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Chapter 1

General Introduction

A part of this chapter has been published as:

Mehboob F, Weelink S, Saia FT, Junca H, Stams AJMSchraa G (2009) Microbial
degradation of aliphatic and aromatic hydrocarbeite (per)chlorate as electron acceptor. pp
935-945. In Handbook of Hydrocarbon and Lipid Mimkogy Ed. Timmis KN. Springer-
Verlag Berlin Heidelberg.
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Pollution of the biosphere has increased stroniglgesthe beginning of the industrial revolution.
Organochlorine compounds and petroleum hydrocarlames the most prevalent kinds of
pollutants. The industrial application of chloriedtethanes, chlorinated ethenes and chlorinated
benzenes ranges from degreaser and solvent talbiacid precursor (Dijk 2005). They are of
major concern for human and environmental healttabge some are known for their acute and
chronic toxicity, persistence and bioaccumulatidany organochlorines are present on the EPA
list of priority pollutants, indicating their poteal hazard for the environment (van Eekert 1999).
The total amount of chlorinated aliphatic hydrocar® and chlorinated aromatic hydrocarbons
that reached the surface water in the Netherlamd@)01 was 11.23 and 1.89 ton, respectively
(Dijk 2005). Besides an anthropogenic origin, mthran 3500 organohalides are known to be
produced naturally, comprising mainly chlorinatatd ébrominated metabolites (Haggblom &
Bossert 2003; Smidt & de Vos 2004).

Petroleum hydrocarbons are the most common envieatah contaminants (Chayabutra & Ju,
2000). Major sources of petroleum hydrocarbon pioliuare natural seepage and accidental
spillage during transportation (www.eia.doe.gowtrBleum hydrocarbons consist of four major
components: saturates, aromatics, resins and aspbsl(Head et al. 2006). On the average,
saturated and aromatic hydrocarbons together make & the crude oil (Widdel & Rabus
2001). Alkanes are the chemically least reactive @ the lack of a functional group, presence
of only sigma bonds, non-polar nature and low sbityln water.

Aromatic compounds comprise of a large variety afural and synthetic compounds (Fuchs
2008). Various aromatic compounds like benzeneietw#, phenols, aniline, naphthalene and
phenanthrene are of concern due to their persistand toxicity (Harwood & Parales 1996: Cao
et al. 2008).

Remediation of these various sorts of pollution eagried out with physical, chemical or
biological processes. Bioremediation is an envirentally safe and cost effective method to
eliminate the pollutants from the environment. das microorganisms can metabolize these

compounds either aerobically or anaerobically.

Aerobic degradation of organic pollutants

Oxygen is the most prevalent and most preferrectrele acceptor in an oxic environment as it
allows the highest growth yield to an organism (egv1991). In the aerobic metabolism of
organic pollutants oxygen not only acts as termelattron acceptor but also as a co-substrate.
The introduction of molecular oxygen in organic gmunds is mediated through mono- and
dioxygenases. Once the oxygen atom has been irrabeploin a molecule it can be further

degraded more easily, both aerobically and anaeaithpi
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Chlorinated aliphatics with low chlorine atom sufegtons, such as vinyl chloride (VC) and
monochlorobenzene (MCB), which are often found eudated in anoxic ecosystems, can be
degraded by aerobic bacteria (Davis & Carpenter019€oleman 2002a). Similarly,
dichloroethenes (DCE’s) have been shown to be degraerobically (Coleman et al. 2002b;
Chapelle & Bradely 2003). Epoxidation has been sstggl to be the first step during this
reaction (Coleman 2002b). An aerobic oxidative fneliam often involves the electrophilic
attack by mono- and dioxygenases and ultimatelidyiearbon dioxide, chlorine and water as
end products.

Among petroleum hydrocarbons-alkanes are degraded faster than branched alkanes
aromatics (Leahy & Colwell 1990; Roéling et al. 2p08et quantitatively they are the major
fraction of crude oil (Head et al. 2006). Alkanesaymadsorb aromatics due to their
hydrophobicity and their degradation may then iasesthe bioavailability of aromatics (Widdel
& Rabus 2001). Moreover alkanes are involved in ¢beoxidation of other components of
hydrocarbons (Rontani et al. 1985; Leahy & Colw#890). Degradation of alkanes by aerobic
microorganisms goes fast (Berthe-Corti & FetznddZ20Nentzel et al. 2007). The physiology,
biochemistry and genetics of aerobic alkane degsdaes been studied extensively (Shanklin et
al. 1997; Berthe-Corti & Fetzner 2002; Rojo et 2005; Head et al. 2006; van Beilen and
Funhoff 2007; Wentzel et al. 2007). During aerobliegradation, oxygenases incorporate
molecular oxygen into the-alkanes to form the corresponding alcohols, whacé further
degraded by beta-oxidation (Wentzel et al. 200H)s Tnitial step of oxygen incorporation is
thought to be the rate-limiting step, and furthegmhdation may occur without the involvement
of oxygen (Chayabutra & Ju 2000). The oxygenasesived in the initial activation of alkanes
are monoxygenases, but in one case the involveaientioxygenase has been reported (Maeng
et al. 1996). The major types of monooxygenaseslwed are the rubredoxin dependaik B
and cytochrom@450 type monoxygenases and their gealé&B, alkM, AlmA and cyp153 family

of P450 monooxygenases have been studied extensivelyj¢Rat& et al. 1998; van Beilen et
al. 2006; Throne-Holst 2007; van Beilen & FunhdiDz).

Aromatic compounds are difficult to degrade dudh® resonance energy of the aromatic ring
(Harwood & Parales 1996). During the aerobic degfiad of aromatic compounds the aromatic
ring is activated by modification of the aromatiog by incorporation of oxygen by mono- or
dioxygenases. The catechol and to a lesser exészohte, are the central intermediates in the

aromatics degradation pathway (Fig. 1).
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Fig. 1: Catechol and to a lesser extent benzoate @antral intermediates in the aerobic degradation b
aromatic hydrocarbons (Figure modified from Harwood & Parales 1996)

The next step is the cleavage of the aromatic rwwbjch is exclusively mediated by
dioxygenases. Cleavage of the ring between twodxydirgroups is called ortho-cleavage or
intradiol cleavage and cleavage adjacent to orteeohydroxyl group is called meta-cleavage or
extradiol cleavage. (Harwood & Parales 1996; Vadtaurt et al. 2006).

Anaerobic degradation of organic pollutants

Numerous mixed and pure culture studies of the p@stdecades have revealed that reductive
dehalogenation is the main mechanism for the Inéttack and degradation of a variety of

aliphatic and aromatic organohalides in anoxic emments (El Fantroussi et al. 1998;

Haggblom & Bossert 2003; Smidt & De Vos 2004). roxc environments the presence of an
electron withdrawing group is favourable for antiali reductive attack (Bosma et al. 1988;

Knackmuss 1992; Dolfing & Harrison 1993; Field &t ¥095). Molecules with more electron-
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withdrawing substitutions such as highly chlorimateompounds are difficult to degrade
aerobically (Okey & Bogan 1965; Knackmuss 1992]jd~it al. 1995). Chlorinated aliphatics
like tetrachloroethene (PCE) and trichloroetheneCEY and chlorinated aromatics like
hexachlorocyclohexane (HCH), which are aerobicaltgalcitrant are easily degraded via
anaerobic degradation (van Doesburg et al. 200n@h& He 2009). However, as these
molecules are converted into less substituted ictated compounds it becomes more difficult to
degrade them anaerobically. This may lead to persie of less susbstituted chlorinated
compounds in anoxic environments. For example, teluctive dechlorination of
tetrachloroethene (PCE) and trichloroethene (TCEy nkead to the formation otis
dichloroethene (DCE), vinyl chloride (VC) or ethefi@avis & Carpenter 1990; Coleman et al.
2002b). Especially vinyl chloride has been foundaecumulate in many polluted soils (Fennel
2001; Coleman 2002a). Similarly, the end produdtshe degradation of the beta isomer of
hexachlorocyclohexangHCH) are benzene and monochlorobenzene (MCB), twhre very
recalcitrant compounds in the absence of moleaxggen (van Doesburg et al. 2005).

Little is known about the anaerobic degradatiom-@fkanes. The first step in the anaerobic
degradation ofn-alkanes is thermodynamically difficult. It has heproposed to occur via
carboxylation in the sulfate-reducing bacteriunaistrHxd3 (So et al. 2003). Another proposed
mechanism of alkane activation resembles the abmetoluene activation mechanism ire.
alkane activation through fumarate addition by Wylsuccinate synthase (Rabus et al. 2001).
Molecular evidence for this mechanism has recehdgn obtained (Callaghan et al. 2008;
Grundmann et al. 2008). Anaerobic degradatiomn-@ilkanes is slow compared to aerobic
degradation anthe number of isolates and range of substratenatkaegraded is limite(bo
and Young 1999; Ehrenreich et al. 2000; Wentzal.2007).

Aromatic compounds are quite recalcitrant in an@kgironments. The breaking of the aromatic
ring which is quite easily mediated by the ringasliag dioxygenases is energetically difficult in
anoxic environments (Fuchs 2008). The mechanismsanaferobic benzoate and toluene
degradation are well understood. Facultative aneesraise a so called “hybrid pathway” where
benzoate is degraded via CoA-thioesters as intaateednd aromatic ring cleavage does not
require oxygen (Zaar et al. 2001, Gescher et &06R0The activation of ring in the anoxic
environment is mostly brought by carboxylation, gblaorylation or fumarate addition (Fuchs
2008). Anaerobic toluene degradation occurs viaaiate addition. A glycyl radical enzyme,
benzylsuccinate synthase, which is highly oxygemsiee, catalyzes this reaction.
Benzylsuccinate is further oxidized to benzoyl-Coahich is the central intermediate of

anaerobic degradation of aromatic compounds (Laot&eHeider 1999, Heider 2007, Fuchs



Chapter 1

2008). Most of the aromatics like benzene and mioloogbenzene are anaerobically persistent.
Similarly very little is known about the anaeroldegradation of the central intermediate of
aromatics i.e. catechol. There are only a few puéure studies (Szewzyk & Pfennig 1987;

Schnell et al. 1989; Kuever et al. 1993, Gorny &iSk 1994; Ding et al 2008). This is in strong

contrast with the aerobic pathway of catechol ddagfran, which is well characterized and

completely understood (Vaillancourt et al 2006; Waod & Parales 1996).

Aerobic versus anaerobic biodegradation

There are few anaerobic hydrocarbon degrading baatescribed upto now in comparison with
aerobic bacteria. The rates of anaerobic hydrocadegradation in general are much lower than
in the presence of oxygen. Aerobic hydrocarbon aldigg bacteria can use a wider range of
substrates than anaerobic ones (Wentzel et al.; ZDR&yabutra & Ju 2000). Compared to the
large number of aerobic benzene degrading bactemig, 5 bacterial isolates that can degrade
benzene anaerobically, have been obtained (Cobtds2001; Kasai et al. 2006; Weelink et al.
2008). No bacterium has yet been isolated thatdesgnrade MCB anaerobically, while several
bacteria have been characterized that can degrddi@ &krobically (Reineke & Knackmuss
1984; Schraa et al. 1986; Kaschl et al. 2005; Bdaatkal. 2008).

Moreover, aerobic pathways are well characterigddle we just have started to understand the
(probably many different) mechanisms of anaerobegrddation of various compounds.
Remediation strategies of polluted soils are mafolyused on the aerobic degradation of low
substituted chlorinated compounds, alkanes and afosn Anoxic conditions may develop
quickly upon soil pollution with hydrocarbons, digethe activity of aerobic bacteria (Logan and
Wu 2002). As a consequence, the contaminatedssoitén removed and treated elsewhere. As
an alternative, oxygen may be injected under higisgure to stimulate aerobic hydrocarbon-
degrading bacteria. The introduction of air/oxygenot very effective due to the low solubility
of oxygen. The introduction of oxygen in the forirhgdrogen peroxide (}D-) is a widely used
technique, but hydrogen peroxide is toxic to mamganisms and may instead inhibit the
degradation of hydrocarbons (Morgen et al. 1993)e Tuse of solid oxygen releasing
compounds, like oxides of Ca@nd MgQ, is a costly process and an even distributiorhef t
oxides is problematic (Weelink et al. 2008).

The problem may be solved by the addition of oxygea highly soluble form to the anoxic
zone. (Per)chlorate is such a highly soluble comgaaig. sodium perchlorate has a solubility of
2 kg/l (Xu et al. 2003).
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(Per)chlorate reduction and (per)chlorate-reducingmicroorganisms

(Per)chlorate is a term commonly used for percldo(€lQ,) and chlorate (Clg). Both have
been found to be reduced by bacteria (Rikken et396; Wolterink et al. 2002). (Per)chlorate
has a higher reduction potential than nitrate andyjen (Table 1) and it has been suggested as an
alternative electron acceptor in the oxidation pdirecarbons (Coates et al. 1999a; Stams et al.
2004; Tan et al. 2006; Weelink et al. 2008). It wasnd to yield molecular oxygen upon
reduction (Rikken et al. 1996; Wolterink et al. 20Mudley et al. 2008). The microbial
reduction of perchlorate proceeds as depictedgnZi

Perchlorate (CI®) is reduced to chlorate (C4Q through a perchlorate reductase which in turn
is reduced to chlorite (CK) by a chlorate reductase. In perchlorate-redudiagteria one
enzyme may reduce both the perchlorate and chi¢kategen et al. 1999). Chlorite is then split
into CI and Q by a chlorite dismutase (Rikken et al. 1996; Walter2002). This oxygen
formation during anaerobic respiration is unique(fier)chlorate reducing bacteria (Coates et al.
1999a). Enzymes involved in the (per)chlorate rédocpathway have been isolated and
characterized (van Ginkel et al. 1996; Kengen .€t@99; Stenklo et al. 2001).

Perelilorate Chlleratie Clillorfte @lhﬂ@[md]@
2[H1 2[H1
berchlorate reductase Chlorate reductase dclzlnc;:izse
@m

Fig. 2: (Per)chlorate reduction pathway.

(Per)chlorate was initially considered to be anpligenic. It is used as solid rocket fuel, in road
flares, fireworks, blasting agents, explosivesyikdiing oils, nuclear reactors, air bags, making
matches. (Urbansky 1998; Gullick et al. 2001; AZiklatzinger 2008). In past (per)chlorate was
used to treat hyperthyroidism (Urbansky, 1998).0Cite is used as defoliant (Kengen et al.
1999). Chlorate is produced when chlorine dioxglesed as a bleaching agent in the paper and
pulp industry (Kengen et al. 1999). Ammonium peocale represents approximately 90% of all

perchlorate salts manufactured. Since 1950 monme 1B million kg of perchlorate salts have
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been discharged into the environment (Motzer, 208ikjce perchlorate salts are highly soluble
in water, they are readily transported throughaefwater and groundwater (Xu et al. 2003).
Perchlorate has been detected in groundwater gie@és of the USA (NAS 2005). In Henderson
(Nevada), this perchlorate contamination rangednfr61.4 to 630 mg/l. Low levels of
perchlorate have also been found in drinking wiellsouthern parts of Texas in an area of more
than 30000 square miles (Urbansky 1998).

Table 1: Biologically relevant redox couples

E” (Volts)
SO” +3H +2¢ - HSO; + H,0 -0.516
Ferredoxin (F&) + e R Ferredoxin (F&) -0.420
NAD(P)' + H' + & - NAD(P)H 20.320
S+2H+2¢ - H,S -0.274
FAD+2H +2e - FADH, -0.180
HSO;, +6H +6¢ - HS + 3 HO -0.110
NO; +2H +2 6 - NO, + H,0 0.430
NO, +8H +6 ¢ - NH," + 2 O 0.440
ClOoy+2H +2¢ - ClO, + H,0O 0.709
ClO j+2H +2¢ - ClOs + H,0O 0.788
O, +4H +46 - 2 H,0 0.815
2NO+2H+2¢ - N,O + HO0 1.175
ClO,+4H +4¢6 - Cl+2H0 1.199
NO+2H +26 - N, + H,0 1.355

EY = standard reduction potential at pH 7.0 and @5 °

From a microbiological point of view the anthropogeorigin of perchlorate was puzzling since
(per)chlorate reducing bacteria have not only deend in contaminated environments but also
in pristine environments. However, there is nowdence that (per)chlorate is also produced via
natural processes and that it is ubiquitously preaelow concentrations in arid and semi-arid
areas in the world (Bao & Gu 2004; Plummer et BD& Rajagopalan et al. 2006; Kang et al.
2008). Natural deposits of perchlorate are the ralngeposits in the hyper arid region of the
Atacama desert of Chile (Orris et al. 2003). Isat@malyses of the Atacama deposits showed a
natural atmospheric origin (Bohlke et al. 1997; Badsu 2004). Perchlorate is likely to be
formed in the atmosphere by ozonation of aqueolugigns of chloride (aerosols) or ozonation
of chloride coated sand and glass surface (Dasaith 2005; Kang et al. 2008). Homogenous
photochemical reactions of aqueous oxyanions (Hypate, chlorite, and chlorate) precursors
also yield perchlorate (Kang et al. 2006). Lighthimay also cause the synthesis of atmospheric

8



General Introduction

perchlorate (Dasgupta et al. 2005). Natural ocogeeof perchlorate has also been reported on
Mars (Hect et al. 2009). Interestingly, Atacamaediesoils have a strong resemblance with the
Martian soil (Navarro-Gonzalez 2003).

Perchlorate is known to affect the thyroid glandnmammals by binding to the sodium iodide
symporter. It inhibits competitively the uptakeiotlide by thyroid gland which results in fatal
bone marrow disease (Stanbury & Wyngaarden 1958gAgach et al. 2001). Several cases of
aplastic anemia and renal damage were observed wgeechlorate was administrated
chemotherapeutically for the treatment of hypextidism (Foye 1989; Urbansky 1998). Despite
criticism, the US EPA has decided not to regulageuse perchlorate but instead has established
a reference dose of 0.0007 mg/kg/day of perchiqRémner 2009).

Microbial (per)chlorate reduction has been reviewgdLogan et al. (2001), Xu et al. (2003),
Coates and Achenbach (2004). A list of known (geom@te reducing bacterial isolates is given
in table 2.

(Per)chlorate-reducing bacteria are spread among vy, ande subclasses of proteobacteria
(Korenkov et al. 1976; Stepanyuk et al. 1992; Wholteet al. 2002; Kesterson et al. 2005).
Recently, a firmicute has also been isolated (Rlkl. 2008). (Per)chlorate-reducing bacteria
have been isolated from pristine as well as comtatad soils and sediments (Coates et al.
1999b; Wolterink et al. 2005).

The ubiquity of (per)chlorate reducing-bacteria v&®wn by most probable number count
assays in samples from a variety of soils and sewdlisn The numbers of (per)chlorate-reducing
bacteria ranged from 2 x i@ 2 x 16 cells per gram (Coates et al. 1999b). Kestersaa. et
(2005) showed that (per)chlorate reducing bactemdd even be two orders of magnitude higher
at some locations.

Most of the (per)chlorate reducers are relatedhat dpecies level with a non-(per)chlorate
reducers. For instancBseudomons chloritidismutans AW-1", a chlorate reducer has 100% 16S
rDNA similarity with P. stutzeri DSM 50227, but thisP. stutzeri cannot reduce chlorate.
Similarly, the chlorate reducer and benzene oxrdidecycliphilus denitirificans BC is 99.7%
similar with a non-chlorate reducAlicycliphilus denitrificans K601. Similar observations were
made by Achenbach & Coates (2000). The majoritythef perchlorate-reducing bacteria is
facultative anaerobic, mesophiles and has a pHmopti close to neutral. However, some
members oDechloromonas andAzospira are capable of (per)chlorate reduction at pH (€

& Jackson 2008). Most of them are gram negativet, dugram positive thermophilic
(per)chlorate reducer was isolated in our laboya{®alk et al. 2008). Okeke et al. (2002)
reported thatCitrobacter strain IsoCock 1 reduced 35% perchlorate up to%.Salinity, but
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growth coupled to perchlorate reduction could metdemonstrated (Coates and Jackson 2008).
P. chloritidismutans andM. perchloritireducens can grow in a medium containing up to 4 g/l of
NaCl (Wolterink et al. 2002; Balk et al. 2008). (Rhlorate-reducing bacteria require
molybdenum as an essential trace element (Brue¢ 4999; Chaudhuri et al. 2002). Growth

rates and cell yields on (per)chlorate are comparalith aerobic ones (Logan et al. 2001).

DechlorospirillumWD can grow with 80 mM of (per)chlorate (Michaelidet al. 2000).

Table 2: List of known (per)chlorate reducing isoldes with references

Strain

Reference

Strain

Reference

Vibrio dechloraticans
Cuznesove B-1168

Korenkov et al. 1976

Pseudomonas chloritidismutans
AW1"

Wolterink et al 2002

Acinetobacter
thermotoleranticus

Stepanyuk 1992

Dechloromonas sp. PC1

Nerenberg et al.
2006

Ideonella dechloratans

Malmqvist et al. 1994

16 isolateAzospirillum &
Dechloromonas)

Waller et al. 2004

Azospira oryzae GR-1

Rikken et al. 1996

Citrobacter JB101 and JB109

Bardiya & Bae 2004

Wolinela succinogenes HAP-1
& W. succinogenes
ATCC29543

Wallace et al. 1996

Dechloromonas hortensis MA-
1" & P. chloritidismutans
ASK1

Wolterink et al.
2005

Azospira sp. Perclace

Herman &
Frankenberger 1998

Dechloromonas sp. JDS5 & sp.

JDS6

Shrout et al. 2005

Dechloromonas agitata CKB

Bruce et al. 1999

Dechloromonas denitrificans
ED-1

Horn et al 2005

13 isolates
(Pseudomonas,Azospirillum &
Dechloromonas)
Dechloromonas sp. SIUL,
Dechloromonas sp. MissR,
Dechloromonas sp. CL,
Dechloromonas sp. NM
Azospira sp. SDGM Azospira
sp. PS

Coates et al. 1999b

27 isolates
GenusAeromonas, Azospira,
Rahnella & Shewanella
isolates.

Kesterson et al.
2005

Dechloromonas sp. JM

Miller & Logan 2000

Azospirillium lipoferum DSM
16917

Peng et al. 2006

Dechlorospirillum WD &
Azospira suillus PS

Michaelidou et al.
2000

Dechlorospirillum VDY

Thrash et al. 2007

10 isolates 2 in detail
Azospira KJ, & PDX

Logan et al. 2001

Moorella perchloratireducens

Balk et al. 2008

Dechloromonas agitata

Achenbach et al.
2001

Azospira sp. HCAP-C (PCC)

Dudley et al. 2008

Dechloromonas aromatica
RCB

Coates et al. 2001

Dechlorospirillum anomal ous
JB116

Bradiya & Bae 2009

Dechloromonas sp. HZ

Zhang et al. 2002

Alicycliphilus denitrificans BC

Weelink et al. 2008

All (per)chlorate reducers are chlorate reducersJice versa is not always the case. Most
bacteria can grow with acetate as the carbon aadygrsource. However, chemolithoautotrophic

10
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perchlorate reducers are also known (Zhang et(fl2;2Shrout et al. 2005; Nerenberg et al.
2006).Azospira (Dechlorosoma) sp. HCAP-C is a unique perchlorate reducer whiotumulates
chlorate. The maximum observed chlorate accumulaiso more than 20% of the initial
perchlorate concentration (Dudley et al. 2008).

The Dechloromonas andAzospira genera are the two dominant genera of (per)cldaeducers
(Coates & Achenbach 2004). However, the geAasspirillum may be more dominant at
contaminated sites with low concentrations of (@g@grate (Waller et al. 2004). Monod half
saturation constants of twArospirillum isolates were lower than those for the membershodr

genera, suggesting their effectiveness at low ¢péojate concentrations.

Competition with other electron acceptors

Apart form chlorate and perchlorate, (per)chloregducing bacteria can utilize oxygen and
nitrate as electron acceptor. Oxygen inhibits gex)chlorate reduction (Rikken et al. 1996). The
reason is the sensitivity of the enzyme (per)chéraductase for oxygen (Kengen et al. 1999;
Wolterink et al. 2003). HoweveRseudomonas sp. PDA performs perchlorate reduction in the
presence of oxygen (Xu et al. 2004). Though theralé reductase d?. chloritidismutans is
oxygen sensitive (Wolterink et al. 2003), the baata can simultaneously reduce chlorate and
oxygen when oxygen is added to a chlorate-reducudigire (Wolterink et al. 2001). Recently,
Shete et al. (2008) described aerobic perchloemtaaing bacteria, but neither growth coupled to
(per)chlorate reduction nor complete reductionpefr]chlorate was demonstrated.

Historically, it was thought that perchlorate retiloic is an ancillary activity of nitrate reducing
organisms (Quastel et al. 1925; Hackenthal 1965addition, (per)chlorate reducing bacteria
also use nitrate as electron acceptors. A competitor nitrate and chlorate may occur. The
response to both electron acceptors is speciesfisp€un et al. 2009). The (per)chlorate-
reducing bacteriunolinella succinogenes HAP-1 only reduces nitrate to nitrite (Wallaceakt
1996).Dechloromonas agitata strain CKB, is unable to grow on nitrate but caduce the nitrate

to nitrite while actively growing on perchlorateyggesting a fortuitous reduction of nitrate
(Chaudhuri et al. 2002). StraiAzospira sp. perlace concomitantly utilizes perchlorate and
nitrate without significantly affecting the redumi rates. It seems to have two separate
reductases (Giblin & Frankenberger 2001). Nitraduction preceded (per)chlorate reduction
when either (per)chlorate or nitrate pre-grown scaf Azospira suillium were inoculated in
medium containing both nitrate and (per)chlorategi@huri et al. 2002Azospira suillium has

a unique perchlorate reductase which can distihgogtween perchlorate and nitrate (Sun et al.
2009).

11
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The (per)chlorate reductase and nitrate reductasseparate and inducible Azospira sp. KJ
(Xu et al. 2004).Pseudomonas sp. PDA is a chlorate reducer that is unable to digyra

perchlorate or nitrate (Xu et al. 2004).

(Per)chlorate reduction for bioremediation of polluants

Except for toluene, only a few bacterial straingehbeen isolated that are able to grow on BTEX
anaerobically (Rabus and Widdel 1995; Kniemeyeal.e2003). None of these purely anaerobic
isolates is able to degrade all the BTEX compouy@iekraborty et al. 2005). Two denitrifying,
benzene degrading bacteriagchloromonas aromatica strain RCB and strain JJ have been
described. Strain RCB was enriched on 4-chlorobstezand chlorate (Coates et al. 2001). In
addition to benzene, this strain was able to gravalbthe BTEX compounds i.e. toluene, all the
isomers of xylene and ethylbenzene. The rates mfdyee degradation were slightly higher when
oxygen or (per)chlorate were used as electron amcejpstead of nitrate (Chakraborty et al.
2005). Two more denitrifying bacteriAzoarcus sp. strain DN11 and strain AN9, were reported
to grow on benzene as sole source of carbon amgjyefi€asai et al. 2006; 2007), but these
strains have not been tested with (per)chlorate.

Weelink et al (2008) isolatelicycliphilus strain BC from a chlorate-reducing community, that
had 20-1650 times higher benzene degradation ttzd@sreported till then for anaerobic benzene
degradation. This bacterium is able to grow on bagz toluene, phenol, and catechol with
chlorate and oxygen, but not with nitrate. This gagds that during growth on chlorate, the
oxygen that is formed during chlorite dismutatian incorporated by an oxygenase in the
aromatic ring (Weelink et al. 2008). Some chanasties of pure cultures that degrade benzene
anaerobically are given in table 3 and 4.

Another mechanism that may play a role in the &mnient obtained by Weelink et al. (2007) is
interspecies oxygen transfer. A bacterium rela@desorhizobium sp. WG dominates the
enrichment when grown on benzene and oxygen. Anothacterium, related to
Senotrophomonas acidaminophila, is enriched when the culture is supplied with aieetand
chlorate. It seems that the latter one is a chgdoratiucer, which forms oxygen during chlorite
dismutation, and the former one is an aerobic bemziegrader, which utilizes this oxygen to
degrade benzene (Weelink et al. 2007). In anothelys“C labeled naphthalene was quickly
converted under anoxic conditionsf€0,, when chlorite was directly added to washed whole
cell suspensions of a chlorate reducing, non-hyattmn degrading bacteriui, agitatus strain
CKB, and the hydrocarbon oxidizingseudomonas strain JS-150 (Coates et al. 1999a). They
even found higher degradation rates under anoxidiions compared to aerobic controls which

was attributed to the limited diffusion rate of gey.
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Table 3: Comparison of selected features reportedof all the isolates (all belong to the subclasB-proteobacteria ) described to be capable of anaeb@& benzene
degradation.

Name of strain Isolated from Isolated on shape Sizgim) | Opt. Opt. | Doubling time Highest conc. of Reference

temp. pH benzene tested (UM)

(C)
Dechloromonas River sediment 4-chlorobenzoate + | Rod 1.8x0.5 30 7.2 4 days 160 Coates et al. 2001,
aromatica strain ClOs Benzene + CIQ Chakraborty et al.
RCB 2005
Dechloromonas Lake sediment HDS+ NO, acetate | Rod 1.8 x0.5 30 7.2 ND ND Coates et al. 2001
strain JJ as C source
Alicycliphilus Waste water Benzene + Cl@with | Rod 1.2x0.6 30-37 7.3 1.4 days 1000 Weelink et al. 2008
strain BC treatment plant | 0.125¢g/| FYE Benzene + Cl@
Azoarcus strain Contaminated Benzene + N@ on ND ND 30 7 9 day“s 15 Kasai et al. 2006;
DN11 ground water dCGY? medium Benzene + N@ 2007
Azoarcus strain Contaminated Benzene + Oon ND ND 25 ND 13 day“s 15 Kasai et al. 2006
DN9 ground water dGCY medium Benzene + N@

12,6-anthrahydroquinone disulphongtdCGY medium (Bact. Casamino acid, Glycerol, Yeasizet, Agar);> Estimated from Fig. 2 (Chakraborty et al., 200%stimated from Fig. 4 (Kasai et
al., 2006); ND = not described/ not detected

Table 4: Comparison of degradation of hydrocarbonsunder different electron accepting conditions repoted for isolates described to be capable of anaerimbbenzene
degradation.

Dechloromonas aromatica RCB Dechloromonas strain JJ Alicycliphilus strain BC Azoarcus strain DN 11 Azoarcus strain AN 9

0, NO3 Clog 0O, NO3 Clog (o} NO3 ClOg 0, NO; | ClOg 0, NO3 ClOs
Acetate + + + + + ND + + + ND ND ND ND ND ND
Toluene + + + + + ND + - + ND + ND ND + ND
Benzene + + + + + ND + - + + + ND +1 + ND
Phenol ND + ND ND ND ND + - + - - ND ND ND ND
Catechol ND ND ND ND ND ND + - + ND ND ND ND ND ND
Benzoate ND + ND + + ND - - - + + ND ND ND ND

ND = not described/ not detected; + = growth; -ognowth:* 20%-90% of amended substrate degraded. Referérode organisms can be found in table 3
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Chapter 1

In a study by Logan and Wu (2002), toluene degradatates were 1.36 fold enhanced when
chlorate was amended to a sand column. This inereatluene degradation was attributed to
oxygen formation by chlorate-reducing organismse Txygen is thought to be taken up by
toluene degrading bacteria to hydroxylate the todueng through oxygenases.

In another soil column study, high benzene degradlattes (31umol/l/hr) coupled to chlorate
reduction were observed. The results with batctuoes showed that only chlorate and not
nitrate was used as an electron acceptor. Thisiggants to an involvement of an oxygenase
mediated mechanism of action (Tan et al. 2006).

To our knowledge, only one study has been publistiedit the application of chlorate reduction
in soil remediationC labelled benzene and chlorite were added to ansoil samples that
were pre-treated wittDechloromonas agitatus strain CKB, a non hydrocarbon-degrading
chlorate reducer. The indigenous hydrocarbon daggaobpulation was rapidly stimulated and
more than 90% of'C labeled benzene was recovered’&0,. The rates were similar as in the
aerobic controls (Coates et al. 1999a).

Bioremediation of soils contaminated with hydrocark depends on many factors, including
availability of the hydrocarbons, presence of muis and electron acceptors, temperature,
salinity, water activity and pH (Leahy and Colwé&/®90). Since most of the (per)chlorate
reducing organisms have a pH optimum close to akutre pH may have to be adjusted before
the actual bioremediation starts. The addition atilfzers along with the soluble electron
acceptor, the (per)chlorate, may enhance the ratiedliprocess in soils lacking nutrients. The
addition of (per)chlorate alone may not be suffiti@ herefore a dosage of a readily degradable
substrate like acetate to enhance (per)chloratactieth and production of oxygen may be
essential (Tan et @&006).

Biochemistry of (per)chlorate reduction

(Per)chlorate reductase

(Per)chlorate reductases belong to the type Il thydesulfoxide reductase (DMSO) family of
enzymes (Danielsson et al. 2003; Bender et al. 2d@%e 1| DMSO reductases have a common
molybdenum cofactor known as bis(molybdopterin guandinucleotide)Mo (Moura et al.
2004). (Per)chlorate reductases are similar torotigee 1|l DMSO reductases like nitrate
reductase and selenate reductase and ethyl berdemgdrogenase. Most (per)chlorate
reductases can also reduce nitrate.

The a subunit containing the molybdopterin is the catalgubunit. Thel subunit contains the

Fe-S cluster and may be involved in electron trersfthe catalytic subunit. Thesubunit is a
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General Introduction

cytochromeC moiety of chlorate reductase. Thasubunit is not a part of the mature enzyme and
is proposed to be a chaperone involved in the dslyenf theap complex (Bender et al. 2005,
Danielsson et al. 2003). All (per)chlorate reduetaare periplasmic. The chlorate reductade of
chloritidismutans has 16 moles of iron, while (per)chlorate redustasstrain GR1 contains 11
moles of iron and the chlorate reductasddabnella 10 moles of iron (Kengen et al. 1999;
Danielsson et al. 2003; Wolterink et al. 2003)aBtrGR1 perchlorate reductase also contains
selenium (Kengen et al. 1999). Theubunit of chlorate reductaseldgonella contains heme b
(Karlson et al. 2005). Some of the other charasties of the (per)chlorate reductases are
presented in table 5.

Perchlorate reductase of GR-1 is the only enzyme&hiath kinetic parameters for both chlorate
and perchlorate have been determined. It has a tharefive times higher affinity for chlorate
than for perchlorate and an¥ for chlorate that is about four times higher tfi@nperchlorate.
The chlorate accumulation in tieospira sp. HCAP-C (Dudley et al. 2008) might be due to a
different type of perchlorate reductase which hakigher affinity and a higher \x for
perchlorate than for chlorate. A unique type ofocale reductase is the oneRseudomonas sp
PDA. It is constitutively expressed under both oaitd anoxic conditions (Xu et al. 2004).
Pseudomonas sp. PDA is a chlorate reducer that is unable gratte perchlorate and nitrate. The
N-terminal amino acid sequence of 60 kDa proteithaf enzyme did not show any similarity
with that of other (per)chlorate reductases (Stiglet al. 2005).

Chlorite dismutase

Chlorite dismutase is a key enzyme in the chloratkiction pathway. The systematic name of
this enzyme should be chloride:oxygen oxidoredctéidagedoorn et al. 2002). Chlorite
dismutase is a heme-containing homotetrameric eazitirs periplasmic in location (van Ginkel
et al. 1996; Stenklo et al. 2001). It is one of & oxygen-generating enzymes in nature and
the only one to form an O-O double bond besidespbgstem Il (Streit & Dubious 2008). A
detailed literature review and comparison of défdrchlorite dismutases is given in table 1 of

chapter 4 of this thesis.
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Table 5: Characteristics of (per)chlorate reductase

(kDa)

P.mirablis" Azospira oryzae Pseudomonas I deonella Azospira sp. Pseudomonas sp. | Azospira sp. KJ°
GR-17 chloritidismutans® dechloratans’ Perlacé PDA®
Location membrane periplasmic cytoplasmic periplasm periplasmic periplasmic periplasmic
Electron acceptor| chlorafe perchlorate, chlorate, bromate chlorate, bromate, | perchlorat® chlorate chlorate, perchloratg
chlorate, nitrate, iodate, nitrate &
iodate & bromate selenate
Size of subunit 75, 63, 56 95, 40 97, 38, 34 94, 35.5, 27 35,75 , 48027 100, 40

Composition heterotrimer | trimer of heterotrimer heterotrimer heterodimer heterotrimer heterodimer
native enzyme o1 BlYl heterodimers o1 BlYl o1 BlYl ol Bl ol Bl’Yl ol Bl
a3 f3
EPR parameters df- 1.976 2.024 - - - -
Mo(V) (g values) 2.016 2.076
2.091
V max(U/mg) - 13.2 for CI@ 51 - 4,79 - -
3.8 for CIQ/
Km (M) - <5 for CIQ 159 850 34.5 - -
27 for CIOy

3 only chlorate and nitrate were test®gurified enzyme was not checked for chlorate tate reductase activity;Oltmann et al. (1976¥,Kengen et al. (1999)° Wolterink et al. (2003);
* Danielssonl et al. (2003):Okeke & Frankenberger (2008)Steinberg et al. (2005)
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General Introduction

Molecular studies on (per)chlorate reducing bactea

The genetics of chlorate reduction have not yehbsedied in detail. There are only a few
studies on the molecular aspects of chlorate redastand chlorite dismutase.

The genes encoding the enzyme chlorate reductadeleomella dechloratans have been
sequenced and are arrangedtla8BDC which encode the, B, y andé subunits, respectively.
The order of genes of the perchlorate reductaser@Dechloromonas strains i.eD. aromatica
and D. agitata is pcrABCD. The analysis of chlorate reductase Idéonella dechloratans
predicted that itsx subunit has a twin arginine motif for transportthe periplasm via Tat
pathway. Thed andé subunit does not contain any signal peptide. dtleen suggested that the
B subunit first binds with the subunit and is then transported outside. {eabunit has a signal
peptide and was also found to contain the hemehb.ldeonella perchlorate reductase has an
upstream insertion sequence which is preceded bychhorite dismutase gene oriented in
opposite direction (Danielsson et al. 2003eudomonas strain PK has a similar organization of
chlorate reductase and chlorite dismutase genes.chilorite dismutase genesin aromatica
are downstream of the (per)chlorate reductase apetole in D. agitata they are upstream in
the same orientation (Fig. 3 taken from Coates &exibach 2004). The clustering of chlorate

reductase and chlorite dismutase suggests an ewototvards a functional succession.

Dechioromonas agitata (perchlorate-reducing B-Protecbacterium)

Fig. 3: Organization of chlorate reductase and chidte dismutase genes in some isolates (figure takémm
Coates & Achenbach 2004).
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Chapter 1

Molecular studies of (per)chlorate reductase gshesy that the expression of theA gene was
completely inhibited by oxygen iD. agitata. The D. aromatica mutant lacking thgcrA gene
has lost the ability to grow with perchlorate wiskdl retaining the ability to grow with oxygen
and nitrate (Bender et al. 2005). This characiertsigether with the loss of a taxis response
towards (per)chlorate by thgerA gene mutant (Sun et al. 2009), suggests@hatomatica has
separate chlorate and nitrate reductases. Phylbgemalyses of thpcrA gene showed that the
perchlorate reductases of tviechloromonas strains formed a separate monophyletic group
from the chlorate reductase dfleonella dechloratans. The analyses also indicated that
perchlorate reductases are more closely relatetrate reductases than to chlorate reductases
(Bender et al. 2005). This can also been seen fhmmphysiological properties of the known
perchlorate reducersAfospira GR1, Dechloromonas aromatica) that also reduce nitrate
efficiently, while some of the chlorate-reducePsgudomonas sp. PDA,P. chloritidismutans)
can not efficiently reduce nitrate. A gPCR assagedting the catalytic unit of a (per)chlorate
reductase gene showed 3.4 ¥ t09.6 x 10 copies of thepcrA gene per gram of dry soil when
treated with acetate or hydrogen as electron dandrmerchlorate as electron acceptor (Nozawa-
Inoue 2008).

Chlorite dismutase is key enzyme in (per)chloratuction. Chlorite dismutaseld) genes are
highly conserved among (per)chlorate-reducing bacté highly specific immuno probe to
target chlorite dismutase was developed and showrind to (per)chlorate-reducing bacteria.
The probe did not bind to closely related non-(@agrate-reducing bacteria (O’ Connor &
Coates 2002). A certain level of the chlorite disamse gene is constitutively expressed and
transcriptionally up-regulated when grown on (pelgcate (Bender et al. 2002; Coates &
Achenbach 2004). In another study, the possiblebotal transfer of chlorite dismutase genes,
based upon their gene phylogeny and the host tampmdfiliation was suggested (Bender et al.
2004). A comparison of native and recombinant étdodismutase by MALDI-MS analysis
showeda covalent cross-link between a histidine and asiye side chain in the native chlorite
dismutase. Such a cross-link was also found inrotleane enzymes active under highly
oxidizing conditions, and are suggested to incréhsestability and electrophoretic mobility of
the proteins (Danielsson et al. 200#he cld gene fromPseudomonas chloritidismutans has
been amplified, and its sequence analysis suggestedizontal transfer from-proteobacteria
(Cladera et al. 2006).

A catalytically active chlorite dismutase was found the nitrite oxidizing “Candidatus
Nitrospira defluvii”. It was heterologously expressed in coli and has been suggested that

nitrite oxidation might be coupled to chlorate retion (Maixner et al. 2008). A large number of
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General Introduction

genes similar to chlorite dismutase were foundequenced genomes indicating their putative
(per)chlorate reducing potential. Phylogenetic gsial of these chlorite dismutase genes has
suggested that the enzyme appeared early in esolahd that it was inherited vertically as well
as through horizontal gene transfer. The industaeaitaminant was ruled out as the substrate of
the first evolved chlorite dismutase. Functionatedsification and still unknown functions of the
enzyme has been suggested (Maixner et al. 2008)s&deched for the presence of nitrate
reductases in the putative (per)chlorate-reducirgarisms from the study of Maixner et al.
(2008) except for the members of the proteobactesiach are known chlorate reducers.
Chlorate reductases in most of the genomes aretatedoas nitrate reductases since both
enzymes belong to the same dimethyl sulfoxide (DM&ductase family and can reduce each
others substrate. Bacteria that contain a putati@rite dismutase with the catalytic subunit of a
putative nitrate reductase are presented in table 6

The chlorate reducing bacteriun). aromatica strain RCB, has been fully sequenced

(http://genome.jgi-psf.org/finished_microbes/dedacar.nome.htthl and has recently been

published (Salinero et al. 2009). The analysistefgenome showed that genes involved in
anaerobic aromatic degradation are missing, exoephe phenylphosphate carboxylase enzyme
which degrades phenol via 4-hydroxybenzoate. Howewany enzymes responsible for aerobic
aromatic degradation were found inside the genddme of the two monoxygenase clusters is
76.5% identical to a toluene monoxygenase and 7&8%iical to a benzene monoxygenase. Six
groups of oxygenase clusters are highly similagrigymes involved in the aerobic degradation
of phenol and phenylpropionate. Embedded in ortbexfe clusters is another oxygenase cluster,
showing a high identity to a dioxygenase capabledefrading bicyclic compounds like
dibenzothiophene and naphthalene. However, thik lsis to be experimentally verified.
Moreover, there is one benzoate dioxygenase clusteétaining benzoate transport and
catabolism genes which are similar to the xylengrafgation cluster oPseudomonas (Salinero

et al. 2009). The absence of genes responsiblarfanaerobic degradation pathway and the
presence of genes for aerobic degradation patheiagsomatic compounds, suggests that this
organism is capable of degrading aromatic compouwvitts oxygen or by utilizing the oxygen
produced via chlorite dismutation.

Similarly, Alicycliphilus strain BC has a putative benzene monooxygenaseB(B0Oa) gene and

a putative catechol 2,3-dioxygenase (BC-C230) gdie BC-BMOa gene sequence Af
denitrificans strain BC is 76% identical to the putative monaygse of th®. aromatica strain

RCB sequence. Although these sequences are putaliveequence features and physiological
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Chapter 1

data support the statement that these sequenceacawve and encode functional proteins

(Weelink et al. 2008).

Moreover, a combined carbon and hydrogen isotapictibnation has indicated the presence of

a monoxygenase mediated pathway under chlorateiregdgonditions inAlicycliphilus strain

BC (Fischer et al. 2008).

Recently, Backland et al. (2009) were able to arpdapart of the respiratory chain mechanism
in the chlorate reducing bacteriuteonella dechloratans. With MS analyses they identified a 6
kDa c cytochrome, which donates electrons to the chlomadeictase and to the cytochrome ¢

oxidase.

Table 6: Putative chlorite dismutase containing baeria that have a putative catalytic subunit of nitate

reductase.

Nitrate Nitrate
Bacteria reductase | Bacteria reductase

subunit subunit
Arthrobacteria sp ABDG Bacillus thuringiensis ABDG
Mycobacterium avium ABDG Bacillus coagulans 36D1 ABDG
Mycobacterium smegmatis ABG Geobacillus thermodenitrificans ABDG
Salinispora arenicola CNS 205 ABG Saphylococcus aureus sub. sp. aureus JH. 9 ABDG
Mycobacterium bovis ABDG Staphylococcus aureus ABDG
Mycobacterium tuberculosis ABD Saphylococcus aureus sub. sp. aureus. JH-1 | ABDG
Nocardioides sp. ABD Bacillus subtillus ABDG
Mycaobacterium vanbaal enii ABDG Bacillus weihenstephanensis KBAB4 ABDG
Mycobacterium sp. ABDG Staphylococcus aureus ABDG
Janibacter sp. HTCC 2649 ABDG Staphylococcus aureus ABDG
Saccharopolyspora erythraea ABDG Staphylococcus aureus ABDG
Mycaobacterium gilvum PYR-GCK | ABDG Staphylococcus haemol yticus ABD
Salinispora tropica CNB-440 ABDG Bacillus cereus G9241 ABDG
Mycobacterium tuberculosis ABD Staphylococcus aureus ABDG
Actinomyces odontolyticus ABDG Bacillus clausii ABDG
Streptomyces coelicoler ABDG Bacillus cereus ABDG
Rubrobacter xylanophilus ABDG Bacillus licheniformis ABDG
Mycaobacterium sp. KMS ABDG Staphylococcus aureus ABDG
Nocardia farcinica ABD Staphylococcus aureus ABDG
corynebacterium diphtheriae ABD Staphylococcus aureus (N315) ABDG
Mycaobacterium paratuberculosis ABD Bacillus cereus ABG
Mycobacterium bovis ABD Bacillus anthracis ABDG
Corynebacterium efficiens ABD Staphylococcus epidermidis ABDG
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General Introduction

The frequent distribution of chlorite dismutase g@grand presence of many environmentally
relevant oxygenases inside the genome of (pergteloeducing bacteria indicate the
unexploited power and the unexplored potential bforate reducers for bioremediation

processes.

Outline of the thesis

There are only two major studies where the potkmiia(per)chlorate reducing bacteria in
bioremediation of pollutants has been describeda{€oet al. 2001; Weelink et al. 2008). Both
studies describe the degradation of aromatics (pith)chlorate as electron acceptor. There is no
knowledge about the degradation of saturated congmlike alkanes. Moreover none of these
two bacteria were able to degrade a wide spectriuanomatic and aliphatics together. Little is
known about the genomics of (per)chlorate-redubiacteria.

The aim of this thesis was to gain more insighthie bio-remediation potential of (per)chlorate-
reducing bacteria. Keeping in view the unique #&pibf (per)chlorate reducers to yield the
oxygen which might be used in the activation ofatetrant compounds in anoxic zones, several
possibilities were explored. The known (per)chlerateducers were screened for their
biodegradation potential and the physiology, biociséry, genomics and proteomics of
biodegradation pathways were studied.

The2" chapter of the thesis focuses on attempts to kefoicorganochlorine-degrading chlorate
oxidizing bacteria. Factors are described that heaye led to the failing of enrichment for such
bacteria. A strategy to enrich bacteria with thesgperties is proposed.

Chapter 3 describes the growth Rgeudomonas chloritidismutans AW-1" on n-alkanes (from
C7-C12) with chlorate as electron acceptor. Thedramm also grows on intermediates of the
aerobic pathway. i.e. on decanol and decanoateadtngties of the key enzymes in the pathway
were measured. Growth with chlorate and oxygen,niatitwith nitrate, suggests an oxygenase
mediated pathway.

In chapter 4 the isolation and characterizationaofchlorite dismutase enzyme froR
chloritidismutans AW-1" are described. The chlorite dismutase from thisirsthas been
compared with other isolated chlorite dismutases. 20 labeled water experiment was
conducted to show that both atoms of oxygen ortgifram chlorite.

Chapter 5 reports growth &seudomonas chloritidismutans AW-1" on benzoate. Catechol was
detected as intermediate. Growth on catechol wss @bserved. The activities of the enzymes
involved were measured. The presence of benzodedidxygenase and catechol 1,2-
dioxygenase and other proteins involved in the batez degradation pathway were exclusively

detected in the benzoate grown cells by MS/MS analy
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Chapter 1

In chapter 6, a proteogenomics approach was useahriotate the 454 sequenced genome of
Pseudomonas chloritidismutans AW-1". A comparison was made with other closely related
genomes. A whole proteome comparison with 5 diffegrowth conditions was made to see the
differential expression of the key proteins invalve various pathways.

Finally, in chapter 7 the main results of this themre concluded and discussed in a broader

context. The key areas where research is neededestdied.
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Chapter 2

Abstract

Five different inoculum sources were tested forirtlability to degrade chlorinated ethanes,
chlorinated ethenes and chlorobenzene with difteectron acceptors. Except for 1,1-
dichloroethane all the compounds were degradedruaidieast one of the tested conditions.
Chlorinated ethanes and trichloroethene (TCE) wlegraded through reductive dechlorination,
while chlorinated ethenes were degraded both amalthpiand through reductive dechlorination.
None of the compounds was degraded with chloratelesdron acceptor. Monochlorobenzene
seemed to be degraded under all the tested comslitiath activated sludge and Danube
sediment, but conversion could only be sustainettuaerobic conditions. Ebro sediment was
the most efficient one in degrading the chlorinaggithnes, TCE anilans-1,2- dichloroethene
(DCE). Eerbeek sludge was able to aerobically aeidis- and trans-1,2-DCE. The Rhine
sediment was unable to degrade any of the testedradited compounds.
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Bacterial degradation of chlorinated compounds

Introduction

Chlorinated ethanes and chlorinated ethenes amywided as solvents, degreasers, dry cleaning
agents and precursors. Monochlorobenzene is ussahant and grease remover, swelling agent
and intermediate for the production of polymergspts, pharmaceuticals and some insecticides
(Kaschl et al. 2005; Fung et al. 2009). The wideagruse of organochlorine compounds has led
to contamination of soil and groundwater ( Brad2&p0; De Wildeman et al. 2003; Dinglassan-
Panlilio et al. 2006; Nijenhuis et al. 2007).

The EPA list of priority pollutants includes 1,1eldioroethane (1,1-DCA), 1,2-dichloroethane
(1,2-DCA), trichloroethene (TCE), 1,1-dichloroetken(1,1-DCE), transl,2-dichloroethene
(trans-1,2-DCE) and monochlorobenzene (MCB)
(http://www.epa.gov/waterscience/methods/pollutdmtins). Bioremediation is one of the
cheapest and most cost effective ways to remoee thellutants from soil and water.

In anoxic environments a nucleophilic mechanismattdck is most common (Field et al. 1995).
The compounds with a large number of chlorinatedsstwents undergo reduction and are
converted to low chlorinated compounds (Bouwer 19B#ld et al. 1995). These low
chlorinated compounds are quite persistent undeerabic conditions. Though anaerobic
oxidation may occur in anoxic zones, the conversatas are generally low (Bouwer, 1994). So
quite often degradation of highly chlorinated compds yields anaerobically recalcitrant low
chlorinated compounds (Coleman et al. 2002a; Cateataal. 2002b; Fennel et al. 2001; van
Doesburg et al. 2005). Chlorinated aliphatics vdthow number of chlorine atoms are often
found accumulated in the anaerobic zone, but agraded in the aerobic zone (Davis &
carpenter 1990; Coleman et al. 2002a; Coleman 20G2b; Chapelle & Bradley 2003). Aerobic
microorganisms utilize oxygenases to initiate acebphilic attack (Field et al. 1995).
Introduction of oxygen in anoxic zones is costig anefficient due to low solubility of oxygen.
Introduction of oxygen in the form of hydrogen pade (HO,) is a widely used technique, but
H,O; is toxic to many organisms and may instead inhibé& degradation of hydrocarbons
(Morgen et al. 1993).

Microbial (per)chlorate reduction has recently beescribed as a novel way of bioremediation
in anoxic environments, and bacteria have beerats® which can degrade anaerobically
persistent compounds (Tan et al. 2006; Weelink. &20®8). Microbial (per)chlorate reduction is
a unique way to introduce molecular oxygen in ao@xvironments. The microbial reduction of
perchlorate proceeds according to the followinghwaty; perchlorate (Cl9) is reduced to
chlorate (CIQ) by a perchlorate reductase and then chlorates(0Kreduced to chlorite (CKO

) by a chlorate reductase. Chlorite is converte@ltand Q by a chlorite dismutase (Rikken et
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al. 1996). The oxygen formed during the dismutabbchlorite can be used by the oxygenases
to initiate the electrophilic attack. Moreover, gyedically (per)chlorate is comparable to the
electron acceptors like oxygen and nitrate. Thesipdgy to degrade organic chlorinated
compounds coupled to the reduction of (per)chlonatebeen suggested (Stams et al. 2004). The
aim of the present study is to enrich bacteria Wwhian couple oxidation of low chlorinated

compounds to chlorate reduction.
Materials and methods

Chemicals

All chemicals used were of analytical grade. TCEswabtained from Merck, Darmstadt,
Germany while 1,1-DCA, 1,2-DCA, 1,1-Dichloroethgiiel-DCE),cis-1,2-DCE, andrans-1,2-
DCE were obtained from Aldrich Chemie N.V., Brussd&elgium.

Inoculum

Inocula from five different sources were used iis ttudy. Three of them were sediments, one
from river Rhine (Wageningen, The Netherlands), twen river Ebro (Flix, Spain) and one
from river Danube (Budapest, Hungary), while tworeveludges, Eerbeek Sludge (industrial
water, Eerbeek, The Netherlands) and activatedysldidbm the wastewater treatment plant, in

Bennekom (The Netherlands).

Anaerobic media

The medium used was based on the medium describBoin et al. (1974). The composition of
the medium (in grams per liter of anaerobic denaleed water) was as follows:
NaHPO,.2H,0, 3.48; KHPQO, 1; resazurin, 0.005; Ca£l0.009; ammonium iron (lll) citrate,
0.01; NHSQO, 1; MgSQ.7H,O, 0.04. Vitamins and trace elements were addetkssribed by
Holliger et al. (1993) supplemented with4SaQ, 0.06; NaWQ.2H,O 0.0184. The final pH of
the medium was 7.3.

Enrichment procedure

One gram of one type of sediment/sludge was adu&@0-ml flasks containing 40 ml of media
in an anaerobic glove box. The flasks were closeth witon stoppers (Maag Technik,
Dubendorf, Switzerland) and aluminium crimp caps] she head space was replaced with N
gas (140 kPa). Chlorinated compounds were added &mwoxic stock solutions to give an end
concentration of 50 uM. Chlorate was added in ex¢es 10 mM in duplicate flasks (A & B).
One flask was used as control without chlorate. Saparate flask contained only the inoculum
to see if there is any release of chloride fromraeedt or sludge. In addition, two flasks of one
type of inoculum were kept without the chlorinatenpounds, but with chlorate to estimate the
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chlorate adsorbed on the sediment/sludge or ulillzg the microorganisms in the absence of
chlorinated compounds. More chlorate was added itheas about finished in these two flasks.
Since enrichment appeared quite slow, 5 ml of orygas added in one of the duplicate flasks
(B) on the 4% day to determine the aerobic degradation poteotitie inoculum.

Analytical methods

Chloride determination

Estimation of chlorate utilization was done by meag) the release of chloride. Chloride ion
concentrations were determined with a Micro-chlazeonter (Marius, Utrecht, The
Netherlands) with an NaCl solution as the standardescribed by Schraa et al. (1986).

Analysis of chlorinated compounds

Chlorinated compounds were analyzed by injectidgndl. of head space onto a Chrompack 436
gas chromatograph (Chrompack Bergen op Zoom, thbeands) equipped with a flame
ionization detector and having a Sil 5 CB capillaojjumn (25 m x 0.32 mm x 1.2 um film) and
a split injection (ratio 1:50). The temperaturetité oven was kept at @. The temperature of
the injector was 25€C, while the detector temperature was “8R0A five point calibration was
made by fortifying a known amount of the compouad.20-ml serum bottles containing 40 ml
of medium to give the same liquid-to-headspace iagithat for the cultures.

For equilibration, the time zero reading was taéitfar overnight incubation. The second reading
was taken after 14 days and then every week forodtims. Afterwards this interval was
increased to 1 month.

Oxygen determination

Oxygen was analyzed by gas chromatography with al@&apparatus (Shimadzu, Kyoto,
Japan) equipped with a packed colufitolsieve 13x 60/80 mesh, 2 m length, 2.4 mm irdérn
diameterVarian, Middelburg, The Netherlands) and a theromdductivitydetector.The oven
temperature was 100°C and the injector atedector temperature was 90 and 150°C,

respectivelyArgon was used as carrier gas at a flow rate ahBin™.
Results and Discussion

Degradation potential of the inocula

The Ebro sediment and Eerbeek sludge were fouhdwe the highest degradation potential for
chlorinated compounds. Ebro sediments and Eerldedges were able to degrade all the tested
chlorinated aliphatics except 1,1-DCE. Ebro sedinvess able to degrade 1,1-DCA, TCE and
trans 1,2-DCE through reductive dechlorination (Rig Table 1). This was expected as these
sediments have a known history of organochlorinetamaination (Lacorte et al. 2006). No
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aerobic degradation was observed with Ebro sedinlérg reason could be that the samples

were taken from the anoxic zone and that the reduaerobic bacteria were lacking.

Table 1: Degradation of compounds (5@M) with different inocula

Compounds Tested
Source of inoculum MCB 1,1-DCA 1,2-DCA TCE 1,1-DCE cis-1,2-DCE | trans-1,2-DCE

Activated sludge + - - - - - _
Danube sediment + - - - - - -
Ebro mixed sediment - + - + - - +
Eerbeek sludge - - + - + T

Rhine sediment - - - - - - N

+ Degradation; - No degradation

Concentration (uM)

Time (days)

Fig. 1. Anaerobic degradation of chlorinated ethans and chlorinated ethenes. Vertical line in the gish
represents the time of re-addition of TCE.Curves with full lines represent chlorinated etteadegradation i.es
represents 1,1-DCA degradation by Ebro sedimentsastiows 1,2-DCA by Eerbeek sludge while curves with
dashed line represents chlorinated ethenes degmdat Ebro sediment i.eA for TCE degradation and x for
trans1,2-DCE degradation.

Eerbeek sludge was able to degrade 1,2-DCA frommM0to 20 uM (Fig. 1), with no external
electron acceptor present. The chlorinated compaauttd have acted as electron acceptor for
the oxidation of organic carbon. Eerbeek sludge alas able to oxidize both isomers of 1,2-
DCE aerobically (Fig. 2).
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70 4
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Fig. 2: Aerobic degradation of chlorinated ethenesn Eerbeek sludge sampleArrow in the graph shows the
time of oxygen introductiore representsis-1,2-DCE ands representtrans-1,2-DCE.

Eerbeek sludge was the only inoculum that degréadedhlorinated aliphatics in the presence of
oxygen. This suggests that except for the Eerbkelgs none of the inocula has the aerobic
degradation potential for chlorinated aliphaticerlieek sludge is used for the treatment of
industrial wastewater which may also contain chiate¢d compounds. In the Ebro sediment with
a known history of organochlorine contamination dbBerbeek sludge, bacteria may have
evolved that degrade the chlorinated contaminants.

Danube sediment and activated sludge from the B@mnevastewater treatment plant were able
to degrade MCB (Fig. 3). However these sampleselddke ability to degrade any of the

chlorinated aliphatics. The degradation of MCB layiveated sludge suggests that the MCB is

easily degraded in oxic environments while it isaleitrant in the absence of molecular oxygen.

Concentration (uM)

0 50 100 150 200
Time (days)

Fig. 3: Degradation of MCB by Danube sediment and civated sludge sediments under various redox
conditions. Arrow in the graph shows the time of oxygen intratitan. Continuous lines withe represents
degradation by Danube sediment containing chlowteepresents aerobic degradation by Danube sediamel
represents the degradation in Danube sediment wiittmy external electron acceptor added. The single
discontinuous line with crosses)(pepresents the aerobic degradation by activatelttjel
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Rhine sediment was unable to degrade any of thepconds under the three different
experimental conditions tested, which suggestsRhate sediment is slightly polluted (Table 1).
The microbes may not have developed biochemicaharesms to deal with such compounds.
However, the absence of reductive dechlorinatioly adao be due to the low organic carbon
content in Rhine sediment and in activated sludgepes.

Overall, none of the inocula was able to degrade tésted chlorinated compounds in the

presence of chlorate (Table 2).

Table 2: Degradation of compounds (5@M) with different electron acceptors

Electron acceptor

Compounds Clg O, No electron acceptor
MCB - + -

1,1-DCA - - +

1,2-DCA - - +

TCE - - +

1,1-DCE - - -
cis-1,2-DCE - + -
trans-1,2-DCE - + +

! These flasks also contain chlorat®aturalorganic carbon is the only electron donor preseilegradation; - No degradation

Persistence of the chlorinated compounds underatie-reducing conditions could be explained
as most of the inocula have no aerobic degradaimential. Moreover, except for the Eerbeek
sludge all other samples had a very low chloratielcing potential (Fig. 4). The Eerbeek sludge
had reduced 19 mM of chlorate during the experin{@B8 days). All other samples showed

only a small amount of chlorate reduced, the higbas was a total of 3.5 mM with activated

sludge (Fig. 4). Although chlorate reducing baetérave been reported to vary from 2 < &0

2 x 10 cells /g in various soil and sediment samples {€oat al. 1999; Kesterson et al. 2005),
little chlorate reduction took place in our sampl@ne obvious reason is the toxicity and

recalcitrance of substrates and the other poss#alson could be the highly reduced nature of
samples. They were obtained from strict anoxic goaed had a low potential to degrade
chlorinated compounds with oxygen. Moreover theesgistic toxicity of chlorate/chlorite and

chlorinated compounds may have led to the decreddedate reducing ability of bacteria.
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Fig. 4: Chloride formation as an indication of chloate reduction by different inocula: Rhine sedimenta-,
Eerbeek sludga, Danube sediment, Ebro sedimeng, Activated sludges. Vertical bars represent the standard
deviation between two flasks.

Degradation of chlorinated ethanes

Both chlorinated ethanes i.e. 1,1-DCA and 1,2-DCéendegraded under anoxic conditions
(Table 2, Fig. 1). However, this only occurred lve anoxic controls where no electron acceptor
was present. The most probable mechanism of degyada this case is through reductive

dechlorination. Natural organic carbon may havedets electron donor in this case. Although
1,2-DCA is reported to be degradable both by aer@dage & Hartmans 1999; Janssen et al.
1985; van den Wijngaard et al. 1993) and anaenmitcoorganisms (De Wildeman et al. 2003;

Dingslaan-Panlilio et al. 2006), in our study 1,2& was only degraded under anoxic

conditions and was persistent with all types otirla in the presence of molecular oxygen. The
degradation of 1,2-DCA with Eerbeek sludge undewx& conditions started after 123 days

(Fig. 1). It might be that bacteria took a long éifo adjust to the conditions. Degradation of
chlorinated ethanes under chlorate-reducing or ogiditions was not observed in any of the

tested inocula.

Degradation of chlorinated ethenes

Except for 1,1-DCE, the other chlorinated ethenesewdegraded under any one of the tested
conditions (Table 2). 1,1-DCE was recalcitrant uradkethe tested conditions (Table 2), although

monooxygenase mediated 1,1-DCE oxidation has begorted (Chauhan et al. 1998; Doughty

et al. 2005).

TCE was rapidly degraded in the Ebro sediment witlotlorate as electron acceptor. It started

to disappear after 49 days and was gone withinad#4.d Upon re-addition of the TCE, it again

41



Chapter 2

disappeared within approximately 60 days. This maiyt to an enrichment of TCE degrading
bacteria (Fig. 1). No aerobic degradation of TCE whserved in any of the sediments (Table 2).
Aerobic degradation afis-1,2-DCE andrans-1,2-DCE was observed with the Eerbeek sludge
sample.Cis-1,2-DCE degradation started at thd%@ay, but it was slow and even at the "183
day still 14 mM of it was left in the flasRrans-1,2-DCE degradation started at thé’@@y and
the compound was completely degraded within the 6@xdays (Fig. 2)trans-1,2-DCE was the
only compound that was degraded both aerobicalliyaaraerobically. Anaerobic degradation of
trans-1,2-DCE was observed in Ebro sediment (Fig. 1fiuR&ve dechlorination seems to be the
possible mechanism of degradation in this caseoftniately, the samples were not anlyzed for

intermediates and products.

Degradation of Monochlorobenzene (MCB)

MCB was degraded with the Danube sediment undesrate-reducing conditions within 56
days (Fig. 3). This was quite surprising since M@Bs considered to be persistent in the
absence of molecular oxygen. However, on day 12&hefexperiment we also found MCB
degradation in the aerobic flask (Fig. 3). Rapidrddation in the bottle with chlorate compared
with the aerobic one suggests the micro-aeropmature of MCB degrading bacteria. On
subsequent transfer, MCB degradation was no looigeerved in the bottle containing chlorate.
MCB degradation in the bottle without any addectietan acceptor was also observed (Fig. 3).
By adding a small amount of a reducing agent (oysje the MCB degradation stopped
completely. Hence, we concluded that the degradaidMCB observed under all the conditions
was micro-aerophilic. Our results strongly supgbg conclusion that fully oxic environments
are not essential to degrade monochlorbenzene aryasmall amount of oxygen supplied
continuously can still be effective to degrade M(Eacke et al. 2008). This microaerophilic
degradation has been attributed to the extremelyafbinity of chlorocatechol 1,2-dioxygenase
for oxygen (K, = 0.3 uM), which is comparable to lowest reporegigen affinities of terminal
oxidases (Blacke et al. 2008). Aerobic degradatibMCB was also observed in the activated
sludge samples, where it completely disappearddmit53 days (Fig. 3).

In conclusion, the low aerobic degradation potérdfathe inocula, the low chlorate reducing
ability, the long term storage of samples, the cedunature of the samples, the synergistic
toxicity of chlorate and the chlorinated compoundynhave contributed to the unsuccessful
enrichment of chlorate-reducing, organochlorineding bacteria. All the chlorinated
aliphatics in this study have at least two subsduchlorine atoms. It is possible that these
compounds cannot undergo microbial oxidation. Rarthscompounds a mechanism of either

reductive dechlorination or oxygenation which magcwr at high oxygen concentration may
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have developed in nature. In that case, the tag®@ipounds for such a study should be mono
chloro-compounds. Moreover, the presumed synecgisiicity of both chlorate/chlorite and

chlorinated organic compound suggests a chandeeientrichment strategy. We recommend to
enrich for chlorate-reducing bacteria first. Thdme tbacteria should be enriched further to
degrade the oraganochlorine compounds or vice virdhat case, a stable community capable
of degrading the chlorinated aliphatics coupledccidorate reduction might be obtained. Our
results also support the conclusion that completelic environments are not essential to
degrade monochlorbenzene and tiny amounts of agnisly supplied oxygen can still be

effective to degrade monochlorobenzene (Blacké 2088).
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Chapter 3

Abstract

Microbial (per)chlorate reduction is a unique pren which molecular oxygen is formed
during the dismutation of chlorite. The oxygen thfgmed may be used to degrade
hydrocarbons by means of oxygenases under seemamgiyic conditions. Up to now, no
bacterium has been described that grows on aliphgtilrocarbons with chlorate. Here, we
report thatPseudomonas chloritidismutans AW-1" grows onn-alkanes (ranging from C7 until
C12) with chlorate as electron acceptor. Strain AWalso grows on the intermediates of the
presumedi-alkane degradation pathway. The specific gromtbsrann-decane and chlorate and
n-decane and oxygen were 0.50+L and 0.4 +0.02 day, respectively. The key enzymes
chlorate reductase and chlorite dismutase wereyedsand found to be present. The oxygen
dependent alkane oxidation was demonstrated inemtall suspensions. The strain degrades
alkanes with oxygen and chlorate, but not withatér thus suggesting that the strain employs

oxygenase-dependent pathways for the breakdowratanes
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Introduction

Petroleum, a complex mixture of aromatic and alighdydrocarbons, is one of the most
common environmental contaminants. On averageratatuand aromatic hydrocarbons together
make 80% of the oil constituents (Widdel & Rabu®P0 Since the saturated hydrocarbon
fraction is the most abundant in crude oil, itsdgigradation is quantitatively most important in
oil bioremediation (Head et al. 2006).Alkanes are relatively stable due to lack of fimral
groups, presence of only sigma bonds, non-polarreand low solubility in water.

Aerobic microbial degradation of-alkanes is known since almost a century (S6hn@r8)1
and the mechanisms of degradation, with the enzyamek genes involved, are rather well
understood (Berthe-Corti & Fetzner 2002; Head et28i06; van Beilen & Funhoff 2007;
Wentzel et al. 2007). During aerobic degradatioaletular oxygen acts as a co-substrate and as
a terminal electron acceptor (Berthe-Corti & FetzZ2@02; Chayabutra & Ju 2000). Oxygenases
incorporate molecular oxygen into thealkanes to form the corresponding alcohols, wiaigd
further degraded by beta oxidation (Wentzel eR@Q7). Since intermediates do not accumulate,
the initial step of oxygen incorporation seems &tbe rate limiting step (Chayabutra & Ju
2000).

Insight into anaerobic degradationmélkanes is limited. The first step of anaerobigrdeation

of n-alkanes is thermodynamically difficult, and hasemeproposed to occur in the sulfate-
reducing bacterium strain Hxd3 via carboxylatiom (& al. 2003). Molecular evidence for a
mechanism oh-alkane activation through fumarate addition waoled recently (Callaghan et
al. 2008; Grundmann et al. 2008). Anaerobic dediawdleof n-alkanes is slow compared to
aerobic degradation (Wentzel et al. 2007), and @liew denitrifying and sulfate-reducing
bacteria have been isolated (Ehrenreich et al. ;280@ Young 1999).

Microbial (per)chlorate reduction is a process tyiatds molecular oxygen, a property that has
application possibilities in the bioremediationpaiiluted anoxic soils (Coates et al. 1998; Tan et
al. 2006; Weelink et al. 2008). During chlorateuetibn, chlorate (CIg) is reduced to chlorite
(ClOy) by the enzyme chlorate reductase. Chlorite i thglit into Cl and Q by chlorite
dismutase (Rikken et al. 1996; Wolterink et al. 200The oxygen released during chlorate
reduction might be used to degradalkanes by oxygenases.

Here we report the finding tha&seudomonas chloritidismutans AW-1', a chlorate reducing
bacterium, that was previously isolated in our fabary with acetate as carbon and energy
source is able to grow amdecane with oxygen or chlorate as electron acceptus finding
suggests that an additional function of chloritenalitation is to generate molecular oxygen to

perform oxygenase-dependent reactions to suppmnitiyronn-alkane.
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Materials and methods

Inoculum, media, cultivation and counting

P. chloritidismutans strain AW-T (DSM 13592) was isolated in our laboratory (Wolterink et al.
2002) and was kindly provided by Servé Kengen.dxmeriments with nitrate, it was adapted to
nitrate by repeated sub-culturing on acetate atrdtaej while gradually decreasing the oxygen
concentration according to Cladera et al. (2006).

The medium foP. chloritidismutans strain AW-T was based on the medium described by Dorn
et al. (1974). The composition of the medium (iargs per liter of anaerobic demineralized
water) was as follows: NEHPO,.2H,O, 3.48; KHPO, 1; resazurin, 0.005; Ca£l0.009;
Ammonium Iron (Ill) citrate, 0.01; Nk8O, 1; MgSQ.7H,0, 0.04. Vitamins and trace elements
were added as described by Holliger et al. (1993)pkemented with N&eQ, 0.06;
NaWQy.2H,0 0.0184. The pH of the medium was 7.3.

P. chloritidismutans strain AW-1 was cultivated in 120-ml flasks containing 40 minoédium

at 30C. The medium was made in anaerobic water and migokin the flasks under continuous
flushing with nitrogen. The bottles were closedhwiiton stoppers (Maag Technik, Dibendorf,
Switzerland) and aluminum crimp caps, and the lsgte was replaced by, jas (140 kPa).
All solutions that were added to the medium were@enanaerobic and autoclaved at 2 for

20 minutes. The Cag@Was autoclaved separately to avoid precipitatiath @astded aseptically to
the already autoclaved salt solution. Vitamins &tade elements were filter sterilized. Chlorate
and nitrate were supplied from a 0.4-M stock sohlutio get a final concentration of 10 mM.
Pure oxygen was added from a sterilized gas sfbaclkprepare a stock solution nfdecane, a
flask was made anaerobic by flushing withdhd then autoclaved. 99 % purelecane (Merck)
was added to this flask through a 0.2-um membridtee. fFor mass balance analyses 1 mhh-of
decane was added from a 50 mM stock solution-décane in acetone. The inoculum size for
cultivation was 10% (v/v). Othen-alkanes tested were-propane,n-butane,n-pentane,n-
hexane, n-heptane, n-octane, n-nonane, n-undecane, n-dodecane, n-tetradecane andn-
hexadecane. 1-decanol was added from an anaeritibic sterilized solution, while sodium
decanoate was added from an anaerobic, autocladed 8tock solution.

Cell numbers were enumerated by phase contrasoscpy using a &ker-Tork counting
chamber at 1,000X magnification.

Three aerobic alkane utilizing bacteri#dlcanivorax borkumensis SK2 (DSM 11573),
Acinetobacter sp. strain (DSM 17874) anBicinetobacter baylyi (DSM 14961), and the non-
alkane degradindgPseudomonas putida KT2440 (DSM 6125) were obtained from the DSMZ,

Braunschweig, Germany.
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Preparation of cell free extracts

Cell free extracts of strain AW 1grown in anaerobic medium withdecane as sole carbon and
energy source and chlorate as electron acceptae weepared anaerobically as previously
described by Wolterink et al. (2002). The only nfizdition was the centrifugation of whole cells
at 13,000 rpm for 10 minutes at 4 °C. Cell fregaots were stored under a das phase at 4 °C
in 12 ml serum vials.

The protein content of the cell free extract fraictivas determined according to the method of
Bradford (1976) with bovine serum albumin as statida

Enzyme activity measurements

Chlorate reductase and chlorite dismutase actvivere determined with cell free extracts.
Chlorate reductase activity was determined spelsttmpnetrically as described by Kengen et al.
(1999), by monitoring the oxidation of reduced nyéthologen at 578 nm and 30 °C. One unit
(U) of enzyme activity is defined as the amounteozyme required to convert dmol of
chlorate per minute.

Chlorite dismutase activity was determined by meaguoxygen production with a Clark-type
oxygen electrode (Yellow Spring Instruments, Yell&prings, OH, USA) as described by
Wolterink et al. (2002). One unit of activity isfaed as the amount of enzyme required to
convert 1umol of chlorite per minute.

Alkane oxidation activity was determined by measgrihe decrease imdecane concentration
in time by gas chromatography with whole cell suspens. Cells were harvested by
centrifugation at 13,000 rpm for 10 min. at 4 °@lI€ were washed and suspended in the buffer
and then starved for 2 days to decrease the endogeactivity. After starvation, cells were
suspended in a 15-mM phosphate buffer containibgnM n-decane added from a 50-mM
stock solution in acetone. The reaction mixture plased in a shaker set at 180 rpm at 30 °C.
Two-milliter samples were taken in duplicate peitatly after 0, 5, 10, 15, and 30 minutes. The
n-decane was extracted as described by Staijen €&Q#l0). Cells treated for 10 minutes at 100
°C were used as controls. One unit of activity efirled as the amount of enzyme required to
convert 1umol of n-decane per minute. Starved cells resuspendeceiaribxic buffer, flushed
with the nitrogen, and reduced with 3 mM cysteieyevused as anaerobic control.

Alcohol dehydrogenase activity was determined sppbbtometrically in the reductive
direction at 30 °C using a spectrophotometer (U2@®itachi). The activities were assayed in 1-
ml reaction mixtures containing 15-mM sodium phagphbuffer with 0.3 mM NADH, and 0.5
mM aldehyde. The decrease insfAwas monitored to assess the activity. One unérdyme

activity is defined as the amount enzyme requicedxidize 1umol of NADH. We also tried to
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determine the alcohol oxygenase activity by thevabmentioned spectrophotometric method

using NADH and air flushed reaction mixtures.

Analytical techniques

Chlorate, chloride, nitrate, nitrite were measueidescribed by Scholten & Stams (1995) after
separation on a Dionex column (lonpac AS9-SC) (Brddhe Netherlands), with a conductivity
detector. Potassium fluoride (2 mM) was used asriiall standard.

Oxygen was analyzed by gas chromatography with al@apparatus (Shimadzu, Kyoto,
Japan) equipped with a packed colufiolsieve 13x 60/80 mesh, 2-m length, 2.4-mm irdérn
diameterVarian, Middelburg, The Netherlands) and a theromdductivitydetector.The oven
temperature used was 100 °C and the injectordatelctor temperatures were 90 and 150 °C
respectivelyArgon was used as the carrier gas at a flow rag9afl min™.

CO, was analyzed by gas chromatography on a Chrom@&8001 gas chromatograph fitted
with a thermal conductivity detector (Henstra & 18%&2004). pH was measured by a glass
microelectrode connected to a pH meter (Radiom€&mpenhagen). Total amount of bicarbonate
present inside the flask was calculated by usiegHbBnderson-Hesselbach equation. At 30 °C,
thea and pK’ are 0.665 and 6.348, respectively (Breza&ostilow 1994).

n-Decane was extracted from 40-ml culture with 20ofh-hexane by shaking for 3 h and then
separating the two phases through a separatingefumibecane was analyzed in the hexane
phase after adding octane as internal standard. fomliter was injected with a CP9010
autosampler in a CP9001 gas chromatograph (Chrdgypaquipped with flam ionization
detector and having a Chrompack Sil 5 CB capil@jymn (length, 25 m; diameter, 0.32 mm;
df, 1.2 um) with nitrogen, 50- kPa inlet pressurecasier gas. The temperature of the injector,
column and the detector was 250 °C, 100 °C and®@Q@espectively.

Detection of alkane oxygenase genes

For the detection of putative genes encoding alketygenase, thgenomic DNA was extracted
from cultures of strain AW-1grown onn-decane and chlorate using a FastDNA SPIN kit for
Soil (Qbiogene). The extracted DNA was precipitateth isopropanol and vacuum dried. The
primers developed by Whyte et al. (2002), HeissaBleet et al. (2005), Kloos et al. (2006) and
van Beilen et al. (2006) were used for the detaatibthe alkane oxygenasakkB, alkM, almA,
P450. In addition, we developed some degenerated psinaegetingalkB, almA and Acyl CoA
dehydrogenase. Polymerase chain reaction (PCR) ewaged out under the following
conditions: final volume of 50 ul of 1X PCR BufféPromega) supplemented with MgC(2.5
mM), 200uM dNTP’s, 0.5uM of each primer and 0.3 U/ul Tag DNA Polymerasmfifega).

The amplification conditions used were as follows: initial denaturation step at 94 °C for 3
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min, 35 times of a three steps cycle of 94 °C 15455 °C for 45 s, and 72 °C for 1 minute, a
final elongation step of 72 °C for 8 min. Polymatinn reactions were stopped by cooling the
samples at 4 °C. In addition, a gradient PCR uaitgmperature gradient of 40-65 °C was done
with thealkB and Cyt P450 primers used above and also with the primers dedidpy Smits et
al. (1999, 2002), Kohno et al. (2002), and the degate primers used by Kubota et al. (2005).
Sequences of the primers used in this study arengim Table 1. The positive controls of
amplification were obtained in reactions with prisi¢argetingalkB, and CYP153 genes using
genomic DNA extracted fromAlcanivorax borkumensis SK2, in reactions with primers targeting
almA, with Acinetobacter sp. strain DSM 17874 genomic DNA and witkcinetobacter baylyi
DSM 14961 in reactions targetiatkM.

Nucleotide sequence accession numbers
The DNA sequence of a putative acyl-CoA dehydrogergene oP. chloritidismutans AW-1"
was deposited in the GenBank/EMBL/DDBJ under aéoassumber FJ477383.
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Table 1: Different primers sets used in this studyargeting conserved regions oélkB, almA, Cytochrome P450
Subfamily CYP153, and Acyl CoA dehydrogenase genes.

Primer Name Sequence (5> 3') Reference

alkB
TS2Sf AAYAGAGCTCAYGARYTRGGTCAYAAG Smits et al.,
TS2Smodf AAYAGAGCTCAYGARITIGGICAYAAR 1999
TS2Smod2f AAYAGAGCTCAYGARITITCICAYAAR
DEGI1RE GTRAGICTRGTRGTRCGCTTAAGGTG
DEG1RE2 GTRTCRCTRGTRGTRCGCTTAAGGTG
alkMUp CGGGGTAAGCATGAATAGCT Tani et al., 2001
alkMDn CGTACAGCTACTTGGTGGAC
Alk-1F CATAATAAAGGGCATCACCGT Kohno et al.,
Alk -1R GATTTCATTCTCGAAACTCCAAAC 2002
Alk-3F CCGTAGTGCTCGACGTAGTT
Alk-3R CAGGCGTTCTTCGGGTTGCGCTGCTCGA
AlkBpaFwd AACTGGAATTCACGATGTTTGA Smits et al.,
AlkBpaRv2 CTGCCCGAAGCTTGAGCTAT 2002
AlkBpaBfw GGAGAATTCTCAGACAATCT
AlkBpaBrv GAGGCGAATCTAGAAAAAACTG
B5 —-Eco GGAGAATTCCAAATGCTTGAG
B3-Hind TTTGTGAAAGCTTTCAACGCC
Pp alkB-F TGGCCGGCTACTCCGATGATCGGAATCTGG Whyte et al.,
Pp alkB-R CGCGTGGTGATCCGAGTGCCGCTGAAGGTG 2002
Rhose ACGGSCAYTTCTACRTCG Heiss-Blanquit
Rhoas CCGTARTGYTCGAGRTAG et al., 2005
Pseusel GARCATAATAARGGBCATC
Pseuasl AGCARWCCGTARTGYTCA
Pseuse2 AYGTSCGYGGCCACCATGT
Pseuas2 CGACGTAGTTGAYGAYYTCC
Acinse ACWCCTGAAGATCCRGCWTC
Acinas TRTTCCATCTAGCTCWGGC
alkB-1f AAYACNGCNCAYGARCTNGGNCAYAA Kloos et al.,
alkB-1r GCRTGRTGRTCNGARTGNCGYTG 2006
alkBF GSNCAYGARYTSRKBCAYAA This study
alkBR GCRTGRTGRTCNSWRTGNCGYTG

Cytochrome P450 Subfamily CYP153

CF ATGTTYATHGCNATGGAYCCNC Kubota et al.,
CR NARNCKRTTNCCCATRCANCKRTG 2005
P450fwl GTSGGCGGCAACGACACSAC Van Beilen et
P450rv3 GCASCGGTGGATGCCGAAGCCRAA al., 2006

almA
almA-F1 CCBGGBATYCGBTCNGAYTCNGAYATGT This study
almA-R1 GGHGADCGYTGYARCATVGTNACGTNACBATGYTRCARCGH
almA-R2 TCDCC

CANAVVCGYTSRTCCCANGGVTTRTATAYAABCCNTGGGAYS
ARCGBBTNTG
Acyl-Co A dehydrogenase

Acyl-F1 GGYTCNATYGARCABAARATGGG This study
Acyl-R1 CCCCAYTCRCGRATRWARCCRTGVCCRCCRAA
Acyl-R2 TGRAYRCCRTTRGTRCCTTCRTARAT
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Results

n-Alkane degradation

P. chloritidismutans AW-1" usesn-decane as a sole source of carbon and energy.tkmw-
decane and chlorate was indicated by the increagptical density (Fig. 1a). An OD of 0.34
corresponds to a bacterial count of XB®. Growth followedn-decane degradation as indicated
by CO, formation, chlorate reduction and chloride produc{Fig. 1a). No growth was observed
in controls without inoculum or without-decane or controls without chlorate (results not
shown). The specific growth rate ardecane and chlorate was 0.9+ per day (doubling time
1.4 + 0.2 day). After 7 days, 87% of the 1 mM of the edld-decane was oxidized. The
oxidation of 1 mM ofn-decane led to a reduction of 9.20# mM of chlorate and yielded 7.7 +
0.6 mM of bicarbonate and 8.30t8 mM of chloride. The balance fits relativelyliwgith the
theoretical stoichiometry of complete oxidationedecane coupled to chlorate reduction:
CioHa22 +10.33 CIQ — 10 HCQ + 10.33 Cl+ H,0+ 10 H (@D)

The bacterium also grows aerobically ordecane (Fig. 1b). The specific growth rate ren
decane and molecular oxygen was 0@.62 per day (doubling time 1.70t1). Growth and C®
production were not observed in the presenaedédcane and nitrate, usiiy chloritidismutans

adapted to growth on nitrate and acetate (resattshmown).

Other substrates utilized

Apart fromn-decane, othemn-alkanes were also screened as possible subsividteshlorate as
electron acceptor. Strain AW-grew with C7 to C1la-alkanes, but not with smalleralkanes.

It grew equally well on odd and even chaialkanes. Strain AW-1grew equally well on CS8 till
C11, while growth on C7 and C12 was slower.

Strain AW-1' also grew on the possible intermediates of thetem-alkane degradation
pathway, namely, 1-decanol and decanoate. Tableo®@ssthe amount of bicarbonate formed
with various substrates using different electroeators. Withn-decane and 1-decanol as
substrates, bicarbonate was formed with chloratk aygen, but not with nitrate as electron

acceptor. With decanoate and nitrate, bicarbonatealso formed.
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Fig. 1: Growth of strain AW-1" (a) with decane and chlorate and (b) with decanand oxygen.Values are
means of three replicates. The bars representathaeviation. Dotted line with open circles)(@presents the OD
at 600nm. The continuous lines representhlorate utilized;x O, utilization; = chloride produced andk
bicarbonate formed.
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Table 2: Formation of bicarbonate (in mM) by strain AW-1" during growth on different substrates.

Electron acceptor
Substrate 0) ClOg NO3
n-Decane 106 1.1 7.9 H0.3 0.7 H0.2
1-Decanol 9.8%3 9.8 +0.3 0.240.1
n-Decanoate 8.3606.4 8.6 H0.4 8.0 H0.9

Values for decane are after 9 days, while for decand decanoate the samples were analyzed afiays/

Enzyme assays

Extracts of cells grown on-decane and chlorate and on acetate and chlorateeshchlorate
reductase and chlorite dismutase activity (TableTBe specific chlorite dismutase activity is
dependent on the amount of cell extract and therithlconcentration (Mehboob et al. 2009).
The chlorite dismutase presented in Table 3 isttiity under optimal conditions.

Alkane oxidation activity could be measured witarged cells grown on-decane and chlorate.
A relatively small amount of activity was also obhssl with starved whole cells grown on
acetate and chlorate (Table 3).

Table 3: Activities of chlorate reductase, chloritedismutase and alkane oxygenase of strain AW' grown on
acetate and chlorate or om-decane and chlorate.

Specific enzyme activity (U/mg of protein)
Acetate + CIO; n-Decane + CIQ
Chlorate reductase 11.4+0.3 26.6 +1
Chlorite dismutase 7.7+1.4 2.8 +0.7
Alkane oxygenase 26 +9 93 +31

The alkane oxidation activity was measured with Mfeells and is average of the activities at faffecent time points i.e. after
5, 10, 15 & 30 min.

No alkane oxidation was observed with the anoxictrab. Cell free extract of alkane grown
cells did not show alcohol oxygenase activity, Wwetfound an activity of 0.06 U/mg of protein
of NAD*-dependent decanol dehydrogenase. This was quipgising as during the growth
experiment strain AW-1was unable to grow with decanol and nitrate. Orairstis known to
grow with ethanol and chlorate (Wolterink et al02 We checked and found that strain AW-1
is able to grow with ethanol using oxygen, chlorated nitrate as electron acceptors. Even
ethanol and nitrate adapted cells could not growhendecanol and nitrate. Cell free extract of

decane grown culture showed twofold higher actigit@.15 U/mg of protein with acetaldehyde.

Detection of alkane oxygenase genes
Various primers at different annealing temperatwwese used to detect the following alkane
oxygenase genealkB, alkM, almA, and cytochrome P450 subfamily CYP153. Though we got
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the expected results in positive controls, withdkailable specific primers sets we were not able
to detect any kind of known alkane oxygenase genesir strains. We were able to amplify a
sequence which was 51% and 57% similar to two @o#- dehydrogenases involved in the
degradation oh-alkane inAcinetobacter strain M-1 (Tani et al. 2002).

Discussion

Pseudomonas chloritidismutans AW-1" is a gram-negative, facultative, anaerobic and reléo
reducing bacterium, which has been isolated oraseaind chlorate in our laboratory (Wolterink
et al. 2002). We tested its ability to grow mialkanes and found that strain AW-grows onn-
alkanes with oxygen and chlorate as electron aocellany pseudomonades have the ability to
grow aerobically om-alkanes (S6hngen 1913; Wentzel et al. 2007), toainsAW-1" is the only
known bacterium that grows amalkanes by supplying molecular oxygen formed biprte
dismutation. The doubling time withrdecane and chlorate is 1.40+2 days. Except for strain
HxN1, which has a doubling time of 11 hours (Ehegeir et al. 2000), all other anaerolnic
alkane degraders grow slower, e.g., strains Hxd8 Rnd3 have doubling times of 9 days
(Aeckersberg et al. 1998) and strain AK-01 haswbtiog time of 3 days (So & Young 1999). In
contrast, doubling times of aerobic alkane degmpdiacteria are approximately 1 h for
Pseudomonas aeruginosa (Ertola et al. 1965) and 5 hours f&inodococcus species (Bredholt et
al. 1998).

Strain AW-1' grows on n-decane with chlorate and oxygen, btiwith nitrate, suggesting the
involvement of oxygenases. Oxygen is incorporated-dlecane through an oxygenase to form
decanol. When chlorate is used as electron accepiygen is formed by dismutation of
chlorite. This is supported by the similar specgrowth rates om-decane with oxygen (0.4 +
0.02 day) or chlorate (0.5 0.1 day") as electron acceptor. Strain AW-also grows on
possible aerobic intermediates, like 1-decanol dedanoate with oxygen and chlorate as
electron acceptor. It was unable to utilize 1-detavhen nitrate was used as electron acceptor.
This also suggests that, in the conversion of dacam oxygenase as found by Buhler et al.
(2000) and Katopodis et al. (1984) is involved. o on decanoate with nitrate suggests that
no oxygenases are required for decanoate degrad&@fowth of strain AW-1with oxygen or
chlorate was observed to be the fastest on decafmbtwed by decanol and therdecane.

We faced a problem in detecting alkane oxygenasetgovith cell free extracts. This has also
been observed by others (Katopodis et al. 1984; dtaal. 2001) and was attributed to the poor
solubility of the substrate (Smits et al. 2002; iTetnal. 2001), the instable nature of the alkane
oxygenase complex (Katopodis et al. 1984; McKenn@a®n 1970; Ruettinger et al. 1974) and

the involvement of unknown factors (Tani et al. 2Q0like some unique electron transfer
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proteins (van Beilen et al. 2006). However, alkariglation activity could be demonstrated with
whole cells grown om-decane and chlorate. Almost 3.5-fold more actiwgs observed with
the cells grown on decane and chlorate as compatkedhe cells grown on acetate and chlorate
showing the induction of alkane oxygenase when gromn-decane

We were unable to detect an alcohol oxygenasedardegrown cell-free extracts. However, we
found an alcohol dehydrogenase that has a morettnafiold higher activity for acetaldehyde
than for decanal. Since the strain AWgrows with ethanol with oxygen, chlorate and nérat
but is unable to grow with decanol and nitratas itinlikely that this alcohol dehydrogenase is
involved in long-chain alcohol oxidation. Inste&& tdetected alcohol dehydrogenase only seems
to be involved in growth with short-chain alcohols.

We were unable to amplify an alkane oxygenase demme our strain with new and known
primers designed to detect different classes oaredkoxygenases. However, we amplified a
sequence, similar to an acyl CoA dehydrogenase fsimin AW-T. This acyl-CoA
dehydrogenase enzyme has been reported to be @uvoin n-alkane degradation in
Acinetobacter strain M-1 (Tani et al. 2002). The same group psag that a dioxygenase is
involved in the initial oxidation (Finnerty pathwagf n-alkanes (Maeng et al. 1996). However,
we have observed that the N-terminal sequenceisfdibxygenase and the above mentioned
acyl-CoA dehydrogenase is similar. This sequeneensehighly conserved in diseudomonas
genomes. Therefore, we also did a growth tesh-atkanes as carbon and energy source with
Pseudomonas sp. KT2440, for which the genome sequence is abial The genome contains
acyl-CoA dehydrogenase genes, but evidence for pilesence of a conventional alkane
hydroxylase system is lacking. No obvious aerolbawgh of this strain om-alkanes was found.
Hence, we assume that the acyl-CoA dehydrogenass iavolved in the first step of activation
of n-alkane, as reported by Maeng et al. (1996), bumrtant in a later reaction step of
alkane degradation.

A reason why we were not able to detect alkane emsge genes could be that the alkane
oxygenases have a very high sequence diversitytfieeprotein sequence similarity between
reportedalkB types can be as low as 35%), especially amongPteadomonas group. The
Pseudomonas alkane oxygenases are as distantly related to ediobr as to the alkane
oxygenases from phylogenetically unrelated bact@mits et al. 2002). This may have led to
similar false negative results as reported by ati{€handler & Brockman 1996; Heiss-Blanquet
et al. 2005; van Beilen et al. 2006). It may alsotbat a novel type of alkane oxygenase is
involved in this process, of which the genes areknown yet and which may be specific for

alkane degradation at low oxygen concentrationsis asvidently the case for growth under
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chlorate-reducing conditions. The extent of divgrsif alkane oxygenases became apparent in
recent research by Kuhn et al. (2009). They fourat tnly one out of the 76 clones of the
putativealk genes had a significant sequence similarity wivipusly knowralk genes.

Based on all the physiological features, enzymesoreanents and the amplification of an acyl-
cOA dehydrogenase gene, we propose a hypothetalthnes (C7-C12) degradation pathway as
depicted fom-decane in Fig. 2We suggest that oxygen formed in the dismutatioohtdrite is
used to convent-decane to decanol and decanol to decanal by noéang/genases. Decanal is
further oxidized to decanoate, which upon activatodegraded bfy-oxidation.

CHy{CH, - CH,

cloy — ZH]
r__. 2[H] 0|
Chlorabe reductase -~ o FagE
.r// s T H:"O
Clo, [~ CH,-{CH,);- CH,-OH
Chlarite disnmlaseJ /,-’ o, — 2[H]
L o [EE __{M._,.
CI'+ 0, e v HO

CH,{CH,),- CHO

HO —
[ 2m)

CH,-{CH,);- COOH

B- oxidation

Fig. 2: Hypothetical pathway of degradation of n-deane coupled to chlorate reductionOxygen released from
chlorite dismutation is used by a presumed oxygemasncorporate in the n-alkane molecule to fommaécohol
and later on an aldehyde. Further degradation roayran the absence of oxygen.

This is the first report of the degradation of hlfic hydrocarbons with chlorate, both as electron
acceptor and as source of oxygen needed for thgeoge activity. The degradation of aromatic
hydrocarbons with chlorate has recently been desdr{Tan et al. 2006; Weelink et al. 2008).
This study adds to the possibility to apply micigeamisms with oxygenase-dependent pathways
for the bioremediation of anoxic soils polluted kvitompounds that are difficult to degrade in
the absence of molecular oxygen.
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Chapter 4

Abstract

The chlorite dismutase (Cld) oPseudomonas chloritidismutans was purified from the
periplasmic fraction in one step by hydroxyapatiteomatography. The enzyme has a molecular
mass of 110 kDa and consists of four 31-kDa subuiihzyme catalysis followed Michaelis
Menten kinetics, withVpax and Ky, values of 443 U/mg and 84 uM, respectively. A giyre-
NaOH-dithionite-reduced Cld revealed a Soret peaki8 nm, indicative for protoheme IX. The
spectral data indicates the presence of 1.5 moratbheme 1X per mol of tetrameric enzyme
while metal analysis revealed 2.2 moles of iron paole of tetrameric enzyme. High
concentrations of chlorite resulted in disappeagaricthe Soret peak which coincided with loss
in activity. Electron paramagnetic resonance amalyshowed an axial high-spin ferric iron
signal. Cld was inhibited by cyanide, azide, but lmp hydroxylamine or 3-amino-1,2,3-triazole.
Remarkably, the activity was drastically enhancgdkbsmotropic salts, and chaotropic salts
decreased the activity, in accordance with the Hidier series. Chlorite conversion in the
presence of’O-labeled water, did not result in the formatioroaf/gen with a mass of 34°Q -
%0) or a mass of 3690 - *®0), indicating that water is not a substrate in résgction and that
both oxygen atoms originate from chlorite.
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Introduction

Chlorite dismutase (Cld) (EC 1.13.11.49) catalythessplitting of chlorite (CI®Q) into chloride
and molecular oxygen (CKO— CI + O,), which is one of the central reactions in the
dissimilatory reduction of (per)chlorate. The nafdelorite dismutase’ is in fact not correct,
because the reaction is not a dismutation but stanmolecular redox reaction. The systematic
name for this enzyme should be chloride:oxygen andductase or chlorite £yase (EC
1.13.11.49) as suggested by Hagedoorn et al. (2002)

During dissimilatory perchlorate reduction, perchte (CIQ) is reduced to chlorate (Ci{®and
chlorate is subsequently reduced to chlorite ¢JJCthrough the action of a (per)chlorate
reductase. Next, the ‘chlorite dismutase’ convéhms toxic chlorite to chloride and molecular
oxygen. Because of this production of oxygen, nb@b (per)chlorate reduction has been
suggested as a novel strategy for bioremediatidmydfocarbons in anoxic zones (Coates et al.
1998; Tan et al. 2006; Weelink et al. 2007).

So far, Cld has been purified from only four chkerreducing strains, i.8zospira oryzae GR-1
(van Ginkel et al. 1996)Dechloromonas agitata (Coates et al. 1999)deonella dechloratans
(Stenklo et al. 2001) aridechloromonas aromatica RCB (Streit & DuBois 2008). The Cld from
D. agitata has not been described in detail and the one Boaromatica RCB has been purified
after cloning and heterologous expressioisoherichia coli. Cld from . dechloratans has also
been heterologously expressed and compared withatiee enzyme (Danielsson-Thorell et al.
2004). All dismutases described thus far have dplasmic location, a homotetrameric
composition and absorption spectra characteristipfotoheme 1X.

Apart from the known (per)chlorate reducers, CkiIproteins from non-(per)chlorate-reducing
microorganisms have been studied, liKeermus thermophilus HB8 (Ebihara et al. 2005),
Haloferax volcanii (Bab-Dinitz etal. 2006) andCandidatus Nitrospira defluvii (Maixner et al.
2008). The CId fromN. defluvii is so far the only Cld-like protein with high clgtic activity
from a bacterium that is not known for (per)chleraéduction ability (Maixner et al. 2008).
Recently Cld fromA. oryzae GR-1 has been cloned, expressed, crystallizedsabjcted to X-
ray diffraction analysis (de Geus et al. 2008). Texhanism of chlorite “dismutation” has been
proposed to occur via the formation of high valexd intermediates compound | and compound
Il (Hagedoorn et al. 2002; Lee et al. 2008).

An immuno probe specific to Cld was shown to bimdyo(per)chlorate-reducing bacteria
indicating that the gene is highly conserved (©h@or & Coates 2002). Based on the primers
developed by Bender et al. (2004) the Cld gene fRsendomonas chloritidismutans has been

67



Chapter 4

amplified, and its sequence analysis suggests iadmbal transfer from gamma-proteobacteria
(Cladera et al. 2006).

In the present study, the purification and charaagon of the Cld fronP. chloritidismutans is
described. The chlorate reductase Rf chloritidismutans has already been purified, and
characterized and found to be quite different frilva (per)chlorate reductase of strain GR-1
(Kengenet al. 1999). The present report describes a simplestepepurification procedure for
Cld from the periplasmic fraction, the effect ofieais salts on the Cld activity and a comparison
with the previously described Cld’s

Materials and Methods

Bacterial strain

Pseudomonas chloritidismutans strain AW-T (DSMZ 13952; ATCC BAA-443) was isolated
from sludge of an anaerobic bioreactor treatindhlarate and bromate polluted waste stream.
The bacterium was grown in strictly anoxic mediunthwacetate and chlorate, as described
before (Wolterink et al. 2002).

Enzyme purification

For purification of the Cld from the periplasmiadtion, the cell pellet (2 to 3 g wet weight) was
suspended in 10 ml 0.05 M Tris-HCI buffer (pH 9ab)d 0.05 M EDTA, and incubated for 30
min at room temperature (Sebban et al. 1995). Tispension was centrifuged for 10 min at
13,000 g at 4°C. The cell pellet was checked ferptesence of whole cells by light microscopy.
The supernatant was subjected to ultracentrifugaéin 110,000 g for 1 h at 4°C and the red
supernatant (periplasmic fraction) was removed frim pellet (membrane debris). The
supernatant was diluted with an equal volume ofri Tris-HCI buffer (pH 7.2). Purification
of the enzyme was carried out using an AKpl& (GE Healthcare). Four milliliters of the
diluted supernatant was loaded on a hydroxyapeaditenn (CHT5-I; 10 x 64 mm, Bio-Rad Lab.
Inc.) equilibrated with 10 mM Tris-HCI, pH 7.2. Tigdd eluted from the column at the start of a
linear gradient of 10 mM Tris-HCI, pH 7.2 to 450 npdtassium phosphate, pH 7.2. Fractions of
Cld were kept at 4°C for further analysis or staaeel0°C

Determination of the molecular mass

Protein fractions were checked by sodium dodecifawipolyacrylamide gel electrophoresis
(SDS-PAGE) according to the method of Laemmli ()97The 12% acrylamide gels were
stained with Coomassie Brilliant blue R250. Forcaldtion of the molecular mass of the
subunit(s), a marker was applied with the followistgndard proteins (size in kDa): myosin
(200), B-galactosidase (116), phosphorylase b (97), serdboman (66), ovalbumin (45), and
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carbonic anhydrase (31). Estimation of the sizthefnative enzyme was done by loading a 400
pl aliquot of Cld on a Superdex 200 column (16 % @m, GE Healthcare) equilibrated in 50

mM potassium phosphate buffer, pH 7.0, containi@@ &M NaCl. The Superdex 200 column

was calibrated with the following molecular weigharkers (size in kDa): ferritin (440), catalase

(232), bovine serum albumin (67), ovalbumin (48)yrootrypsinogen (25), and RNAse (14).

Activity assay

Cld activity was measured with a Clark-type ElededYSI, Yellow Springs, OH) as done by
van Ginkel et al. (1996). Under a standard conajtia.8 ml of buffer (100 mM sodium
phosphate buffer, pH 6) was added to the samplelocbiatogether with 10 ul of a stock solution
of sodium chlorite, to yield a final concentratioh0.2 mM. The reaction was run for 5 min and
the initial linear part was used to calculate thie.rOne unit is defined as the amount of enzyme
required to convert 1 pmol of chlorite per minuftee enzyme activity was measured at different
temperatures between 15 and 40°C (in 100 mM soghwsphate buffer, pH 7.2).

At the optimal temperature of 25°C, the activityswaeasured at different pH values, ranging
from 5 to 8.5 using sodium phosphate buffers. KingarametersK, andVmax) were determined

at different sodium phosphate concentrations (18and 1 M) at pH 6 and 25°C. The chlorite
concentration was varied between 1 and 500 yuM.pfoeein content was determined according
to Bradford (1976) with bovine serum albumin asdtad.

Spectroscopy and metal analysis

UV-visible spectra were recorded on a Hitachi UQQ@Hitachi Science Systems, Hitachinaka,
Japan) at 30°C. The pyridine hemochrome absorbgpeetrum was measured in 20% (w/v)
pyridine, and 0.1 M NaOH in 50 mM potassium phospl{aH 7.0). Sodium dithionite (2 mM
final concentration) was added before the measureimea stoppered cuvette, flushed with N
gas. The heme content was calculated using ther rertenction coefficientsg = 191,500 M
cm? (Falk 1964). X-band electron paramagnetic resomd®R) spectra were recorded on a
Bruker ER-200D spectrometer with peripheral equipthand data handling as described before
(Pierik & Hagen 1991). EPR spectra were recorded.8L. mM CId in 10 and 500 mM
potassium phosphate buffer (pH 6). The iron contess determined by inductively coupled
plasma (ICP)-MS (Elan 6000, Perkin-Elmer) (Jartiale1992).

Inhibition and stabilization of chlorite dismutase
The effect of cyanide, azide, hydroxylamine, EDFAQ, or 3-amino-1,2,4-triazole as inhibitors
was tested by adding a final concentration of 70r@ pM. Substrate inhibition of Cld was

analyzed by adding 56 mM chlorite (final concentmat to the enzyme solution. After 1 min, the
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activity was measured and a UV-visible spectrurthefprotoheme was generated. After 10 min,
again 56 mM chlorite (final concentration) was atlded the measurements were repeated.
The amount of enzyme present in the assay mixtaie faund to influence the total amount of
oxygen produced (uM), therefore, undiluted and dold) diluted solution (0.64 and 0.064 mg
protein, respectively) of Cld was added to the yassa

The effect of Hofmeister salts on the activity dbl@vas determined. The following salts were
added to the assay mixture at concentrations betWe® 2 M: sodium phosphate; potassium
phosphate; NaCl§) NaNG;, NaCl, NH,CI, (NH)>SO;, Na&SO;,, NaHCQ. The pH of the
solutions was adjusted to 6 with 1 M HCl or 1 M NO

Incubation with H %0

To determine whether oxygen originates from chéoat water, an experiment was set up using
isotopically labeled water. Labeled water (waté- 98 at. %°0) was purchased from ISOTEC
(Sigma-Aldrich). Serum flasks (10 ml) were closethvbutyl rubber stoppers, and the gas phase
was exchanged for 100% helium. To these flasksfdl@wving compounds were added; 100 pl
H,™%0 or 100 pl H'°0 (44.5% v/v), 10 pl CI@ (final concentration 45 mM), and 100 pl enzyme
solution (final concentration = 0.09 mg/ml); 100 H}'®O (81.7% v/v), 10 pl CI@ (final
concentration 125 mM), and 10 pl enzyme solutiama(fconcentration 0.02 mg/ml). Oxygen
production was clearly visible as small bubblesiclwlappeared when the three compounds were
combined. The produced oxygen was analyzed®®y, 'O, and*®0, using a GC/MS equipped
with a capillary column (Innowax 30 m x 0.25 mmlitsmatio 25:1, Hewlett-Packard). Helium

gas was used as carrier gas, the inlet pressuré WRaa and the column temperature was 40°C.
Results and Discussion

Enzyme purification

Localization experiments performed previously, hdtwn that the Cld has a periplasmic
orientation (Wolterink et al. 2003). A periplasmacation was also suggested for the Cld of
strain GR-1 and. dechloratans. Therefore, the first purification step concertled isolation of
the periplasmic fraction (after Sebban et al. 199Aijter removing the protoplasts by
centrifugation and membrane debris by ultracergafion, a red supernatant was obtained (lane
2, Fig. 1).
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Fig. 1: SDS-PAGE of chlorite dismutase froR chloritidismutans. Lane 1, marker proteins with
indicated molecular masses; lane 2, periplasmatitna; lane 3, hydroxyapatite fraction.

This periplasmic fraction was diluted (1:1) with @M Tris-HCI buffer (pH 7.2) and
subsequently loaded on a hydroxyapatite column.Qlde which eluted from the column at the
start of the gradient, was separated from ano#ubicolored fraction which did not bind to the
column and did not show dismutase activAgcording to the visible spectrum (not shown) this
fraction is most likely another periplasmic hemetpin. The Cld preparation was > 95% pure as
assessed by SDS-PAGE (Fig. 1). The hydroxyapatie resulted in an increase of the specific
activity from 21 to 208 U/mg, with an overall yietd 69%, which is higher than that reported
(43%) for strainA. oryzae GR-1 (van Ginkel et al. 1996). The purification byfactor 10
indicates that the Cld is an abundant protein éngériplasm. A similar yield (63%) and an eight-
fold purification was found for Cld frorh dechloratans (Stenklo et al. 2001).

Gel electrophoresis and determination of the moledar mass
The purified Cld was loaded on a SDS-PAGE. Thisllted in a single band at 31 kDa (Fig. 1,
lane 3). On a calibrated Superdex 200 column thkeecntar weight of the native enzyme was
determined as 110 kDa. This suggests a homoteti@staxcture. Similar results were found for
the Cld from A. oryzae GR-1, dechloratans, D. agitata andD. aromatica RCB. Table 1 shows
a comparison of all known Cld’s. Except for the Gk protein fromT. thermophilus, which
has a very low catalytic activity (Ebihara et ab08), all are tetramers. Their molecular mass
varies from 110-140 kDa and subunits size rangaes 25 to 32 kDa.
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Spectral characteristics

The pyridine-NaOH-dithionite-reduced Cld showed kseadicative of protoheme IX (Soret,
418 nm;p max, 526;0 max, 557) (Falk 1964). The native Cld showed aBpeak at 411 nm,
which shifted to 433 nm on addition of dithionite. the presence of cyanide, the Soret peak
shifted to 420 nm. Similar characteristic Soretksdaave been observed in all other Cld’s (Table
1). The formation of a cyanide complex, indicatiok ferric heme in the protein, was also
observed for the Cld dk. oryzae GR-1.

The heme content was determined to be 1.5 mol miehger mol of tetrameric Cld, based on a
molar extinction coefficient of 191,500 Wem*. Similarly, A. oryzae GR-1 Cld contains 1.7 mol
heme/mol Cld (van Ginkel et al. 1996) while the dnam I. dechloratans has 2.4 mol of
protoheme IX (Stenklo et al. 2001). The slightlgher heme content in dechloratans could be

a result of the use of a different extinction cmééht (24,000 M cmi* at 558 nm) compared
with the one used fok. oryzae GR-1 andP. chloritidismutans (191,000 M* cm* at 418 nm).

On the other hand, differences in growth conditioray also affect the heme content.
Supplementation of the medium with hemin resultediear-stoichiometric heme incorporation
in heterologously produced Cld frobh aromatica RCB (Streit & DuBois 2008). Nevertheless,
often the heme content of the enzyme is lower thaoected for a homotetrameric enzyme.

The exposure to chlorite also causes a bleachintbeoheme and simultaneous loss of activity
(Stenklo et al. 2001). This was also observed oy Gmkel et al. (1996), where the decrease of
Cld activity at high chlorite concentrations wasihtited to the oxidation of the heme. The Soret
peak disappeared upon addition of 500 mM of chdonit strain GR-1. These findings were
confirmed here by adding 56 mM (final concentralionlorite to the Cld oP. chloritidismutans
two times. The Soret peak disappeared, which ad@&ciwith an activity loss of 80% after the
first addition and 90% (of the starting activityffea the second addition of chlorite. Thus, the
Cld is bleached and inactivated by high conceminatof substrate.

Metal analysis by ICP-MS revealed the presence.»m®l Fe per mol of tetrameric enzyme.
This is slightly higher compared to the calculatexine content (1.5 mol/ mol of tetrameric
enzyme). The cld of strain GR-1 contained 2.8 atahsron per tetramer. For the hemin
supplemented enzyme Bf. aromatica RCB a 1:1 ratio was found for the Fe and heme cnte
(Streit & DuBois 2008).
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Table 1: Characteristics of chlorite dismutases

P. chloritidismutans Strain I. dechloratans® | D. aromatica Candidatus Nitrospira Thermus thermophilus

AW-1" GR-1° RCB ¢ defluvii® HBg'
Subunit size (kDa) 31 32 25 27 30 26
Relative molecular mass (kDa 110 140 115 116 ND 0 13
T- optimum (°C) 25 30 ND ND 25 ND
pH optimum 6 6 ND ND 6 ND
Virex (U/MQ) 0.44x 10° 2.2x10° 4.3x 10° 4.7x10° 1.9x10° 1.6°
Km (MM) 0.08 0.17 0.26 0.22 15.8 0.01
Keat (S7) 0.23x 10° 1.2x 10° 1.8x10° 1.88x 10° 0.96x 10° 0.77
Keal Km (M 'sec?) 2.7x10° 7.1x 10° 6.9x 10 35.4x 10P 6.1x 10° 59
Heme content 15 1.7 24 3.7 ND 0.6
Soret band (F8) 411 394 392 388 415 403
Soret band ( &) 433 433 434 434 433 429

3:Present study” : van Ginkel et al., 1998; Stenklo et al., 2001? : Streit & DuBois, 2008° : Maixner et al., 2008' : Ebihara et al., 2008;: Hagedoorn et al., 2002; ND: not described
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EPR measurements
For the isolated Cld d®. chloritidismutans an EPR-signal with g= 6.0 and g= 2.0 was found,

which can be attributed to axial high-spin ferran (Fig. 2).

dX"idd

50 150 250 350 450
B {mT}

Fig. 2: Electron paramagnetic resonance spectra df. chloritidismutans chlorite dismutase as isolated (in 10
mM sodium phosphate). EPR conditions: microwave frguency, 9.432 GHz; Microwave power, 50 mW;
modulation frequency, 100 kHz; modulation amplitude 0.63 mT; temperature, 10.2 K.

This result is similar to previous observationstloé ferric ion in Cld fromA. oryzae GR-1
(Hagedoorret al., 2002), which showed a mixture of two high-spignals with close to axial
rhombicity (E/D values of 0.01-0.02 and 0.03-0.0Bseudomonas chloritidismutans Cld
exhibits only a single axial high-spin ferric spei which indicates a slightly different micro-
environment around the active site. No low-spimi¢especies was observed at pH 6, which is
consistent with the fact that the low-spin ferrjgesies observed in isolated Cld from other
organisms originates from the hydroxide adduct aitfKa of 8.2 (Hagedoomt al. 2002).

Kinetic characterization

The total amount of oxygen produced by CId in tbeag was affected by the amount of enzyme
present. In Table 2, the results are shown of eezgssays using undiluted and 10 times diluted
purified cld. In the presence of the same conceatraf chlorite, but with less enzyme, the total
amount of oxygen produced was less. These reaudjgest that the enzyme is inactivated by
chlorite at low enzyme concentrations before albite is converted. These results are also

supported by the disappearance of the Soret peatk aghdition of excess chlorite as mentioned
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before. Therefore, in all kinetic analyses care tek®n to ensure that sufficient enzyme was

present in the assay mixture.

Table 2 Effect of enzyme concentration on oxygen pduction

Amount of ClIO, added O, produced by undiluted chlorite O, produced by 10 times diluted
(uMm) dismutase (0.64 mg/l) chlorite dismutase (0.064 mg/l)

(1LY (1LY

100 98 34

200 205 69

300 300 96

O, Production measured in 1M phosphate buffer at 28i@alues are average of duplicates and standavihtion is less than
10%.

The enzyme was active between pH 5 and pH 8.5, amtbptimum at pH 6, and between 15 and
45°C, with an optimum at 25 °C. The.x andK, values at 100 mM sodium phosphate, pH 6 and
at 25°C were 443 U/mg and 84 uM, respectively (@dD)! TheVx value is slightly lower than
other reported values, while ks, value indicates a higher affinity for chlorite. Asresult, the
catalytic efficiency k/Km (M™ se¢) of 2.7x16 is in the same range as that found for all other
Cld's (Table 1).

Effect of salts

The activity of Cld was strongly influenced by ttype and concentration of salts present in the
assay mixture. The results are shown in Fig. 3aFg.d3b. When phosphate or sulfate was used,
activity increased at higher salt concentrationstaplM and then decreased again. When
chlorate or nitrate was used, the activity decréagigh increasing salt concentration (Fig. 3a).
Activity was not influenced by the bicarbonate safid similarly chloride salts up to a
concentration of 1.5 M showed no significant effi@ig. 3b).

These results are in line with the Hofmeister sewhich describes the effects of salts on protein
structure (Jensen et al. 1995). The stabilizinga$f of kosmotropic salts (30and PQ*) on
enzymes are caused by the promotion of intermakecahd intramolecular hydrophobic
interactions of the protein which are due to theewatructuring effects of the ions. This water
structuring effectiveness is ranked for anions ediog to the Hofmeister series following the
order PQ* > F > SQ* > CI > NO;y > Br > ClO; > I' > BrO; > CIOy. Increase of chaotropic
salts like nitrate and chlorate reduced the agtivikthe increase of the concentration of
kosmotropic salts resulted in high¥g.x as well as higheK, values (for 1 M phosphate, the
Vmax andK;, values were 4650 U/mg and 833 puM, respectively).
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Fig. 3a:
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Fig. 3 (a& b): Effect of different salts on activity of chlorite dsmutase isolated fromP. chloritidismutans.
Experiments were done at 25°C and pH 6The conversion of chlorite into chloride and oxyghd not alter the
pH of the buffer solution. In Fig. 3& represents specific activity with,KPQy/ KH,PQO,, # is specific activity with
NaHPO,/ NaH,PO, A is specific activity with NaCl@while x is specific activity with NaNg While in Fig. 3B+
represent specific activity with NaG, is specific activity with NHCI, -A- is specific activity with (NH),SOy, x is
specific activity with NaSO, ande represent the specific activity with NaHgQ@\I points are average of two and
standard deviation at all the points is less tha#b.1

To rule out the possibility that the activity inase by a kosmotropic salt (P is due to
interaction of this salt with the active centerofpheme), EPR measurements were performed
with CIld in 10 mM and 0.5 M phosphate solution (batt pH 6). Both samples exhibited
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identical axial high-spin ferric EPR signals, andl @vidence of a low-spin ferric species was
observed (not shown). Activity increase by phosphtiterefore seems to be due to water
structuring effects on the protein. Whether thite@f of kosmotropic salts also holds for
previously characterized Cld’s is not known, buhay very well explain observed differences in
Vmax andKp, values.

No significant inhibition was observed in the prese of 1.5 M concentrations of sodium and
ammonium salts of chloride (Fig. 3b), which is iantrast to the results for the cld BX
aromatica RCB where chloride has been found to be a mixkibitor (Streit & Dubois 2008).

Inhibition studies

Inhibition studies showed that cyanide and azideeve#fective inhibitors (Table 3). The Cld of
A. oryzae GR-1 was, however, not inhibited by even 20 mMuatle (van Ginkedt al. 1996). In
contrast, the Cld oP. chloritidismutans was not inhibited by hydroxylamine, while the @ifl
strain GR-1 was. These differences cannot yet lppaged. With respect to 3-amino-1,2,4-
triazole, the Cld of strain GR-1 ar@ chloritidismutans behaved similarly; both were not
inhibited, whereas it is an effective inhibitor cétalases (Diaz & Wayne 1974; Jouve et al.
1983).

Involvement of water

In order to elucidate the mechanism of chloritarditation, the involvement of water in the
dismutation reaction was investigatétD labeled water was used and the evolution of axyge
with a mass of 320 - *°0), or a mass of 34'% - **0) or a mass of 3690 - *®0) was
monitored using GC-MS. During all conditions testedly a mass peak ofiz = 32 ¢°0 - *°0)
was measured, indicating that despite the presehdiferent concentrations of £fO, water
did not take part in the reaction. Hence, both exygtoms in molecular oxygen originate only
from chlorite. These data correspond with the reacschanistic analysis described by Lee et al.
(2008).

In conclusion,P. chloritidismutans contains a heme-containing Cld, which is similarother
characterized Clds with respect to oligomeric dte; cell localization, and kinetic data.
However, differences exist concerning the devianttibition pattern by cyanide, azide and
chloride. For the first time we described the sirefffect of kosmotropic and chaotropic salts on
Cld kinetics. The data contribute to the understanof this remarkable enzyme, being one of
the few oxygen-generating enzymes in nature andrtheone to form an O-O double bond next
to photosystem II. The number of Cld-like sequerinegrious databases is increasing rapidly.
Further purification and characterization of theresponding enzymes is necessary to define the
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boundary between catalytically active and substfiptiess-active ‘pseudo’-Clds from non-

chlorate-reducing bacteria.
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Abstract

Microbial chlorate reduction is a unique proceshjclv releases molecular oxygen during the
dismutation of chlorite. The oxygen thus formed rbayused to degrade hydrocarbons by means
of oxygenasesPseudomonas chloritidismutans AW-1" was found to grow on benzoate with
chlorate or oxygen, but not with nitrate. The spegrowth rates on benzoate and chlorate, and
benzoate and oxygen were 0.D:01 and 1.1 ©.04day”, respectively. Catechol was detected
as intermediate of benzoate degradation and thieerdan also grows with catechol. The key
enzymes chlorate reductase, chlorite dismutasezoa¢® 1,2-dioxygenase and catechol 1,2-
dioxygenase were detected. Benzoatel,2-dioxygenastechol 1,2-dioxygenase and other
enzymes involved in benzoate degradation were sixelly detected in benzoate grown cells in
comparison with acetate grown cells by LC-MS/MSIgsia. The degradation of benzoate with
oxygen and chlorate, but not with nitrate, detettad catechol as intermediate, biochemical
activities of enzymes involved and confirmation @fygenases in the benzoate grown cells
proteome show that the strain employs oxygenaseralmt pathways for the breakdown of

benzoate.
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Introduction

A large variety of natural and anthropogenic compisuare aromatic (Fuchs 2008). The aerobic
degradation of aromatic compounds is well undedsidtarwood & Parales 1996; Vaillancourt
et al. 2006).During aerobic degradation of aromatic compounds dhomatic ring is first
modified by mono or dioxygenases. The dihydroxylabenzene ring containing compounds
formed are central intermediates in the aromatiegrablation pathway. The next step, the
cleavage of the aromatic ring, is mediated by dgmnases. The ring is either cleaved between
the two hydroxyl groups, called ortho-cleavageiitnadiol cleavage), or cleaved adjacent to one
of the hydroxyl groups, called meta-cleavage oraghtl cleavage (Harwood & Parales 1996;
Vaillancourt et al. 2006). The breaking of the aabim ring is energetically quite difficult in
anoxic environments (Fuchs 200@).common way of activation of the aromatic ring an
anoxic environment is often done through fumaraigiteon by a glycyl radical enzyme (Selmer
et al. 2005; Fogt 2008). There are a few other rmeisins of anaerobic degradation, but they
have been poorly characterized (Fuchs 2008).

Benzoate is an intermediate in the aerobic deg@adatf aromatic compounds like mandelate,
toluene and benzene (Harwood & Parales 1996; Yahmsh2001). Benzoate has also been
detected as intermediate during anaerobic benzesgradiation under sulphate-reducing,
methanogenic and iron-reducing conditions (CaldwelSuflita 2000; Kunapuli et al. 2008).
Moreover, benzoate is often used as a model aromatnpound for biodegradation studies (Cao
et al. 2008).

Many soils that are polluted with hydrocarbons amexic. Introducing oxygen in such zones
might help to destabilize the stable benzene rihgs allowing the degradation of resulting
intermediates anaerobically (Wilson & Bouwer 199Me introduction of air or pure oxygen is
not effective due to the low solubility of oxygelmtroduction of hydrogen peroxide £6,)
might be toxic for some microorganisms (Morgen &t ¥993). Solid oxygen releasing
compounds like oxides of CaGnd MgQ, are costly and their even distribution is difficult
(Weelink et al. 2008).

(Per)chlorate is a unique compound, which upon obiad reduction yields molecular oxygen
(Rikken et al. 1996; Dudley et al. 2008). (Per)cate also has a reduction potential comparable
with that of nitrate and oxygen (Coates & Achenb@€®4; Stams et al. 2004). It has been
proposed as an alternative electron acceptor ferottidation of hydrocarbons (Coates et al.
1999; Tan et al. 2006; Weelink et al. 2008).

A catechol 1,2-dioxygenase has been amplified fRessudomonas chloritidismutans via PCR

(Cladera et al. 2006)We screened the degradation capacity of this baotefor various
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aromatics and found th&seudomonas chloritidismutans AW-1", a chlorate reducing bacterium,
is capable of growth on benzoate with oxygen opmete as electron acceptor. This could be
important for bioremediation applications, sinces thtrain is also capable of alkane oxidation
with oxygen and chlorate as electron acceptor (Mehbet al. 2009a). To get insight in the
degradation pathway(s) of aromatic compounds, welieti the differential expression of

oxygenases involved in the aromatic degradatiohvpay in the whole proteome.
Materials and Methods

Inoculum, media and cultivation

Pseudomonas chloritidismutans strain AW-1 (DSM 13593) was isolated in our laboratory
(Wolterink et al. 2002). For the degradation expents with nitrate, it was adapted to nitrate as
described by Mehboob et al. (2009a).

The P. chloritidismutans strain AW-1 was grown in the medium described by Mehboob et al.
(2009a). The composition of the medium (in gramssiper of anaerobic demineralized water)
was as follows: Na#PO,.2H,0, 3.48; KHPO, 1; resazurin, 0.005; Ca£l0.009; ammonium
iron (lll) citrate, 0.01; NHSO, 1; MgSQ.7H,0O, 0.04. Vitamins and trace elements were added
as described by Holliger et al. (1993) but suppleted with NaSeQ, 0.06; NaWQ.2H,0O
0.0184. The pH of the medium was 7.3.

P. chloritidismutans strain AW-1 was cultivated in 120-ml flasks containing 40 minoédium

at 30C. The medium was made in anaerobic water and mskein the flasks under continuous
flushing with nitrogen. The bottles were closedhwiutyl rubber stoppers and aluminum crimp
caps, and the head space was replaced;lgasl (140 kPa). All solutions that were added & th
medium were anaerobic and autoclaved at’@2for 20 minutes. Chlorate and nitrate were
supplied from a 0.4 M stock solution to get a firmncentration of 10 mM. The end
concentration of benzoate and catechol was 2 mM. &drobic degradation experiments were
done in aerobic medium and no headspace flushirgydeae. The bottles with catechol were
wrapped in aluminum foil to avoid photo-oxidatioBofraccino et al. 2001). For proteome

analysis the bacteria were grown in 1-liter bottléth 600 ml of medium.

Preparation of cell free extracts

Cell free extracts of strain AW!1grown in anaerobic medium with benzoate as saleon and
energy source and chlorate as electron acceptae wepared anaerobically as previously
described (Mehboob et al. 2009a). Cell free exdrastre freezed in 12-ml serum vials until

used.
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The protein content of the cell free extract fraictivas determined according to the method of

Bradford (1976) with bovine serum albumin as statida

Enzyme activity measurements

Chlorate reductase and chlorite dismutase a@svitvere determined at 30°C with cell free
extracts. Chlorate reductase activity was deterchigpectrophotometrically as described by
Kengen et al. (1999), by monitoring the oxidatidnreduced methyl viologen at 578 nm. One
unit (U) of enzyme activity is defined as the amoahenzyme required to convertyinol of
chlorate per minute.

Chlorite dismutase activity was determined by meaguoxygen production with a Clark-type
oxygen electrode (Yellow Spring Instruments, Yell@prings, Ohio, USA) as described by
Wolterink et al. (2002). One unit (U) of activity defined as the amount of enzyme required to
convert 1umol of chlorite per minute.

Benzoate 1,2-dioxygenase and catechol 1,2-dioxygenaactivity were measured
spectrophotometrically. Benzoate 1,2-dioxygenasvigc was determined as described by
Yamaguchi & Fujisawa (1980) by measuring the dessraa absorbance of NADH at 340 nm.
NADH oxidase activity without the benzoate additaas subtracted from the given activity.
One unit (U) of activity is defined as the amoufteazyme required to convert @dmol of
substrate per minute. Catechol 1,2-dioxygenaseigctvas determined as described by Cao et
al. (2008) by measuring the increase in absorbah@60 nm due to the formation of cis, cis-
muconate. One unit (U) of activity is defined as #mount of enzyme required to fornurhol

of cis,cismuconate per minute.

Analytical techniques

Chlorate, chloride, nitrate and nitrite were meaduas described by Scholten and Stams (1995)
after separation on a Dionex column (lonpac AS9-$Breda, The Netherlands), with a
conductivity detector. Potassium fluoride (2 mM)swesed as internal standard.

Oxygen was analyzed by gas chromatography with al@&apparatus (Shimadzu, Kyoto,
Japan) as described previously (Mehboob et al. 2009

Total amount of inorganic carbon present inside flask was calculated by using the
Henderson-Hesselbach equation as described prévigMehboob et al. 2009a). GOwas
analyzed by gas chromatography on GC2014 gas clwognagh fitted with a TCD detector. The
injector and detector temperatures were 60 and(,3@spectively. CO2 was analyzed with a
Poraplot Q column (Chrompack; 25 m length, 0.53 mtarnal diameter; film thickness, 20
um). Helium was the carrier gas at a flow rate ofribmin®, and the oven temperature was
33°C.
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Benzoate and catechol were analyzed by HPLC asibleddy Weelink et al. (2008).

DNA extraction and sequencing
The DNA of P. chloritidismutans strain AW-1T was extracted by the standard CTAB method of
JGI. The 454 sequencing was done as describeddsgPr& Hill (2008).

Computational and statistical analysis

A six frame translation was used for analysis aft@omics data. Details of the proteomics
analysis pipeline are described in chapter 6. $glecbunting was used for comparative
guantification (Liu et al. 2004). A G-test was apglto see the significant differential expression
(Sokal & Rohlf 1994). The minimum requirement ftwetG-test was that at least 5 peptides

match for one protein under one condition.
Differential expression of the whole proteome

Sample preparation for tandem-MS

Cultures were analyzed for comparative analysishefwhole proteome. The bacterium was
grown aerobically on acetate and benzoate. Equauata of each sample (250 pg) were
separated on 12% SDS polyacrylamide gels, and gelee stained according to the
manufacturer’s protocol using Colloidal Blue StagpiInvitrogen, Carlsbad, CA, USA). Each of
the two gel lanes was cut into five slices, andesliwere cut into smaller pieces. After washing
twice with ultra-pure water, gel samples were gdatith 50 mM dithiothreitol (DTT) in 50 mM
NH4HCGO;s (pH 8.0) for 1h at 60°C. DTT solution was decardaed samples were alkylated with
100 mM iodoacetamide in NJHICO; (pH 8.0) for 1h at room temperature in the darkhwi
occasional mixing. The iodoacetamide solution wasadted and samples were washed with
NH4HCO; (pH 8.0). Gel pieces were rehydrated in 1Quhgkpsin (Sequencing grade modified
trypsin, Promega, Madison, WI, USA) and digestedroight at 37°C. To maximize peptide
extraction, the solution from trypsin digest waansferred to new tubes, and gel pieces were
subjected to two rounds of 1 min sonication, thst fiound with 5% trifluoroacetic acid (TFA)
and the second round with 15% acetonitrile and 1BA.TAfter each of these two rounds

solutions were removed and added to the origiyabktn digests.

Liquid chromatography tandem mass spectrometric ankysis
Samples were analyzed on LC-MS/MS as describedqugly (van Esse et al. 2008).

Mass spectrometry database searching
The resulting spectra from the MS analysis werenstibd to a local implementation of the

OMSSA search engine (8). MS/MS spectra were sedrelgainst a peptide database derived
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from a six frame translation &fseudomonas chloritidismutans strainAW-1" and a decoy reverse
database constructed from the reverse of all th&aine translation output.

All OMSSA searches used the following parametergrecursor ion tolerance of 0.2 Da,
fragment ion tolerance of 0.3 Da, a missed cleawigevance of up to and including 2, fixed
carbamide methylation, variable oxidation of metime and deamination of glutamine and
asparagine.

The Expect value threshold was determined iterigtifrem the false discovery rate (FDR) and
was set to 0.01. With this setting an FDR of < 8%»pected.

The FDR calculation was calculated as follows: gkpspectrum matches (PSM) with each
individual peptide database were ranked by thewalde for each identified spectrum with a
threshold E-value < 0.01 and the top hit identifgeptide sequence was selected. For FDR
calculation, top hit spectral matches to peptideshe reversed database were taken and the

number of false positives was divided by the nunadféotal positives.

Nucleotide sequence accession numbers

The protein sequences obtained in this study widleposited in the GenBank/EMBL/DDBJ.
Results

Benzoate degradation

Pseudomonas chloritidismutans AW-1" used benzoate as a sole source of carbon and energy
Growth on benzoate and chlorate was shown by arase in optical density (Fig. 1a). Benzoate
degradation coincided with inorganic carbon forwmti chlorate reduction and chloride
formation (Fig. 1a, 1b). No growth was observedantrols without inoculum, without benzoate
or without chlorate (results not shown). In bottlgghout an electron acceptor added a little bit
of benzoate (less than 0.2 mM) was oxidized proballe to residual oxygen. Catechol was
detected as intermediate in the benzoate degradabaring growth, the medium turned
brownish. The specific growth rate on benzoate @rdrate was 0.2 0.01 per day (doubling
time 2.9 +0.2 days). The oxidation of 1.00t1 mM of benzoate led to a reduction of 4.84
mM of chlorate, the production of 6.30t9 mM of bicarbonate and 3.8 8.7 mM of chloride.
The balance fits rather well with the theoretic@ichiometry of a complete oxidation of
benzoate coupled to chlorate reduction:

C;Hs O Na+5CIQ+4H0O—»7HCQO +5CI+Na +6 H' Q)
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Fig 1: Growth of strain AW-1" with benzoate and chlorateln (a): & benzoate$ catechol ane optical density
at 600 nm. Ir(b): # chlorate s chloride anda- total inorganic carbon.

The bacterium also grew aerobically on benzoatg.(Ea). The increase in OD followed
benzoate degradation. Catechol was also detectednasmtermediate (Fig. 2a). Oxygen
consumption and total inorganic carbon formatiam gtvown in Fig. 2b. An unknown peak was
seen which elutes before catechol. This highly mpolaompound could be
dihydrodihydroxybenzoate ais,cismuconate (Reineke, personal communication). Sthise
peak stayed even after the catechol was degratésl likely cis,cismuconate. The specific

growth rate on benzoate and oxygen was_10.04 per day (doubling time 0.6 3:02 days).
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Neither growth nor increase in total inorganic cerlwas observed with benzoate and nitrate,

usingP. chloritidismutans inoculum adapted to grow on nitrate and acetasu(ts not shown).
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Fig. 2: Growth of strain AW-1" with benzoate and oxygenln (a): & benzoate$ catechol ane optical density at
600 nm. In(b): 4 oxygen consumed and! total inorganic carbon.

Catechol degradation and screening of other aromats

Apart from benzoatePseudomonas chloritidismutans AW-1" used catechol with chlorate and
oxygen, but not with nitrate. However, growth omechol with chlorate was slower than growth
on benzoate both aerobically and anaerobically.mallsamount of CQ formation was also
observed in the aerobic controls without inoculghmwing a slight abiotic oxidation of catechol

as was also observed by Majcher et al. (2000).
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Other substrates tested were benzene, toluen@earphenol, xylenes, cresols, chloro-phenols,
chloro-benzoates, aminobenzoates, benzaldehydenandelate. Except for benzaldehyde, no
growth was found with these substrates. Among aticnaanino acids, growth was found with

tyrosine and phenylalanine, but not with tryptophan

Enzyme assays

Cell free extracts of cells grown on benzoate anldrate showed chlorate reductase, chlorite
dismutase, catechol 1,2-dioxygenase and benzo&elidxygenase activity. The chlorate
reductase activity was 11.3H4 U/mg of protein, while a chlorite dismutaséhaty of 0.07 +
0.05 U/mg of protein was obtained. The benzoatevgreell free extract also showed 0.4
U/mg of protein of benzoatel,2-dioxygenase and 8.@0 U/mg of protein of catechol 1,2-
dioxygenase activity.

The low activity of catechol 1,2-dioxygenase wase tlu the accumulation of cis, cis-muconate.

Due to its high absorbance at 260 nm it was nasiptesto add more cell free extract.

Differential expression of the whole proteome

The whole proteome of acetate grown cells was coedpwith that of benzoate grown cells.

Overall, 91 proteins were significantly (P<0.05)n@gulated on benzoate while 33 were down-
regulated. The number of peptides for each proiawolved in benzoate and catechol

degradation and which were only expressed duriog/tr on benzoate are listed in Table 1.

Table 1: Number of peptides found for each proteinjnvolved in benzoate catabolism and expressed only
during growth on benzoate.

Protein Number of peptides found
Benzoate dioxygenase, alpha subuBéan) 80
Benzoate dioxygenase, beta sububénB) 11
Benzoate dioxygenase ferredoxin reductase compdBemC) 13
Benzoate-specific porirBenF) 27
Benzoate MFS transporteBeénK) 10
1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate dirbgenaseBenD) 33
Catechol 1,2-dioxygenase (CatA) 59
cis,cissmuconate cycloisomerase (CatB) 34
3-oxoadipate:succinyl-CoA transferasga(E) subunit A 26
3-oxoadipate:succinyl-CoA transferasgatE)subunit B 16
beta-ketoadipyl CoA thiolas€atF) 38

Apart from those proteins some other proteinstike zinc dependent alcohol dehydrogenases, a

TRAP transporter and a Ton-B dependent receptoe aiso induced during growth on benzoate.
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Among the up-regulated proteins the multifunctiofatty acid oxidation complex, two other
alcohol dehydrogenase, a long chain fatty acidsparter and outer membrane protein might be
involved in the benzoate degradation. Amino acidtaielism genes also seem to be up-
regulated. The expression of tvatkyhydroperoxide reductases, a catalase and sitoxide

reductase suggest a higher level of oxidative stres

Discussion

Pseudomonas chloritidismutans AW-1" is a gram-negative, facultative anaerobic, chlerate
reducing bacterium, which has been isolated onateeind chlorate (Wolterink et al. 2002). It
can also grow on alkanes with oxygen and chlorstehpoob et al. 2009a). A catechol 1,2-
dioxygenase has been amplified through PCR frengéenome (Caldera et al. 2006). However,
the bacterium was never tested for growth on caletle tested its ability to grow on aromatics
and found that, apart from using some aromatic aratids (phenylalanine and tyrosine), strain
AW-1" is able to grow with benzoate and catechol withgex and chlorate, but not with nitrate
as electron acceptor. This suggested the involvenfean oxygenase dependent pathway. Strain
AW-1" has the ability to grow in the absence of extemalgen on simple aromatics and their
intermediates with chlorate as electron acceptat source of oxygen. This might be of
significance for bioremediation purposes.

The two (per)chlorate reducing straim®echloromonas aromatica RCB and Alicycliphilus
denitrificans BC are known to grow on aromatics with chlor@edenitrificans BC can grow on
catechol, but not on benzoate. Though fe aromatica RCB genome has a benzoate
dioxygenase (Salinero et al. 2009), the bacteriums wnly shown to grow on benzoate with
nitrate (Coates et al. 2001). Chlorate was notetesGrowth on the central intermediate of
aromatics degradation (catechol) in the absenexiagirnal oxygen is important since there are
only a few pure culture studies about anaerobieotetl degradation (Szewzyk and Pfennig
1987; Schnell et al. 1989; Kuever et al. 1993, @a@nd Schink 1994; Ding et al 2008). Growth
on benzoate was slower with chlorate than with exygrhe doubling time with benzoate and
chlorate is 2.9 0.2 days, which is much slower than the doublinggton benzoate and oxygen
i.e. 0.6 +0.02 days. The reason can be the low activithefdhlorite dismutase enzyme.

During growth on benzoate and chlorate the colétin® medium turned brownish indicating the
formation of catechol as intermediate. During betteadegradation, another unknown highly
polar compound eluted from the HPLC column. Becaise high absorbance of CFE at 260
nm, it is likely that it iscis,cissmuconateCis,cissmuconate accumulation has also been observed
by other researchers and has been attributed ayetelexpression of muconate cycloisomerase
(Schmidt & Knackmuss 1984).
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The measured chlorite dismutase activity in beregabwn cells (0.07 U/mg of protein) is lower
than measured for acetate grown cells (7.7 U/mgrotein). However, different salts and
solvents may have an effect on the chlorite dissmutectivity, as was found before (Mehboob et
al. 2009b).

A comparison of the whole proteome of acetate amzbate grown cells showed the induction
of a whole operon containing benzoate and catechtabolism genes (Table 1, Fig. 3). The
clustering of benzoate and catechol metabolismgpo@ts towards their functional coherence.
The operon contains the three subunits of benatiai®ygenaselenABC), a benzoate specific
porin (benF) and two benzoate specific transportebenE and benK). The operon also
encompasses a putative transcriptional activabenR). In the same operon we found the
dihydrodihydroxybenzoate dehydrogendsenD) enzyme that forms catechol. The catechol 1,2-
dioxygenase and two enzymes of beta-ketoadapidtevps i.e.cis,cismuconate lactonizing
enzyme €atB) and muconolactone isomerasatC) were also found in the same operon. With
the help of mapping of proteins on the genomic igone found the gene order presented in Fig.
3a.

Based on all the physiological features, enzyme somesnents and induction of benzoate
catabolism proteome, we propose a benzoate degmadaathway as shown in Fig. 3b. The
enzymes, which were found to be induced in benzgeten cells are shown in bold. We were
unable to detect the muconolactone isomeras¢C)Y and beta-ketoadipate succinyl CoA
transferasecatD) in the proteome but encoded by the genome. Th@measght be that they
have either a very short half life or they are ieggliin relative low abundance. We suggest that
oxygen formed in the dismutation of chlorite is dige convert benzoate to catechol and then
catechol tociscismuconate by the enzyme benzoate 1,2-dioxygenaske catechol 1,2

dioxygenase, respectively.

This is the first report about a bacterium thatlide to degrade alkanes and aromatics in the
absence of external oxygen, while generating oxygen chlorite dismutation. For the

degradation of each mole of benzoate only two mofesxygen are needed by the oxygenases
while the remaining five moles of oxygen can beduserespiration. Further research is needed

to determine the exact fate of the extra oxygenipced.
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3a:
: V [I: :
3b:
Chlorate Benzoate
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clr ABDC l 1 BenABC
Chlorite 2-Hydro-1,2-dihydroxybenzoate
cld l BenD
Chlorite + Oxygen—— Catechol
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Fig. 3: (a) Benzoate and catechol catabolism operofib) Degradation pathway of benzoate coupled to chlorat
reduction. The proteins, which were found to be expressdg onbenzoate grown cells are shown in bold.
benABC/ BenABC: benzoate 1,2- dioxygenadmnD/ BenD : dihydroxybenzoate dehydrogenabenE and benK:
benzoate specific transportebenF: benzoate specific porin, benR: a putative trapsioral activatorcatA/ CatA:
catechol 1,2-dioxygenaseatB/ CatB: cis,cissmuconate lactonizing enzymegtC/ CatC: muconolactone isomerase,
catD/ CatD: beta-ketoadipate succinyl CoA transferaSatE: 3-oxoadipate:succinyl-CoA transferagigtF: beta-
ketoadipyl CoA thiolase;lrABDC: chlorate reductaseld: chlorite dismutase.
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Abstract

Pseudomonas chloritidismutans AW-1" is a bacterium which is able to oxidize alkaneshia
absence of externally supplied oxygen by usingreltdoas a source of oxygen and as electron
acceptor. The proteogenomic analysisPseudomonas chloritidismutans AW-1" showed the
versatility of this bacterium to adapt to differgmowth conditions. The enzymes involved in the
alkane oxidation pathway were identified. Alkanenmoxygenase was exclusively detected in
alkane-oxygen-grown cells as well as alkane-chéagriown cells, indicating that under chlorate-
reducing conditions an oxygenase mediated pathwagmployed for degradation of alkanes.
Up-regulation ofcbb3 type cytochrome oxidase in chlorate-grown cellswah the adaptive
nature of the bacterium to low oxygen concentratioProteomic and biochemical data also
showed that both chlorate reductase and chlorgeualiase are constitutively expressed and are
up-regulated under chlorate-reducing conditionsa@oin-regulated when grown with oxygen.
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Introduction

Pseudomonas chloritidismutans AW-1", a gram-negative, facultative anaerobe was otiigina
isolated from chlorate and bromate polluted wastew@/Nolterink et al. 2002). It is the only
known microorganism that can degrade medium chaatkanes (C7-C12) in the absence of
externally supplied oxygen by generating its owrygen via chlorite dismutation. However,
using primers that target different classes of exgges, the alkane oxygenase genes responsible
for alkane oxidation could not be found (Mehboolale2009).

With the advent of next generation sequencingreldyies it is quite economical to sequence
the genomes of microorganisms. Experimental vatdadf predicted genes via proteomics is
currently the best option to identify protein cagligenes (Ansong et al. 2008). MS-based
proteomics corrects the genome annotation errorslibgovering un-annotated novel genes,
reversal of reading frames, determining the progart and termination sites or programmed
frame shifts, and validating the gene functionsl ypothetical open reading frames (Ansong et
al. 2008, Armengaud 2009, Kyrpides 2009).

Insight into the biochemical mechanism of alkangrddation in two alkane degrading bacteria
was obtained by two-dimensional gel electrophorésBE) combined with MALDI-TOF MS
analysis (Sabirova et al. 2006, Feng et al. 20B@wever, due to the hydrophobic nature of
membrane proteins from alkane grown cells, a c2®E image was difficult to obtain
(Sabirova et al. 2006). One dimensional gel elgttooesis combined with nanoLC-MS/MS is
more suitable for the analysis of membrane prot@ivsdschedler et al. 2009). In addition, it led
to an increased number of detected proteins (Kial. &009).

In this study we analyzed the genome and protednisandomonas chloritidismutans AW-1".
The genome is compared with the most closely mlBtestutzeri A1501. The bacterium was
grown under 5 different growth conditions and a pamson of the whole proteome of cells
grown onn-decane and acetate with different electron accggtixygen, chlorate and nitrate)
was analyzed. The results from 1 DE combined wahohC-MS/MS analysis are compared

with biochemical data.
Materials and Methods

Strain, media and cultivation

Pseudomonas chloritidismutans strain AW-1 (DSM 13593) was isolated in our laboratory
(Wolterink et al. 2002). For experiments with nigrait was adapted to nitrate as described
(Mehboob et al. 2009)Pseudomonas stutzeri strain A1501 (accession number 109869) was
obtained from the Collection of Institute PasteIiR) in Paris (France).
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P. chloritidismutans strain AW-1 was grown in the medium described by Mehboob et al.
(2009).P. chloritidismutans strain AW-1 was cultivated at 3C in 1-L flasks containing 600 ml
of medium. The medium was made in anaerobic water dispensed in the flasks under
continuous flushing with nitrogen. The bottles welesed with butyl rubber stoppers and
aluminum caps, and the head space was replaced badN(140 kPa). All solutions that were
added to the medium were anaerobic and autoclav&@dieC for 20 minutes. Sodium salts of
chlorate and nitrate were supplied from a 0.4-Mlsteolution to get a final concentration of 10
mM. The aerobic degradation experiments were danaerobic medium and no head space

flushing was done.

Preparation of cell free extracts

Cell free extracts of strain AW lwere prepared anaerobically as previously destripe
Mehboob et al. (2009). Cell free extracts wereeston 12-ml serum vials at -8D for proteomic
analysis and anaerobically at °@0for biochemical analysis.

The protein content of the cell free extract fraictivas determined according to the method of

Bradford (1976) with bovine serum albumin as statida

Enzyme activity measurements

Chlorate reductase, nitrate reductase and nitréduatase activities were determined
spectrophotometrically as described by Kengen.gt18P9). The substrate-dependent oxidation
of reduced methyl viologen was monitored at 578ama 30°C. One unit (U) of enzyme activity

is defined as the amount of enzyme required to exdriyumol of substrate per minute.

Chlorite dismutase activity was determined by meaguchlorite-dependent oxygen production

with a Clark-type oxygen electrode (Yellow Sprimgtruments, Yellow Springs, Ohio, USA) as

described by Wolterink et al. (2002). One unit @fpctivity is defined as the amount of enzyme

required to convert imol of chlorite per minute.

DNA extraction and sequencing
DNA of P. chloritidismutans strain AW-T was extracted by standard CTAB method of JGI. The
454 sequencing was done as described by Droegd! £&B08).

Computational and statistical analysis

A six frame translation was used for analysis ef photeomics data. Spectral counting was used
for comparative quantification (Liu et al. 2004). @-test was applied to see the differential

expression (Sokal & Rohlf 1994). The minimum regmient for the G-test was that at least 5

peptides match for one protein under one condisgnal peptides were determined by SignalP
3.0 server (Bendtsen et al. 2004).
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Differential expression of the whole proteome

The whole proteogenomic analysis flow sheet is sarmad in Fig. 1.

Growth of cells under 5 different conditions

¥ ¥
Making cell free extract DNA Extraction

| |
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Fig. 1: Flow sheet diagram of proteogenomic analysiof P. chloritidismutans.

Sample preparation for tandem-MS

A comparative analysis of the proteome of cellsngraunder the 5 different conditions were
made. Equal amounts of each sample (250 ug) wpegaed on 12%-SDS polyacrylamide gels,
and gels were stained according to the manufatupeotocol using Colloidal Blue Staining
(Invitrogen, Carlsbad, CA, USA). Each of the twd lgmes was cut into five slices, and slices

were cut into smaller pieces. After washing twidéhwiltra-pure water, gel samples were treated
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with 50 mM dithiothreitol (DTT) in 50 mM NEHCO; (pH 8.0) for 1h at 60°C. DTT solution
was decanted and samples were alkylated with 10Gadbhcetamide in NHHCO; (pH 8.0) for

1h at room temperature in the dark with occasiongiing. The iodoacetamide solution was
decanted and samples were washed withHNEO; (pH 8.0). Gel pieces were rehydrated in 10
ng/ul trypsin (sequencing grade modified trypsin, PrgmmeMadison, WI, USA) and digested
overnight at 37°C. To maximize peptide extractidine solution from trypsin digest was
transferred to new tubes, and gel pieces were cigiojg¢o two rounds of 1 min sonication, the
first round with 5% trifluoroacetic acid (TFA) aride second round with 15% acetonitrile and
1% TFA. After each of these two rounds, solutiorerevremoved and added to the original

trypsin digests.

Liquid chromatography tandem mass spectrometric anbysis
Samples were analyzed on LC-MS/MS as describedqugly (van Esse et al. 2008).

Mass spectrometry database searching

The resulting spectra from the MS analysis werenstibd to a local implementation of the
OMSSA search engine (Geer et al. 2004). MS/MS speskre searched against a peptide
database derived from a six frame translatiofPssudomonas chloritidismutans strain AW-1"
and a decoy reverse database constructed fronevkese of all the six frame translation output.
All OMSSA searches used the following parametergrecursor ion tolerance of 0.2 Da,
fragment ion tolerance of 0.3 Da, a missed cleawigevance of up to and including 2, fixed
carbamide methylation, variable oxidation of metim@ and deamination of glutamine and
asparagine.

The Expect value threshold was determined iterigtirem the false discovery rate (FDR) and
was set at 0.01. With this setting an FDR of < S%xpected.

The FDR was calculated as follows: peptide-spectroatches (PSM) with each individual
peptide database were ranked by their E-valuedoh édentified spectrum with a threshold E-
value < 0.01 and the top hit identified peptideussge was selected. For FDR calculation, top
hit spectral matches to peptides in the reversedbdae were taken and the number of false
positives was divided by the number of total puski

Nucleotide sequence accession numbers
The nucleotide and protein sequences obtained is study will be deposited in the
GenBank/EMBL/DDBJ.
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Results

Whole genome shotgun sequencing of Ehechloritidismutans AW-1" resulted in 6.7 Mbp
assembled sequence data. Out of this 6.7 Mbp, g Was assembled in 115 contigs larger
than 10 kbp. A six frame naive translation of Heguenced genome Bf chloritidismutans
AW-1" gave 14142 putative ORFs, which were used foh&urproteomic analysis. Overall the
GC contents of the sequenced genome was 63.1%.nteeaonotation on GeneMark.hmm
(Lukashin & Borodovsky 1998) detected 6,762 putat®ORFs larger than 100 amino acids,
which are more than the 4,146 annotated geneB. afutzeri A1501. This suggests th&t
chloritidismutans has one of the bigged®seudomonas genomes characterizedo far. A
comparison with the most closely related fully ssmped genome @?. stutzeri A1501 (Yan et

al. 2008) shows that iR. chloritidismutans AW-1" the complete operons for nitrogen fixation,
putative arsenate reduction, cellulose synthegpe tV fimbrial biogenesis, nitrate dependent
formate dehydrogenase, chromate resistance amnsptrdargenes and CRISPR associated family
proteins are missing. On the other haRdstutzeri A1501 lacks the genes coding for all the
subunits of chlorate reductase, chlorite dismutage alkane-1-monooxygenase. We tested and
found that indeedP. stutzeri A1501 is unable to grow on-decane and also cannot reduce

chlorate or perchlorate.

One dimensional gel electrophoresis of cell fregaets ofP. chloritidismutans grown under 5
different conditions was conducted (Fig. 2). Pratenanalysis revealed the proteins that were
expressed at each condition. Overall out of 118 8f2ctra obtained, 46,581 peptides were
identified over the 5 conditions with a peptidetspa match efficiency of 39.2%. The number
of spectra obtained and the number of peptidedifamhfor each growth condition are listed in
Table 1.

Table 1: The number of spectra obtained and the nutyer of peptides identified for each growth conditio.

Acetate + Acetate + Decane + Decane + Acetate + Total
Oxygen Chlorate Oxygen Chlorate Nitrate
Spectra 21988 19580 25214 26792 2522§ 118802
Number of 8650 7796 8973 10760 10353 46533
peptides identified
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Marker Ac+O, Ac+ClO; Ac+NO; D+0O, D+CIO5
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Fig. 2: Crude cell free extract ofP. chloritidismutans AW-1" 1-DE under 5 different growth conditions. Gels
were overloaded to cover the maximum proteome

Differential expression of proteins involved inn-alkane degradation

A total of 177 proteins were differentially expredsnn-decane and chlorate versus acetate and
chlorate, grown cells. Out of these 177 proteirs,pBoteins were only expressed in decane-
grown cells while 83 proteins were significantly<(P05) up-regulated when grown with decane.
While comparing alkane and oxygen- and acetateoaggen-grown cells a total of 259 proteins
were differentially expressed. 46 proteins werelwesigely present in alkane-grown cells and
another 112 poteins were up-regulated. Table 2 shibe number of peptides found for the
enzymes involved in the oxidation of alkane. Frorabl€ 2 it is clear that an alkane-1-
monooxygenase, 8 out of 10 alcohol dehydrogenaw®g aut of the 4 aldehyde dehydrogenases
are exclusively found in decane-grown cells whhe temaining proeteins are up-regulated.
Among thep-oxidation enzymes one out of two acyl CoA dehyeérmase, AMP-dependent
synthetase and ligase, two out of three enoyl CoAlrdtases and L-3 hydroxyacyl
dehydrogenase were found exclusively in decaneqgeils. The-ketothiolase was also found

to be up-regulated.
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Table 2: Differential expression of proteins involed in initial oxidation of n-alkanes and subsequenp-
oxidation

Enzymes (gene #) Acetate + Acetate + Decane + Decane +
Oxygen Chlorate Oxygen Chlorate
Oxidation of alkane
Alkane-1-monooxygenase (136900) 0 0 14 17
Alcohol dehydrogenase (137184) 0 0 31 25
Short chain alcohol dehydrogenase (125520) 0 0 6 12
Alcohol dehydrogenase (93630) 0 0 0 9
Short chain alcohol dehydrogenase (155080) 0 0 0 5
Alcohol dehydrogenase Zn containing (113655) 0 0 5 0
Alcohol dehydrogenase (107190) 0 0 6 0
Alcohol dehydrogenase Zn containing (86361) 0 0 11 0
Alcohol dehydrogenase quinoprotein (84317) 2 28 0
Alcohol dehydrogenase Zn containing (88444) 0 5 8 5 1
Alcohol dehydrogenase (134297) 3 0 10 0
Aldehyde dehydrogenase (28668) 0 0 0 7
Aldehyde dehydrogenase (133138) 0 0 14 0
Aldehyde dehydrogenase (33979) 1 0 9 0
Aldehyde dehydrogenase (99095) 4 0 21 0
p-oxidation
Acyl CoA synthetase (122243) 2 4 26 17
Acyl CoA dehydrogenase (17036) 0 0 5 0
Acyl CoA dehydrogenase like 125344 0 0 25 24
AMP-dependent synthetase and ligase (125436) 0 0 8 34
Enoyl CoA hydratase (101528) 0 0 0 5
Enoyl CoA hydratase (90735) 0 1 0 17
Enoyl CoA hydratase (2008) 0 0 5 0
Multifunctional fatty acid oxidation complex 11 14 110 130
subunit alpha (95559)
L-3 hydroxyacyl dehydrogenase (102464) 0 0 0 5
B-Ketothiolase (95560) 4 6 32 25
B-Ketothiolase (103700) 1 0 8 0

Apart from these proteins which are directly invadvin the degradation of alkanes some other
proteins were also regulated. Transport proteias 5. porins and 6 TonB-dependent outer
membrane receptors were found to be up-regulatealkene and oxygen grown culture. An

organic solvent tolerant protein was also foundiétane and chlorate grown cells. A sensor
histidine kinase/ response regulator was also fowntle up-regulated. Trehalose phosphate
synthase, trehalose synthase were up-regulateéaneagrown cells. Other enzymes like malic

enzyme, phosphoenolpyruvate carboxylase and glutahehydrogenase, glycosyl hydrolase

ando-amylase were also up-regulated.
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Differential expression of proteins involved in eletron acceptor utilization and enzyme
activities

A total of 65 proteins were up-regulated duringvgifo on acetate and chlorate compared with
acetate and oxygen. Sixteen of these proteins aalesively expressed in chlorate-grown cells.

Similarly a total of 56 proteins were up-regulatectells grown withn-decane and chlorate in

comparison witm-decane and oxygen and among these 7 were onlgrredhen grown with

chlorate. All the proteins which were up-reguladed presented in Table 3.

Table 3: Number of peptides detected for each proie and experimentally determined activity of enzyme
grown under different conditions

Protein Acetate + Acetate + Decane + Decane + Acetate +
Oxygen Chlorate Oxygen Chlorate Nitrate
Number of | Chlorate reductase 14 81 a7 143 48
peptides (alpha subunit)
Chlorate reductase 10 25 18 40 13
(beta subunit)
Chlorate reductase 4 15 3 11 0
(gamma subunit)
Chlorate reductase 1 10 2 4 2
(delta subunit)
Activity Chlorate reductase 17 0 213 + 0.1 0.470.04| 46.3 £ 3.4 106 £ 0.9
(U/mg)
Number of | Chlorite dismutase 24 97 5 111 23
peptides (134786)
Chlorite dismutase 8 10 12 27 26
(127405)
Activity Chlorite dismutase| 0.15 + 0.1 6.8 £ 1p 0£29.0 74 £ 21 79 £ 15
(U/mg)
Number of | Nitrate reductase 3 16 20 28 28
peptides (catalytic subunit)
Activity Nitrate Reductase bdl bdl bdl bdl 0.73 £0.10
(U/mg)
Number of | Cyt cbb3 oxidase 1 5 0 8 0
peptides

bdl: below detection limit

Apart from the proteins listed in Table 2, an oxygedependent coproporphyrinogen lli

oxidase, a molybdenum ABC transporter, a filamématnduced by cAMP protein Fic, an

UDP-N-acetylmuramate-alanine ligase, ClpB proteifiPAdependent chaperone were also up-

regulated when grown with decane and chlorate. @B& transporter, TonB-dependent

receptor,
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cytochromee reductase and an iron ABC transporter were founbetaip-regulated in acetate
and chlorate-grown cells.

Activities of the enzymes i.e. chlorate reducta$dgrite dismutase and nitrate reductase of cells
grown under different growth conditions are alseegiin Table 3. Nitrate reductase activity also
includes the nitrite reductase activity. Nitriteloetase activity was 0.06 3:01 U/mg of protein

with acetate and nitrate grown cells while it was22+0.42 in acetate and chlorate grown cells.
Discussion

n-alkane degradation

P. chloritidismutans AW-1" is known to degrade-alkanes via an oxygenase mediated pathway,
but previously we were unable to amplify any alkanxggenase gene using various primers
targeting different classes of alkane oxygenase=hfidob et al. 2009). By looking at Table 1 it
is evident that an alkane-1-monooxygenase is exellysexpressed when the bacterium is
grown withn-alkanes. The sequence of alkane-1-monooxygestaséned was 76% identical
with the putative alkane-1-monooxygenasePofmendocina ymp and 39% identical with the
alkane-1- monoxygenase Bf aeruginosa PAO1. Only one alkane-1-monooxygenase was found
irrespective of growth with oxygen or chlorate domfng our previous conclusion that oxygen
released during chlorite dismutation is used by #fleane oxygenase to form an alcohol
(Mehboob et al. 2009). We were unable to find rdbren encoded by genome, in the proteome
probably due to its small size. We did not foung ather oxygenase or cytochrome P450, which
may be involved in alkane degradation as foundddyirSva et al. (2006).

We were unable to find an alcohol oxygenase irptidéeome as we postulated before (Mehboob
et al. 2009). Instead we found 10 different alcodehydrogenases to be either exclusively
expressed or up-regulated during growthnesikanes. Two of these alcohol dehydrogenase are
expressed both during growth on alkanes with eitix¢gen or chlorate, showing the similarity
between the second step. But some differences waks@ found. Two of these alcohol
deydrogenases are only expressed when cells anen grith alkanes and chlorate, while 3 of
them are only expressed during growth with alkased oxygen. In contrast to the study on
Alcanivorax borkumensis (Sabirova et al. 2006) an@eobacillus thermodenitrificans NG80-2
(Feng et al. 2007) we found a variety of isozymes dlcohol dehydrogenase and aldehyde
dehydrogenase expressed under different conditishewing the adaptability ofP.
chloritidismutans. Similarly, four aldehyde dehydrogenases were differentially expressed.
One was alkane and chlorate specific while thréerstwere specific for growth on alkanes and

oxygen.
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Apart form these proteins which are involved inediralkane degradation some other proteins
involved in alkane degradation are also up-regdldié&ke Sabirova et al. (2006), we found some
transport proteins, like large porin proteins whidlow the passive diffusion of specific proteins
are up-regulated. Similarly, TonB-dependent outemfrane proteins which can take up poorly
soluble compounds with high affinity via energy-degdent process into the periplasmic space
are also up-regulated. An up-regulation of somesstrrelated proteins was also found. An
organic solvent tolerant protein was also foundd@tane and chlorate grown cells, which is
apparently helping the bacterium to cope with taetful effect ofn-alkanes. Due to the stress
faced due to alkanes another sensor histidine &imasponse regulator which enables bacteria to
sense and adapt to a stress or growth conditioralgasfound to be up-regulated during growth
on alkanes. Instead of polyhydroxyalkanoate pradoc{Sabirova et al. 2006) we found up-
regulation of enzymes involved in trehalose synthé&ehalose is not only a storage molecule
but also a stress response factor for environmetitalli and helps to retain cellular integrity by
presumably preventing the denaturation of protdain( & Roy 2008). An up-regulation of the
glyoxylate pathway is suggested by up-regulationnadlate synthase. This has also been
observed by the (Sabirova et al. 2006; Feng eR@0d7). Due to unknown reasons enzymes
involved in carbohydrate metabolism like glycosyldiolase andu-amylase were also up-
regulated. This was not observed by others. LikarSea et al. (2006) we also observed an up-
regulation of pilus assembly protein. However, kml5abirova et al. (2006) we did not find any

up-regulation of fatty acid and phospholipid sysike

Electron acceptor utilization

The sequences of all the subunits of chlorate tadacvere matching the N-terminal sequences
found before (Wolterink et al. 2003). The arranget# the chlorate reductase genes was found
to be similar tddeonella dechloratans, i.e.clrABDC (Danielsson et al. 2003\ transposase was
found downstream of the chlorate reductase genkshwpoints towards the lateral transfer of
the gene. A NCBI blast analysis (Altschul 1990)wbahat molybdopterin containing alpha
subunit of chlorate reductas€lfA) is 70% identical to the alpha subunit of dimesijfide
dehydrogenase (DMSO) ditreicella sp. SE45 and 44% identical with térA of Ideonella
dechloratans. Similarly, the Fe-S cluster containing the bethusit of chlorate reductas€l(¢B)

of P. chloritidismutans is 82% identical with the beta subunit of nitraéeluctase ofagittula
stellata E-37 and 59% identical t€IrB of Ideonella dechloratans. The gamma subunit of
chlorate reductaseC(rc) has 54% identity with the hypothetical proteinSafjittula stellata E-

37 and only 34% identity with th€lrc of Ideonella dechloratans. The delta subunit of chlorate
reductasgClrD) has 46% identity with proteiDdhD of Citreicella sp. SE45 and 40% with

111



Chapter 6

CIrD Ideonella dechloratans. The CIrD is not part of the mature enzyme, but is a chaperon
required for the assembly of the enzyr@&r ABD) (Danielsson et al. 2003; Bender et al. 2005).
A signal peptide was detected in @A andCIrC, butnot in theClrB andClrD. An alignment

of the alpha subunit of chlorate reductas®.athloritidismutans with the other related enzymes
shows a twin-arginine motif with a consensus (SXHR-x-F-L-K motif (Fig. 4) which is
involved in export of the assembled enzyme acrbsscell membrane via Tat pathway (Berks
1996, Danielsson 2003). This is in contrast tofitéings of Wolterink et al. (2003) where based
on the maximum activity the cytoplasmic localizatioof chlorate reductase oP.
chloritidismutans was proposed. We also found an 8.6 kDa periplasiyiochrome in the
genome which has the motif (KLVGPxxKDVAAK) found ithe 6 kDac cytochrome. This
cytochrome is able to donate electron for chloratkiction (Backlund et al. 2009). Due to the
presence of a conserved twin arginine motif for Jathway, presence of signal peptide in alpha,
gamma and cytochrome we suggest that the chloetactase ofP. chloritidismutans is
periplasmic. Based upon the these findings abaalikation of chlorate reductase, differential
expression of subunits of chlorate reductase, itblodismutase, ubiquinol-cytochrongse-
reductase, cytochromebb3 oxidase and presence of an 8.6 kDa cytochromeeinomge, we
propose the respiratory pathway as presented irbFig

Table 3 shows that the enzymes involved in chlardection i.e. chlorate reductase and chlorite
dismutase are constitutive in nature and a basal lef protein and their activity is always
present. An up-regulation of the all the subunitshdorate reductase and chlorite dismutase, and
increase in activity was observed during growthhwshlorate. A down-regulation of all the
subunits of chlorate reductase and chlorite disssut@and hence a decrease in activity was
observed during growth with oxygen.

Though transcriptional analysis has already shokat thlorite dismutase is constitutively
expressed at a basal level and is negatively regllby oxygen (Bender et al. 2002), the
(per)chlorate reductase was found to be transcrilr@gt in the anaerobic conditions with
(per)chlorate (Bender et al. 2005). Our resultsiramarked contrast to the findings of Bender et
al. (2005), but are in agreement with the previldings that although the chlorate reductase of
P. chloritidismutans is oxygen sensitive (Wolterink et al. 2003), thecterium can
simultaneously reduce chlorate and oxygen when exxyg added to a chlorate-reducing culture
(Wolterink et al. 2002). Similarly, the chloratedtetase oPseudomonas sp. PDA is reported to
be constitutive in nature (Steinberg et al. 208%).up-regulation of proteins and higher activity
were observed when grown with decane and chlosat®mpared with acetate and chlorate.
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Only the catalytic subunit of nitrate reductase Wasd in all conditions within proteome data.
However, nitrate reductase activity was only obsdrduring growth on nitrate. The nitrite
reductase activity was present in both nitrate-groand chlorate-grown cells. The nitrite
reductase activity was even higher in chlorate-graeils than on nitrate-grown cells. Detection
of catalytic subunit of periplasmic nitrate redwseaand activity shows that it is not a fortuitous

activity of chlorate reductase, but that there tare separate systems for chlorate and nitrate

reduction.
Kk kxk
CArAPs: ---MAWKLK---------- EROEEE- - GLSVT- - GAGVMLSGNVWGLNRLEPVGETLAS
AdrAld: ------- MNSPDEHNG- - - - RRREES- - FSAAA- - LASAAASPSLWAFSKI QPI EDPL- K
Ser A_Th: - - - NRKVMNSPDDGNG - - - RRREES- - FSMAA- - LASAAAPSSVWAFSKI QPI EDPL- K
DdhA Rh: ----- MRTT---------- ERTHYS- - GASLV- - GAGLFAAGRGMLNRLEPI GDTLAE
Nar1_Ha: --- MSRNDLTDDEGDSAG SERURYE- - GL GAASL L GATGL SFADDGVDGLEAVDDPI - G

EdbA Az: MTRDEM SVEPEAAEL QDQUERDEMERSGAAVL SL SLSSLATGVWVPGFLKDAQAGTKAPG

O rA_Ps: EYPYRDVWEDLYRNEWMVDSVGHAARCI N8- - MGNSAWKVYVKDG VWREEQ AKYPQVHE
CrA_ld: DYPYRDVWEDLYRKEWNDSVGVMIESNGS- - VAGBAWRVFVKNG PNREEQI SKYPQL- P
SerA_Th: SYPYRDVEDLYRKEWNDSTGFI TESNGS- - VACBAWRVFVKNGVPNREEQVSEYPQL - P
DdhA_Rh: EYPYRDWEDL YRNEFTWDYVGKAARCI N8- - LGNSAFDI YVKDG VI REEQLAKYPQ SP
Nar 1_Ha: SYPYRDWEDLYRDEVWDWDSVARSTESVNS- - TGSESWAVYVKDGQUWREEQAGDYPTFDE
EdbA Az: - -- YASWEDI YRKEVWKVWDKVNWGSEL NI BWPQGSEKFYVYVRNG VWREEQAAQTPACNY

CrA_Ps: N PDANPRASQKGAI HSTSMYEADRL RYPLKRAGERGEGKWQRI SWDQATEEVADKI | DI
CrA_1d: G PDVNPRESQKGAVYCSWSKQPDHI KWPLKRVGERGERKVKRI SWDEALTEI ADKI | DT
Ser A_Th: GVPDVNPRGSQKGAVYCSWSKQPDFL KYPLKRVGERGERKVKRI SWDEAFTEI ADKI | DT
DdhA_Rh: DI PDANPRCGEQKGAI HSTSMYEADRL RYPMKRVGARGEGKWORI SWDQATEEI ADKI | DI
Nar 1_Ha: SLPDPNPRCGSQKGACYTDYVNADQRVLHPLRRTGERGEGQVERI SWDEALTEI ADHVI DE
EdbA_Az: DYVDYNPLJEQKGSAFNNNL YGDERVKYPLKRVGKRGEGKWKRVSWDEAAGDI ADSI | DS

Fig 4: Alignment of alpha subunit of chlorate redutase CIrA) of Pseudomonas chloritidismutans, CIrA of
I deonella dechloratans (AJ566363), selenate reductas&drA) of Thauera selenatis (AJO07744), dimethylsulfide
dehydrogenase DdhA) of Rhodovulum sulfidophilum (AF453479), nitrate reductase Narl) of Haloarcula
Marismortui (AJ277440) and ethylbenzene dehydrogenasebdA) of Azoarcus sp. EB1 (AF337952). Asteriks
and shaded residues represent the twin arginine midtand other conserved residues of twin-arginine mtif.
The characteristic conserved N-terminal motif of tpe I DMSO reductases are also highlidhted.
Corresponding gene names and accession numbers a&fgwn in parenthesis. Only first 180 amino acids &
shown.
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Fig. 5: Proposed respiratory pathway inPseudomonas chloritidismutansillustrated with the help of
proteogenomics dataThe dotted lines show the electron transfers.

We found two different chlorite dismutase like seqeces inside the proteome. The sequence of
one chlorite dismutase (134786) was 100% identecéhe previously known sequence found by
Cladera et al. (2006), while the second proteirv405) has highest similarity (34% identical)
with chlorite dismutase dbechloromonas aromatica RCB and is only 30% identical with the
already know one. The peptide count shows thatfithe chlorite dismutase (134786) is up-
regulated when growth with chlorate, but the otbee has a constitutive expression under
anaerobic conditions.

Apart from these enzymes a very interesting findiras the up-regulation of cytochroreb3
oxidase. Thebb3- type oxidases are unique heme copper oxidasashwlave 6-8 fold lower
Kmn value for oxygen thama3-type cytochromec oxidases (Preisig et al. 1996). Their high
affinity for oxygen allows the bacteria to colonib&ygen limited environments (Pitcher &
Watmough 2004). The up-regulation of cytochrodwe3 type oxidase during chlorate grown
condition shows the adaptation of chlorate redudiagteria to low oxygen concentration.
Though oxygen is formed during chlorate reductian, accumulation of oxygen is never
observed. Oxygen formation is observed only whdarith is added to cell.
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Other proteins related with these functions wese aip-regulated. Since chlorite dismutase is a
heme-containing enzyme an increase in the formatidreme is essential. This is accompanied
by an up-regulation of oxygen-independent copropgiipogen Il oxidase which is involved in
heme formation. Similarly since the catalytic uaitchlorate reductase contains molybdenum
and iron, a molybdenum ABC transporter is up-reigado compensate the increased demand of
molybdenum. Similarly, a siderophore biosynthesmgin, and an iron ABC transporter were
up-regulatedAn ABC transporter and a TonB-dependent receptaevatso up-regulated on
growth with acetate and chlorate. The functionhefse inP. chloritidismutans is not clear.

Some stress related proteins like a DNA stressifmgngrotein were also up-regulated when
grown on chlorate. An UDP-N-acetylmuramate-alaniigase protein involved in cell wall
synthesis is also up-regulated during growth orade@and chlorate, likely to strengthen the cell.
Another stress protein i.e. ClpB protein, whichais ATP dependent chaperone is also up-
regulated when grown on decane and chlorate. @fsssiproteins are expressed in reponse to
high temperature, oxidative stress, high salt bambl concentration and iron limitation (Ekaza
et al. 2001). In our case, it could be oxidatives or iron limitation or decanol concentration.

A cAMP protein Fic is also up-regulated. It is imwed in the post translational regulation of
protein functions.

This is the first report about the proteogenomitsa dacterium which is able to degrade
alkanes in the absence of external oxygen, whiheigeging oxygen via chlorite dismutation. It is
also the first report of the proteome of a chlona@ucing bacterium. The study confirms the
conclusion of previous findings that an oxygenassaliated pathway is employed by tRe
chloritidismutans during growth om-alkanes and chlorate. It further shows that treeetwo
separate pathways for growth on chlorate and eitfaarther it is demonstrated that the chlorate
reductase and chlorite dismutase are up-regulatednwgrown with chlorate and down-
regulation when grown with oxygen. The finding dfetpresence of two different chlorite

dismutases inside the genome is remarkable.

Acknowledgements
We thank the Higher Education Commission of Pakis(dEC), the Teaching Grant of
Wageningen University and the Spinoza Prize Awaod providing funds for genome

sequencing. We also thank Dr. Willem van Berkeluseful suggestions about proteomics.

115



Chapter 6

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search
tool. J Mol Biol 215:403-410

Ansong C, Purvine SO, Adkins JN, Lipton MS, Smith B (2008) Proteogenomics: needs and
roles to be filled by proteomics in genome annotatBrief Funct Genomic Proteomic 7:50-62

Armengaud J (2009) A perfect genome annotation is within reagth the proteomics and
genomics allianceCurr Opin Microbiol 12:292-300

Backlund AS, Bohlin J, Gustavsson N, Nilsson, T2009) Periplasmic cytochromes and
chlorate reduction ihdeonella dechloratans. Appl Environ Microbiol 75:2439-2445

Berks BC (1996) A common export pathway for proteins bigdoomplex redox cofactordol
Microbiol 22:393-404

Bradford MM (1976) A rapid and sensitive method for the quatitin of microgram quantities
of proteins utilizing the principle of protein-diending.Anal Biochem 72:248-254

Bender KS, O'Connor SM, Chakraborty R, Coates JD, &henbach LA (2002) Sequencing
and transcriptional analysis of the chlorite disasetgene dDechloromonas agitata and its use
as a metabolic prob@&ppl Environ Microbiol 68:4820-4826

Bender KS, Shang C, Chakraborty R, Belchik SM, Coas JD, Achenbach LA (2005)
Identification, characterization, and classificatiof genes encoding perchlorate reductdse.
Bacteriol 187:5090-5096

Bendtsen JD, Nielsen H, Heijne, Brunak S2004) Improved prediction of signal peptides:
SignalP 3.0J Mol Biol 340:783-795

Bindschedler LV, Burgis TA, Mills DJS, Ho J, Cramer RK, Spanu PD (2009) In Planta
proteomics and proteogenomics of the biotrophidelyaiungal pathogemlumeria graminis f.
sp.Hordei. Mol Cell Proteomics 8:2361-2383

Cladera AM, Garcia-Valdés E, Lalucat J (2006) Genotype versus phenotype in the
circumscription of bacterial species: the casePséudomonas stutzeri and Pseudomonas
chloritidismutans. Arch Microbiol 184:353-61

Danielsson TH, Stenklo K, Nilsson T(2003) A gene cluster for chlorate metabolism in
|deonella dechloratans. Appl Environ Microbiol 69:5585-5592

Droege M, Hill B (2008) The genome sequencer Flhsystem-longer reads, more applications,
straight forward bioinformatics and more compled¢adsetsJ Biotechnol 136:3-10

Ekaza E, Teyssier J, Ouahrani-Bettache S, Liautard-P, Kéhler S (2001) Characterization
of Brucella suis clpB and clpAB mutants and participation of the genes in strespansesJ
Bacteriol 183:2677-2681

Feng L, Wang W, Cheng J, Ren Y, Zhao G, Gao C, Tany, Liu X, Han W, Peng X, Liu R,
Wang L (2007) Genome and proteome of long-chain alkangradéng Geobacillus
thermodenitrificans NG80-2 isolated from a deep-subsurface oil reserfRsoc Natl Acad i
USA 104:5602-5607

116



Proteogenomics of P. chloritidismutans

Geer LY, Markey SP, Kowalak JF, Wagner L, XU M, Maynard DM, Yang X, Shi W,
Bryant SH (2004) Open mass spectrometry search algorififPnoteome Res 3:958-964

Jain NK, Roy | (2008) Effect of trehalose on protein structlémetein Sci 18:24-36

Kengen SWM, Rikken GB, Hagen WR, van Ginkel CG, Stas AJM (1999) Purification and
characterization of (per)chlorate reductase from dhlorate-respiring strain GR-1.Bacteriol
181:6706-6711

Kim SJ, Kweon O, Cerniglia CE (2009) Proteomic applications to elucidate baateromatic
hydrocarbon metabolic pathwaydurr Opin Microbiol 12:301-309

Kyrpides NC (2009) Fifteen years of microbial genomics: megtime challenges and fulfilling
the dreamNat Biotechnol 27: 627-632

Liu H, Sadygov RG, Yates JR(2004) A model for random sampling and estimatbrelative
protein abundance in shotgun proteomfgsgl Chem 76: 4193-4201

Lukashin AV, Borodovsky M (1998) GeneMark.hmm: new solutions for gene figdMucleic
Acids Res 26:1107-1115

Mehboob F, Junca H, Schraa G, Stams AJM (2009) Growth of Pseudomonas
chloritidismutans AW-1"on n-alkanes with chlorate as electron accep#ppl Microbiol
Biotechnol 83:739-747

Pitcher RS, Watmough(2004) The bacterial cytochrome cbb3 oxida8gschim Biophys Acta
1655:388-399

Preisig O, Zufferey R, Thon-Meyer L, Appleby CA, Hennecke H (1996) A high-affinity
cbb3-type cytochrome oxidase terminates the symbmsesific respiratory chain of
Bradyrhizobium japonicum. J Bacteriol 178: 1532-1538

Sabirova JS, Ferrer M, Regenhardt D, Timmis KN, Goyshin PN (2006) Proteomic insights
into metabolic adaptations & canivorax borkumensis induced by alkane utilizatiod.Bacteriol
188:3763-3773

Sokal RR, Rohlf FJ (1994) Biometry the principles and practice of statistics in biatady
research3rd edition. Freeman, New York.

Steinberg LM, Trimble JJ, Logan BE (2005) Enzymes responsible for chlorate redudbipn
Pseudomonas sp. are different from those usedefehfprate reduction by Azospira SBEMS
Microbiol Lett 247:152-159

van Esse HP, van't Klooster JW, Bolton MD, Yadeta KA, van Baarlen P, Boeren S,
Vervoort J, de Wit PJ, Thomma BP (2008) TheCladosporium fulvum virulence protein Avr2
inhibits host proteases required for basal defdPisat Cell 20:1948-63

Wolterink AFWM, Jonker AB, Kengen SWM, Stams AJM (2002) Pseudomonas
chloritidismutans sp. nov., a non-denitrifying chlorate-reducing leaicim. Int J Syst Evol
Microbiol 52:2183-2190

117



Chapter 6

Wolterink AFWM, Schultz E, Hagedoorn P-L, Hagen WR, Kengen SWM, Stams AJM
(2003) Characterization of the chlorate reductasemfPseudomonas chloritidismutans. J
Bacteriol 185:3210-3213

Yan Y, Yang J, Dou Y, Chen M, Ping S, Peng J, Lu WZhang W, Yao Z, Li H, Lie W, He

S, Geng L, Zhang X, Yang F, Yu H, Zhan Y, Li D, LinZ, Wang Y, Elmerich C, Lin M, Jin

Q (2008) Nitrogen fixation island and rhizospherenpetente traits in the genome of root-
associatedPseudomonas stutzeri A1501.Proc Natl Acad Sci USA 105: 7564-7569

118



Chapter 7

General Discussion



Chapter 7

Industrialization of the world has led to the ptbtm. Pollutants are of concern due to their
persistence and toxicity. Pollutants show a varyilegree of persistence in oxic and anoxic
environments. Most of the pollutants like aliphagied aromatic hydrocarbons are quite easily
degraded in the oxic environment. Aerobic degradapiathways are known since long time and
are generally well characterized (S6hngen 1913thBeCorti & Fetzner 2002, Head et al. 2006,
Vaillancourt et al. 2006, Fuchs 2008). In anoxizimmments only the compounds which are
substituted with strong electron withdrawing grqupke highly chlorinated compounds are
easily degraded (Field et al. 1995). The degradatroducts of these compounds are often found
accumulated in the anoxic environments (Fennel. @081, Coleman et al. 2002, van Doesburg
et al. 2005). In anoxic environments the degradaisogenerally slow and incomplete and the
mechanism of degradation is not completely undedstVentzel et al. 2007, Fuchs 2008).
Introduction of oxygen in pure form or in the foraf hydrogen peroxide or some oxygen
releasing compounds have been suggested as dltesnlatit each of them has its own limitation
with respect to solubility, toxicity or disperséiPer)chlorate reduction has been suggested as an
alternative (Coates et al. 1999, Tan et al. 200@eMik et al. 2008). Though (per)chlorate
reduction has been studied in detail (Xu et al. 000oates & Achenbach 2004) the bio-
remediation potential of (per)chlorate-reducingtbgaa is not fully explored. In this thesis we
tried to explore and highlight the tremendous hiddmexplored potential of (per)chlorate-
reducing bacteria for the remediation of organiliypants.

In the first chapter a brief comparison of aercdand anaerobic degradation and limitations of
anaerobic degradation were discussed. Then, tiethalt (per)chlorate-reducing bacteria can
play to overcome the limitation of anaerobic degtamh in anoxic zones was identified. The
(per)chlorate reduction was reviewed with a palicuemphasis on the bio-remediation
potential. Using the bioinformatics tools some puta (per)chlorate reducers were also
identified.

The second chapter of this thesis was an effocbtobine the oxidation of organic chlorinated
compounds with low number of substituted chloriESE, DCEs, DCAS), with the reduction of
an inorganic chlorinated compound (chlorate). Umifoately, we were not successful in
enriching such kind of microorganism. The reasdnfiture include the nature of the samples,
their long term storage and low aerobic degradgbatential. However, it is suggested that for
such a study fresh samples should be taken froonbaexg zone having already an exposure of
organic chlorinated compounds so that the targgdrosms that possess oxygenases with high
affinity for oxygen are present. Moreover, a chanmgenrichment strategy is suggested i.e. to
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first enrich the chlorate reducer and afterwardsh&r enrichment of chlorinated compound-
oxidizing bacteria should be done or vice versa.

The third chapter deals with the degradatiom-alkanes with chlorate as electron acceptor by
Pseudomonas chloritidismutans AW-1". It was known that chlorate-reducing bacteria can
degrade aromatics like BTEX compounds. Here forvigy first time we show that chlorate-
reducing bacteria have the ability to degrade alijghcompounds like alkanes too. The rates of
degradation of alkanes were similar on chlorate amcbxygen showing the similarity of the
biochemical mechanism and the high efficiency ofreddation with chlorate. This bacterium
also grew with aerobic intermediates of the presiipethway, like decanol and decanoate. The
activity of the enzymes chlorate reductase andritbldismutase was demonstrated in decane-
and chlorate-grown cells free extract. An alkanggexase activity could be only demonstrated
with decane and chlorate grown whole cells. Howewdth the custom designed and available
primers we were unable to amplify any alkane oxggengenes. Since the bacterium was able to
grow on alkanes with oxygen and chlorate but ndhwitrate so we suggested an oxygenase
dependent pathway for alkane degradation. Thisysaopened the way for the possibility of
application of chlorate as oxygen source for reiasah of alkane polluted soils.

The fourth chapter is about the purification andrelterization of chlorite dismutase from
Pseudomonas chloritidismutans. Chlorite dismutase is the key enzyme in the etreduction
pathway as this is the enzyme which produces oxylemact it is the only enzyme beside
photosystem 1l which forms oxygen-oxygen double cboBy using®O labelled water, we
excluded water as the oxygen source showing that doygen atoms in dioxygen are derived
form the chlorite molecule. The purification of alite dismutase was done by one step
hydroxyapatite chromatography. The heme-contaitétiggmeric enzyme showed most of the
typical features of other purified chlorite dismsga. High concentrations of chlorite resulted in
the disappearance of the Soret peak and loss igitgcshowing the toxic effect of chlorite for
the enzyme. In the chlorite dismutase assays, #mam amount of enzyme was assured.
Unlike the chlorite dismutase @fechloromonas aromatica RCB the chlorite dismutase &%
chloritidismutans was not inhibited by upto 1.5 M chloride. One rekable finding was the
drastic effect of salts on the activity of the emzy The activity was increased by kosmotropic
salts and decreased by chaotropic salts. This dwad a practical consequence as the enzyme
might not work optimally if a high concentration afchaotropic salt is in the surrounding
environment.

Chapter 5 describes the degradation of benzoateaedhol coupled with chlorate reduction

by P. chloritidismutans. The degradation of benzoate and catechol with atdpibut not with
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nitrate, suggests an oxygenase-mediated mechariisiegoadation. Catechol was detected as
intermediate of benzoate degradation. Cell fregaeid of bacteria grown on benzoate and
chlorate showed chlorate reductase, chlorite diasgjtbenzoate 1,2-dioxygenase and catechol
1,2-dioxygenase activity. A proteogenomics approaels applied to determine the presence
and regulation of oxygenases. The bacterium wasesegd via 454 life science technology
and a whole proteome analysis was done with acgtaten and benzoate-grown cells.
Proteins involved in benzoate degradation i.e.eghsubunits of benzoate 1,2-dioxygenase,
dihydrodihydroxybenzoate dehydrogenase, benzoatifgp porin and benzoate MFS
transporter were exclusively present in benzoatevgrcells. Similarly, proteins involved in the
catechol degradation i.e. catechol 1,2-dioxygenasgcis-muconate cycloisomerase, 3-
oxoadipate: 2 subunits of succinyl-CoA transfense fzketoadipyl CoA thiolse were also only
present in benzoate grown cells. The presenceeobéimzoate operon in the genome and up-
regulation of most of its protein during growth banzoate and oxygen is an indication that
that this bacterium utilizes the oxygen producedlhiprate reduction to degrade benzoate and
catechol via an oxygenase dependent pathway whggeoxis replaced by chlorat®.
chloritidismutans, which was found to grow with alkanes, is also able towgmeith simple
aromatics and their intermediates. This makes lbhisterium attractive to be used for bio-
remediation purposes.

Chapter 6 describes the proteogenonicshloritidismutans. The bacterium was grown at 5
different conditions i.e. with acetate and decaseslactron donors and chlorate, oxygen and
nitrate as electron acceptors. A six frame traimlaivas used for analysis of proteomics data.
The differential expression of the proteome wasyaea. By comparing the alkane-grown
cells (both with oxygen and with chlorate) with theetate-grown cells (with oxygen and with
chlorate) we were able to identify an alkane-1-mggenase responsible for growth with
alkanes. The exclusive presence of alkane-1-moremage and the up-regulation of chlorate
reductase and chlorite dismutase show that oxygleased during chlorate reduction is used
by the alkane oxygenase, resulting in a hydroxyhaf the alkane to an alcohol. We also
found a variety of alcohol dehydrogenases and gltkeldehydrogenases either induced or up-
regulated when grown on alkanes with oxygen orreltdoas electron acceptors. There was one
alkane-1-monoxygenase present during growth omakkavith either oxygen or chlorate, but
differences were found in the expression of alcadnudl aldehyde dehydrogenases, some of
which were expressed only at one of the growth itmms.

By comparing the differential expression of prosewf cells grown with oxygen (both with

alkanes and with acetate) with chlorate-grown c@llsh alkanes and with acetate) and also
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with nitrate-grown cells (with acetate) we wereeatd see the regulation of enzymes involved
in chlorate reduction and nitrate reduction. Theules of the proteogenomics analysis were
compared and verified by the enzyme activity measents. The analysis show that a basal
level of chlorate reductase and chlorite dismufasgways expressed, which is up-regulated
when grown with chlorate and down-regulated whemwgr with oxygen. There is a separate
nitrate reductase iR. chloritidismutans which is induced when grown with nitrate. However,
nitrite reductase showed a constitutive activitye \AIso found up-regulation of cytochrome
cbb3 oxidase during growth on chlorate as compared witygen or nitrate. Cytochronobb3
oxidase has a very high affinity for oxygen. Thi®ws an adaptation of the bacterium to low
oxygen concentrations created during chlorate mamlucA bioinformatics analysis of chlorate
reductase showed the similarity of all of its subsiwith the subunits of chlorate reductase of
Ideonella dechloratans (Danielsson et al. 2003). A transposon sequensgfovand downstream
the chlorate reductase genes indicating its passiblizontal transfer. A twin arginine motif
which may be involved in the transport the folgedtein through Tat pathway (Berks 1996)
was identified. A signal peptide was detected i @tpha and gamma subunit. Moreover, a
periplasmic cytochrome containing the conserved motif of a cytochroora |deonella which

is able to donate electrons to chlorate reductass Wund. These findings suggest a
periplasmic nature of chlorate reductasePofchloritidismutans as against the previously
suggested cytoplasmic localization (Wolterink et28l03). Based upon the proteomics data we
suggest a respiratory pathway for the bacteriuner@lall the proteogenomics data indicate
the high flexibility and high versatility of the t@rium to thrive in different environments. It is
also concluded that 454 sequencing followed byethffitial proteomic analysis is the quickest
method to identify the unknown genes involved icegain metabolic function and to explore
the overall pollutant degradation potential of biaeteria.

(Per)chlorate reduction and chlorite dismutation ina broader context

Apart from providing oxygen for degradation of pstsnt pollutants other physiological
functions of chlorite dismutatase might be possililee weak activity of chlorite dismutase
enzyme for chlorite but higher activity for hydregperoxide inThermus thermophilus HB8

led to the conclusion that the enzyme might be liraa in the detoxification of hydrogen
peroxide produced within the cell (Ebihara et &@0%). However, based on the conserved
residues in the active site de Geus et al. (200@wed that this protein is functionally
unrelated with other chlorite dismutases.

A functional interaction of the chlorite dismutas®&d antibiotic biosynthesis monooxygenase in

Haloferax volcanii Pit A has been proposed. Since fusion of thesediwnains only occurs in
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halophilic archaea it may play a role in an adamtato live in hypersaline environments where
the bacterium is growing in oxygen limited condiso(Bab-Dinitz et al. 2006).

Of the organisms listed in Table 6 of the introdwttwe can deduce that putative
(per)chlorate-reducing bacteria are wide spreadsdmtly, most of the known (per)chlorate
reducers can be placed in the phylum proteobactewtamost of the bacteria listed in Table 6
of the introduction belong to Actinobacteria orriicutes. Many pathogenic strains seem to
contain the chlorite dismutase genes. So it mighp lthe pathogens to survive at oxygen
limited environments. The gene neighbourhood obritd dismutase genes shows that often
genes coding for enzymes involved in heme formafjprotoporphyrinogen oxidase and
uroporphyrinogen decarboxylase) are in close wigiaf the chlorite dismutase gene. It is not
clear whether these enzymes are involved in thedtion of heme of the chlorite dismutase or
that the chlorite dismutase activity has a functioheme formation in the absence of external
oxygen.

From an environmental point of vieMycobacterium KMS, which is a known aerobic pyrene
degrading organism (Miller et al. 2004) ai&kobacillus thermodenitrificans strain NG80-2, a
known aerobic long chain alkane degrader, areastegrg bacteria. One unlisted bacterium is
P. aeruginosa which also contains a putative chlorite dismutase has nitrate reductase, while
it is a known alkane degrader.

Keeping in view the diversity and ubiquity of (perjorate reducers, their functions in nature,
their ability to adopt to the niches with oxygemiliation and with the recent discovery of
perchlorate on Mars (Hecht et al. 2009) it might®th to speculate about the possibility of

life on Mars.

Research needs

A solution for the biological remediation of hydewbons-contaminated soils where oxygen is
the main limiting factor is the introduction of agygn in a highly soluble form. (Per)chlorate,
which acts both as electron acceptor and as oxggerce, is an appealing compound. It has a
high solubility, a redox potential comparable to/gen, and there are numerous (per)chlorate-
reducing bacteria in nature.

We are at the beginning of deciphering and undedstg the diversity, relevance and
application of per(chlorate)-reducing bacteria tlt@n degrade hydrocarbons and other
compounds that are rather recalcitrant under anoxclitions. Thus, in this respect studying
the ecology of biodegradation deserves continuegsiiigation efforts.

Only a few hydrocarbon-degrading chlorate-redudagteria have been enriched and isolated

up to now. Considering the enormous potential @fr)ghlorate-reducing bacteria, there is a
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need to enrich and isolate (per)chlorate-reducaxgdria over a broader range of hydrocarbons
and a wider range of environmental conditions (pémperature, salt concentration). In
addition, most of the known (per)chlorate reduderge been isolated on simple substrates like
fatty acids. So further screening of these bactiemahydrocarbon degradation is suggested.
The bacteria listed in Table 6 of the introductishich have putative chlorite dismutase and
putative nitrate reductase genes should be screfemettheir (per)chlorate-reducing ability.
Similarly metagenome analysis may shed light ondbeurrence and distribution of genes
linked to the oxygenase-dependent breakdown oflaieeent compounds and to (per)chlorate

reduction. This may also provide insight into thedegradation potential of polluted soils.
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Summary

Aliphatic and aromatic hydrocarbons are two groopscompounds that are widespread
pollutants. The aerobic microbial degradation oipletic and aromatic hydrocarbons
proceeds in general fast and has been widely stueibile the biodegradation in anoxic
environments is often incomplete, proceeds at lovaes and is less characterized. The
different techniques for the introduction of oxygenanoxic zones are economically not
attractive and have severe limitations. A promissotution for this could be to make use of
the reduction of chlorate. Chlorate reduction isimgue process which yields molecular
oxygen upon microbial reduction. This can be ofcpecal significance, since the oxygen
released can be incorporated inside the anaerbbrealalcitrant compounds by oxygenases
to form hydroxylated derivatives which can be fertldegraded easily either aerobically or
anaerobically.

We have found thaPseudomonas chloritidismutans AW-1T, which is a known chlorate-
reducing bacterium, can combine the oxidation-afkanes and the reduction of chlorate. The
bacterium was able to grow oralkanes with oxygen and chlorate, but not withaté. The
bacterium was able to grow with the intermediatéshe aerobic pathway. The specific
growth rates were almost equal on chlorate and @xydience we suggest that oxygen
released during chlorate reduction is used via laana oxygenase to degradealkanes.
Chlorite dismutase is the key enzyme which splitsrite into chloride and oxygen. We have
isolated the chlorite dismutase feseudomonas chloritidismutans AW-1". By using'*O
labelled water, we demonstrated that both oxygemstin dioxygen are derived form the
chlorite molecule and not from the water. High camtcations of chlorite resulted in the
disappearance of the Soret peak and loss of agtaliowing the toxic effect of chlorite for
the enzyme. The activity of the enzyme was drd$ticacreased by kosmotropic salts and
decreased by chaotropic salts.

Pseudomonas chloritidismutans AW-1" was also able to grow on benzoate with oxygen and
chlorate but not with nitrate, demonstrating the wé the oxygenase mediated pathway.
Catechol has been detected as an intermediatbefurbnfirming this hypothesis. Cell free
extracts of bacteria grown on benzoate and chlosht®ved chlorate reductase, chlorite
dismutase, benzoate-1,2-dioxygenase and catechalidxygenase activity. By differential
proteomic analysis we found that the proteins imedl in benzoate degradation were
exclusively present in benzoate grown cells. SiryiJaproteins involved in the catechol

degradation were also only present in benzoate mmNs.
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Pseudomonas chloritidismutans AW-1" was sequenced via 454 life science technology and a
whole proteome analysis was done under 5 diffegemvth conditions i.e. with acetate and
decane as electron donors and chlorate, oxygen nanate as electron acceptors. By
comparing the alkane-grown cells (both with oxygem with chlorate) with the acetate-
grown cells (with oxygen and with chlorate), we weable to identify an alkane-1-
monoxygenase responsible for growth with alkandse €xclusive presence of alkane-1-
monoxygenase and the up-regulation of chlorateatade and chlorite dismutase show that
oxygen released during chlorate reduction is usedhb alkane oxygenase, resulting in a
hydroxylation of the alkane to an alcohol. We alsand other enzymes involved in the
pathway i.e. alcohol dehydrogenases, aldehyde dehgdases and enzymes of the beta-
oxidation either induced or up-regulated when gronralkanes.

By comparing the enzyme activities with the diffeifal expression of proteins of cells grown
with oxygen, chlorate and nitrate we found thatadb level of chlorate reductase and chlorite
dismutase is always expressed, but these enzymegpaegulated when grown with chlorate
and down-regulated when grown with oxygen. Apaotrfra chlorate reductase there is a
separate nitrate reductaseRnchloritidismutans. We also found up-regulation of cytochrome
cbb3 oxidase during growth on chlorate as compared witygen or nitrate. This shows an
adaptation of the bacterium to low oxygen conceioina created during chlorate reduction. A
bioinformatics analysis of chlorate reductase slibthe similarity of all of its subunits with
the subunits of chlorate reductaselddonella dechloratans. Due to the presence of a twin
arginine motif, the presence of a signal peptideaagamma subunit and the detection of a
periplasmic cytochrome responsible for donating electrons to chlorateicéase, we suggest
a periplasmic localization of the chlorate reduetd3ur findings suggest that oxygen released
during chlorate reduction can be used to degradeattaerobically recalcitrant compounds

and chlorate reduction has a very high potentiabforemediation of anoxic soils.
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Alifatische en aromatische koolwaterstoffen komejawerspreid als verontreinigingen voor. De
aérobe microbiéle afbraak van alifatische en armtlad koolwaterstoffen verloopt in algemeen
snel, terwijl de biologische afbraak in anaérobtems vaak langzaam en onvolledig is. Van de
anaérobe afbraak is minder bekend dan van de aéfilvaak. Er bestaan verschillende
technieken om zuurstof in anaérobe bodems in tegere teneinde microbiéle afbraak te
stimuleren. Deze technieken zijn echter economiselh aantrekkelijk en hebben veelal ook
technische beperkingen. Een veelbelovende oplossiog dit probleem is het gebruik van
chloraat. De microbiéle omzetting van chloraateis eniek proces omdat er moleculaire zuurstof
vrij gemaakt wordt. Dit kan de afbraak van koolwsteffen versnellen, aangezien de
vrijgekomen zuurstof via oxygenases ingebouwd kawden in organische moleculen. De
gevormde gehydroxyleerde verbindingen zijn dan ererdakkelijk afbreekbaar, zowel aéroob
als anaéroob. Wij hebben ontdekt Batudomonas chloritidismutans stam AW-1, een chloraat-
reducerende bacterie die in ons laboratorium ge#sdlis, de oxidatie van n-alkanen kan
koppelen aan de reductie van chloraat. De backaneopn-alkanen met zuurstof en chloraat,
maar niet met nitraat, groeien en blijkt dit met idéermediairen van de bekende aérobe
afbraakroute van n-alkanen te kunnen. De gemgtecifieke groeisnelheden met chloraat en
zuurstof waren ongeveer gelijk. Op grond daarvanckamleren wij dat zuurstof die tijdens
chloraatreductie vrijkomt via een alkaan oxygenasedt gebruikt om n-alkanen af te breken.
Chorietdismutase is het enzym dat chloriet omzethtoride en zuurstof. Wij hebben het
chlorietdismutase vaR. chloritidismutans stam AW-1 geisoleerd en gekarakteriseerd. D¥or
water te gebruiken konden we aantonen dat beidestodatomen van het chloriet molecuul
omgezet worden naar zuurstof en dat niet één vamudestofatomen uit water afkomstig is,
zoals eerder aangenomen werd. Hoge concentrati@sethresulteerden in de verdwijning van
de Soret piek en het verlies van activiteit vandiorietdismutase. De activiteit van het enzym
werd aanzienlijk verhoogd met kosmotropische zowanwerd verlaagd met chaotropische
zouten.P. chloritidismutans stam AW-1 bleek ook op benzoaat met zuurstof doraat te
kunnen groeien, maar niet met nitraat. Dit doeia@aden dat ook benzoaat middels oxygenases
wordt afgebroken. De detectie van catechol alsnm€eiair bevestigt deze hypothese. In celvrije
extracten van bacterién die op benzoaat en chlgelatveekt waren kon een activiteit van
chloraatreductase, chlorietdismutase, benzoaati®@genase en catechol-1,2-dioxygenase
gemeten worden. Door gebruik te maken van diffégntproteoomanalyse kon aangetoond

worden dat enzymen die voor benzoaat- en catedtak nodig zijn, alleen in benzoaat-
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Samenvatting

gekweekte cellen aanwezig waren en niet in acetkaigekte cellen Op dezelfde manier werd
het alkaanmetabolisme vah chloritidismutans stam AW-1 nader onderzocht. Cellen werden
onder vijf verschillende condities gekweekt, najketet acetaat en decaan als elektronendonor
en met chloraat, zuurstof en nitraat als elektraneaptor. Door alkaangekweekte cellen (zowel
met zuurstof als met chloraat) met acetaatgekweeddten (met zuurstof en met chloraat) te
vergelijken, konden wij een alkaan-1-monoxygendsatificeren als enzym dat betrokken is bij
groei met alkanen. De aanwezigheid van alkaan-lexyaenase en van chloraatreductase en
chlorietdismutase tonen aan dat de zuurstof dierig chloraatreductie vrijkomt, door alkaan-1-
oxygenase wordt gebruikt. Andere enzymen die bk&wolkijn bij de afbraak van alkanen, zoals
alcoholdehydrogenases, aldehydedehydrogenases zgmem die verantwoordelijk zijn voor
béta-oxidatie zijn eveneens gevonden De bevindingen de differentiéle proteoomanalyse
konden bevestigd worden middels enzymactiviteiterlgenh. We vonden tevens dat behalve
chloraatreductase er ook een apart nitraatreductdsehloritidismutans aanwezig is, en dat het
cytochroom cbb3 oxydase belangrijk is bij groei rolelioraat. Dit cytochroom cbb3 oxidase is
karakteristiek voor groei bij lage zuurstofspannimdt duidt erop dat de bacterie tijdens
chloraatreductie onder condities van lage zuurstafentraties groeit. Uit bioinformatica-
analyse bleek dat de oriéntatie van genen, dieolkletn zijn bij chloraatreductie, gelijkenis
vertoont met die vahdeonella dechloratans. De aanwezigheid van een twin-arginine motief in
de gamma-subeenheid van chloraatreductase en elgidetan een periplasmatisch cytochroom
c duidt op een periplasmatische lokalisatie vanoraatreductase. De bevindingen in dit
proefschrift tonen aan dat zuurstof die tijdensodmtreductie vrijikomt bij bioremediatie,
gebruikt kan worden om verbindingen die onder avtzéicondities recalcitrant zijn versneld af

te breken zijn door chloraat toe te dienen.
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