehydrogenase (acetylating) 165 72
3666 acylCoA dehydrogenase domain protein 224 44
3693 Rieske (2Fe€S) domain protein 221 34
3724 acetytCoA acetyltransferase 466 70

3734 enoykCoA hydratase/isomerase 139 63
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Figure S5.1D-PAGE of crude extracts of progesterone (A) and succigiaten cells (B). The sections of the
gels that were excised and submitted teMP-are labeled-4; for the results, see Tables-S8 below).
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. STMO [CtesDRAFT_PD3136] C. festosteroni KF-1 <
To5] 109 predicted BVMO [CtCNB1_1729] C. testosteroni CNB2
Lmo

predicted BVMO [CTS44 (05808] C. testostsroni S44
predicted BVMO [WP_003080607] C. iestostercni ATCC11996
predicted BVMO [WP_004256719] Thavera sp. 63
BVMO1 [CAA97338] Mycobacterium tuberculosis H37Rv
BYMO2 [CABO2175] Mycobaclerium tuberculosis H37Rv
MO-17 [RHA1_ro05228]
MO-12 [RHA1_re07112]
MO-6 [RHA1_ra01874]
MO-19 [RHA1_ro05522]
MO-2 [RHA1_ro04304]
BVMO [CAB59668] Streptomyces coslicolor A3-2
MO-7 [RHA1_ro06008]
CHMG [AE004582] Pseudomonas aeruginosa PAO1
BVMO [AAC36351] Pseudomenas fluorescens DSM50106
BVMO3 [CAA16134] Mycobacterium tuberculosis H37Rv
MO-5 [RHA1_ro02109]

7 10— HAPMO [AAK54073] Pseudomonas fluorescens ACB
L————— HAPMO [aCJ37423] Pseudomonas putida JD1
80 MOQ-18 [RHA1_ro05396]
92 MO-10 [RHA1_ro09039]

BYMOC [ADE738786] uncultured bacterium

STMOQ [BAA24454] ous <——1
MO-15 [RHA1_ro02492]

MO-9 [RHA1_ro09035]

PAMO [Q47PU3] Thermobifida_fusca

SAPMO [CtesDRAFT_PD5437] C. testosteroni KF-1

predicted BYMO [YP_568996] Rhodopseudomonas palustris BisB5
predicted BVMO [BJ6T_68290] Bradyrhizobium japonicun USDAG
predicted BVMO [YP_001615687] Sorangium celiulosum Soce56
predicted BVMO [Plav_0813] Parvibaculum lavamentivorans DS-1
MO-14 [RHA1_ra03437]

MO-24 [RHA1_ro05323]

CHMO1 [AAGO1289] Brevibacterium sp. HCU

CPMO [BAC22652] Comamonas sp. NCIMB9872

MO-1 [RHA1_rc06679]

CHMO2 [AAG01290] Brevibacterium sp. HCU

MO-20 [RHA1_ro08137]

MOC-11 [RHA1_ro06688]

MO-3 [RHA1_ro03247]

MOC-4 [RHA1_ro03063]

MO-23 [RHA1_ro08185]

MO-21 [RHA1_ro10187]

ACMO [BAF43791] Gordonia sp. TY-5

100 MAKMO [ABI15711] Pseudomonas veronii MEK700

57 FMO [YP_552312] Polaromonas sp. JS666
44

CHWO [AARS9068] Brachymonas petroleovorans
CHM®O [CAD10801] Xanthobacter sp. ZL5

CHMO [BAABG293] Acinefobacter sp. NCIMB9871
CHMO [AAN37479] Arthrobacter sp. BP2

CHMO [ABQ10653] Arthrobacter sp. L6861

CHMO [BAHS56677] Rhodococcus sp. HI-31

CHMO [AAR27824] Rhodococeus sp. TK6

CHMO [AAN37491] Rhodococcus sp. Phi2

CHMO [AAN37494] Rhodococcus sp. Phil

GAMO [AETBG001] ffyoneciria radicicola

100

100
[ BVMO1 (PenE) [ADC85575] Streptomyces exfoliatus
3 190l —— gyMO2 (PenE) [ADO85591] Streptomyces exfoliatus
100 CPDMO[BAE93346] Pseudomonas sp. HI-70

— CDMO [AAL14233] Rhodococcus ruber SC1

BVMQC [AANGB413] Pseudomonas putida KT2440
o 160 ETaA [CAB06212] Mycobacterium tuberculosis H37Rv
predicted BYMO1 [CtesDRAFT_PD1901] C. testosteroni KF-1
predicted BYMQ4 [CtesDRAFT_PD1705] C. testosteroni KF-1 @

BVMO [ABB88524] Sireptomyces aculeclatus

Figure Sé6. lllustration of the phylogenetic relatiship ofC. testosteronSTMO (solid arrow) and of archetype
Rhodococcus rhodochrolTMO (open arrow) within the typeBVMO family of enzymes. A collection of

cloned BVMO sequenced éipold et al. 2012 was used, inclusive thRhodococcus jostiRHA1 BVMOs
(Szolkowyet al. 2009, Riebekt al.2012 and best BLASTp its (grey) for STMO and the previously identified
SAPMO ofC. testosteron{Weisset al. 2012). The BVMO1 and BYMO4 ofC. testosteronKF-1 are indicated

with arrows with stripes or diamonds, respectively. The collection was aligned and a phylogenetic tree generated
using ClustalX2Larkin et al.2007) and the tree visualized using Dendroscfigasonet al. 2007). Two FAD-
dependent monooxygenase superfamily enzymesrnithine 5monooxygenase (NMO; Q51548) and
4-hydroxybenzoate -Bhonooxygenase (HBMO; Pput_2237), were used to root the tree (hot shown). Enzyme
abbreviations: ACMO, acetone mooxygenase; CAMO, cycloalkanone monooxygenase; CDMO,
cyclododecanone monooxygenase; CHMO, cyclohexanone monooxygenase; CPMO, cyclopentanone
monooxygenase; CPDMO, cyclopentadecanone monooxygenase; ETaA, ethionamide BVMO; FMO, flavin
dependent monooxygenasdAPMO, 4hydroxyacetophenone monooxygenase; MAKMO, methylalkylketone
monooxygenase; PAMO, phenylacetone monooxygenase; SAPMD)fodcetophenone monooxygenase;
STMO, steroid monooxygenase.
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Table S3.Results obtained from high resolution-RFS of gel slice no. 1 (see Figure S5);
cut-off was set ai minimal score of 300

Accession Description Score Coverage
645106180 CtesDRAFT_PD4426 chaperonin GroEL [Comamonas testosteroni KH 6772,27 47,35
645106887 CtesDRAFT_PD5113 succinyCoA synthetase, beta subunit [Comamonas testosteroni KF1] 2491,46 43,78
645106513 CtesDRAFT_PD4744 translation elongation factor Tu [Comamonas testosteroni KH] 2443,18 47,73
645106532 CtesDRAFT_PD4759 ATP synthasEl, beta subunit [Comamonas testosteroni KF1] 2201,51 43,71
645106534 CtesDRAFT_PD4761 ATP synthase F1, alpha subunit [Comamonas testosteroni KE 1632,28 30,44
645105389 CtesDRAFT_PD3660 putative sigma E regulatory protein, MucB/RseB [Comamonatestosteroni KF1] 1586,88 25,49
645105388 CtesDRAFT_PD3659 protein of unknown function DUF1302 [Comamonas testosteroni K] 1541,82 33,73
645103997 CtesDRAFT_PD2294 carboxyl transferase [Comamonas testosteroni KE] 1268,20 31,51
645104352 CtesDRAFT_PD2649 dihydrolipoamide dehydrogenase [Comamonas testosteroni KE] 1188,15 23,16
645105373 CtesDRAFT_PD3644 AcyCoA dehydrogenase type 2 domain protein [Comamonas 1083,86 27,64
645107266 CtesDRAFT_PD5488 acetyCoA acetyltransferase[Comamonas testosteroni KF1] 1014,35 25,53
645105740 CtesDRAFT_PD3995 chaperone protein DnakK [Comamonas testosteroni KE] 999,10 20,09
645103900 CtesDRAFT_PD2197 inosiné&'-monophosphate dehydrogenase [Comamonas testosteroni 947,39 25,25
645102959 CtesDRAFT_PD1274 citrate synthase | [Comamonas testosteroni K] 900,88 21,10
645101942 CtesDRAFT_PDO0269 heat shock protein Hsp90 [Comamonas testosteroni K] 877,46 15,72
645102591 CtesDRAFT_PD0908 ATPase AAZdomain protein [Comamonas testosteroni KF1] 782,99 6,94
645105825 CtesDRAFT_PD4080 argininosuccinate lyase [Comamonas testosteroni KE] 758,83 15,35
645102221 S;ii)asggra_szl?cogﬁfamonas ngtzzilgrr(iﬁ?iy;ir]ninoimidazolecarboxamide formyltransferase/IM 741,64 17.86
645105653 CtesDRAFT_PD3909 Glutamate dehydrogenase (NADP(+)) [Comamonas testosteroni kE] 704,66 20,98
645106035 CtesDRAFT_PD4283 extracellular solutébinding protein family 1 [Comamonas testosteroni 670,29 18,76

CtesDRAFT_PD3643fumarate reductase/succinate dehydrogenase flavoprotein domain protein

645105372 [Comamonas testosteroni KF1] 666,26 12,15
645105287 CtesDRAFT_PD3573 ribosomal protein S1 [Comamonas testosteroni K] 642,64 17,68
645104778 CtesDRAFT_PD3074 NusA antiterminatioriactor [Comamonas testosteroni KF1] 623,42 17,17
645103897 CtesDRAFT_PD2194 GMP synthase, large subunit [Comamonas testosteroni KE 614,95 14,87
645105628 CtesDRAFT_PD3884 Phosphopyruvate hydratase [Comamonas testosteroni KE] 612,86 14,25
645105700 CtesDRAFT_PD3955 Polyribonucleotide nucleotidyltransferase [Comamonas testosteroni 576,60 10,17
645104006 CtesDRAFT_PD2303 aminotransferase class | and Il [Comamonas testosteroni KH] 538,80 14,07
645102062 CtesDRAFT_PDO0387 acyCoA dehydrogenasedomain protein [Comamonas testosteroni 536,67 9,70
645106565 CtesDRAFT_PD4792 translation elongation factor G [Comamonas testosteroni Kf] 506,61 10,68
645102970 CtesDRAFT_PD1285 aconitate hydratase 2 [Comamonas testosteroni K&] 505,00 9,52
645101706 CtesDRAFT_PDO0034 betdactamase domain protein [Comamonas testosteroni KF1] 501,16 12,17
645103099 CtesDRAFT_PD1414 Glycine hydroxymethyltransferase [Comamonas testosteroni KE] 491,96 16,14
645106592 CtesDRAFT_PD4819 glutamytRNA(GIn) amidotransferase, B subunit [Comamonas 462,59 10,31
645105459 CtesDRAFT_PD3730 Amidase [Comamonas testosteroni KE] 459,21 17,69
645106859 CtesDRAFT_PD5085 DNA polymerase Ill, beta subunit [Comamonas testosteroni KF] 444,66 11,80
645103434 CtesDRAFT_PD1735 acyCoA dehydrogenase domain protein [Comamonas testosteroni 417,98 8,58
645104319 CtesDRAFT_PD2616 Extracellular ligandinding receptor [Comamonas testosteroni KF1] 373,30 9,12
645103520 CtesDRAFT_PD1820 isocitrate dehydrogenaseNADRdependent [Comamonas testosteroni 372,18 5,25
645105776 CtesDRAFT_PD4031 protease Do [Comamonas testosteroni KE] 355,41 6,20
645105395 CtesDRAFT_PD3666 acyCoA dehydrogenase domain protein [Comamonas testosteroni 338,86 11,45
645103073 CtesDRAFT_PD1388 glutamine synthetase, type | [Comamonas testosteroni KF] 334,23 9,13
645106130 CtesDRAFT_PD4376 glutamate synthase, NADH/NADPH, small subunit [Comamonas 319,98 7,94

645103057 CtesDRAFT_PD1372 histidytRNA synthetase [Comamonastestosteroni KF1] 300,71 11,98
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Table S4.Results obtained from high resolution-RFS of gel slice no. 2 (see Figure S5);
cut-off was set at a minimal score of 300

Accession Description Score Coverage
645106180 CtesDRAFT_PD4426 chaperonin GroE[Comamonas testosteroni KF1] 5151,22 51,92
645106513 CtesDRAFT_PD4744 translation elongation factor Tu [Comamonas testosteroni Kf] 4682,64 50,25
645106532 CtesDRAFT_PD4759 ATP synthase F1, beta subunit [Comamonas testosteroni KE| 2652,85 46,48
645106887 CtesDRAFT_PD5113 succinyCoA synthetase, beta subunit [Comamonas testosteroni KF1] 2490,42 43,78
645104352 CtesDRAFT_PD2649 dihydrolipoamide dehydrogenase [Comamonas testosteroni KE] 1950,04 30,53
645106534 CtesDRAFT_PD4761 ATP synthase Fhlpha subunit [Comamonas testosteroni KF1] 1739,96 30,64
645103900 CtesDRAFT_PD2197 inosin&'-monophosphate dehydrogenase [Comamonas testosteroni KF1] 1569,67 33,60
645102959 CtesDRAFT_PD1274 citrate synthase | [Comamonas testosteroni KA] 1542,43 23,39
645105498 CtesDRAFT_PD3764 trigger factor [Comamonas testosteroni KF] 1312,09 38,53
645104353 E:tgfnifnﬁizgﬁiztggg:’gz?%l;%rate dehydrogenase, E2 subunit, dihydrolipoamide succinyltransferase 128450 24.03
645105729 CtesDRAFT_PD3984 Homoserine dehydrogenase [Comamonas testosteroni KE 1164,31 27,25
645105653 CtesDRAFT_PD3909 Glutamate dehydrogenase (NADP(+)) [Comamonas testosteroni KE] 1137,82 21,88
645105287 CtesDRAFT_PD3573 ribosomal protein S1 [Comamonagestosteroni KF1] 1126,37 25,54
645105553 CtesDRAFT_PD3809 aspartate kinase [Comamonas testosteroni kE] 1002,65 22,80
645102221 S;iﬁ;)a%s;g;_sg?giﬁfamonas ;::;zz?:rr(lja(i)sl(y'lir]n|n0|m|dazolecarboxam|de formyltransferase/IM 996,92 23.50
645103236 (K:;[fi]DRAFT_PD1539 type | secretion outer membrane protein, TolC family [Comamonas testosteroni 958,02 2150
645105628 CtesDRAFT_PD3884 Phosphopyruvate hydratase [Comamonas testosteroni KE] 737,02 14,25
645104006 CtesDRAFT_PD2303 aminotransferase class | and Il [Comamonas testosteroni K] 685,68 10,69
645105776 CtesDRAFT_PD4031 protease Do [Comamonas testosteroni K] 667,43 20,20
645105825 CtesDRAFT_PD4080 argininosuccinate lyase [Comamonas testosteroni KE] 626,73 11,83
645107265 CtesDRAFT_PD5487 itropropane dioxygenase NPD [Comamonas testosteroni KF1] 618,47 21,12
645103897 CtesDRAFT_PD2194 GMP synthase, large subunit [Comamonas testosteroni KE 598,20 15,61
645102535 CtesDRAFT_PD0852 effluxransporter, RND family, MFP subunit [Comamonas testosteroni KF1] 556,68 20,61
645103067 CtesDRAFT_PD1382 Adenylosuccinate synthase [Comamonas testosteroni KH 553,15 14,19
645106859 CtesDRAFT_PD5085 DNA polymerase lll, beta subunit [Comamonagestosteroni KF1] 540,66 11,80
645105625 CtesDRAFT_PD3881 CTP synthase [Comamonas testosteroni K 535,87 14,69
645104866 (l:]tesDRAFT_PD3161 @acetylhomoserine/O-acetylserine sulfhydrylase [Comamonas testosteroni K+ 505,67 10,59
645106591 CtesDRAFT_PD4818 glutamytRNA(GIn) amidotransferase, A subunit [Comamonas testosteroni KF1] 500,45 5,65
645106225 CtesDRAFT_PD4471 Aldehyde Dehydrogenase [Comamonas testosteroni KH 484,76 13,13
645103099 CtesDRAFT_PD1414 Glycindydroxymethyltransferase [Comamonas testosteroni KF1] 478,74 16,14
645107266 CtesDRAFT_PD5488 acetyCoA acetyltransferase [Comamonas testosteroni KF1] 463,01 16,25
645105727 CtesDRAFT_PD3982 threonine synthase [Comamonas testosteroni KE] 453,54 14,35
645102537 g’rsetzztzg:il'_KiDl?BSA RND efflux system, outer membrane lipoprotein, NodT family [Comamonag 447,32 15,40
645103057 CtesDRAFT_PD1372 histidytRNA synthetase [Comamonas testosteroni KF1] 433,05 11,06
645101942 CtesDRAFT_PDO0269 heat shock protein Hsp90 [Comamonas testosteroni KE] 419,55 5,70
645103073 CtesDRAFT_PD1388 glutamine synthetase, type | [Comamonas testosteroni KF] 417,09 14,01
645102699 CtesDRAFT_PD1015 malate/quinone oxidoreductase [Comamonagestosteroni KF1] 414,06 8,33
645103551 CtesDRAFT_PD1851 methylmalonatesemialdehyde dehydrogenase [Comamonas testosteroni KF1] 411,97 10,45
645106592 CtesDRAFT_PD4819 glutamytRNA(GIn) amidotransferase, B subunit [Comamonas testosteroni KF1] 395,83 10,31
645105330 CtesDRAFT_PD3603 Argininosuccinate synthase [Comamonas testosteroni KE| 395,08 15,73
645102136 CtesDRAFT_PDO0461 cobalamin synthesis protein P47K [Comamonas testosteroni KE] 391,65 10,46
645105322 CtesDRAFT_PD359%midophosphoribosyltransferase [Comamonas testosteroni KF1] 380,99 7,37
645105345 CtesDRAFT_PD3618 fumarate hydratase, class Il [Comamonas testosteroni KH] 376,02 16,63
645103163 CtesDRAFT_PD1472 transcription termination factor Rho [Comamonagestosteroni KF1] 368,65 11,43
645103434 CtesDRAFT_PD1735 acyCoA dehydrogenase domain protein [Comamonas testosteroni KF1] 367,58 8,58
645106035 CtesDRAFT_PD4283 extracellular solutéinding protein family 1 [Comamonas testosteroni KF-1] 367,05 12,59
645102962 CtesDRAFT_PD1277 succinate dehydrogenase, flavoprotein subunit [Comamonas testosteroni K] 331,08 8,32
645102238 CtesDRAFT_PDO0561 amidohydrolase [Comamonas testosteroni KE] 330,22 12,09
645107043 gﬁzl;iﬁ;‘:’_KZDl?ZGQ peptidase M24B-Rro dipeptidase/aminopeptidase domain protein [Comamonas 306,90 10,02
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Table S5.Results obtained from high resolution-RFS of gel slice no. 3 (see Figure S5);-cut
off was set at a minimal score of 80

Accession Description Score Coverage
645106183 CtesDRAFT_PD4429 porin Grarnegative type [Comamonas testosteroni KF1] 3782,58 43,82
645106513 CtesDRAFT_PD4744 translation elongation factor Tu [Comamonas testosteroni Kf] 2227,49 44,19
645106180 CtesDRAFT_PD4426 chaperonin GroEL [Comamonasstosteroni KF1] 1872,22 37,29
645102883 f]tesDRAFT_PDllQS Electron transfer flavoprotein alpha/betasubunit [Comamonas testosteroni K~ 1788.67 48,59
645102966 CtesDRAFT_PD1281 malate dehydrogenase [Comamonas testosteroni KE] 1781,97 34,65
645107270 CtesDRAFT_PD5492 conserved hypothetical protein [Comamonas testosteroni K] 1624,19 56,17
645102884 CtesDRAFT_PD1199 Electron transfer flavoprotein alpha subunit [Comamonas testosteroni Kf] 1613,40 33,55
645103114 CtesDRAFT_PD1423ranslation elongation factor Ts [Comamonas testosteroni KF1] 1366,18 41,75
645105377 CtesDRAFT_PD3648 acetaldehyde dehydrogenase (acetylating) [Comamonas testosteroni KE] 1260,62 46,58
645102784 CtesDRAFT_PD1099 TRAP dicarboxylate transporteiDctP subunit [Comamonas testosteroni KF1] 1103,53 19,17
645102085 CtesDRAFT_PDO0410 extracellular solutéinding protein family 3 [Comamonas testosteroni KF-1] 999,50 17,73
645102716 CtesDRAFT_PD1032 Extracellular ligandinding receptor [Comamonas testosteroni KF1] 904,69 21,43
645106457 CtesDRAFT_PD4691 {asparaginase, type 1l [Comamonas testosteroni KF1] 889,41 21,72
645102081 CtesDRAFT_PD0406 TRAP dicarboxylate transporter, DctP subunit [Comamonas testosteroni KH 889,08 26,38
645106887 CtesDRAFT_PD5113 succinyCoA synthetase, beta subunit [Comamonas testosteroni KF1] 842,59 33,94
645106877 CtesDRAFT_PD5103 conserved hypothetical protein [Comamonas testosteroni K&] 821,75 25,85
645103927 CtesDRAFT_PD2224 protein of unknown functionDUF534 [Comamonas testosteroni KF1] 767,38 29,50
645104432 t(;tsetzlz::ﬁ):il'_KiDﬁ729 sulfate ABC transporter, periplasmic sulfatdinding protein [Comamonas 72957 15.13
645106533 CtesDRAFT_PD4760 ATP synthase F1, gamma subunit [Comamonasstosteroni KF1] 663,88 27,08
645105468 (K:;[ET]DRAFT_PDSBQ Glyoxalase/bleomycin resistance protein/dioxygenase [Comamonas testostero 625,26 3167
645104943 CtesDRAFT_PD3234 ketohcid reductoisomerase [Comamonas testosteroni KF1] 624,41 16,86
645102651 CtesDRAFT_PD0967 basic membrane lipoprotein [Comamonas testosteroni K&] 607,42 24,42
645102650 CtesDRAFT_PDO0966 basic membrane lipoprotein [Comamonas testosteroni K&] 533,29 26,25
645106534 CtesDRAFT_PD4761 ATP synthase F1, alpha subunj€omamonas testosteroni KF1] 520,13 11,56
645106319 CtesDRAFT_PD4565 porin Grarnegative type [Comamonas testosteroni KF1] 509,92 15,13
645106532 CtesDRAFT_PD4759 ATP synthase F1, beta subunit [Comamonas testosteroni KE 489,14 20,47
645104537 CtesDRAFT_PD2833 lipoprotein, YaeC family [Comamonas testosteroni K] 486,03 24,52
645105715 CtesDRAFT_PD3970 ATHependent chaperone ClpB [Comamonas testosteroni KF1] 477,10 6,67
645104840 CtesDRAFT_PD3135 Alpha/beta hydrolase foleB domain protein [Comamonas testosteroni KF1] 430,42 15,02
645101932 CtesDRAFT_PDO0259 conserved hypothetical protein [Comamonas testosteroni KH&] 424,67 30,40
645106508 CtesDRAFT_PD4740 ribosomal protein L1 [Comamonas testosteroni K&] 399,48 17,75
645107039 E'tfi]DRAFT_PDSZGS glyceraldehyd@-phosphate dehydrogenase, type | [Comamonas testosteroni 374,08 12,05
645104352 CtesDRAFT_PD2649 dihydrolipoamide dehydrogenase [Comamonas testosteroni KE] 371,46 11,79
645105231 CtesDRAFT_PD3519 porirGram-negative type [Comamonas testosteroni KF1] 355,24 8,12
645107268 CtesDRAFT_PD5490 EnoyCoA hydratase/isomerase [Comamonas testosteroni KF1] 349,95 14,07
645102959 CtesDRAFT_PD1274 citrate synthase | [Comamonas testosteroni KA] 327,16 11,24
645106760 CtesDRAFT_PD4986 branchedhain amino acid aminotransferase [Comamonas testosteroni KF1] 322,55 9,94
645105375 CtesDRAFT_PD3646 alpha/beta hydrolase fold protein [Comamonas testosteroni KH] 313,55 24,01
645102113 CtesDRAFT_PDO0438 cysteinsynthase A [Comamonas testosteroni KF1] 299,23 16,99
645107265 CtesDRAFT_PD5487 zitropropane dioxygenase NPD [Comamonas testosteroni KF1] 290,60 10,16
645107051 gtsetzlztzgi'il"_(ia?ﬂ? fructosebisphosphate aldolase, class Il, Calvin cycle subtype [Comamonas 285,27 12,43
645106636 EE};]DRAFT_PDA%S oxidoreductase FAD/NAD(Rinding domain protein [Comamonas testosteroni 276,03 12,84
645105287 CtesDRAFT_PD3573 ribosomal protein S1 [Comamonas testosteroni kE] 269,78 8,93
645104333 CtesDRAFT_PD2630 conserved hypothetical protein [Comamonas testosteroni K&] 267,41 15,96
645106559 CtesDRAFT_PD4786 ribosomal protein L2 [Comamonas testosteroni KH] 264,73 11,31
645105382 CtesDRAFT_PD3653 protein of unknown function DUF3§Comamonas testosteroni K~1] 262,06 8,97
645102911 CtesDRAFT_PD1226 Pili assembly chaperone [Comamonas testosteroni KE 259,59 18,36
645105466 CtesDRAFT_PD3737 coenzyme A transferase [Comamonas testosteroni KE] 250,15 7,81
645106313 CtesDRAFT_PD4559 TRAP dicarboxylate transporter, DctP subunit [Comamonas testosteroni KH 245,65 8,23
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645104788 CtesDRAFT_PD3084 shorthain dehydrogenase/reductase SDR [Comamonas testosteroni KFL] 237,71 13,53
645105396 CtesDRAFT_PD366Tipid-transfer protein [Comamonas testosteroni KF-1] 237,24 7,95
645103971 gﬁzztlzf;i':'ki[;j%s 2,3,4,8etrahydropyridine-2,6-dicarboxylate N-succinyltransferase [Comamonas 236,81 14,80
645105384 CtesDRAFT_PD3655 glycosyl hydrolasgComamonas testosteroni KF1] 224,79 9,25
645104934 CtesDRAFT_PD3225 translation elongation factor P [Comamonas testosteroni Kf] 222,77 13,59
645106128 CtesDRAFT_PD4374 extracellular solutéinding protein family 3 [Comamonas testosteroni KF-1] 218,04 8,55
645105398 CtesDRAFT_PD3669 acyCoA dehydrogenase domain protein [Comamonas testosteroni KF1] 213,90 8,99
645102596 CtesDRAFT_PD0913 alkenal reductase [Comamonas testosteroni KF1] 207,70 11,46
645103900 CtesDRAFT_PD2197 inosin&'-monophosphate dehydrogenase [Comamonas testosteroni KF1] 207,56 4,68
645104429 CtesDRAFT_PD2726 sulfate ABC transporter, ATPase subunit [Comamonas testosteroni Kf 203,24 6,40
645101708 CtesDRAFT_PDO0036 ribos@ohosphate pyrophosphokinase [Comamonas testosteroniKF1] 193,15 9,40
645103099 CtesDRAFT_PD1414 Glycine hydroxymethyltransferase [Comamonas testosteroni KE] 187,41 6,51
645105399 CtesDRAFT_PD3670 protein of unknown function DUF35 [Comamonas testosteroni Ka] 171,69 12,42
645105727 CtesDRAFT_PD3982hreonine synthase [Comamonas testosteroni KF1] 170,83 5,91
645106145 CtesDRAFT_PD4391 transaldolase [Comamonas testosteroni KE] 169,77 10,28
645104480 CtesDRAFT_PD2777 lipoprotein, YaeC family [Comamonas testosteroni K] 168,57 8,65
645103220 CtesDRAFT_PD1524 conserved hypothetical protein [Comamonas testosteroni K&] 165,96 9,02
645102757 CtesDRAFT_PD1072 cysteine synthase B [Comamonas testosteroni KE] 163,90 8,31
645105641 CtesDRAFT_PD3897 conserved hypothetical protein [Comamonasgestosteroni KF1] 153,20 8,28
645102378 CtesDRAFT_PDO0700 phosphoglycerate mutase 1 family [Comamonas testosteroni KH] 145,61 11,74
645105580 CtesDRAFT_PD3836 Hemimegrading family protein [Comamonas testosteroni KF-1] 140,35 5,14
645104781 CtesDRAFT_PD3077 heat shock protein DnaJ domain protein [Comamonas testosteroni K&] 136,18 7,35
645102790 CtesDRAFT_PD1105 Carbomonoxide dehydrogenase (acceptor) [Comamonas testosteroni KF1] 132,18 8,43
645105498 CtesDRAFT_PD3764 trigger factof{Comamonas testosteroni KR1] 128,17 11,47
645105537 CtesDRAFT_PD3802 conserved hypothetical protein [Comamonas testosteroni KH] 126,40 8,41
645104710 CtesDRAFT_PD3006 conserved hypothetical protein [Comamonas testosteroni K&] 125,96 7,00
645104353 [ngrsﬂgl?ﬂﬁl;‘;gl?;igg&?gﬁ?g;%rate dehydrogenase, E2 subunit, dihydrolipoamide succinyltransferase 125,85 461
645104798 CtesDRAFT_PD3094 band 7 protein [Comamonas testosteroni Kf] 116,15 12,75
645103231 CtesDRAFT_PD153®henylalany-tRNA synthetase, alpha subunit [Comamonas testosteroni KF1] 115,24 10,86
645102639 CtesDRAFT_PDO0955 efflux transporter, RND family, MFP subunit [Comamonas testosteroni KE] 110,67 5,18
645105376 CtesDRAFT_PD3647 bxalocrotonate decarboxylase [Comamonas testosteroni KF1] 110,67 9,33
645105653 CtesDRAFT_PD3909 Glutamate dehydrogenase (NADP(+)) [Comamonas testosteroni KE] 106,98 5,36
645103654 E'tfi]DRAFT_PDl%Z Alcohol dehydrogenase zirbinding domain protein [Comamonas testosteroni 106,01 12,43
645102961 %Efnglfnﬁai‘;gi’;lézgroiliJcKinlz]\te dehydrogenase and fumarate reductase irosulfur protein 99,96 16,24
645106696 CtesDRAFT_PD4923 porin Grannegative type [Comamonas testosteroni KF1] 98,00 7,55
645101722 CtesDRAFT_PDO0050 secretion protein HlyD family protein [Comamonas testosteroni KA] 94,65 6,69
645105699 CtesDRAFT_PD3954 NAD(P)H quinone oxidoreductase, PIG3 family [Comamonas testosteroni KE 91,31 7,04
645106225 CtesDRAFT_PD4471 Aldehyde Dehydrogenase [Comamonas testosteroni KH 90,58 7,29
645105461 CtesDRAFT_PD3732 acyCoA dehydrogenase domain protein [Comamonas testosteroni KF1] 89,99 7,12
645103064 CtesDRAFT_PD1379 HfIC protein [Comamonas testosterorkKF1] 89,31 6,42
645102970 CtesDRAFT_PD1285 aconitate hydratase 2 [Comamonas testosteroni K&] 87,27 2,67
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Table S6.Results obtained from high resolution-RFS of gel slice no. 4 (see Figure S5);-cut
off was set at a mimal score of 80

Accession Description Score Coverage
645106183 CtesDRAFT_PD4429 porin Grarnegative type [Comamonas testosteroni KF1] 9519,47 52,53
645102966 CtesDRAFT_PD1281 malate dehydrogenase [Comamonas testosteroni KE] 3820,85 40,12
645107270 CtesDRAFT_PD5492 conservettypothetical protein [Comamonas testosteroni KF-1] 3150,49 56,17
645103114 CtesDRAFT_PD1423 translation elongation factor Ts [Comamonas testosteroni K] 2638,23 37,04
645106513 CtesDRAFT_PD4744 translation elongation factor Tu [Comamonas testosteronKF1] 2623,16 39,90
645102883 f]tesDRAFT_PDllQS Electron transfer flavoprotein alpha/betasubunit [Comamonas testosteroni K~ 255140 48,59
645106877 CtesDRAFT_PD5103 conserved hypothetical protein [Comamonas testosteroni KH&] 2109,32 48,00
645102651 CtesDRAFT_PDO0967 basic membrane lipoprotein [Comamonas testosteroni K&] 1259,19 24,16
645107039 (K:'tf]s-]DRAFT_PDSZGS glyceraldehyd@-phosphate dehydrogenase, type | [Comamonas testosteroni 119768 27,71
645102884 CtesDRAFT_PD1199 Electron transfeflavoprotein alpha subunit [Comamonas testosteroni KF1] 1161,91 27,42
645102113 CtesDRAFT_PDO0438 cysteine synthase A [Comamonas testosteroni KE] 1106,33 64,05
645102650 CtesDRAFT_PDO0966 basic membrane lipoprotein [Comamonas testosteroni K&] 1102,60 26,25
645104432 tCetSetzlztlzﬁ\)l:il'_KiDl?YZQ sulfate ABC transporter, periplasmic sulfatbdinding protein [Comamonas 1100,24 26,67
645106508 CtesDRAFT_PD4740 ribosomal protein L1 [Comamonas testosteroni K&] 1026,34 33,77
645103971 tCetSetzlztlzﬁ\)l:il'_KilDﬁZGS 2,3,4,8etrahydropyridine-2,6-dicarboxylate N-succinyltransferase [Comamonas 1012,89 23.47
645102085 CtesDRAFT_PDO0410 extracellular solutéinding protein family 3 [Comamonas testosteroni KF-1] 990,38 23,08
645107268 CtesDRAFT_PD5490 EnoyCoA hydratase/isomerase [Comamonas testosteroni KF1] 918,83 14,07
645106319 CtesDRAFT_PD4565 porin Grarnegative type [Comamonas testosteroni KF1] 827,12 22,55
645103927 CtesDRAFT_PD2224 protein of unknown function DUF534Comamonas testosteroni KF1] 821,39 23,60
645102058 gﬁzztlerc;'il'_KI":Dl?%S two component transcriptional regulator, winged helix family [Comamonas| 809,25 31.38
645105537 CtesDRAFT_PD3802 conserved hypothetical protein [Comamonagestosteroni KF1] 808,22 27,10
645102716 CtesDRAFT_PD1032 Extracellular ligandinding receptor [Comamonas testosteroni KF1] 807,14 16,93
645103639 ggfnzlfnﬁizg?gsigizrozrﬁi);l]onate ABC transporter, periplasmic phosphonatbinding protein 780,62 2184
645104570 CtesDRAFT_PD2866 extracellular solutéinding protein family 3 [Comamonas testosteroni KF-1] 763,95 34,67
645104943 CtesDRAFT_PD3234 ketehcid reductoisomerase [Comamonas testosteroni KF1] 759,42 16,86
645105904 CtesDRAFT_PD4155 shorthain dehydrogenase/reductase SDR [Comamonas testosteroni KFL] 736,24 20,00
645106568 CtesDRAFT_PD4795 Seringype D-Ala-D-Ala carboxypeptidase [Comamonas testosteroni KF1] 705,26 20,77
645106888 CtesDRAFT_PD5114uccinylCoA synthetase, alpha subunit [Comamonas testosteroni KF1] 674,57 26,42
645102214 CtesDRAFT_PDO0537 nicotinatenucleotide pyrophosphorylase [Comamonas testosteroni KF1] 673,28 41,87
645106792 CtesDRAFT_PD5018 septum sitedetermining protein MinD [Comamonas testosteroni KF1] 667,80 18,15
645102596 CtesDRAFT_PD0913 aalkenal reductase [Comamonas testosteroni KF1] 640,65 28,65
645102347 CtesDRAFT_PDO0669 conserved hypothetical protein [Comamonas testosteroni KH&] 636,15 23,19
645101838 CtesDRAFT_PD0166 DNAlirected RNA polymerase, alpha subunit [Comamonas testosteroni KF1] 581,02 29,22
645103059 CtesDRAFT_PD1374 outer membrane assembly lipoprotein YfgL [Comamonas testosteroni K] 576,62 19,69
645104707 CtesDRAFT_PD3003 conservetiypothetical protein [Comamonas testosteroni KF-1] 562,62 12,64
645104934 CtesDRAFT_PD3225 translation elongation factor P [Comamonas testosteroni K#] 545,38 35,33
645103113 CtesDRAFT_PD1422 ribosomal protein S2 [Comamonas testosteroni kE] 534,26 14,40
645104480 CtesDRAFT_PD2777 lipoprotein, YaeC family [Comamonas testosteroni KE] 532,90 18,80
645106128 CtesDRAFT_PD4374 extracellular solutéinding protein family 3 [Comamonas testosteroni KF-1] 531,69 19,70
645103185 tCetsetzlztlzgi'il'_Kli’:Eﬁwg sulfate ABC transporter, periplasmic sulfate-binding protein [Comamonas 519,58 15,16
645104537 CtesDRAFT_PD2833 lipoprotein, YaeC family [Comamonas testosteroni KE] 517,52 18,77
645102704 CtesDRAFT_PD1020 phosphoribosylformylglycinamidineyclo-ligase [Comamonas testosteroni KF1] 514,81 19,14
645106533 CtesDRAFT_PD4760 ATP synthase F1, gamma subunit [Comamonas testosteroni KE] 513,76 30,21
645106886 CtesDRAFT_PD5112 Macetyl-gamma-glutamyl-phosphate reductase [Comamonas testosteroni KF1] 507,31 19,68
645106556 CtesDRAFT_PD4783 ribosomal protein S3 [Comamonas testosteroni kE] 484,66 17,30
645103493 CtesDRAFT_PD1794 Nucleosidé&iphosphate--adenylate kinase [Comamonas testosteroni KF1] 479,62 18,81
645102378 CtesDRAFT_PDO070(@hosphoglycerate mutase 1 family [Comamonas testosteroni KF1] 471,54 22,27
645101722 CtesDRAFT_PDO0050 secretion protein HlyD family protein [Comamonas testosteroni Kf] 468,77 19,50
645102237 CtesDRAFT_PDO0560 aspartate carbamoyltransferase [Comamonatestosteroni KF1] 443,56 11,56
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645103220 CtesDRAFT_PD1524 conserved hypothetical protein [Comamonas testosteroni KH] 443,28 21,05
645104211 CtesDRAFT_PD2508 conserved hypothetical protein [Comamonas testosteroni KH&] 429,45 19,79
645102081 CtesDRAFT_PD0406 TRAP dicarboxylate transporter, DctP subunit [Comamonas testosteroni KH 424,99 13,33
645106008 CtesDRAFT_PD4256 ribos@ohosphate pyrophosphokinase [Comamonas testosteroni KF1] 424,52 13,79
645106444 CtesDRAFT_PD4678 extracellulasolute-binding protein family 1 [Comamonas testosteroni KF-1] 387,07 13,45
645106313 CtesDRAFT_PD4559 TRAP dicarboxylate transporter, DctP subunit [Comamonas testosteroni KH 384,01 8,23
645104788 CtesDRAFT_PD3084 shorthain dehydrogenase/reductase SDR [Comamonas testosteroni KF1] 383,70 19,17
645105602 CtesDRAFT_PD3858 NIpBDapX family lipoprotein [Comamonas testosteroni KE] 381,71 10,27
645106605 CtesDRAFT_PD4832 orotate phosphoribosyltransferase [Comamonas testosteroni KE] 364,30 19,31
645102911 CtesDRAFT_PD1226 Pili assembly chaperone [Comamonas testosteroni KE 358,77 12,89
645102784 CtesDRAFT_PD1099 TRAP dicarboxylate transporteiDctP subunit [Comamonas testosteroni KF1] 353,00 11,39
645102008 CtesDRAFT_PDO0335 20&e(ll) oxygenase [Comamonas testosteroni KF1] 349,43 15,04
645106559 CtesDRAFT_PD4786 ribosomal protein L2 [Comamonas testosteroni K&] 345,82 11,31
645103012 CtesDRAFT_PD1327 shorthain dehydrogenase/reductase SDR [Comamonas testosteroni KFL] 344,92 17,82
645104798 CtesDRAFT_PD3094 band 7 protein [Comamonas testosteroni K] 328,60 39,87
645105601 CtesDRAFT_PD3857 dihydrodipicolinate synthase [Comamonas testosteroni ki] 314,43 10,40
645102885 CtesDRAFT_PD1200 Extracellular ligandinding receptor [Comamonas testosteroni K~1] 307,55 11,70
645102057 CtesDRAFT_PDO0382 acetylglutamate kinase [Comamonas testosteroni KE] 300,45 10,44
645106636 (K::fi]DRAFT_PDABGS oxidoreductase FAD/NAD(R)inding domain protein [Comamonas testosteroni 296,09 12.84
645102709 CtesDRAFT_PD1025 conserved hypothetical protein [Comamonas testosteroni K] 295,28 15,22
645103026 (K::fi]DRAFT_PDBM protein of unknown function DUF306 Meta and HslJ [Comamonas testosteron 293,37 12,64
645107020 gﬁzztzgi'ir_KI;DlE])Z% phosphoribosylaminoimidazole succinocarboxamide synthase [Comamonas 291,86 13,77
645103562 CtesDRAFT_PD1861 selenide, water dikinase [Comamonas testosteroni k] 288,48 7,58
645107089 CtesDRAFT_PD5315 thioredoxin [Comamonasestosteroni KF1] 287,65 9,49
645106822 CtesDRAFT_PD5048 conserved hypothetical protein [Comamonas testosteroni KH&] 281,07 10,91
645106165 CtesDRAFT_PD4411 GTBinding protein HSR1-related [Comamonas testosteroni KF1] 264,19 15,47
645104425 CtesDRAFT_PD2722 Betdactamase [Comamonas testosteroni KF1] 261,96 7,64
645102306 CtesDRAFT_PDO0629 conserved hypothetical protein [Comamonas testosteroni K&] 254,62 18,30
645103231 CtesDRAFT_PD1535 phenylalanfiRNA synthetase, alpha subunit[Comamonas testosteroni KF1] 251,94 8,57
645102757 CtesDRAFT_PD1072 cysteine synthase B [Comamonas testosteroni KE] 250,18 16,61
645103064 CtesDRAFT_PD1379 HfIC protein [Comamonas testosteroni K&] 247,65 8,45
645105753 gﬁig@ﬁhﬁ%oog acetyCoA carboxylase, carboxyl transferase, beta subunit [Comamonas 245,64 028
645106532 CtesDRAFT_PD4759 ATP synthase F1, beta subunit [Comamonas testosteroni KE 244,07 5,12
645103654 (K:;[:e;]DRAFT_PDwSZ Alcohol dehydrogenase zirbinding domain protein [Comamonas testosteroni 238,63 12,43
645106333 CtesDRAFT_PD4579 EnoyCoA hydratase/isomerase [Comamonas testosteroni KF1] 235,63 11,92
645102630 CtesDRAFT_PD0946 shydroxy-3-oxopropionate reductase [Comamonas testosteroni KF1] 230,51 8,91
645106180 CtesDRAFT_PD4426 chaperonin GroEL [Comamonas testosteroni KH 230,36 4,39
645106486 CtesDRAFT_PD4720 conserved hypothetical protein [Comamonas testosteroni K&] 228,88 9,52
645106846 CtesDRAFT_PD5072 putative exonuclease Rdg{Comamonas testosteroni KF1] 225,36 12,17
645106534 CtesDRAFT_PD4761 ATP synthase F1, alpha subunit [Comamonas testosteroni KE] 224,94 5,01
645104781 CtesDRAFT_PD3077 heat shock protein DnaJ domain protein [Comamonas testosteroni K&] 224,31 7,87
645103604 CtesDRAFT_PD1903 aldo/keto reductase [Comamonas testosteroni K] 220,52 7,65
645104237 EE};]DRAFT_PDZSM Methylenetetrahydrofolate dehydrogenase (NADP(+)) [Comamonas testosteron 219,20 12,32
645102790 CtesDRAFT_PD1105 Carbomonoxide dehydrogenase (acceptor) [Comamonas testosteroni KF1] 219,03 12,26
645105555 gﬁzzgﬁ,ﬁkiaﬁgll acetyCoA carboxylase, carboxyl transferase, alpha subunit [Comamonas 215,16 8,62
645106105 E:tgrsﬂlilf?ﬂ%l;‘;gliggtggé;r):gslggi?bosylformlmlno—S—am|n0|m|dazole carboxamide ribotide isomerase 214,57 10,12
645105505 CtesDRAFT_PD3770 conserved hypothetical protein [Comamonas testosteroni K&] 214,33 15,29
645105996 CtesDRAFT_PD4245 conservetiypothetical protein [Comamonas testosteroni KF-1] 213,13 7,54
645102639 CtesDRAFT_PDO0955 efflux transporter, RND family, MFP subunit [Comamonas testosteroni KE] 210,08 11,76
645106896 CtesDRAFT_PD5122 conserved hypothetical protein [Comamonagestosteroni KF1] 197,72 9,48
645103187 %ifzﬁ%ﬁ;gﬁ;ﬁzérilriw'ijiarfif] sulfonates family ABC transporter, periplsmic ligandbinding protein 190,52 7.06
645104483 CtesDRAFT_PD2780 ABC transporter related [Comamonas testosterorKF1] 188,13 10,06
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645103273 CtesDRAFT_PD1576 band 7 protein [Comamonas testosteroni K] 185,26 7,80
645105843 CtesDRAFT_PD4098 guanosine monophosphate reductase [Comamonas testosteroni KE] 182,35 7,69
645103082 CtesDRAFT_PD1397 Thymidylate synthas¢Comamonas testosteroni KF1] 180,47 8,70
645102474 CtesDRAFT_PDO0792 protein of unknown function DUF1732 [Comamonas testosteroni K] 173,03 7,07
645102211 CtesDRAFT_PD0534 GTBinding protein YchF [Comamonas testosteroni KF1] 171,69 9,07
645106850 CtesDRAFT_PD5076 efflux transporter, RND family, MFP subunit [Comamonas testosteroni KE] 171,66 7,24
645103572 CtesDRAFT_PD1871 nucleotide sugar dehydrogenase [Comamonas testosteroni KE] 163,62 7,46
645101857 ;:]tesDRAFT_PD0184 fhosphogluconate dehydrogenase NABbinding [Comamonas testosteroni K~ 163,42 10,89
645102038 CtesDRAFT_PDO0363 glucosd-phosphate thymidylyltransferase [Comamonas testosteroni KF1] 160,52 8,45
645101804 CtesDRAFT_PDO0132 Indole3-glycerol-phosphate synthase [Comamonastestosteroni KF~1] 156,77 8,27
645101932 CtesDRAFT_PDO0259 conserved hypothetical protein [Comamonas testosteroni KH] 148,39 8,21
645104325 CtesDRAFT_PD2622 conserved hypothetical protein [Comamonas testosteroni K] 146,88 9,17
645106826 CtesDRAFT_PD5052 oxidoreductase molybdopterin binding [Comamonas testosteroni KH&] 145,50 5,71
645103954 CtesDRAFT_PD2251 fumarylacetoacetate (FAA) hydrolase [Comamonas testosteroni KE] 145,44 14,72
645106118 CtesDRAFT_PD4364 ABC transporter relatefiComamonas testosteroni K~1] 144,86 10,83
645107127 CtesDRAFT_PD5349 ABC transporter related [Comamonas testosteroni KE] 140,83 8,85
645103913 CtesDRAFT_PD2210 Pirin domain protein [Comamonas testosteroni K] 139,45 13,30
645105641 CtesDRAFT_PD389tonserved hypothetical protein [Comamonas testosteroni KF1] 131,68 8,28
645105785 CtesDRAFT_PD4040 fatty acid/phospholipid synthesis protein PlsX [Comamonas testosteroni KE] 126,89 9,76
645103327 CtesDRAFT_PD1628 Thiaminghosphate diphosphorylase [Comamonas testosteroni KF1] 126,11 12,14
645105631 CtesDRAFT_PD3887 Hsp33 protein [Comamonas testosteroni KE] 125,05 6,57
645107105 CtesDRAFT_PD5331 glutathione synthetase [Comamonas testosteroni K] 118,73 9,21
645103420 ;ﬁzztzﬁ;‘irkiljﬁnl Pyridoxat5'-phosphate-dependent  protein  beta subunit [Comamonas 113,98 1111
645104353 [Cctg;Ziﬁi‘;gl?iigggiﬁ?%;%rate dehydrogenase, E2 subunit, dihydrolipoamide succinyltransferase 110,54 437
645104937 CtesDRAFT_PD3228 transcriptional regulator, IcIR family [Comamonas testosteroni KFL] 107,51 7,22
645104333 CtesDRAFT_PD2630 conserved hypothetical protein [Comamonas testosteroni K&] 104,67 8,13
645106066 CtesDRAFT_PD4313 protein of unknown functionDUF1342 [Comamonas testosteroni KF1] 96,58 10,36
645102961 %Efnglfnﬁai‘;gi’;lézgroiliJcKinlz]\te dehydrogenase and fumarate reductase irosulfur protein 84,60 812
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ABSTRACT

Xenobiotc sulfophenylcarboxylates (SBCare formed as intermediates duribgcterial
degradation of laundry surfactant linear alkylbenzenesulfonates (WWA&)first degradation
stepbacteria shortetine alkylchainsof LAS by fatty-acidbetaoxidation andsPGare formed,
one of which is J4-sulfophenyl)butyrate (&£4-SPC). In a second step, the SP&e
completely degradedy other bacteria with 3-C4-SPC being utilized byComamonas
testosteronKF-1. For the latte pathway,a first C2 unit is cleaved dfthe C4side chain of
3-C4-SPC most likely in form of acetylcoenzyme A 4cetytlCoA) in order to yield
4-sulfoacetophenoneFurther, 4-sulfoacetophenondas been shown to bexygenated to
4-sulfophenyl acetat@nd subsequently hydrolyzed to-stilfophenoland acetateFinally,
4-sulfophenolwas presumed to be converted tsuffocatechol forintradiol ring cleavage
followed by a desulfonativertho-ring cleavage pathwayn this study, we identifiedandidate
genes dér several enzyatic steps of the anticipated@-SPCdegradatiorpathwayby two
dimensionalpolyacrylamide gel electrophoresis (HAGE) and peptide fingerprintingnass
spectrometryPFMS) of proteinswhich were specificallynducedduring growth of st@in
KF-1 with 3-C4-SPC and 4-sulfophenal One of themwas anintradiol ring cleavage
dioxygenase encoded by twearly identicabjene copiesdowever, he purified recombinant
proteins showed no activity with 4sulfocatechol and catechol, biliigh activity with
hydroxyquinol(1,2,4trihydroxybenzene)correspondingly, whole cells of stréfiF-1 showed
much higher, induciblesubstratedependentoxygen uptake with hydroxyquinol than with
4-sulfocatechol when testeddditionally, a superoxide dismutase wasntfied, which
protecs hydroxyquinol from awxidationto 2-hydroxy-1,4-benzoquinonetence, the present
data implies the involvement of a desulfonativeudfophenol ringhydroxylating oxygenase in
order to yielchydroxyquinolfor ring cleavage, rathéhan 4sulfocatechol and an involvement

of a desulfonativertho-ring cleavage pathway

INTRODUCTION

LAS are the major laundry surfactants with an annual consumptior d08tons worldwide.
After their applicationtheyare disposedat bestinto sevage treatment planter directly into
aquatic environment(Knepper and Berna 20p3Under aerobic conditions, bacteriacan
completelydegrade LA§Sawyer and Ryckman 195 but tre degradation pathways, and how

these pathways have been assembled in these baststithhot completely understood.

Commercial LAS is composed of a congeneric and isomeric mixture of compeithdisear
C10-C13 alkanes sutberminally substituted by 4sulfophenyl moiety (20 congeneasid 18

pairs of enantiomer&nepper and Berna 20D3ts overall degradation involves communities
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of microorganismgvan Ginkel 1999 and a twetier model was proposed that explains the
degradtion of four individual LAS congene(Schleheclet al.20043. The firsttier organsm

of such communities is representedAarvibaculum lavamentivorari3S-17 (Schleheclet all.
2000, Schehecket al.20040, which is able to utilize all LAS congeners as carbon and energy
source through shortening of the allsytie chainsandwhich excretes many differerf8PG

(>50 intermediatesSchleheclet al. 2004a Schleheclet al. 2007). A seconetier organism in

this community is represented Ky testosteronKF-1, which is able to utilizenly a narrow
range ofSPG produced from commercial LAShat is3-C4.SPC (3(4-sulfopheny)butyrate

see Figurel, compoundl), 3-Cs-SPC (3-(4-sulfophenylpentanoate and alpha/beta
unsaturate@®-Cs-SPCand 3Cs-SPC(Schleheclet al.20043.

HSCOA NAD(P) NAD(P)H “FW' CoA
COSCoA 2. COSCoA COSCoA
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Figure 1. Postulated degradation pathway foIC3SPC inC. testosteronKF-1. Compoundsi, 3-Cs-SPC
(3-(4-sulfophenyl)butyrate 11, 3-Cs-SPCCOA,; lll, 3-C4-2enSPCGCOoA,; IV, 3-OH-3-C4:-SPGCoA (3-hydroxy
3-(4-sulfophenyl)bugryl-CoA); V, 4-sulfoacetophenoneyl, 4-sulfophenyl acetateVll, 4-sulfophenal VI,
4-sulfocatechql 1X, 3-sulfomuconate;X, 4-sulfomuconolactoneXI, maleylacetateXll, 3-oxoadipate;XIll,
3-oxoadipytCoA (adapted fronSchleheclet al.2010.

During growth of C. testosteroniKF-1 with 3-C4-SPC in the laboratory two transient
metabolitesappeared in theutture fluid, and were identified as-gulfoacetophenone and
4-sulfophenol. On this basis, a degradation pathway peassulated (Figurel), since the
metabolites 4ulfoacetophenone anesdilfophenol allowed for the conclusion that the C4 side
chain of 3Cs-SPC is removed stepwise as-@dts. Firstly,a C2unit is abstracted from
3-C4-SPCG most likely in form ofacetytCoA by a sequenceof shortchain fatty acid

degradatiomeactionsin orderto yield 4-sulfoacetophenon@&igurel, compound/). Secondly,
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acetate and-4ulfophenol areleavedfrom a metabolite of 4ulfoacetophenone, identified as
4-sulfophenyl acetat@igure 1, compoundVl). The 4-sulfophenyl acetatés generated from
4-sulfoacetophenone by astilfoacetophenone Baey¥illiger -type monoaygenase (BVMO)
and hydrolyzed by a-sulfophenyl acetatesterase, both of which have been identified

previously Weisset al.2012).

Measurablesubstratedependent oxygenase actiwiyth 4-sufocatechol (Figurel, compound
VIII) in whole cells and cell extra¢Bchlehecket al. 2010 supporedthe proposed model of
anaromaticortho-ring cleavage of 4ulfocatechol and subsequendesulfonatn reactionin
the orthoring cleavage pathway, of-sulfomuconolactongFigure 1, compoundX), as
observed previously in other bactgi@ontzeret al.2001, Halaket al.2006 Halaket al.2007).
Hence, we anticipated astilfopheml 2-monoxygenase in strain KE in order to yield
4-sulfocatechol for an regry into the anticipated desulfonativiesulfocatecholortho-ring
cleavagegrathway. However4-sulfophenolwas also found as antermediate in the bacterial
degradation  pathway for  the plant herbicide Asulam (methyl
(4-aminobenzenesulfonyarbamate)and thought to be metabolized further to hydroxyquinol
(1,2,4trinydroxybenzene Balba et al. 1979. This possibility, an involvement of
hydroxyquino] has never been explored for thR€ 83SPC and 4ulfophenol pathway in strain
KF-1.

In the present study, we used differential proteomics to identify abundant proteins expressed
specifically during growth of. testosteronKF-1 with 3-C4-SPCand4-sulfophenol compared

to cells grown with succinate. The proteins were separdgdienatumg 2D-PAGE and
proteins of interest were excised and identified byM&- By this means, we identified an
elevated expression of a predictetradiol ring cleavage dioxygenase, which is encoded twice

in the genome of strain KE. We heterologously exprests the corresponding genes and

characterized the purified enzymes.

MATERIALS AND METHOD S

Chemicals

Standard chemicals were obtained from Sighidrich, Fluka or Merck. 4Sulfoacetophenone
(4-acetylbenzenesulfonate) was purchased from ABCR ¢Kdreé, Germay), 4-sulfopheny
acetate (dphenot4-sulfonateacetate) from SYNCHEM (FelsbeAjtenburg, Germany), and
biochemicals (NADH, NADPH, NAD and NADP) from Biomol (Hamburg, Germany).
Racemic 3(4-sulfophenyl)butyrate was synthesized as described previthshieheclet al.
20043. 4-Sulfocatehol was a gift of B. J-eigel (Suttgart).
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Growth conditions

C. testosteronkKF-1 (DSM 14576) was grown in a phosphatdfered, minerakalts medium
(Thurnheeret al. 1986 supplemented with6 mM 3-(4-sulfophenylputyrate 10 mM
4-suffophenolor 15mM succinateas sole carbon source. Cultures were incubated in glass tubes
(Corning 3-ml scale) in a roller, oin Erlenmeyer flask§0.11 2-l scalg on a shaker at 30°C

in the dark. Cultures were inoculated (1%) with culturesgposvn with the same substrate.

Preparation of cell extracts and enrichment of hydroxyquinol dioxygenase and superoxide
dismutase

C. testosteronKF-1 cells were harvested in the exponential growth phase by centrifugation
(15,000x g, 20min, 4°C) and stored frozer20°C). Cells were resuspended in 20 mM Tris
HCI buffer (pH 8.0) containing 0.03 mg mDNase | (Sigma) and disrupted by four passage
through a chilled French pressure cell (140 MPa, 4°C) (Aminco, Silver Spring, USA). Whole
cells and debris were removed by centrifugation (150@0 20 min, 4°C) to obtain crude
extract, and membranes were removed by ultracentrifugation (60,80&&min, 4°C) to

obtain the soluble fraction.

The soluble protein solution was subjected to anion exchamgenatography on, either a
MonoQ HR (highresolution) 10/10 column (Pharmacia), or on a DEAE Sepharosedast fl
column (Pharmacia). The Moo column was preequilibrated with 20 mM TrigiCl
containing 10% glycerol at a flow rate of 1 ml mirBound preeins were eluted wita NaCl

solution gradienf10 min without NacCl, in 50 min to 0.3 M NaCl, and in further 30 min td 1

NacCl). The fractions were tiected in 3ml volumes; the hydroxyquinalioxygenasectivity

eluted at about 350 mM NaCl as assayed photospectrometrically by an increase of its proposed

product maleylacetate or by oxygen consumption in a €ignk electrode (see below).

The DEAE colimn was presquilibrated with 20 mM Trig1Cl containing 10% glycerol at a
flow rate of 1 ml min'. Bound proteins were eluted ngia linear NaCl gradien2Q min without
NacCl, in 30 min to 1M NaCl), and fractions (3nl) were collected; théhydroxyquinol
protecting activityi(see below) eluted at about 300 mM NacCl.

Analytical chemistry

Total cellular protein was determined following a Loviagsed protocdKennedy and Fewson
1968 and soluble protein by protein dye bindifgradford 197, bovine semm albumin was
used asa referencestandard. The release of sulfate during growth was quantified

turbidimetrically(S6rbo 198y as a suspension of BagO
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Protein gelelectrophoresis and proteomics

Proeins of whole cells, soluble protein fractions, or proteins obtained from heterologous gene
expressions, were analyzed on 12% SES5E with Coomassie brilliant blue-F50 staining
(Laemmli 1970. Proteins in the soluble fraction Gf testosteronKF-1 cells were analyzed by

two dimensional gelelctrophoresis (2BPAGE; IEF/SDSPAGE) as described previously
(Schmidtet al. 2013. Protein spots of interest were excised and analyze@RdyS at the
Proteomics Facility of the University of Konstanz. The MASCOT engine (Matrix Science,
London, UK) was used to search against amaracid sequence databaseftestosteroni

KF-1 genes (IMG version 20108-16). The parameters for searching and scoring were set as
described previouslggchmidtet al.2013.

Heterologous expressionf the two dioxygenase candidate geneshtn coliand purification

of the recombinant proteins

Chromosomal DNA ofC. testosteroniKF-1 was isolated using the lllustra bacteria
genomicPrep Mini Spin Kit (GE Healthcare). The genes were amplified by PCRRIsis®n

HF DNA Polymerase (Finnzymes). The PCR primers were purchased from Microsynth
(Balgach, Switzerland). The sequences of the primer pairs were: PD5469 forward and PD5471
forward, 5:CACCATGCGCAACATCAACGAAGACACGYT, PD5469 reverse,
5-TCATGATTGCTGCGGCTCGGCTTGGTGG&', and PD5471 reverse,
5-TCAAGTGGAAACCTTGAGTGGG?3'.

For CtesDRAFT_PD5469 and CtesDRAFT_PD5471, the PCR conditions wesein&al
denaturation at 98°C; 30 cycles of48enaturation at 98°C, 20 s annealing at 61.6°C, asd 60

elongaton at 72°C.

The PCR prducts were separated by agargskelectrophoresis, excised, and purified using a
QIAquick gel extraction kit (Qiagen) and ligated into pET100, atemhinal His-tag

expression vector, by using the Champion pET100 Directional T@R®ession Kit and

OneShot TOP1&. coli(Invitrogen); correct constructs were confirmed by sequencing (GATC
Biotech, Konstanz). For thgeneexpression, BL21 Star (DE3) OneSliatcoli (Invitrogen)

cells were transformed with the construct and grown imigglium (100 mg} ampicillin) at

37°C. At ODgom & 0. 5, t he cul tur e Isepeopleb-Dil-nduced
thiogalactopyranosiddPTG) and grown for additional 5 h at 20°C; cells were harvested by
centrifugation (15,000 g, 20 min, 4°C) and stored &0°C.

Cells were resuspended in buffer A (20 mM THi€l pH 8.0, 100 mM KCI, 10%wv/v) glycerol)
containing 0.03 mg rmMiDNase | (Sigma), and disrupted by four passages throughcapled
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French pressure cell (140 MPa; Aminco, Silver Spring, USA). @dris was removed by
centrifugation (15,000 g, 10 min 4°C), and membranes by ultracentrifugation (60,0@) x
60 min, 4°C). The soluble fraction was loaded on &*helding Agarose affinity column
(2-ml column volume, Machey-Nagel, Germany)pre-equilibrated with buffer A followed
by a washing step using 30 mM imidazole in buffer A. Thetbiggied protein was eluted using
250 mM imidazole in buffer A, concentrated using Vivaspin (10 kDaoffutSartorius,
Germany), and stored &0°C dter addition of glycerol to 3% (v/v) final concentration.

Enzyme assays

The activities of native and recombinant hydroxyquinol dioxygenase were measured as
substrate dependent oxygen consumption with a @gud oxygen electrodé&chleheclet al.

2010 in either 20 mM TrisHCI buffer (pH 8.0) or in 20 mM ME®IaOH buffer (pH 6.4).

Specific activities of native and recombinant hydroxyquinol dioxygenase were determined
spectrophotometrically as ciease of hydroxyquinol at 289 nitd< 3.3 x 16 Mt cm®; Perry

and Zylstra 200)/and as increase of absorption of the putative imaproduct maleylacetate

at 242 nm (= 4.74 x 16 M** cm%; Halak et al. 2007). The activities were plotted using
hyperbolic fit in Origin (Microcal Software Inc.). Ttiaydroxyquinol protecting activitywas
determined as qualitative methodetbfoe protein samples were added to 50 mM “HiSlI

(pH 8.0) and ImM freshly prepared hydroxyquinol. The oxidation of hydroxyquinol, or its
protection, was judged visually, by the appearancabsencef a red color

RESULTS AND DISCUSSION

C. testosterai KF-1 was grownwith 3-C4-SPG or with 4-sulfophenolas described further
below, and te patters of soluble proteia werecompared by 2EBPAGE with the patterrof
cells grown with succinaté?rotein spots of interest were excised (see FigureS6$and

submitted to PAMS identification (see corresponding TablesSH).

Candidate genesfor a conversion of 3C4-SPC to 4sulfoacetophenone

Several prominenprotein spots were observed specifically on the gels f@-SPGgrown
cells, and several of theseere identified repdadly, i.e., in independent gelectrophoresis
runs. Two very prominent-84-SPGinducible proteins (e.g., spotsald 3 in Figre S2, and
B7 and B27 in Figre S4) are encoded by locus tags (predicted genesp&&FT_PD5437
and PD5438Tables S1 and S3) (in the following, the locus tag prefixes CtesDRAFE
omitted) These genes have previously bedantified to encode the -84-SPCinducible
4-sulfoacetophenone Baey¥illiger monooxygenase (SAPMO) andsdilfophenyl acetate

esteraséWeisset al.2012; hencethe proteomic data confirmed our earlier results
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Several of the other prominent spots that were observed exclusivelCieEBCGgrown cells
identified candidate genes that are located in close vicinity to the yet ide®AiRMO- and
4-sulfophenyl aetate esteraggenss, i.e., within the PD54xx lo@f the genome. Further, the
annotation of several of these genes suggested enzymes that may be involvedeste€oA
metabolism, hence, in support of the hypothesis th@u-SPC may be converted to
4-suffoacetophenone in a reaction sequence ialogy to shorchain fatty acid CoA
degradation, thus, involving a@-SPC CoAester (seeifurel).

For the formation of the predicted-@4+-SPCCoA-ester, an acyCoA transferase candidate,
PD5460, wasdentified (n = 2) by prominent spots (spot 10 in ki@ S2 and spot B21 in
Figure $4) and an acylCoA synthetase candidateD5439 (spot B3 in Fige S4). For an
alphabetaunsaturation of predicted@s-SPCCO0A, the aciCoA dehydrogenase candidate
PD5491 wasdentified by anotheprominent spot (spot B2 in FiguB). The next gene in the
genomePD5490, was identifie¢h = 2) by prominent spots (spot 2 in kige S2 and B28 in
Figure $4) and is annotateatencode an eno¥loA hydratase. Aother enoyCoA hydatase
candidate in the same genome region, PD5454, was also identified (spot Bag&SEig For
the next enzyme of the postulated reaction sequence,-iNding 3hydroxyacytCoA
dehydrogenase, no candidate(s) could be identified by proteorsi¢spt within the PD54xx
loci and not elsewhere in the genome. However, for atradti®n of acetyiCoA from a
3-ketoacylCoA intermediate, the ac@loA acetyltransferase (thiolase) candidate PD5455 was
identified by a very prominent spot (spot B14 in g S4) and thehiolase candidates
encoded directly next to the identified en@0A hydratase PD5454 (see above).

Notably, abetaketoadipy}CoA thiolase genéPD5466; spot A3 in Figur83)and a 3oxoacid
CoA transferase subunit gerR}5467 werealsoidentified, but theseandidates are attributed
to cantribute rather to the aromatiing cleavage pathway (described further below). In
addition, there were also other candidates for @et#er metabolism identified specifically on
the gels for 3C4-SPCGgrown cells thatire notocated within the PD54xx locas follows: Tvo
other enoylCoA hydratase candidate®D0528 and PD1197, orexetytlCoA synthetase
PD3605 two other predicted acyCoA dehydrogenases, PD0387 and PD46&4otherbeta
ketoalipyl-CoA thiolase gene, PD4382, amdo other 3oxoacid CoA transferase subunit
genes, PD2590 and PD4381.

Finally, other candidatdecated within the PD54xx logvere also identified specifically on the
gels for 3C4-SPCgrown cells, but are not related to Cafser metabolism, as follows:
Predicted arylalcohol dehydrogenase, PD5443; predicted dehydrogenase, PD54 75hsiort
dehydrogenase/reductase (SDR), PD5461;-aémmtaining alcohol dehydrogenase, PD5474;
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predicted nitropropane dioxygenase (NPD), PD545&dipted catechol 1;@ioxygenase
paralogs PD5469 and PD5471 (see below). Furthermore, several other genes were identified,
or coidentified, elsewhere in the genome but st likelyattributed to encode enzymes for

central metabolism, and are not furtidescribed here (see TablesSH).

Another protein identified on the gels 6fC3-SPCGgrown cells whichcould indeed play a role
in the postulated -84-SPC degradation pathwawas a predicted Rieske (2Fe2S) ring
hydroxylating dioxygenas®D4205, whib wasidentified twice (spot 6 in Figur$2 and B15

in FigureS4), and is dcussed below ithe contextof the 4sulfophenol degradation pathway.

Candidate genesfor a conversionof 4-sulfopherol, for aromatic ring cleavage andfor a
ring cleavage pathway

C. testosteroniKF-1 is able to utilizealso the intermediaté-sulfophenol as sole source of
carbon and energy for growtand gréuitously induces the comple3eCs-SPC pathwaguring
growth with 4sulfophenol Echleheclet al.2004a Schleheclet al.2010. Quantitativegrowth

of strain KF1 with 10 mM 4-sulfophenolwas confirmedn a growth experimer(not shown)
by the observed molar growth yield of §&f protein per mol of carbon, representing mass
balance of 4ulfophenol carbon as biomass and-@QCook 1987; a stoichiometric release of
the sulfur of 4-sulfophenol as sulfate (9.81M) was observedand the growth ratep
determinedvas0.06h, which translated into a specific degradation rate fsulfophenol of
288 nmol min mg™.

In the first step of the postulatgdthwayfor 4-sulfophenol (Figurd), the substratevould be
converted by a <4ulfophenol 2monooxgenase to 4ulfocatechqgl and the 4sulfocatechol
wouldbethesubject of aromatic ring cleavadggohleheclet al.2010. Notably, 4-sulfocatechol
is not a growttrsubstratdor strain KF1 (Schleheclet al.2010, however, a similar observation
was made foPseudomonasp. strain WBE3, whichis able toutilize 4-nitrophenoffor growth
butnot its degradation intermediatenitrocatecho(Wei et al.2010.

An inducible NAD(P)Hdependent 4ulfophenoloxygenase activity wasbservedn cell-free
extractsof strainKF-1, grown with 3-C4-SPC(Schlehecket al. 2010, and on the 2BPAGE
gels for 3-C4-SPGgrown cells,a ringhydroxylating dioxygenase candidagene Rieske
(2Fe29)-type oxygenase compongmiasidentified (see above?D4205) The same candidate
was identified wher-sulfophenolgrown cels were analyzedy 2D-PAGE (see spot 24 in
Figure S5 and Table S4)This oxygenase component gene iseswoded with a ferredoxin
reductase component germD4202 and a ferredoxin gend@D4203, but these could not be

identified by proteomicsHowever, also @econdRiesketype oxygenase component gene
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PD0403 was foundfor 4-sulfophenolgrown cells(spot 8 inFigure S5andTable S4), as well
as the correspondirfgrredoxinreductase compongii?D0404(spot 27 inFigure SGandTable
S5). Hencewe identifiedtwo putative aromatiaing hydroxylating oxygenase components
(PD4205 and PD0403), but ontyieset ofcandidate gersefor a completeoxygenaseystem
(PD0403 with PD0404). blvever, tlis gene set, PD403 with PD0404hasbeencharacterized

in C. testosteroniBR6020to represent thevanillate and isovanillate demethylasgstem
(Providentiet al.20063. On the other hand, only one componé&id4205 was identified for
both 3C4-SPC and 4ulfophenolgrown cells. Hence, furthemalyses are necessary in order
to clarify which candidate mighie responsible for-4ulfophenol conversion in strain KE

e.g., by transcriptional, mutational and/or heterologaxgession and activity assays.

An inducible 4sulfocatechol oxygenase aaty was detected in unamended crude extract of
3-C4-SPCGgrown cells Schlehecket al. 2010, hence, a ringleavage dioxygenase activity
which was attributed by that time as-sdifocatechol P-dioxygenase leading to
3-sulfomuconat (see Figurel). Two candidate gendsr ring cleavage dioxygenase were
identified by 2DPAGE in 3Cs-SPGgrown cells (see above, PD5469 and PD5471).
Importantly, both proteins ihede a catechol (intradiol) l-d&oxygenase domain and are
completely identicaln their sequengeexcept of three amino acids at thegfminus of the
polypeptide chain. The same candidates were identified wiseitf@phenolgrown cell were
analyzed by 2EPAGE. Here, lte intradiol ringcleavage dioxygenase protein waslooated

in the same protein spot with an electron transfer flavopraipima subunit (etfA, PD1199).

This spot was alsmtind on the gels from succinageown cells (Figure S5, spot S1) but with
lower intensity, however, aen the spot was excised and identified byMPF; no hit for genes
PD5469 and PD5471, but only for etfA, was obtained (Table S4). Interestingly, the attributed
intradiol ring cleavage dioxygenase genes are clustered with predicted gemesifbradiol

ring cleavage pathwapétaketoadipate pathway), and thetaketoadipytCoA thiolase gene,
PD5466, was also identifieas well as the -8xoacidCoA transferase subunit gene, PD5467
(see above)n addition, this gene cluster is framed by transposase genes (Figure S7) and none
of these genes is found in any other genseguenceq. testosteronstrain (not shown). Thus,

it is tempting to speculate if these genes were only recently mobilizedfdiffierent location

into the C. testosteronigenome in order to allow for the metabolism of these xenobiotic

substrates.

Both intradiol ringcleavagalioxygenaseandidate genes were cloned, expressédanli and
the proteingpurified (Figure S1)There was no activity measurablégth 4-sulfocatecholas

substrate,as followedin a Clarktype oxygen electrodeand m activity with catechol,
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4-nitrocatechol, protocatechuate, hydrochinonemethylcatechol, 4methylcatechol, or
3-chlorocatechglwhen testd. However, botlhecombinant enzymes showed higkygenase
activity with hydroxyquinol (1,2,4rihydroxybenzene The preferenceof this type ofortho-
fission dioxygenasefor trinydroxylated aromaticompound, compared to dihydroxylated
aromatic compoursimightoriginate from a reduced activation energy of hydroxyquinol with

its increased semiquinone characialorinaet al. 1999.

Hydroxyquinol 1,2dioxygenases arenkwnto be involved irthe 4aminophenol catabolism in
Burkholderiasp. strain AK5 (Takenakaet al. 2003, and in the atabolism of4-nitrophenol
and4-nitrocatechol iPArthrobactersp. strain JS44@lainet al. 1994, Perry and Zylstra 2007
and Pseudomonasp. strain WBE3 (Wei et al. 2010. In these pathways, hydroxyquinol is
cleaved into maleylacetate, which is further reduceletaketoadipateby a maleylacetate
reductaselmportantly, a candidate gene farmaleylacetate reductase encoded in close
proximity to genesPD5469and PD5471 and this gene, PD5474as alsoidentified for
4-sulfophenolgrown cellsby 2D-PAGE (Figure S4, Table S3)ence, in addition (see above)
to the betaketoadipy}CoA thiolase gee (PD5466)and 3oxoacid CoA transferase subunit
gene PD5467)at the same locus in the atr K1 genome. The strain KE hydroxyquinol
1,2-dioxygenases share high sequence similarity to the known hydroxyquiro
1,2-dioxygenased?D5469 PD5471 shae 50% amino acid identity to NpdBerry and Zylstra
2007, and 47% to PnpGZhanget al. 2009, andthe proposedtrain KF-1 maleylacetate
reductase (PD5474) sha#4% identity to NpdQPerry and Zylstra 20Q7aAnd 57% to PnpF
(Zhanget al.2009.

The kinetic parameters for theecombinant hydroxyquinol dioxygenasaveredetermined
spectrophotometricallyFor the substratdisappearancenydroxyquinol), theKm was26.65+
5.49 uM and Vmax of 3.36 = 0.38 pmol mint mg?; when measured gsroduct formation
(maleylacetatethe Kmwas29.54+ 13.75uM andVmax 3.10+ 0.26 pmol mint mg?. The two
enzymes were, within the standard deviation, identical in their specific activitres.
hydroxyquinol 1,2dioxygenasesvere alsaneasured ithe oxygenelectrodewith whole cels
of strainKF-1 grown with 4sulfophenol,and the activity was much highgr24.98+ 22.75
nmol mirt mg?) in comparison to the oxygenase activities detectable 4vithifocatechol
(18.64 + 3.81 nmol min* mg?), 4-sulfophenol (56.26+ 2.65 nmol mint mg') and
protocatechuate (16.845.08 nmolmin® mg?) (Figure 2) succinategrown cells showed no

hydroxyquinol 1,2dioxygenases activity, hence, the enzyme was confimed to be inducible.
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Figure 2. Substratedependent oxygen uptakates observed wittvhole cells ofC. testosteronKF-1. The cés
were grown in mineral salts medium supplemented wishilfophenol (10 mM) as carbon source.

The rative hydroxyquinoll,2-dioxygenase activitin 4-sulfophenolgrown cellswas enriched
by anion exchange chromatography (MonoQ column). One fracéenibited high
hydroxyquinotdependent oxygen consumptionthe oxygen electrodeand a protein band
enriched in this active fractigseeFigure S7was excised and analyzed by-FIS. The protein
identified, again,the intradiol dioxygenasecandidate genePD5469/PD5471(score, 419;
coverage, 46%).

Interestingly, vmen the enzyme assayas performed in TrisHCI buffer pH 8.0, the
hydroxyquinol solution turnetfom colaless tored before the addition of enzymedue to the
aubxidation of hydroxyquinol to -hydroxy-1,4-benzoquinong(Figure 3, compoundV)
(Zaborinaet al. 1999, which is a dea@nd product in the pathway to maleylace(@iakenaka
et al. 2011). A protein fraction from an independent anion exchamtpomatography run
(DEAE column) prevented tHermationof red colorand, hencethe formation of Zhydroxy
1,4-benzoquinoneA protein band enriched in this actifraction GeeFigure S8wasexcised
andidentifiedby PFMS. The protein waa superoxide dismutase (SQID1809score, 519;
coverage, 64%Notably, this protein was identifiedisoas 4sulfophenol inducibl@roteinon

2D-PAGE (Figure S6, Table S5).he involvement of SOD ihydroxyquinoldegradatiorwas
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already observefibr the 4-aminophenopathwayin Burkholderiasp. strain AK5 (Takenakaet

al. 2011, wherethe enzymes thought to savage and detoxify reactive species that pr@mote
aubxidation of hydroxyquinol to-hydroxy-1,4-benzoquinoneThe SODamino acidsequence
of strain AK-5 shares 67% identityith thesequence ahe SOD identifiedn strain KF1.

SO,
QH HSO; O 3
@ OH NAD* NADH @
2 H* OH OH
2 02 g 02
5 | |r2naD F NADH
E NAD
2 H,0 2 2 NADH MG
0 803-
coo OH
| X1 OO @
H0 O OH
0 0 HSOs 3 H* OH

Figure 3. Transformation steps considerable4esulfophenol involving hydroxyquinals ringcleavage substrate
and transformations of hydroxyquin@ompoundsViIl, 4-sulfophenol;VIIl, 4-sulfocatecholXl, maleylacetate;
X1V, hydroxyquinol;XV, 2-hydroxy-1,4-benzoquinone.

In addition, it is very likely that strain KE encodes alsor@ductasehatactively convertshe
aubxidation product2-hydroxy-1,4-benzoquinondack to hydroxyquinol(seeFigure 3) as
proposed for resoimol transformation irRhodococcusp. BPG8 (Armstronget al. 1993 and
4-aminophenol degradation 8urkholderiasp. AK-5 (Takenakaet al. 2011), since we hve
preliminary evidencénot shownfor anNADH-dependenénzyme thatlecolorizs2-hydroxy
1,4-benzoquinoné oxidized hydroxyquinol dations.

Conclusion and outlook

The annotation of several diie identified genes which were specifically induced during

growth of C. testosteronKF-1 with 3-Cs-SPC suggested enzymes thate involved in a
metabolism ofCoA-estes. This is an observatian support of the hypothesis thatC3-SPC

may be converted to-gulfoacetophenone in a reaction sequencealogy to shorchain fatty

acidCoA degradation, thus, involving aG-SPC CoAester (Figure 1 However, much more

work lies aheadinordearo confirm this postul at e@-SRCat hway
pathway (Figurel), for example byranscriptional and mutational anadgs and heterologous

expression and activity assayscethe SPCCoA-estes assubstratewere synthesized.

Furthe r mor e, it was s h@8PC pattwayt invdlvesehydxymolvasr 6 3

substrate for aromatigng cleavage, rather than (or in addition touffocatechol and the



132 CHAPTER 7

modified, desulfonativertho-degralation pathway, as initiallynypothesizedsee Figurel,
Schleheclet al.2010. The hydroxyquinol 1 2lioxygenase wagnequivocallyidentified and
characterized in this study, and proteomics as well as the genome sequenceigdicatian
for a second intradiol dioxygenase candidate and, ejenutative 4sulfocatechol
1,2-dioxygenase that may be present in strainlKmboth of the two identical copies of

hydroxyquinol 1,2dioxygenase did not convertstilfocatechol when tested.

In future work the desulfonative (di)oxygenase reaction{eat convertthe intermediates
4-sulfophenoko hydroxyquinolneed(s) to belentified. Considerable optionas illustrated in
Figure3, are: () A single, desulfonate dioxygenase reactionéatalyzed by one dioxygenase
enzyme systenin analogy tothe desulfonating multicomponent dioxygenasetemof the
4-toluenesulfonate degradatigathwayin other C. testosteronispecies which converts the
intermediate 4-sulfobenzoate to the ring cleavage substrate protocatechuate
(3,4-dihydroxybenzoate)dunkeret al. 1996); (ii) two individual monooxygenase reactions and
a pathwaythat may still involved-sulfocatechglhence, a pathwag analogy to4-nitrophenol
degradation imrthrobactersp.i.e., from 4nitrophenol to 4nitrocatechol to hydroxyquinol
(Jain et al. 1994, Perry and Zylstra 20Q7this option presumably involves-t&droxy
1,4-benzoquinone as an intermediate, which is converted to hydroxyquinol by a yet unidentified
reductase;(iii) a monooxygenase reaction formingtsulfocatechqgl which undergoes a
nucleophlic aromatic substitution and leads to hydroxyquitii®) some completely novel and

unexpected reactions.

The current information suggestbat the 3Cs-SPC pathway has been assembled as
6patchwor kd combinati on o fliffeert preesisting pathways, t ed f
from (i) shortchain fatty acidCo A degr adat i on-CidSBQ pathwayil) 6 up p et
4-hydroxyacetophenorghenylacetondegradation for the conversion okdlfoacetophenone

to 4-sulfophenolin the &¢entrab -C3SPC mthway,and f or t-GuSPCophtlowaye r 6 3
(i), a yet unknown precursor pathway/enzymes for the conversionsotf@phenol to
hydroxyqunol, and {) hydroxyquinol degradation. Notablitydroxyquinol is the first non

xenobiotic, desulfonated, natural intermediate in this pathway,tl@decond major SPC

utilized by strain KFL, 3-Cs-SPC (see intmbuction), could proceed along the same pathway

(first, the abstraction of acet@oA) bu involve  4sulfopropiophenone

(4-propionylbenzenesulfongtas intermediate instead 4-sulfoacetophenone.

Most excitingly, many of thegenes which we identified to be specifically induced during
growth of strain KF-1 with 3-Cs-SPCin this study, as well athe previously identified
4-sulfoacetophenorBVMO and esterase gen&d/'¢isset al.2012), are all encoded in tleame
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genome region in strain KE, in the CtesDRAFT_PD54xx locThese genes are located within
a complex arrangement of sets todinsposase genes mobile genetic element8S1071
elementy and this arrangement is not found in any other gersegaenced. tesbsteroni
strain (not shown)Therefore,it is temptingto speculateahat we have identified genome
region with recently mobilized geneodulesthat encodeSPC degradatiom combination
Although kacteria havat leasstarted the conversion of LAS to S§xight afterits introduction
on the market 50 years gdbe genetic assemb@nd optimizatiorof thesepathways seems to

bestill in progress
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SUPPLEMENTAL DATA

CtesDRAFT_PD5469 CtesDRAFT_PD5471

10

Figure S1.Heterologously expressed intradiol ring cleavage dioxygenase genes. Lanes 1 and 9, whole cells prior
to IPTG induction; lanes 2 and 8 whole cells after IPTG induction; lanes 3 and 7 soluble protein fraction after
ultracentrifugation (80 pg protein); landsand 6, protein fraction obtained from?NNTA purification (30 pg

protein); lane 5, molecular mass marker (in kDa).
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Table S1.Identities of 2DPAGE protein spots (see Figure S2)

MW MW Coverage
Spot No apparent Locus tag Annotation annotated | Score PMF o, g

(kDa) (Da) (%)

3 60 CtesDRAFT_PD5437 | 4-Sulfoacetophenone BVMO 59865 745 60
CtesDRAFT_PD5438 | 4-sulfophenyl acetate esterase 33698 498 60

2 40 CtesDRAFT_PD1281 Malate dehydrogenase 34999 60 19
CtesDRAFT_PD5490 Short chain enoyl-CoA hydratase 28854 53 21

4 38 CtesDRAFT PD5443 MB&Q& oxidoreductase, related to aryl-alcohol 36772 220 48

- ehydrogenases

10 46 CtesDRAFT_PD5460 Predicted acyl-CoA transferase / carnitine dehydratase 45947 575 50
CtesDRAFT _PD4983 Glutamate / leucine dehydrogenase 47519 120 11

8 46 CtesDRAFT_PD5460 Predicted acyl-CoA transferase / carnitine dehydratase 45947 116 27
CtesDRAFT_PD3948 | NADH dehydrogenase subunit D 47574 60 32

5 31 CtesDRAFT_PD5469 Predicted catechol 1,2-dioxygenase 33034 542 36
CtesDRAFT_PD5471 Predicted catechol 1,2-dioxygenase 32735 542 35
CtesDRAFT_PD5475 Predicted dehydrogenase and related proteins 40025 467 53

7 40 CtesDRAFT_PD3954 NAD(P)H quinone oxidoreductase PIG3 family 35799 147 44
CtesDRAFT_PD3234 Keto I-acid reductoisomerase 36804 77 15

6 50 CtesDRAFT PD4205 x.msm-:vdﬂcxv\_w::m dioxygenase / phenylpropionate 50022 422 27

- dioxygenase

9 44 CtesDRAFT_PD4382 | Beta-ketoadipyl-CoA thiolase 42298 857 68
CtesDRAFT_PD1012 Acetylornithine aminotransferase 42586 87 38
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Table S2.Identities of 2BDPAGE protein spots (see Figure S3)

MW MW Coverage
Spot No apparent Locus tag Annotation annotated | Score PMF (%)
(kDa) (Da)
CtesDRAFT_PD1199 Electron transfer flavoprotein a/pha subunit 30942 722 68
Al 32 CtesDRAFT_PD5469 Intradiol ring-cleavage dioxygenase 33034 409 47
CtesDRAFT _PD5471 Intradiol ring-cleavage dioxygenase 32735 409 47
A2 32 CtesDRAFT_PD1199 Electron transfer flavoprotein alpha subunit 30942 187 40
A3 45 CtesDRAFT_PD5466 | Beta-ketoadipyl CoA thiolase 41593 225 60
Ad 29 CtesDRAFT_PD5461 Short-chain dehydrogenase/reductase SDR 25590 212 34
CtesDRAFT_PD4387 Short-chain dehydrogenase/reductase SDR 25590 133 26
AS 30 CtesDRAFT_PD1198 Electron transfer flavoprotein alphal/beta subunit 26620 774 65
A6 100 CtesDRAFT_PD0908 ATPase AAA-2 domain 105151 323 15
A7 97 CtesDRAFT_PD1285 Aconitate hydratase 92581 140 20
A8 60 CtesDRAFT PD5437 4-Sulfoacetophenone BVMO 59865 352 27
A9 45 CtesDRAFT_PD4382 | Beta-ketoadipyl CoA thiolase 41981 448 71
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Figure S5.2D-PAGE of soluble fractions df. testosteronKF-1 cells grown with 4sulfophenol(left) or succinate (right). Protein spots were exc
and analyzed by PMS. The results are summarized in Table S4
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Figure S6.2D-PAGE of soluble fractions df. testosteronKF-1 cells grown with 4ulfophenol(left) or succinate (right). Protein spots were exc
and analyzed by PMS. The results are summarized in Table S5
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Figure S8. SDSgel of protein fradbns obtained after a Mobrun. A specific proteirband accelerated irefction

21 (boxframed, lane3), which was analyzed by PRS and resulted in the intradiol dioxygenases (locus tags:
CtesDRAFT_PD5469/PD5471). Lane 1, molecular mass marker (kDa); lane 2, proteins from fractiop@0 (40
lane 3, pragins from fraction 21 (4Qg); lane 4, proteins from fraction 23 (4@).
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Figure S9. SDSgel of protein fractions obtained after a DEAIN. A specific protein band accelerated in
fractions 12 and 13 (lanes 2 and 3). The band was excised from lanef8afined) and analyzed by PES and
resulted in a superoxide dismutase (locus tag: CtesDRAFT_PD1809). Lamgelns from fraction 14 (509);
lane 2, proteins from fractioh3 (50 pg); lane 3, proteins from fractidi? (50 pg); lane 4, proteins from feéion

11 (50pg); lane 5, proteins from the soluble fraction (8f); lane 6, molecular mass marker (kDa).
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ABSTRACT

Sulfoquinovose (SQ, -@eoxy6-sulfoglucose) has been known for 50 yeass the polar
headgroup of the plantuKolipid (Benson 1963, Benning 2007n the photosynthetic
membranes of all high@tants, mosses, ferns, algae, and most photosynthetic béBenizng
1998. It is also found in some nguhotosynthetic bacteri@arwood and Nicholls 1979and

SQ is part of the surface layer of somechaea(Meyer et al. 2011). The estimated annual
productionof SQ(Harwood and Nicho#l 1979 is 10,000,000,000 tonnes (f8tagramjy thus

it comprisesa major portion of the orgarsulfur in nature, where SQ is degraded by bacteria
(Martelli 1967, Royet al. 2003. However, despite evidence for at least three different
degradative pathways in bacte(iartelli 1967, Royet al. 2003, Dengeeet al. 2012, no
enzymic reaction or gene in any pathway has been deéitedyugh a slfoglycolytic pathway
has been proposé€Roy et al.2003.

Here we show thdscherichia colK-12, the most widelgtudied prokaryotic wdel organism,
performs slfoglycolysis, in addition to standard glycolys&Q is catabolisd through four
newly discovered reactions that we established using purified, heterologously expressed
erzymes: SQ isomerase, -8eoxy6-sulfofructose (SF) kinasep-deoxy6-sulfofructose
1-phosphate (SFP) aldolase, andufolactaldehyde (SLA) reductase. The enzymes are
encoded in a tegene cluster, which probablglso encodes regulation, transport and
degradation of the wholaiBolipid; the gene cluster igresent in almost all (>91%) available

E. coli genomes, and is widespread iBnterobacteriaceae The pathway yields
dihydroxyacetone phosphate (DHAP), which powers energy conservation and growth of
E. coli, and the slfonate product 2;8ihydroxypropanel-sulfonate (DHPS), which is
excreted. DHPS is mineralized by other bacteria, thus closinglfiue sycle within a bacterial

community.

INTRODUCTION, RESULT S, AND DISCUSSION

Recent work showed that environmental isolateKlahbsiella spp. Enterobacteriaead
convert SQ quantitatively to DHR&oy et al.2003, Dengeet al.2012), and we hypothesized
that utilization of SQ might be a propertyBfiterobacteriaceaéVe found thatour genome
sequenceét. coliK-12 substrains (BW25113, DH1, MG1655 and W3100), after subculturing,
grew with SQ within 1 t@ days. We chose to work (largely) with the fastgstving substrain,
MG1655 The organism use8Q as a sole source of carbon and energy with a ygaath
yield of 3 g of protein per mol of S@Qarbon, whereas gtose gave aboutgof protein per mol

of carbon the latter value represented mass balance of carbon as biomass#60a1987.

However,approximatelyl mol of DHPS per mol of SQ was released into the growth medium
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(Figurela), as observed witklebsiella oxytocdDengeret al.2012. Thus,there wasomplete
mass balance for carbon afod sulfur from SQ. The growth rate with SQ was 0*3(0.5h?
with glucose), and the specific degradation rate foirS@vowas 120mU permg of potein
(1 mU = 1 nmol mirt%). We concluded that SQ is takolized to a €sulfonate, which is

excreted as DHPS, and that the remainder of the olelecutilized for growth (Figurga).

The outgrown culture was filtesterilized and inoculated wit@upriavidus pinatubonensis
JMP134, which can utilize DHPS fgrowth(Mayeret al.2010, but cannot utilize S(Denger

et al.2012. C. pinatubonensigrew with the DHPS formed from SQ &y coli, and released

its sulfonatesulfur quantitatively asudfate (Figire 1b) using a pathway described elsewhere
(Mayeret al.2010. We thusdemonstrated mineralization of SQ in a laboratory model system.

ASQ ASulphate ©Protein @DHPS

a
60

50

40+

30

Protein (ug mI~)
(Ww) uonesnuedu0)
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0 5 10 15 20 25 30
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Figure 1. Complete degradation otioquinovose during growtla, Growth oft. coliK-12 substrain MG1655
with SQ and excretion of 2@ihydroxypropanel-sulfonate (DHPS). b, Growth @. pinatubonensisMP134

with the DHPS formed from SQ Hy. coli. Data from representative growth experiments (n = 3) are shown. To
allow a compact graphuBate release and not totallfate is shown.

Proteins from whole cellsf E. coli K-12 grown with gluose or SQ were subjected to two
dimensionalpolyacrylamidegel electrophoresis (2BAGE) Extended Datdrigure 1) and
examined by peptide fingerprintirrgass spectrometry (FAS) (Extended Datdablel). The
immediately releant, apparently Sdhducible proteins(see Extended Data Figude and
Extended Datdable 1) were attributed to b387&léo known ayihQ (b numbers are locus
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tags); predicted to be am-glucosidase), b387%lso known asyihR predictedto be an
epimeras), b3880 ¥ihS predictedto be anisomerase), b3881lyiqT; predictedto be an
aldolase), and b388%2ihU; predictedo be arNAD*/NADH-linked dehydrogenase/reductase).
Transcriptional analyses for the gene cluster bd@&882, as well as for b3883I§o known as
yihV; predictedto be a sugakinase), confirmed a strong inducible transcription during growth
with SQ, but not during growth with glucosextended Data Figur®). Furthermore, single
gene knockouts (in substrain BW251Babaet al.2006 in genes b3876(so known agihG;
predictedto be a major facilitator superfamilgS)-type transprter), b3880, b388and
b3883 did not grow with SQ, which confirmed and expanded on the proteand
transcriptional data (Figui2b).

a
ﬂscherr’chia coli K-12 Reductase )
YihU
9 o oM
o- sj\/ 7{ }T' 0" s /\/OH 0§ M
0 NADH NaD- O o

Isomerase Kinase o Aldolase

o YihS 0 YihVv o oPo YihT DHPS DHPS
$= S=
| \

| I
0=8$=0 0= ? o} 0= 0 0= 0

O
0-p-0 A ov pHap
o

A

b
Locus tag b3875 b3876 b3877 b3878 b3879 b3880 b3881 b3882 b3883 b3884
Gene name ompL yihO yihP yihQ yihR yihS yihT yihu yihv yihw
Aldose-ketose Reductase
Predicted function Porin Transporter Transporter o-Glucosidase Aldose isomerase Sugar Regulator
epimerase Aldolase kinase

Figure 2. The four core enzyme reactions affsglycolysis, with transport, and the correspondjeges in a ten
gere cluster ink. coli K-12. a, SQ is metabolizday four enzymes (shown icolor) to a G sulfonate, DHPS,
which is excreted, and the remainder of the moleisulesedfor growth. For comparison, the analogous enzyme
reactions for the catabolism of (unsubstituted) glue¢bssughthe glycolytic pathway irkE. coli, are also shown
(dashed arrows) Fba, fructose bisphosphate aldolase; GAP, glyceraldedwdwsphate; Pfk,
phosphofructokinase; Pgi, phosphoglucose isomef@$8, phosphotransferase system permease; Tgsetr
phosphate isomerask, TheEcoGeneE. coliwebsite bttp:/lwww. Ec o Gene. or g) uihl sf drhe ab
most of these genes; we have natai thisnomenclature. ¥rtical stripes,genes confirmed as being essential for
growth with SQ by mutational analysis; horizorgtalpes genes confirmed as being inducible for growth with SQ
by proteomic and/otranscriptional analyses; bdsamed genesgenes ecoding the four core epmes of the
pathway (showiin a) that were sybct of heterologous expressiparification, and functional characterization.

We thusidentified a gene cluster 8. coli K-12 that contained S@xducible, essential genes
for catabalsm of SQ, but we still did not know which pathway was involvedulfoglycolytic
pathway would involve a hypotheticalsBlfolactaldehyde (SLA) reductase to yield DHPS in

the final reaction (apart from exgd (Figures la and?2a), whereas dypothetical SQ
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dehydrogenase as the first reaction would lead into hypothetical Hhboelorofftype or
pentosephosphataype pathways, or another novel pathway. An Skéluctase was detected
(assayed as DHPS oxidation) in eiefle extracts of S@rown substrain MG655 at a specific
activity of 420mU permg of protein, which exceeds the specific degradation rate fanSQ
vivo and, thus, was sufficient to explain growth. This enzyme activity was not detected in
extracts of glucosgrown cells. The enzyme was, thasnfirmed to be inducible, and it was
specific for NAD'; NADP* was not a substrate. Furthere SQ did not lead to reduction of
NAD* or of NADP" in the extracts of SQor glucosegrown cells, hence, hypothetical SQ
dehydrogenase was not detectable. Thizga led us to predict thellBoglycolytic pathway
depicted in Figur@a, includinghe requirement fosulfonate import and export across ted
membranéGrahamet al 2002, Mampeekt al.2004, Mayer and Cook 2009

The four predicted core enzymes of the pathwayuieiga) were heterologously expressed and
purified as Histagged proteins, b3880 (putative isomerase), b3883 (putative sugar kinase),
b3881 (putative aldolase) at®882 (putative reductaseixtended Data Fige 3). Protein
b3882 was shown to enco8&A reductaseFirst we partially purified and identified (PFS)

the wild type enzyme in celtee extracts of substraMG1655 (see above), and secpmet
examined te recombinant mtein (see below). In both cases, we identified tha882
represerdan SLAreductase; the enzyme showed no activity withydroxybutyratgSaitoet

al. 2009.

The heterologously expressattigpurified putative ismerase (b3880) caused about-fmerth

of the SQ in the reaction mixture to disappear, as observed byptegbure liquid
chromatographynass spectrometry (HPEMS), and a new peak was formed that eluted with
shorter retention timéut exhibited the samelative massNlr = 244 Ddton (Da) observed as

a quasimolecular ion in the negative ion mod®¢H]) ata masgo-charge ratiorf/2 of 243)
(Figure 3a b). The new peak was confirmed to represede6éxy6-sulfofructose (SF)as
proposed elsewheréRoy et al. 2003, by the HPLC separation patterBExfended Data
Figure4), by the matching exact mass of the-llNf ion (Extended Data Fige4), and by its
MS/MS fragmentation patterrExtended Data Fige 5). Thuswe confirmed that b3880

catalysed the S@omerase reaction.

The reaction mixture was augmented with ATP and the putative sugar kinase (b3883). The
peaks of SQ and SF partially disappeared and a new peak was formee 8€jg This new

peak was confirmedo represent @leoxy6-sulfofructosel-phosphate (SFP), as proposed
elsewhergRoy et al. 2003, by the matching exact mass of the-fNf ion (observed mass,
322.9877 Da; theoretical mass afHz2011PS, 322.9843 Da) and by its fragmentation pattern
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(Extended Data Figu®). HPLC confirmedhat ATP disappeared and ADP was formed during
the reaction andurthermore, that SFP was converted back to SF when alkaline phosphatase
was added to a preparation $FP (not shown). Thus, thi b3883, weexpressed an ATP
dependent kinase that phosphorylated SF to SFP.

TIC MS-MS of m/z = 243 TIC MS-MS of m/z = 323 TIC MS-MS of m/z = 169 TIC MS-MS of m/z = 153 TIC MS-MS of m/z = 155
sa| = :

= + Isomerase
— o of — e o SN PN ob — | + 60 min

SFP
/ “'\ + Kinase
A \ +ATP

c ob — AN S o J\ o Il it 0 A A nrn 0 i N + 60 min

| |
[ I | . ) ' + Aldolase
d ol gl 5 ) _JL il s T i UV Y L V. PR oo " N | 1 60min

| “ | + Reductase
| . A | + NADH

e | Jwh ol — _ _ J\ ok — A _JL _ ol o~ SYNIMAN A A 0 RS || SR — ~_| +60min

°
3

| VSRR Y BV PN ey

-

lon counts *

o 1 o\ —aal e | 4 120 min

0 0 20 30 40
Retention time (min)

Figure 3. lllustration of the reactions of the four core enzymesutfbglycolysisin vitro. The transformation of

SQ to SF, SFP, DHAP and SLA, and DHPS, by successive addition of recombinantly expressed pathway enzymes
was followed by HPLEESI-MS. a, Sample of SQ in reaction buffer €0 min). b, Sample after addition of
isomerase (b3880) £60min). ¢, Sample after addition of ATP and kinase (b3883)1@0min). d, Sample after

addition of aldolase (b3881)%£t180min). e Sample after addition of NADH and reductase (b3882p#0min).

f, Sample after extended incubation of the fetmyme reaction (¢ 360 min). The totalon chromatograms (T
recordedn the negativeon modefrom the MSMS fragmemationof the quasimolecular ions [MH] of SQ and

SF and SFPDHAP, SLA andDHPS from a representative experiment (n = 5) are shéwnrepresentativlS-

MS fragmentation patterns of the {M] ions of SQ and SF, SFP, and SLA and DHPS, see the Extended Data
Figures5, 6 and7, respectively.

The reaction mixture was augmented with the putative aldolase (b3881). The peak for SFP
partially disappeared, and two new peaks were forfkégure 3d). The first new peak was
identified to represent IBAP, as proposed elsewhefRoy et al. 2003, with an authentic
DHAP standard. The second new peak was confirmezptesenSLA, as proposed elsewhere
(Roy et al. 2003, by the matching mass of the {M] ion (M; = 154; observed as [M] ion

atm/z= 153) and by its fragmentation patteEEx{ended Data Fige 7); the same peak was
obsened when we sed recombinant SLAeductase in reverse to oxidize DHPS to SLA (see
above). Thus, with b3881ve expressed an aldolase that cleaved SFP into DHAP and SLA.
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The SFP turnover was incomplete (rig3d); the equilibrium of the corresponding enzyme
reaction inglycolysis (fructosel,6-bisphosphate aldolase) lies far to the (EbrnishBowden
1981), that is,hardly any products are formed

However,whenNADH and the recombinant Sl-Aeductas€b3882) wereadded, the peak for

SFP was further diminished, as was the peak for SQ, and that for the aldetdio® product

DHAP, was further increased (Fige 3e). In addition, the peak for SLA had disappeared, and

the peak for the anticipatedlifonate product, DHPS, was forméggure 3e and Extended

Data Figire7). After an extended incubation of tleif-enzyme reaction (see kg 3g, ), the

peaks for SQ and SFP had almost completely disappeared, and the peaks for DHAP and DHPS,

had further increased.

Together, the results show that @ pathway inE. coli K-12 (Figure 2a) does not involve a
desilfonation reaction and that no substiaeel phosphorylation of theuBonated G
intermediate occurs, whidilas beemisedpreviously(Roy et al.2003 as a default hypothesis.
Furthermore we deduce that there are ten genes in the garstec (Fgure 2b). The core
pathway comprises a SQ transporter (for example, b3876, YihQ308@ras€b3880, YihS),
SFkinase H3883, YihV), SFPaldolase (b3881, YIhT)SLA reductas€b3882, YihU)and a
DHPS exporter (for examplé&3877, YihP), which culd be under the putative control of
repressor b3884 (Yih)\W We proposea ailfolipid porin (b3875, OmpL), audfolipid a-
glucosidase (b3878rihQ), and an epimerase (b3879, YihR) to funnel otherd8@vatives
into the pathwayfor examplethe whole alfolipid (seeExtended Data Fige8).

The gene cluster is found in at least 1,009 (>91%) of the 1,110 genome sequences of commensal
E. coli, as well as pathogenie. coli (for example,EHEC) strains, thatvere available in
November 2013finished and drafgenome sequencem the Integrated Microbial Genomes
(IMG) and Human Microbiome Project (HMP) databagbat(is,gene clusters with syntenic
yihTUVWandcollinearhomologsof yihSRQPCandompLin variable order). Hence, the gene
cluster is a feature dhe coregenome oE. coli species. It can also be found in a wide range

of other Enterobacteriaceae(for example, Chronobacter sakazakiATCC BAA-894,
Klebsiella oxytocd 0-5242,Pantoea ananatisMG 20103 andsalmonella entericaT2). We
thereforesuspetthat the pathway hassignificant role in bacteria in the alimentary tract of all
omnivores and herbivores, that the pathway occurs in excrement from these animals, and in
plant pathogens, which would explain part of the widespread occurrence of wilicrobi
degradation observdtMartelli 1967, Royet al.2003, Dengeet al.2012).

SQ is producedii huge amounts in nature and, thus, represents a significant proportion of the

organic silfur cycle(Harwood and Nicholls 197%9and it is degraded in similar amounts by
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both bacterigMartelli 1967, Royet al. 2003, Dengeet al. 2012 and algagSugimotoet al.
20079, or it would accumulate in the environment. We see here thEttieeobacteriaceaase

one pathway (Figre 2a) to initiate degradation of SQ, and that a community is required for
complete degradation (Rige 1b) (Dengeret al.2012. This covers a variety of habitats, but we
know that other pathways exigt.previous papefRoy et al.2003 presented evidence for SQ
dehydrogenase, which we also obsemeur SQusingstrain ofPseudomonas puka (A.-K.F.
unpublishedobservations Notably, anothergroup (Martelli 1967 reported complete SQ
degradation, including dekonation, in a single organism; however, this organism has been
lost (Cook and Denger 2002

In summary, we have established thataglycolysis, which was named but not defiriech
previous repor{Benson and Shibuya 196konverts SQ to DHPS in the most widstydied
prokaryotic model organisnk. coliK-12, representing marinterobacteriaceaérigure 2a).
We have identified a gene clusterEncoliK-12 (Figure2b), which encodes the pathway. The
core pathway, for SQ, involves four newly discovered enzymes, twoyneehtified
transporters and three newly characterized intermediatesrésigg, b). We know that the
pathway is regulatedEktended Datdrigures1 and 2) and we suspect that it includes the
degradation of the wholeuBolipid (Extended DataFigure 8). The pathway represents a
substantial part of the biogeochemicalfsr cycle, ad the pathway is likely to hava
significant role in bacteria in the alimentary tract of all omnivores and herbivores, and in plant
pathogens. We and othdMartelli 1967, Royet al.2003, Dengeet al.2012) anticipate other
degradative pathways f&Q in nature; for exampl@) bacteria of all marine, freshwater and
terrestrial habitats wdre SQ is produced and degraded. We nowigecthe toolgo elucidate
these degradatiygathways
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METHODS SUMMARY

SQ and DHPS were syntsized chemically and identified by NMR anthss spectrometry
(Mayeret al.2010, Dengeet al.2012. Cultivation, preparation of celfee extracts, enzyme
purification, 2DPAGE and PHMS, RNA preparation and RPCR, and expression and
purification of Histagged proteins, are described in Methods SQ, SF, SFP, SLA, DHAP
and DHPS were separated using hydrophilic interaction liquid chromatography (HILIC)
(Dengeret al.2012 and detected bgn evaporative light scattering detectBL$D) (Denger
et al. 2012 or electrospray ionizatior5SI)-time-of-flight (TOF)-MS or EStiontrapMS (see
Methodg. The enzyme reaction mixture (FiglBewas 3 mM & in 50 mM ammonium acetate
buffer (pH 8.7), and 8 mM ATP, 0.5 mM MgCand 8 mM NADH supplemented with the
corresponding enzymes (each 50 pg'ml
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METHODS

Chemicals

SQ and DHPS were synthesized chemically and idedtifiy NMR and MS as described
previously(Mayeret al.2010, Dengeet al.2012. Dihydroxyacetone phosphate dilithium salt,
D-fructose 6phosphate disodium salt hydrate,gldicose éphosphate disodium salt hydrate,
and Dfructose 1,ébisphosphate trisodium salt octahydrate were from Sig@ithner
biochemicalstNADH, NADPH, NAD", NADP*, ATP, ADP) were purchased from Sigma,

Fluka, Merck or Biomol.

Bacteria and growth conditions

Escherichia coliK-12 substrains W3100 (DSM 5911, ATCC 2732%d DH1 (DSM 4235,
ATCC 33849) andCupriavidus pinatubonensi#viP134 (DSMA4058 (Satoet al. 2006 were
purchased from the Leibniz Institute DSMDeutsche Sammlung von Miksoganismen und
Zellkulturen GmbH. E. coli K-12 substrain MG1655DSM 18039) was a gift from

E. Deuerling, ancE. coli K-12 substrain BW25113 and isénglegene knockouts from the

E. coli Keio Knockout CollectionBabaet al. 2006 were a gift from J. Klebensbergérhe
growth medium was a phosphddeffered mineral salts medi(Thurnheeret al. 1986 (pH

7.2) with SQ or glucose as the sole carbon sourCe#tures were inoculated (1%) with pre
culture grown with the same substrate, gralvn aerobically at 30°Cultures in3 ml volume

were grownin screwcap tubes (30 thin a roller, and cultures in the 53 or 200ml volume

in capped Erlenmeyer flasks (0.3 00 litre volume, respective}yon a horizontal shaker; for

the latter, 0.8nl samples were taken at intervals to determirteeapdensity ttenuanc® at

580 nm; Dsgmm) and substrate and product concentrations (HHHRLC, see below). For the
growth experiments tdemonstra mineralization of SQ (see Figultg E. coliK-12 substrain
MG1655 was grown with SQ (4 mM; 5@l scde), and after growth had been completed, the
cellular biomass was removed from the culture fluid by centrifugaior©Q@, 30 min, 4°C)
followed by filtersterilization (pore size, 0.2 um). The culture fluid was then inoculated with
C. pinatubonensidMP134. During the growth experiments, samples were taken at intervals to
monitor the growth[Psgg) and to determine total protein, substrate, and product concentrations

(see below). All growth experiments were replicated twice 8).

Preparation of crude extract, soluble fraction and enzyme enrichment

E. coli cells from growth experiments with SQ or glucosere harvested at aDsgo of
approximately0.4 by centrifugation (2000g, 15 min, 4°C) and disrupted by three passages
through a chilled French msure cell (140negapascaldMPa); Aminco) in the presence of
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DNase (2519 mit). Cell debris was removed by centrifugation (DDy, 5 min, 4°C) and the
membrane fragments collected by ultracentrifugation00@, 1 h, 4°C); the supernatant was
called the soluble fraction. For enzyme enrichment, soluble fraction was loaded onto an anion
exchange chromatography column (MonoQ HR 10/10 column, Pharmacia) equilibrated with
20 mM Tris/HSQy buffer, pH 9.0, at a flow rate of 1 ml minand bound proteins elatdy a

linear NaSQ, gradient (from 0 M to 0.2 M in 45 min, and tdMM in 10 min) and fractions

(2 ml) collected; the SLAeductase activity eluted at about 0.12 M3Sla.

Two dimensional gel electrophoresis and peptide fingerprintingnass spectrometry

2D-PAGE and PAMS were done according to our previously published protq&abkmidtet

al. 2013. In brief, soluble protein fractions frofa. coli cells grown with SQ or glucose (see
above) were desalted (PID Desalting Columns, GE Healthcare Life Sciences) and
precipitated k addition of acetone (four volumé&80% acetoa,-20°C, overnight); each thg

of precipitated protein was solubilised inydhation buffer (300 pl) and loaded onto isoelectric
focussing (IEF) strips (BioRad ReadyStrip IPG system) overnight; IEF involvdthgeoamp

to 10,000 V during &, and a total focussing of 40,00®lt-hours ¥h); the strips were
equilibrated in SDSquilibration buffers | and Il (with DTT and iodoacetamide, respectively)
and placed onto SBDBAGE gels using an overlay of SB@| buffer solidified with agarose
(0.5%); SDSPAGE gels contained 12% polyacrylamide (no stacking gel), and were stained
with Coomassie brilliant blue R50 (Laemmli 197(. Stained protein spots of interest were
excised from gels and submitted t6-MS at the Proteomics Facility of tHeéniversity of
Konstanzo identify the corresponding genes; the MASCOT engine (Matrix Science, London,
UK) was used to match each peptide fingerprint against a local database of all predicted protein
sequences of trennotatedE. coli K-12 substrain MG1655 genome (IMG version 2@B116).

Total RNA preparation and PCR with reversetranscription

RNA preparation and RPCR were done according to our previously published protocols
(Weisset al.2012. In brief, cells were grown in the appropriatéestive medium (3 ml) and

harvested in the midxponential growth phasBfgod 0. 3) ; t he cel-20°Cpel | et
in RNAlater RNA stabilization solution (Applied Biosystems); total RNA was prepared using

the E.Z.N.A. Bacterial RNA Kit (OmegaBibe k) f ol l owing the manuf a
the RNA preparation (40 pl) wasetated with RNas&ee DNase (2U, 30 min, 37°C)
(Fermentas). Focomplementary DNAJDNA) synthesis, the Maximeeverse transcriptase
(Fermentas) was used following the manaft u r e r 06ns; the neactions nontained M@

total RNA and 2(pmol sequencspecific primer (see below). PCR reactions j2&olume

were done usindagDNA pol ymerase (Fermentas) and the
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mixture (including 2.5mM MgCl); cDNA from reverse transcriptioreactions was used as
template (2ul of reverse transcriptioneacton mixture), or genomic DNA (4g DNA) for
PCRpositive controls, or nereversetranscribed total RNA () for the confirmation of an

absencef DNA impurities in the RNA preparations.

Heterologous expression and purification of Higagged proteins

Heterologous expression of candidate genes and purification of the recombinant proteins were
done according to our previously published protgEeluxet al.2013. In brief, chromosomal

DNA was isolated using the lllustra baddegenomicPrep Mini Spin Kit (GE Healthcare) and
the target genes amplified by PCR using PhusiBrDNA Polymerase (Finnzymes) and the
primer pairs given below; the PGRnditions were 30 cycles of $&lenaturation at 98°C, 20
annealing at 58°C, and &0elongation at 72°C for gene b3880 45s elongation at 72°C for
genes b3881, b3882, and b3883; the PCR products thereseparated by agarcgel
electrophoresis, excised, and purified using the QIAquick gel extraction kit (Qiagen), and
ligated into he aminoterminal Hig-tag expression vector pET100 (Invitrogen); correct
integration of the inserts was confirmed by seguen(GATGCBiotech. For expression, BL21

Star (DE3) OneShdt. coli cells (Invitrogen) were transformed with the constraetd grevn

at 37°C in lysogeny brotmedium containing 100 mg bmpicillin; atanDsgpd 0. 6, t he cu
were induced by addition of OrBM IPTG (isopropytb-D-thiogalactoside)and the cells grown

for additional4 to 5h at 20C, collected by centrifugatiofi5,00@, 20 min, 4°C), and stored
frozen €20°C). Cells were resuspended in buffer A (20 mM Tris/HCI, pH 8.0, 100 mM KCI)
that contained 50 pg nmiDNase |, and disrupted by four passages through-aqmied French
pressure cell (140 MPa). The cell extsawerecentrifuged (15,00§ 10 min, 4°C) and
ultracentrifuged (7@0Qg, 1 h, 4°C), and the soluble protein fractions loaded ontal Ni%*-
chelating Agarose affinity columns (Macherdgge) preequilibrated with buffer A (see
above). After a washingeg (30 mM imidazole in buffer A), the Htagged proteins were
eluted (200 mM imidazole in buffer A), concentrated in a Vivaspin concenti@aotofius,

and, after addition of 30% glycerol (v/v), stored in aliquot@tC.

Enzyme assays

SLA reductase @ivity was assayed photometrically at 365 nm imllcuvettes in 50 mM
Tris/HCI buffer, pH 9.0, with InM NAD* and 5mM DHPS as substrates. The reaction was
started with the addition of protein (0.010.1 mg mt') and the reduction of NADwas
recordedEnzyme assays with recombinant proteins (each 50 pg protéinfonlanalysis by
HILIC-HPLC were carried ouh the 1ml volumein 50 mM ammonium acetate buffer, pH 8.7,

stirred at room temperatufapproximately 20 23°C); samples were taken at intersiafor
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which the reactions were stopped by #éiddiof 30% acetonitrile. SQ (®M) and recombinant
isomerase were incubated for 60 min, afsdrich ATP (8 mM), MgCl> (0.5 mM), and
recombinant kinase were added. After additional 60 min, recombinant ald@laselded,rad

after another 60 min NADH (81M) and the recombinant reductase.

Analytical methods

Total protein was determined according to a protdased on the method reported previously
(Kennedy and Fewson 196&nd soluble protein by protein dye bind{iByadford 197§, each
using bovine serum albumin (BSA) as the standardfag release during growth was
guantified turbidimetricallSorbo 198Y as a suspension of Bag®or HPLGESFMS-MS,

an Agilent 1100 HPLC system fitted with a ZHILIC column & um, 200 A, 150« 4.6 mm
Merck) was connected tond.CQ ion trap mass spectrometer (Thermofisher). The HPLC
conditions for the LCQ ion trap wererdm 90% B to 65% B in 25 min, 65% B for bfin, in
0.5 min back to 90% B, 90% B column equilibration for 9.5 min; solvent A, 90% 0.1 M&yH
10% acetonitrile; solvent B, acetonitrile; flow rate, 0.75 ml-fnifihe mass spectrometer was
run in ESI negative modé&he retention times and E®IS-MS fragmentation patterns of the
analytes were obsexd as followsSQretention time25.4 min; SQ ESMS m/z(per cenbase
peak 243 (100);SQ ESIMS-MS of [M-H]" 243: 243 (4), 225 (11), 207 (34), 1830),153
(54), 143 (1), 123 (16), 101 (8), 81 (6). &fEentiontime, 21.9 min;SF ESIMS, 243 (100);SF
ESFMS-MS of [M-H]" 243: 243(1), 225 (37), 207 (38), 183 (21), 1580), 143 (3), 123 (24),
101 (13), 81 (5)SFPretention time33.4 min;SFPESIMS, 323 (100); SFFESFMS-MS of
[M-H]  323: 305 (34), 287 (3), 233 (2), 22800),207 (32), 153 (4)SLA retention time21.0
min; SLA ESFMS, 153 (100);SLA ESFMS-MS of [M-H]" 153: 153 (9), 81 (100), 71 (18).
DHPS retention time, 18.0 min; DHPS ESFMS, 155 (100), 95 (4)DHPS ESIMS-MS of
[M-H]" 155: 1% (100), 13718), 95 (40)DHAP retention time30.2 min;DHAP ESFMS: 169
(100); DHAP ESIMS-MS of [M-H]" 169: 169 (2), 125 (2), 9{L00). HPLC for ESITOR-MS
(MicrO-TOF I, Bruker) involved the same column and gradient system, but a diftgeslient
program from 90% B to 65% B in 20 min, and further to 55% B in 20)mwhich resulted in
retention times (seéxtended Dat&igure4) of 22.4 min for SQ, 21.8 min for SF, 16.3 min for
fructose, 18.5 min for glucose, 35.2 min for fructésghosplate, and 39.8 min for glucose
6-phosphate.

PCR primers

Primers were purchased froMicrosynth (Balgach The sequences of the primers pairs
(for/rev) for RTTPCR (see above) werdproduct length in bp): b387%orward,

5 &CTTATGGCGTGGGTATTCATCES ,003879 reverseh ATAGGCGGGCAACTCAT
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AGGTTGC3 0 ( 353) forwal IIBAGERAGTGGAAGCTTTCTTGAT3 6 , b3880

reverse,5 €CACGGTGGCGTTAAACAGACCTT-3 060 (3 3»W)881 {T6TCBG@TF d ,

560

GCCGATGAGTTG3 6 , b 38 83-&TTEGVNAGAGETCAGCGCCAOGT-36 (320) ;

b3882 forward -GGLCGCAGGCCGCTAAAGA3 6hb3882 reverses AAGATTCAGG
GCTTCGCACAAAA-3 6 (439) ; b HBEBCEACCGACGEGCEHECTRAAAAS 6
b3883 reverse; FGACTCCGCTAAATCCCCACTTGS3 §374); bOo720orward,5 €€ GCT-

GGCGGCGTTCTATCA3 00720 reverség ATTTTCAGCGCCGCTTCGTTAG3 6 (403) .

The sequenaeof the primers paif®r TOPGcloning and heterologous expression (see above)
were (the directional overhang is underied): b3880 forward,

5 €ACCGGAATGAAATGGTTTAACACCCTAAG-3 3880 revers& AACCCGCACC
CTATTTTCAG-3 6 ; b 388 5 -EACCATBAATAAGTACACCATCAACGACATT -
ACG-3 6b3881 reverses ACCATTTCATTCCTTTTATCCTCATCTT-3 6 ; b3882

5 €ACCATGGCAGCAATCGCGTTTATGG-3 ,0b3882 reverses &€«GCGTAATGTCGTT-
GATGGTGTA3 6 ; b3883 5BACCANGATTICGTGTTGCTTGTGTAGGT3 6
b3883 reverseéh -9 GAAAATTCCTCGAAAAACCATCA-3 6 .

Genome analyses

Analysis of genomes for orthologous gene clustersaaased out through the gene casset
search and neighborhood regioesish options of the Integrated Microbial Genomes (IMG)
and IMG Human Microbiome Proje¢tMG HMP) platforms (http://img.jgi.doe.gov/). Basic
sequence analyses were done usi nghd@QBido6 s

the Lasergene DNAstar software package (www.dnastar.com).

Enzyme nomenclature

We suggest thatuffolactaldehyde reductase belongs to theINBMB subgroup EC1.1.1.,
with the name sulfolactaldehyde -3eductase (systematic nan&3-dihydroxypropane
1- sulfonate:NAD 3-oxidoreductase The silfofructose kinaswould then belong to EC 2.7.1.,
with the namesulfofructose 3ikinase (systematic nameATP:6-deoxy-6-sulfofructose 1
phosphotransferagelhe silfofructosephosphate alhse woull belong to EC 4.1.2with the
namesulfofructosephosphate aldola@ystematic namé-deoxy-6-sulfofructose iphosphate
2-hydroxy-3-oxopropanel-sulfonatelyase (glycerone phosphate formihgpulfoquinovose
isomerase would belong to EC 5.3.With the namesulfoquinovose isomeragsystematic

name 6deoxy6-sulfoglucose aldosketoseisomerasg

forv

B L,
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EXTENDEND DATA FIGUR ES AND TABLES
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Extended Data Figure 1.Soluble proteins in glucoser SQgrown cells ofE. coliK-12 MG1655 separated by
2D-PAGE. All prominent protein spots on the gel from-§@wn cells that suggested inducibly expressed proteins
were excised and submittedR&-MS (see Extended Data Tallg The PRMS identifications were replicated in
an indegndent growth experiment and gel electrophoresis run.

Extended Data Table 1ldentifications by peptide fingerprintiagass spectrometry of protein
spots excised from 2BPAGE gels of SgrownE. colicells

Protein Apparent Apparent PF-MS identification

mass on =
spot ol plon gel Bana Predicted Predicted pl Sequence
(no.) (pH) Annotation mass Pl score coverage

(kDa) (locus tag) (kDa) (pH) (%)

1 95 6 b0114 pyruvate dehydrogenase, decarboxylase component (aceE) 99,948 6.46 999 54
b3829 h teine tr thylase (metE) 85,020 5.61 246 35

2 B0 6.5 b0803 pyruvate formate lyase (pfiB) 85,588 5.69 757 57
3 70 6 b2935 ketolase, thiamine-binding (fktA) 72,451 543 683 59
4 70 55 b3878 alpha-glucosidase (yihQ) / glycosyl hydrolase family 31 77,853 5.06 1198 76
5 55 5.6 b1415 NAD-linked aldehyde dehydrogenase (aldA) 52,411 6.07 1475 70
6 50 6.0 b2095 tagatose-1,6-bisphosphate aldolase, non-catalytic subunit (gatZ) 47,535 5.50 1135 84
T 45 6.5 b3880 aldose-ketose isomerase (yihS) 47,687 571 839 B4
b3880 aldose-ketose isomerase (yihS) / D-mannose isomerasa 47 687 571 554 73

b1136 NADP"linked isocitrate dehydrogenase 46,070 5.15 410 55

8 45 5.3 b4015 isocitrate lyase (aceA) A7, 777 5.16 324 36
b2942 S-adenosylmethionine synthetase (metK) 42,153 5.10 222 47

b2029 6-phosphogluconate dehydrog decarboxylating 51,563 5.06 207 46

9 45 55 b4015 isocitrate lyase (aceA) 47,777 5.15 1256 9
b1136 isocitrate dehydrogenase, specific for NADP* 46,070 5.16 108 13

b3339 protein chain elongation factor EF-Tu 43,427 5.30 803 74

10 45 5.7 b4177 adenylosuccinate synthetase (purA) 47,543 5.31 511 52
b1493 glutamate decarboxylase (gadB) 53,204 5.29 277 48

1 35 6.5 b3881 predicted aldolase (yihT) 32,248 574 1487 92
12 a5 7 b3879 predicted aldose-1-epimerase (yihR) 34,387 6.07 155 35
b0729 succinyl-CoA synthetase, alpha subunit 30,044 6.32 152 29

13 30 55 b2150 D-galactose-binding periplasmic protein (mglB) 35,690 5.68 733 a7
14 30 55 b2310 Iysine/arginine/omithine-binding periplasmic protein (argT) 28,088 5.62 914 a3
: b1130 transcriptional regulatory (phoP) 25,519 5.10 199 a7

15 25 7 b3882 hydroxybutyrate dehydrog (vihl) 31,525 5.86 1293 89

Protein spots were sorted according to theira@pt molecular mass on the gel (see Extended DateeRi}
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Extended Data Figure 2.Differential transcriptional analysis of the genes encoding the central pathway of
sulfoglycolysis inE. coli K-12. RT-PCR of the inducible transcription of genes b3879 (epimerase), b3880
(isomerase), b3883 (kinase), b3881 (aldolase) and b3882 (reductase) in cells grown with SQ in comparison to
glucosegrown cells. A positive control was a constitutively expressed (¥20;gItA, citrate synthase), and a
negative control was a PCR without reverse transcription (RNA) to confirm the absence of DNA contamination in
the RNA preparations used. The results were replicated when starting from an independent growth experiment.
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Extended Data Figure 3.Purity of heterologously expressed enzymes using-BBSE. M, marker proteins; 1,

b3880 (isomerase); 2, b3883 (sugar kinase); 3, b3881 (aldolase), 4, b3882 (reductase). A representative SDS gel
is shown (n = 2)Eachenzyme 20 Lg.
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Extended Data Figure 4.Separation of SQ, SF and analogues by HIHELC and detection by ESIOFMS.

a, Extracted ion chromatogram of SQ in reaction buffer before (top) and after (bottom) addition of recombinant
isomerase b3880 to generate SF. Thacermasses determined for the-HiJ ions of SQ and SF are indicated (in

Da); the theoretical exact masses (monoisotopic masses) for thi [idns of both SQ and SF (eacbHz10sS)
is 243.0180 Da. The data from a representative experiment are showestuhe were replicated (n = 3) with

samples from independent enzyme reactions. b, Samples of reference substances fructose and glucose (top), and
fructose6-phosphate and gluco$ephosphate (bottom). The reference substances illustrate the chromaitograph

separation by HILIC, that is, the ketoses (for example, SF) elute before the aldoses (for example, SQ).
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Extended Data Figure 5.MS-MS fragmentation of SQ and SF. a, Fragment ions of théi[Mons of SQ. b,
Fragment ions of the [MH] ions of SF. Thdéragmentation pattern of both compounds, SQ and SF, is dominated
by the loss of water-18), GH40O: (-60), GHeO3 (-90) and GHgOs (-120), and by the formation of HS(81)

ions. The MSMS spectra of SQ and SF differ in their peak heights, in particular in their base peak for SQ (183)
and of SF (153) corresponding to a preferred formationsBQsS and GHsOsS, respectively; both fragments
might be formed by McLaffeéy-like rearrangement reactions corresponding to the different positions of the keto
groups in SQ and SF. Representatia¢a are shown (n = 5; see Fig@je
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Extended Data Figure 6 MS-MS fragmentation of SFP and FBP. a, Fragment ions of thE[Nobnsof SFP. b,
Fragment ions of the [NH] ions of the analogue fructode6-bisphosphate (FBP) for comparison. Fragmentations
led to loss of water-18) and/or loss of phosphoric aci®§), and to the formation of dihydrogen phosphate (97)
and pyrophosphatd 77). Representativdata are shown (n = 5; see FigGje


































































