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Abstract

Rhodococcus opacus HL PM-1 utilises 2,4,6-trinitrophenol (TNP) and 2,4-dinitrophenol
(DNP) as a sole carbon, nitrogen and energy source. The TN&bohetenzymes are
encoded by thepd gene cluster. The initial attack on TNP is two hydrogenagaations,
which are catalysed by hydride transferase | (encodedpt®) and hydride transferase I
(encoded bypdl) and the NADPH-dependenitreductase (encoded bpdG).

In this work, three open reading framesfAl, orfA2 and npdR were of interestDatabase
searches with the deduced amino acid sequencesnfidR) orfAl andorfA2 suggested that
npdR may encode for a transcriptional regulator of the IcIR fanaihdorfAl andorfA2 may
encode for two components of a signal transduction proteinnfdie gene was expressed in
E. cali, the protein was purified and shown to bind to intergenic regions betwiehand
orfB, and betweenpdH andnpdl. DNP, TNP, 2-chloro-4,6-dinitrophenol, and 2-methyl-4,6-
dinitrophenol induced the expressionrgidl and npdC by reducing the binding affinity of
NpdR to the DNA-binding regions. Both intergenic regions were clonetreaps of a
reporter genexylE), causing the expression @fiIE. Hence, both intergenic regions contain
promoters. Two direct repeats were identified immediately doeenst of the two promoter
regions. Gel retardation assays with one of the direct edsstiveenorfAl and orfB
demonstrated that it was the binding site for NpdR. The sequendes t¥d direct repeats
were 82 % identical, suggesting that the second direct repgatempdH andnpdl may be

a second binding site for NpdR. This coincided with gel retardation assaygb, sttowed that
NpdR might bind to two sites in each intergenic region. A deletioramdor npdR in R.
opacus HL PM-1 was constructed, in which an internal partnpfR was deleted. The
expression ofnpdC and npdl were induced by DNP in the wild-type strain, but were
constitutive in the mutant. Hence, NpdR is a repressor involved indE§RdationIn vivo
deletion mutants foorfAl or orfA2 were also constructed, in which the entréAl or a part
of orfA2 was deleted. IbrfAl andorfA2 encode for transcriptional regulators involved in
TNP degradation, an effect on expression ofripeegenes or on the growth with TNP would
be expected in the mutants. However, there was no change inptlessan ohpdC or npdi

in both mutant strains. Resting cells of the deletion mutantxrfAl or orfA2 with TNP as a
substrate did not show any difference in TNP conversion compared teilthgpe cells.
Further growth rate of the mutants on TNP as nitrogen source sasialilar to that of the
wild-type strain. In order to eliminate the possibility of assetcopy oforfAl or orfA2 with



full activity in strain HL PM-1, the location afpd genes was determineapdC, npdl, npdR,
orfAl andorfA2 were localised on the chromosomal DNA in strain HL PM-1. Hybritisa
analysis of total DNA from strain HL PM-1 withpdR, orfAl or orfA2 probes revealed that
these genes are present as a single copy in the strain. lddAdeandorfA2 seem not to be
involved in TNP degradation. To conclude, it was shown that NpdR iprassor of TNP
degradation, that two promoter regions are present ingthgene cluster, and thatfAl and

orfA2 are not involved in metabolism of TNP as nitrogen source.



Zusammenfassung

Rhodococcus opacus HL PM-1 verwendet 2,4,6-Trinitrophenol (TNP) und 2,4-Dinitrophenol
(DNP) als einzige Kohlenstoff-, Stickstoff- und Energiequelle. TN abbauenden Enzyme
werden von dem npd-Gencluster kodiert. Der TNP-Abbau beginnt mit zwei
Hydrierungsreaktionen. Diese werden von der Hydridtransfergkediert vonnpdC), der
Hydridtransferase Il (kodiert vompdl) und der NADPH-abhangigen s Reduktase (kodiert
von npdG) katalysiert.

In dieser Arbeit wurden drei offene LeserahmeriAl, orfA2 und npdR untersucht.
Datenbankvergleiche der Aminosauresequenzen deuteten darauf mpdRsfir einen
Regulator der IclR-Familie kodiert undorfAl und orfA2 wahrscheinlich fir
Signaltransduktionsproteine kodieren. DagpdR Gen wurde in Escherichia coli
Uberexprimiert und das Protein aufgereinigt. Es wurde gezeigtNga® an die DNA in den
intervenierenden Regionen zwischerdAl und orfB und zwischempdH and npdl bindet.
DNP, TNP, 2-Chlor-4,6-dinitrophenol und 2-Methyl-4,6-dinitrophenol induzierten die
Expression vompdC und npdl indem sie die Affinitat von NpdR zu den oben genannten
DNA Regionen herabsetzten. Beide DNA Bereiche wurden vor ein Regen XylE)
kloniert und fuhrten zur Expression veylE. Demnach enthalten beide Bereiche Promotoren.
Zwei sich wiederholende Sequenzen (,direct repeats”) folgen welbatt auf die zwei
Promotorbereiche. Gelretentionsanalysen mit einem der beiden ,deeeats“ zwischen
orfAl und orfB zeigten, dass dieses die Bindungsstelle fir NpdR ist. Die
Wiederholungssequenzen waren zu 82% identisch, was darauf hindeutets da$sbei dem
zweiten Bereich ebenfalls um eine Bindungsstelle von NpdR hakdeirte. Es wurde durch
Gelretentiosnanalysen bestatigt, dass NpdR jeweils an zwellerSt der beiden
intervenierenden Regionen binden kann. Es wurde eine Deletionsmutante konstdém
eine innere Teilsequenz vopdR in R. opacus HL PM-1 deletiert wurde. Im Wildtypstamm
wurde die Expression vampdC undnpdl durch DNP induziert, hingegen war die Expression
in der Deletionsmutante konstitutiv. Folglich ist NpdR ein Repressar,am TNP Abbau
beteiligt ist. Es wurden auch Deletionsmutanten adAl undorfA2 hergestellt. Dabei wurde
der gesamteorfAl oder ein Teil vonorfA2 deletiert. WennorfAl und orfA2 als
Transkriptionsregulatoren am TNP Abbau beteiligt sind, dann shété&xpression dempd
Gene oder Wachstum auf TNP in den Mutanten beeintrachtigt seine Kiar beiden
Deletionsmutanten zeigte eine veranderte Expressiompd@ oder npdl. Ruhezellen der



Deletionsmutanten mit TNP als Substrat unterschieden sich nichiNR Abbau von
Wildtypzellen. Auch die Wachstumsraten der Mutanten auf TNP alks8&iffquelle waren
ahnlich zu denen des Wildtyps. Um die Mdglichkeit einer weitatgiven Kopie vororfAl

und orfA2 im Stamm HL PM-1 auszuschlie3en, wurden mpd Gene lokalisiert. Es zeigte
sich, dasspdC, npdl, npdR, orfAl undorfA2 sich auf der chromosomalen DNA des Stamms
HL PM-1 befinden. Hybridisierung von der gesamten DNA vom StammPiL-1 mit
Sonden gegenpdR, orfAl oderorfA2 zeigten, dass diese Gene nur als einfache Kopie in
diesem Stamm vorliegen. Folglich scheir@fAl und orfA2 nicht am TNP Abbau beteiligt

zu sein. Zusammenfassend lasst sich sagen, dass NpdR ein &efireden TNP Abbau ist,
dass zwei Promotorregionen inpd Gencluster vorhanden sind und, das\1 und orfA2

nicht am Stoffwechsel von TNP als Stickstoffquelle beteiligt sind.



1. Introduction

1.1. DNP and TNP in the environment

2,4,6-trinitrophenol (TNP or picric acid) and 2,4-dinitrophenol (DNP) arepartmatic
compounds not identified in the natural environment. They are synthdsis@udustrial
purposes. TNP was formerly used in the textile industry foindywool, silk and leather. It is
the oldest nitro dye first found by Woulfle in 1771 (Elvers etl#8191). TNP is used for the
production of 2-amino-4,6-dinitrophenol (picramic acid), which is feeddtmrcthe synthesis
of azo dyes (Russ et al., 2000). In analytical chemistry, TNisesl as a test reagent to

identify alkaloids, cardenolids and creatinine (Falbe et al., 1999).

TNP was produced intensively for use as an explosive during Wortd.\Wawadays, it is
no longer employed as a high explosive (Elvers et al., 1991). Howewerto its use for
many years there are many places heavily contaminatdd piagric acid, especially the

military sites where explosives were manufactured during the&btury (Spain et al., 2000).

Dinitrophenols exhibit a wide range of biocidal activity and wéhnerefore used as
insecticides, herbicides, and fungicides. However, dinitrophenol inslagi@re no longer
used due to their toxicity to plants, insects, animals and humansrgEdveal., 1991).

Nevertheless, DNP is used for manufacturing of dyes still today (Russ et al., 2000)

Today, one of the main sources of dinitrophenols and picric acid in irdwestluents is the
production of nitrobenzene from benzene. During the process, 0.1 % benzene caossgsned

up as dinitrophenols and picric acid (Russ et al., 2000).

There are several mechanisms that contribute to the toxicitgionic acid. It causes
irritations, burns and allergies upon external contact. When ingestéd, taxicity is due to
acidosis. Chronic exposure may cause damage to red blood cells,ivéigdaeys (Wyman
et al. 1992). DNP is much more toxic than TNP. Long-term exposuBNt® can cause
damages of skin, eyes, bone marrow, and nervous system. The aatitg toxnes from the
uncoupling effect of DNP. Being a weak acid, DNP can cross tingbnage in its protonated
form, acting as an Hcarrier, dissipating the electrochemical gradient acrosscétie
membrane and thus uncoupling the oxidative phosphorylation pathway without blocking

oxygen consumption (Russ et al., 2000).



The stability, persistence and toxicity that make DNP and Val@able to industry render
them hazardous when released into the environment. The combination efetten-
withdrawing character of nitro groups and the stability of @ahematic ring makes them
extremely stable and resistant to oxidative attack. Due to tinaaity described above and
due to their recalcitrance, it is necessary to establish tabkuiremediation strategy for
removing them from polluted water and contaminated sites. A caesttie# and

environmental sustainable strategy is clean up of nitrophenols by microorganism

1.2. DNP and TNP degradation by bacteria

Microbial degradation of nitroaromatic compounds has been studiedim@nsively during
the past 10 years because of the growing awareness of environmamtznination by

pesticides, synthetic intermediates, and explosives.

Photochemical degradation of different nitrophenols, including DNP and was>described
recently (Prousek et al., 1996phodobacter capsulatus transforms DNP to 2-amino-4-
nitrophenol in a light dependent reaction under anaerobic conditions. Furtaenin@-4-
nitrophenol can be degraded only in the presence of light, oxygen, atidradiarbon and
nitrogene sources (Blasco et al., 1992; Witte et al., 1998).

As mentioned before, the oxidative attack on the aromatic ring & ®NDNP is not
possible. Hence, TNP and DNP undergo ring reduction by enzynyaticlé transfer. Some
bacteria of the genegodococcus andNocardioides grow aerobically on TNP and/or DNP
as a sole nitrogen and/or carbon and energy source (Lenke et al;, 1992f; Rajan et al.,
1996; Blasco et al., 1999; Behrend et al., 1999; Rieger et al., 1999). Rettentlggradation
pathways of TNP and DNP as well as the metabolic enzymes e identified and
characterised intensively iRhodococcus opacus HL PM-1 andNocardioides simplex FJ2-
1A. Both strains are able to grow on DNP and TNP as a sotgeit, carbon and energy
source (Rajan et al., 1996; Rieger et al., 1999).

The first step of TNP reduction in both strains is a hydrogemataction, forming the
hydride Meisenheimer complex of TNP {HNP) (Lenke et al., 1992b; Rieger et al., 1999;
Ebert, 2001a). This reaction is catalysed by the hydride trassfér (HTII) which transfers a
hydride ion from reducedbp to the aromatic ring of TNP, generating NP (Ebert et al.
1999; Heiss et al., 2002; 2003) (Fig.1).



The second step of TNP reduction is also a hydrogenation reduéibnanverts HTNP to

the dihydride Meisenheimer complex (ZFNP) (Lenke et al., 1992b). N. simplex FJ2-1A,

the HTII also catalyses this reaction (Ebert et al., 2001fz¢reas the HTIl oR. opacus HL
PM-1 has insignificant activity for HTNP. Instead, a second hydride transferase (HTI)
subsequently transfers a hydride ion teTMNIP, to produce the ZHFNP (Heiss et al., 2002).
All hydrogenation reactions require the activity of an NADRHpehdent ko reductase
(NDFR), for shuttling the hydride ions from NADPH ta.§(Ebert et al., 1999; Russ et al.,
2000; Heiss et al., 2002; 2003) (Fig.1). These enzymes are encodednpgt gemes (Fig.2).
The npdl encodes for HTII, theypdG encodes the NDFR, and timedC encodes the HTI
(Heiss et al., 2002).

2H-TNP is not a dead-end product as previously believed (Lenke et al., 189@is)further
degraded productively. Under alkaline condition (pH 8),-PNP exists as a double charge
anion, the so-calledci-nitro form. This structure is converted to the tautomericrfibrm
spontaneously by a proton shift tautomerisation. Tautomerisation bethead-nitro and
the nitro form is catalysed by a tautomerase that encodegdbl The tautomerase catalyses
the conversion of the nitro forro the aci-nitro form, which is the substrate for the next
enzyme in the pathway (Fig.1) (Hofmann, 2003). Recently, the nitit@ating enzyme
was purified fromN. simplex FJ2-1A. The enzyme releases nitrite only from abienitro
form of 2H-TNP (not from the nitro form), forming hydride Meisenheimer compieDNP
(H-DNP). This finding supports the function of NpdH in the TNP degradatiog.1(Fi
(Hofmann, 2003).

H-DNP is where the TNP and DNP pathways converge. DNP is alseexed to the H
DNP in a hydrogenation reaction catalysed by the HTII and negjtine activity of NDFR
(Hofmann, 2003). The FDNP is further hydogenated to the dihydride complex of DNP-(2H
DNP). This reaction is catalysed by the HTI from strain PM-1 and also requires NDFR,
coenzyme Ipo and NADPH. Under physiological condition, 2BINP is subsequently
protonated, producing 2,4-dinitrocyclohexanone (2,4-DNCH). A hydrolase @uufiiom N.
simplex FJ2-1A) cleaves 2,4-DNCH, generating 4,6-dinitrohexanoate (4,6-DHN)1jFig
(Hofmann, 2003). The sequence of the N-terminal amino acid of the hselmelaeals 78 %
sequence identities to the productoofF in R. opacus HL PM-1, suggesting thairfF may
encode for a related hydrolase. Herw#; has been namegdF (Fig.2).



Although, the subsequent conversion of 4,6-DHN is still unknown, experiments arside

extracts ofR. opacus HL PM-1 suggests that 4,6-DHN is converted to aliphatic preduct

undetectable by HPLC (Hofmann, 2003). It is possible that the twogritkgs are cleaved

from 4,6-DHN, with the resulting carboxylic acid being the substriteshe tricarboxylic

acid cycle.
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1.3. Gene regulation of nitroarene degradation

Despite the rise in number of studies on biodegradation of nitroaromatic compoundsywonly fe
investigations have been reported on the molecular biology ofdigna pathways such as
those of nitrobenzene, 2- and 4-nitrotoluene, 2,4-dinitrotoluenep-ammbophenol (Suen et

al., 1993; Parales et al., 1996; Zylstra et al., 2000; Park et al., 20@hesi et al., 2001;
Lessner et al., 2003). Study on regulatory mechanisms of those degradatiois gemeat its

very beginning, and very little has been reported on DNP or TNP degradation.

Not much on regulation of nitrobenzene and nitrotoluene degradation has beésdregrwt
only a few bacteria have been studi€bmamonas sp. strain JS765 is able to utilise
nitrobenzene as the sole source of carbon and nitrégafovorax sp. strain JS42 utilises 2-
nitrotoluene as a nitrogen and carbon source. Strain JS765 and JS42 ipessess LysR-
type regulators, NbzR and NtdR respectively. NtdR is an activatjuired for the induction

of 2-nitrotoluene dioxygenase by nitrobenzene, 2-, 3-, and 4-nitrotoluenearij4 2,6-
dinitrotoluene and aminodinitrotoluene, as well as salicylate and aitétea The expression
of the nitrobenzene dioxygenase in JS765 is also inducible by the abewgomed
compounds. This finding, together with the similarity in the nuclectetpience ofbzR and
ntdR, suggests that the regulation mechanism of 2-nitrotoluene dioxygensisaiinJS42 is
similar to that of nitrobenzene dioxygenase in strain JS765.n&est al., 2003). Hence,
NbzR may also be an activator.

Another report describes NbzR frdP putida HS12 as a negative regulator also responding
to nitrobenzene as an effect®t. putida HS12 grows with nitrobenzene as sole source of
carbon and nitrogen through a partial reductive pathway where nitrobenzene isexbtove-
aminophenol. In this case NbzR is a repressor of the 2-aminophenohafark et al.,
2001). However, in both strair@mamonas sp. strain JS765 arfél putida HS12, it is still
unclear whether NbzR responds directly to nitrobenzene or not.

Burkholderia sp. strain DNT and. cepacia strain R34 oxidise 2,4-dinitrotoluene by a 2,4-
dinitrotoluene dioxygenase. The deduced amino acid sequence of the reguéstegntR
from strain DNT is 97 % identical to that of th&R (from strain JS42). In addition, timbz
andntd promoter regions are identical, and there are very fewrdiites in the sequence of
the nbz/ntd promoter region from that of thent gene cluster. Moreover, the sequence of the
regulators NtdR, NbzR, and DntR are 61 %, 61 %, and 62 % identidattoftthe activator
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NahR of naphthalene-degrading genes fienputida G7. The consensus binding sequence
for NahR was identified upstream olbz, ntd, dnt genes. These findings suggest that those
nitroarene-dioxygenase gene clusters may be controlled byilarsmechanism. This is in
line with the fact that all of the nitroarene dioxygenases idedtifo date fall within the
naphthalene dioxygenase family of Rieske nonheme iron oxygenase (@ibabn 2000;
Parales et al., 2000), and are similar to the naphthalene dioxygé&masdzastonia sp. U2
andP. putida G7 (Parales et al., 2000).

Only few studies have been carried out in determining the moleoatas of nitrophenols
degradation thus far. The genes fanitrophenol degradation frofRseudomonas sp. strain
ENV2030 are arranged in at least three operons with two regulgémgspnpR and pnpS
which belong to LysR-type regulators. PnpR and PnpS are shownuilateggnitrophenol
degradation positively. LysR DNA binding motifs are found in the sequaina® genes and
upstream ofpnpR and pnpS. This suggests that PnpR positively regulgiepA and pnpB,
while PnpS positively regulates thapDEC operon and the two regulators may also regulate

their own synthesis (Zylstra et al., 2000).

So far, there are a lot of speculations about the function and reguiai&chanism of
nitroarene regulators. Biochemical studies remain to be done intordepport the role of
the described regulators in nitroarene degradation. The regulateshamisms of
dinitrophenol and trinitrophenol degradation are almost completely lacKihg. work
described here is the first insight into gene regulation of dinitrophemaltrinitrophenol

metabolism.

1.4. Significance and aim of this work

As described in section 1.2, some bacteria are capable of utill$ily and DNP as a
nitrogen, carbon and energy source. However, often degradation ispietemeading to
accumulation of dead-end products. Understanding the regulation of TN&dakkgn may
help to clarify the problem and it is also an important step ribsvaeveloping a more

effective biological system for treatment of contaminated sites angef$.

R. opacus HL PM-1 was chosen for studying regulation of TNP degradatiothe following

reasons:
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Strain HL PM-1 is a typical representative of Gram positivadsa, which degrade DNP and
TNP by an initial reductive mechanism. On the other hand, the bidcdlepathway of
TNP/DNP degradation is best understood in this strain. The TNRd#mn gene cluster of
HL PM-1 was shown to contain two apparent transcriptional regulapoi® andorfA (see
Fig.2). Such genes are expected sincengitegenes are inducible by DNP (Walters et al.,
2001).

In order to understand more on regulation of TNP degradatiéh apacus HL PM-1, we
aimed to focus on determining whetimpdR andorfA are involved in TNP/DNP degradation
or not. To achieve this we planned to identify their function, and théanems by which
they regulate TNP/DNP degradation. Further, the regulatoryonggand the alternative
inducers that affect the degradative potential of the bactewanaksded to be determined.
Comparing the function ofpdR, orfA and the inducibility of the TNP/DNP degradation
pathway in different strains will help in understanding the dityeref the regulation
mechanism of TNP degradation in nature.

These studies would contribute in filling the gap of knowledge ialagign of nitroaromatic
compounds. They are also of use to Bi®dococcus scientific community, since more

insights are gained on genetic manipulatioRizddococcus.



13

2. Materials and methods

2.1. Bacteria and plasmids

The bacterial strains used in this study are listed in Thblhe plasmids used are listed in
Table 2.

Table 1.Bacteria used

Bacterial strain Relevant genotype and / or phenotype Reference or source
Escherichia coli F ®80dacz4M15 A(lacZYA-argF)U169  Gibco Life
DH5a deoR hsdR17(r", m") supE44 recAl endAl  Technologies,

thi-1 gyrA96 1- rel Al Eggenstein, BLR

Escherichia coli F ompT hsdS(rg",mg’) gal (Aclts857 indl Novagen,
BL21 (DES3) Sam7 nin5 lacUV5-T7 gene 1) Madison, USA
Escherichia coli thi pro hsdR hsdM™ recA res mod”™ RP4-2- Simon et all.
S17-1 (Tc::Mu)-(Km::Tn7) (1983)
Rhodococcus Inability to grow on TNP and DNP as soleDabbs and Sole
rhodochrous ATCC nitrogen source (1988)
12674

Rhodococcus opacus Ability to grow on TNP and DNP as sole Lenke and

HLPM-1 nitrogen source Knackmuss
(1992)

Rhodococcus opacus Derived fromRhodococcus opacus This work

ND1 HLPM-1. Deletion innpdR

Rhodococcus opacus Derived fromRhodococcus opacus This work

ND2 HLPM-1. Deletion inorfA2

Rhodococcus opacus Derived fromRhodococcus opacus This work

ND3 HLPM-1. Deletion oforfAl
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Table 2.Plasmids used

Plasmid

Relevant genotype and / or phenotype Reference or source

PAC28

Knd; phage T7 promoter; ColE1 ori; C

pBluescript Il SK (+) Amf P ColE1 ori

pET1la

pJOE814.2

pK4

pK18mobsacB

PNGAL

PNGA5

PNGAG6

PNGA7

PNGAS
PNGA9

PNGA20

Amfi phage T7ac promoter; ColE1 ori

Amp ColE1 ori;xylE reporter gene

Km'; P.c ColE1 ori;Rhodococcus ori

Contain oriT of pRP4; Sic

npdR inserted into th&ldel andBamH|
sites of pET11a

npdR inserted into th&ldel andBamH|
sites of pAC28

IGRI" inserted into th&coR| andBamH|
sites of pJOE814.2

IGRI" andxylE inserted into th&bal site
of pK4

xylE inserted into th&bal site of pK4
IGRIV’ inserted into th&coRI andKpnl
sites of pPNGA8

2.2 kbEcoRI-BamHI fragment
(containing 210 bp deletion impdR)
ligated intoEcoR| andBamHI sites of
pK18mobsacB

Kholod and Mustelin

terminal tag containing six polyhistidine (2001)

Gibco Life Technologies

Eggenstein, BRL
Novagen,

Madison, USA

J. Altenbuchner -
Unpublished

Hashimoto et al.
(1992)

Schafer et al.
(1994)

This work

This work

This work

This work

This work

This work

This work
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PNGA27

PNGA29

PNGA34

PNGA37

PNGA38

Intergenic region betweapdF-npdR This work
inserted into th&coRI andKpnl sites of
PNGAS8

2.2 kb fragment (containing 570 bp This work
deletion inorfAl) ligated intoSmal site of
pK18mobsacB

2.5 kbEcoRI-Sacl fragment (containing  This work
the 5’ end unknown sequenceanfA2)

ligated intoEcoR| andSacl sites of

pBluescript Il SK(+)

2.2 kb fragment (containing 1182 bp  This work
deletion inorfA2) ligated intoSmal site of
pK18mobsacB.

orfAl gene inserted inthidel andBamHI  This work
sites of pAC28.

IGRI': 157 bp, 3’ end region of the intergenic region betwedAl-orfB; IGRIV’: intergenic region

betweempdH-npd! plus the 3’ end ofipdH.

2.2. Media, buffers and solutions

2.2.1. Media

Minimal medium
(Dorn et al. 1974)

Phosphate buffer (pH 7.5)
NaHPO, x 2 H,O

KH.PO,

CaChbx 2 H,O

Sodium acetate

Salts solution without nitrogen source (100 x)
CaCbhx 2 H,0

MgSQO, x 7 HO

Fe(lll) — citrate x HO

7.12 g
1.36 g
0.45 mM
40 mM

05¢g
10 g
0.2¢
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SL6 solution 10 ml

Salt solution with nitrogen source (100 x)

MgSQO, x 7 H,O 4 g
Fe(ll)NH,4 — citrate x HO 02 g
(NH4)2SOy x 4 HO 20 ¢
After autoclaving add

SL6 solution 10 mi
Ca(NGy)2 x 4 H,O 0.01g

SL6 solution (Pfennig et al. 1966)

ZnClh 100 mg
MnCl; x 2 H,O 100 mg
HsBO;3 62 mg
CoChkx 6 H,O 190 mg
CuCh x 2 H,0O 17 mg
NiCl; x 6 HO 24 mg
NaMoOy x 2 H,O 36 mg
HCI (25 %) 1.3 ml

H20 1000 mi

Phosphate buffer, the salts solution and SL6 solution should be sepauvitehaed, then
mixed together.

Complex medium

LB (pH 7.5) Tryptone 109
(Luria et al. 1960) Yeast extract 5 ¢

NacCl 5 ¢

H.O to 1000 mi
SOB Tryptone 20 ¢

(Dower et al. 1988) Yeast extract 5 g
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NacCl 06 g
KCI 0.18 ¢
H20 to 995 ml
After autoclaving add
MgCl, (2 M) 5ml
SOC SOB plus
(Dower et al. 1988) Glucose (1 M) 20 ml

Table 3. Antibiotics and other medium components

Antibiotic Stock solution (mg/ml) Working concentration (pg/ml)
Ampicillin 100 in 50 % Ethanol 100
Kanamycin 30 or 80 in O 30 ( for recombinartt. coli)

80 (for recombinanRhodococcus)

Nalidixic acid 40 in HO 40
IPTG 23.8 in HO 238
X-Gal 20 in DMF 80

2.2.2. Buffers and solutions

Buffer H1 (pH 7.5) Maleic acid 0.1M
NaCl 0.15M
Adjust pH with solid NaOH

Buffer H2 blocking reagent 1 % (wiv)
in buffer H1
Buffer H3 (pH 9.5) Tris 0.1M

NaCl 0.1M



Denaturation solution

DNA loading buffer

Destaining solution

EC buffer

ES buffer

GMSA buffer
(5x)
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MgClz
Adjust pH with HCI

NaOH
NaCl

Xylencyanol
Bromphenolblue
Glycerol

EDTA pH 8.0

Methanol

Acetic acid

NaCl

EDTA

Tris/HCI (pH 7.6)
Brij 58
Deoxycholate
N-lauroylsarcosine

EDTA (pH 8)
N-lauroylsarcosine
Proteinase K

Tris/HCI pH 7.5 (1 M)

KCI (2 M)

Glycerol (87 %)

MnCl; (1 M)

Fish sperm DNA (10 mg/ml)

50 mM

0.5 M
15M

0.25 % (w/v)
0.25 % (w/v)
50 % (v/v)
05M

40 % (viv)
10 % (v/v)

1M

100 mM

6 mM

0.5 % (w/v)
0.2% (w/v)
0.5 % (w/v)

05M
1 % (wiv)
0.1 % (w/v)

250 pl
625 pl
1250 pl
5 ul

25 ul



His-tag loading buffer
(pH 8.0)

His-tag washing buffer 1
(pH 8.0)

His-tag washing buffer 2
(pH 8.0)

His-tag elution buffer
(pH 8.0)

Hybridisation solution
(Southern)

Lysis buffer
(pH 8.0)
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BSA (10 mg/ml)
H20

NaoHPO,
NaCl

Imidazole

NaoHPO,
NaCl

Imidazole

NaHPO,
NaCl

Imidazole

NaoHPO,
NaCl

Imidazole

SSC

Blocking reagent
Na-Lauroylsarcosine
SDS

Tris/HCI
EDTA
Saccharose

Lysozyme

125 pl
2730 pl

50 mM
300 mM
5mM

50 mM
300 mM
25 mM

50 mM
300 mM
50 mM

50 mM
300 mM
150 mM

5 X

1 % (w/v)
0.1% (w/v)
0.02 % (w/v)

50 mM

25 mM

10 % (wiv)
10 mg/ml



MOPS running buffer
(pH 7.0, 10 x)

Native-PAGE-Running buffer
(pH 8.3, 10 x)

NBT

Neutralisation solution

RNA-Loading buffer
(5x)

Salt solution

SDS- PAGE-Loading buffer
(5x)
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MOPS pH 7.0
Sodium acetate
EDTA pH 8.0

Adjust pH with NaOH

Tris/HCI pH 8.3
Acetic acid
EDTA

Nitroblue tetrazolium
in 70 % DMF

NaCl
Tris/HCI pH 7.4

Formamide

Formaldehyde (37 %)
MOPS (10 x)

Glycerol

Bromphenolblue (2.5 % wi/v)
DEPC treated (0

NacCl
Triton X-100

Tris/HCI pH 6.8
EDTA

SDS
B-Mercaptoethanol
Glycerol
Bromphenolblue

0.3M
50 mM
20 mM

04 M
1.14 % (v/v)
10 mM

75 mg/ml

15M
0.5M

250 pl
83 ul
50 pl
50 pl
10 pl
57 ul

0.9 % (w/v)
0.01% (v/v)

250 mM
10 mM

5 % (w/v)
5 % (v/v)
50 % (v/v)
0.005 % (w/v)



SDS-PAGE-Running buffer
(1 x)

Staining solution

SSC(pH 7.0)
(20 x)

TAE buffer (50 x)

TBE buffer

TE buffer (10:0.1)

TE buffer (10:1)

Transformation buffer
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Tris
Glycine
SDS

Methanol

Acetic acid

Coomassie Blue R

NaCl

Tri-sodium citrate
Adjust pH with HCI

Tris
Acetic acid
EDTA pH 8.0

Tris (pH 8)
Boric acid
EDTA

Tris/HCI pH 8.0
EDTA

Tris/HCI pH 8.0
EDTA

HEPES
CaCb
KCI

pH with KOH/HCI pH 6.7
After filter sterilisation add MnGl

25 mM
250 mM
0.1% (w/v)

40 % (v/Iv)
10 % (v/v)
0.25 % (w/v)

3M
0.3 M

2 M
5.7 % (vIv)
0.1M

45 mM
45 mM
1 mM

10 mM
0.1 mM

10 mM
1mM

10 mM
15 mM

250 mM

55 mM
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X-Phosphate 5-bromo-4-chloro-3-indolyl 5 mg/ml
(Southern) phosphate, toluidinium
in DMF
Washing buffer Buffer H1 plus
(Southern) Tween-20 0.3 % (v/iv)

2.3. Strain storage and culture condition
2.3.1. Strain storage

For short-term storage, the bacterial cultures were kept@tfdr two months. For long-term
storage, an overnight culture was harvested and resuspended in ifp@ish nhedium

supplemented with 50 % (v/v) glycerol and stored at’&.0

2.3.2. Culture condition

The Escherichia coli strains were cultured at 37C, 150 rpm (RFI-125, Infors AG,
Bottmingen, Switzerland) in LB medium. Ampicillin or kanamycin vaasled to maintain the
plasmids. The bacterial growth was controlled by measuringpltieal density at 600 nm
(ODeoo nm)- For gene expression, an overnight culturéotoli was subcultured in a larger
volume with 1 % inoculum and then incubated afB7 As the Oy nmreached 0.4-0.5, the
cells were induced with 1 mM IPTG for 4 h at 3G, 100 rpm (RC-406, Infors AG,
Bottmingen, Switzerland).

The Rhodococcus strains were cultured at 3€C, 100 rpm (RC-406, Infors AG, Bottmingen,
Switzerland) in LB or minimal medium with (NSO, or nitrophenol compounds as
nitrogen source. For induction, a 24 h-preculture was subcultured in avahgme with 1 %
inoculum. When Ok nmreached 0.4-0.5, 0.5 mM nitrophenol was added for 3 h. Plasmids
in Rhodococcus were selected for on kanamycin. Sensitivity to sucrose wasitestLB agar
plate supplemented with 10 % (w/v) sucrose.
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2.3.3. Resting cells

The strains were precultured in minimal medium with {NSIO, as nitrogen source for 24 h
at 30°C, 100 rpm (RC-406, Infors AG, Bottmingen, Switzerland) then subcultarad200

ml of the same medium to Qfnm= 1.2-1.5. The culture was induced with 0.5 mM inducer
for 3 h or without inducer. The cells were harvested by centnigugt 5000 rpm for 10 min
(Sigma 3K-1, Deisenhofen) and washed twice with 50 mMR®I/K,HPO, buffer, pH 7.5.
The cells were resuspended in the same buffer with agofd> 1.5-2.0 The cell suspensions
were exposed to TNP or DNP at 30 and incubated on a shaker, 150 rpm (Model G76, New
Brunswick Scientific, Edison, USA). The disappearance of the sudstatl the formation of
new metabolites were detected by HPLC, by taking samplesdeatant time intervals. The
samples were centrifuged at 14 000 rpm for 5 min (Eppendorf 5417C, Hambbey)
supernatants were analysed by HPLC.

2.4. Molecular genetic methods
2.4.1. Isolation of genomic DNA

For preparation of genomic DNA fromRhodococcus, the strain was cultured in 5 ml LB
medium overnight at 30C. The cells were then centrifuged at 5000 rpm for 10 min (Sigma
3K-1, Deisenhofen) and washed with 50 mM Tris/HCI pH 8.0. The pelletegaspended in
3 ml lysis buffer and the suspension was incubated overnight &C37The cells were
harvested by centrifuging. The supernatant was removed. Thewa#ieesuspended in 5 ml
of TE buffer supplemented with 100 pg/ml proteinase K and 300 pl of19D8 (w/v). The
suspension was further incubated for 2-4 hours aC3until it became clear. The lysate was
extracted twice with 5 ml of phenol, twice with 5 ml phenol/chlorofesaamylalcohol
(25:24:1) and once with 5 ml of chloroform plus isoamylalcohol (24:1). The Mg# then
precipitated using 0.7 volume of isopropanol with 0.1 volume of 3 M Na-acetdt5.4. The
DNA was collected by centrifuging at 14 000 rpm for 10 min (Eppersiti7C, Hamburg).
The DNA was washed once in 70 % ethanol (v/v) and 90 % ethanol (v/vpelleewas air
dried, resuspended in TE buffer (10:0.1) and stored@t 4
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2.4.2. Isolation of plasmid DNA

Plasmid isolation was accomplished using Micro Plasmid Pre@Akiersham Biosciences,
Buckinghamshire, UK). 1-1.5 ml of an overnight culture was centrifug@dmicrocentrifuge
(Eppendorf 5417C, Hamburg) at full speed for 1 min to pellet the cellssdpernatant was
removed by aspiration. The pellet was resuspended completely inl T6plution | with
vigorous vortexing. 150 ul of Solution Il was added and mixed by invettiegube 10-15
times. The bacterial suspension should begin to clear as dslblyaurs. 300 ul of Solution
Il was added and mixed by inverting the tube until the precipitageevenly dispersed. The
sample was centrifuged at full speed for 5 min at room temyeréd pellet the cell debris.
The supernatant was transferred to a prepared GFX column, inculoated rhin and
centrifuged at full speed for 30 s. The flow-through was discarded.|4fi0/ash buffer was
added to the column. The tube was then centrifuged at full speed fao 88mnsove the buffer
and dry the matrix. The column was transferred to a fresh db&@100 pl of TE (10:0.1)
was added directly on the top of the matrix. The sample was indubatel min then
centrifuged at full speed for 1 min to recover the purified pldsifine DNA was stored at -
20°C.

2.4.3. Isolation of RNA

For isolation of RNA fromRhodococcus, the strain was cultured in 10 ml of minimal medium
with (NH4)2SO, as nitrogen source at 3C until the OQoonmn = 0.4-0.5. Then 0.5 mM of
nitrophenol compound was added to the culture and induced for 2 h. 20 ml gir&Biet
bacteria reagent (Qiagen, Hildem)as mixed with the culture and incubated at room
temperature for 5 min. The cells were then centrifuged at 5000 rp@ifo4 10 min to pellet
the cells (Sigma 3K-1, Deisenhofen). The RNA was obtained by URBMeasy Mini Kit
(Qiagen, Hilden) with the slightly modified protocol of the suppliéhe cells were
resuspended in 100 pl of TE buffer supplemented with 2 mg lysozyme aftl (18v)
sucrose and incubated for 10 min. The suspension was vortexed witlhegass(0.25 mm)
for 20 min. 350 ul of RLT buffer was added to the sample and mixed thHoydog vortexing
vigorously. The sample was centrifuged in a microcentrifuge atimmum speed for 2 min
(Eppendorf 5417C, Hamburg). Only the supernatant was transferred éshatfibe. The
lysate was mixed thoroughly with 250 ul of ethanol by pipettiftg Jample was applied to a

RNeasy mini column placed in 2 ml collection tube. The tube wesedland centrifuged at
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10 000 rpm for 15 s. The flow-through was discarded. 350 pl of RW1 hwdferadded into
the column. Repeat the centrifuging and discarding. The column wtherf treated with
DNase [, 30 Kunitz units in 80 pl of RDD buffer (RNase-Free DNeete Qiagen, Hilden) for
15 min at room temperature. Another 350 pl of RW1 buffer was added tmltinan. The
sample was centrifuged again at the same condition. The spin colasnplaced in a new 2
ml collection tube. 500 pl of RPE buffer was pipetted into the columnsahmple was then
centrifuged. Repeat washing the column with 500 pl of RPE buffércantrifuge at full
speed for 2 min to dry the silica-gel membrane. The column wasgemnausto a new 1.5 ml
collection tube. The RNA was eluted by adding 30-50 pl of RNaseH@edirectly on the
silica-gel membrane and centrifuging at 10 000 rpm for 1 min. TH& Ras stored at -70

°C.

2.4.4. Determination of DNA/RNA concentration

The DNA/RNA concentration was determined by spectrophotomiyricaeasuring its
absorbance at 260 nm in 1 ml quartz cuvette. Absorbance reading at 2@@ulch f&ll
between 0.15 and 1.0 to be accurate. AgpAf 1 (with 1 cm detection path) corresponds to
50 ug DNA (double strands) or 40 pg RNA per ml water. Water was used as diluent.

Concentration of DNA/RNA (ug/ml) = 50 or 40 pug/mA,gox dilution factor

The ratio of the reading at 260 nm and 280 nmsdA2s0) provides an estimate of the purity

of the DNA/RNA with respect to contaminants that absorb UV, such as protein. Hoviéver, t
ratio is influenced by pH. For accurate values, 10 mM Tris/HCI pH 8.5 was used to dilute
DNA/RNA. If the DNA/RNA has the ratio AdA2g00f 1.8-2.0, it is considered pure enough.

2.4.5. Electrophoresis of nucleic acids
2.4.5.1. Agarose gel electrophoresis (Sharp et al. 1973)

Agarose gel electrophoresis was used to check the purity, detehmis&ze, separate DNA
fragments and recover the target DNA from a restriction tdge®r a PCR reaction. The
DNA was applied to a 0.7 -1.5 % (w/v) agarose gel. The agarose \tasl g boiling in 1 x
TAE buffer then cooled down to 5&. The melted agarose was supplemented with 0.5 pg/mi

ethidiumbromide and cast. 10 x loading buffer was diluted with the DNWtisn.
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Electrophoresis was carried out in 1 x TAE buffer at 10 V/cmgebiusing a Bio-Rad system
(Bio-Rad, Hercules California, USA). Following electrophoresis,DNA was visualised by
exposing the gel to an UV transilluminator (302 nm) and documented Wigeo (IDA
system, Raytest, StraubenhardtDNA digested withEcoR| and Hindlll, GeneRuler 1 kb
DNA Ladder, GeneRuler DNA Ladder Mix or GeneRuler 100 bp DNA Ladd&Bl

Fermentas, Leon-Rot) were used as standards.

2.4.5.2. Polyacrylamide gel electrophoresis

For gel mobility shift assay, the DNA and DNA-Protein complexege separated in a native
polyacrylamide gel with a vertical electrophoresis systaamfBio-Rad (Bio-Rad, Hercules
California, USA). The acrylamide concentration ranged from 8-1&vA$) with the ratio of
acrylamide to bisacrylamide 37.5:1. 10 ml of the gel solution contains 1 x TAE buffer, 8-15 %
acrylamide, 0.21-0.4 % bisacrylamide, 0.075 % APS, 12 ul TEMED. Befectrophoresis,

the electrophoresis chamber was filled also with 1 X TAE buffer the gel was prerun for
15-30 min at 70 V. The samples were loaded without adding the loadirey.bLife native
loading buffer was loaded separately in one well only to trazenigration distance. The gel
was electrophoresed at 20 mA for 1.5-2 h. After electrophoresis,NRevias visualised and
autoradiographed by using a phosphoimager Storm 860, Molecular Dyngkmessham

Biosciences, Buckinghamshire, UK) with the ImageQuaNT 5.2 software.

2.4.5.3. Formaldehyde gel for RNA separation

When working with RNA, all solutions and equipment have to be free os&NBuffers and
solutions except Tris buffer were treated with 0.1 % (v/v) diethyl pyrocarbavarnight and
autoclaved. The electrophoresis system was cleaned with edrah8|% (v/v) HO,. The gel
consisted of 1 % agarose, 1 x MOPS buffer, 2 % formaldehyde. @NAug) was mixed
with 2-3 volume of loading buffer, denatured at 85 for 10 min then chilled on ice to
eliminate the secondary structure of the RNA. Electrophoresspedormed in 1 x MOPS
buffer at 40 V overnight. 4-6 pg RNA marker from BioLabs wasdug¢Biolabs,
Hertfordshire, UK). The gel was stained with ethidiumbromide and hgsdawith a UV

transilluminator (IDA system, Raytest, Straubenhardt).
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2.4.5.4. Elution of DNA from agarose gel

DNA was recovered from agarose gel by using Easy Pur@Kitym, Oldendorf), following

exactly the instruction of the supplier.

2.4.5.5. Pulse field gel electrophoresis (PFGE)

To prepare genomic DNA for PFGE, bacteria were grown in LBiame overnight (Olyonm

= 10°). 20 ml of the culture was harvested. The pellet was washedliMthaCl, 10 mM
Tris/HCI (pH 7.6) and resuspended in 500 pl EC buffer. An equal volumeltdrli% (w/v)
InCert Agarose, prepared in EC buffer and maintained &C4%vas added to the cells and
mixed to yield a homogenous suspension but without introducing air bubblesuspension
was immediately pipetted in the 100 pl plug moulds and allowed thewmotan ice for 10
min. Solidified plugs were incubated at 3T, overnight in 1 ml of EC buffer, which
additionally contained 20 pg/ml RNase and 1 mg/ml lysozyme. Subggqube plugs were
incubated at 50C overnight in ES buffer contained 1 mg/ml proteinase K. Proteikagas
inactivated by treating the plugs twice with 1 ml of 1 mMmpHmethylsulfonyl in TE buffer
(10:1) at 37°C. The plugs were further incubated twice in TE buffer to remove
phenylmethylsulfonyl. Prepared plugs could be stored at leasiviowweeks at £4C. 2 mm
gel slices were cut out of the plugs and loaded on a comkh&rgeith the Bacteriophage
standard. The comb was then embedded into 14 x 14 cm of 1 % (w/v) agelroskich was
prepared in 0.5 x TBE buffer. Gels were run in a contour-clamped homogeleotrsc field
apparatus (CHEF Mapper, Biorad Laboratories. Richmond, USA) with pise of 45 s for
14 h, and 25 s for 6 h, at 210 V and 130 mA in 0.5 x TBE buffer. The gelssteemed with
ethidiumbromide for 20 min and visualised as described in section 2.4.5.1.

2.4.6. Phenol extraction of DNA

This technique is useful when protein or solute molecules need to bge@rtom aqueous
solution. An equal volume of phenol/chloroform/isoamylalcohol (25:24:1 v/iv/v)urextvas

added to the DNA solution. The mixture of DNA and solvent was vortexemouigly and

microcentrifuged for 15 s with maximum speed at room temperafhe top phase
containing DNA was carefully transferred to a new tube. The Bddlution was further
concentrated with ethanol or isopropanol to remove the residual orgawentsaeind for

reasons of convenience (see 2.4.7).
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2.4.7. Precipitation of DNA

The DNA solution can be concentrated with 100 % ethanol or isoprogd®6lvolume of
Na-acetate (3 M, pH 5.2) was added to the DNA solution. The mixtasevartexed briefly
and mixed with 2-2.5 volume (calculated after salt addition) of at&-t00 % ethanol. The
precipitation step was done in a -0 freezer for 15 min or in a - 2 freezer for at least 30
min. If isopropanol was used, only 0.7 volume of isopropanol was added to theemikie
DNA was then microcentrifuged for 5 min at maximum speed amdved the supernatant.
The DNA pellet was washed with 1 ml of room-temperature ethér@l% v/v) and
centrifuged as before. The DNA pellet was dried in a Speeslemorator, then dissolved in
an appropriate volume of water or TE buffer (10:0.1).

2.4.8. Enzymatic manipulations of DNA
2.4.8.1. Restriction enzyme digestion

DNA was digested with restriction endonucleases for restrietimyme analysis or cloning.
The enzymes were used according to the instructions of the suplipligeneral, 0.5-1.0 ug
DNA in a volume of 10-20 pl in 1 x reaction buffer was treatethv@ U enzyme and
incubated for 2 h at the optimal temperature. For genomic restraigestion, 10 g DNA in
100 pul reaction volume in 1 x buffer was treated with 20 U enzymenig¥rer The digested

products were analysed by electrophoresis.

2.4.8.2. Dephosphorylation of 5’ ends of DNA fragments with alkaline phosphatase

To dephosphorylate the 5 phosphate of the vector after enzymeiaigebie DNA was
precipitated with isopropanol and resuspended in 17 pl TE (10:0.1) plus (20%)
dephosphorylation buffer and 1 ul alkaline phosphatase (10U). The reaasqueviormed at
37°C for 1 h. Afterwards, the DNA was purified by phenol or gel extraction.

2.4.8.3. Phosphorylation of DNA termini with T4 polymerase kinase

1-20 pmol of DNA was mixed in a 20 pl volume with 2 pl (10 x) rescbuffer A, 20 pmol
ATP and 10 U T4 polymerase kinase. The reaction was incubagti’&t for 30 min. The

reaction was stopped by phenol extraction.
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2.4.8.4. Filling the 3’ recessed termini of DNA fragment with Klenow enzyme

For filling the 3’ recessed termini of the double strand DNA, 0.5-djugstricted DNA was
precipitated with isopropanol and resuspended in 15 pul TE (10:0.1) plus 2 ul (10 x) buffer, 0.2
mM dNTP mixed and 1 pl Klenow fragment (2U). The reaction veased out at 37C for

20 min and the enzyme was inactivated by heating &C#0r 10 min. The DNA was then

purified by phenol or gel extraction.

2.4.8.5. Creating blunt ends with T4 DNA polymerase

The reactions were carried out in a 20 pl reaction volume with (8 ) buffer, 100 uM
dNTP mixed and 1 U T4 DNA polymerase at °C1for 20 min. The reaction mixture was
inactivated by heating at 7GC for 10 min. The DNA was then purified by phenol or gel

extraction.

2.4.8.6. Ligation

The ligations were performed in a 20 pl reaction volume with ibatibn buffer at 16C

overnight. The insert DNA was used in an equal or up to 3 fold molaseatration over
vector DNA. For ligation of DNA with sticky ends, 1 U ligasaswsed. For the DNA with
blunt ends, the reaction was supplemented with 2 pul 50 % PEG 4000 and 2dUrgjaad of
1 U. The resulting ligation reaction mixture was heated &@%r 10 min to inactivate T4

DNA ligase and used directly for transformation.

2.4.8.7. Labeling DNA with Digoxigenin

For hybridisation of Southern blots, the DNA used as the probdalated using Random
Primed DNA Labeling Kit (Roche Molecular Biochemicals, Manntjeiln a polymerisation
reaction with Klenow-Fragment, the digoxigenin deoxyuridine triphospitagedUTP) will
be incorporated into the newly synthesised DNA strand. The prim&idapw enzyme was
a mixture of all the possible combination of hexanucleotides. The D& RCR or
restriction digestion was extracted from an agarose gel andpended in 15 pl water or TE
buffer 10:0.1. The DNA was denatured by boiling for 10 min and chillecktyuon ice. The

reactions were set up in following order:
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DNA (0.1-1 pg) 15 pl
Hexanucleotide mixture 2 ul
dNTP mixture 2 pl
Klenow- Fragment 1ul(2U)

The labeling reactions were incubated at@G7or at least 1 h and stopped by adding 2 pl of
0.2 M EDTA, pH 8.0. The labeled DNA can be used directly for hygatidin or after being
precipitated with ethanol and 2.5 pl 3 M LiCl at “T®for 30 min.

2.4.8.8. Labeling RNA with Digoxigenin

For Northern hybridisation, the RNA was labeled ibyvitro transcription using the Dig
Northern Starter Kit (Roche Molecular Biochemicals, Mannheim). dittesense DNA was
cloned into pBluescript Il SK (+) and linearised at a retsbrcsite downstream of the cloned
insert leaving 5’ overhang ends. The linearised DNA was thenguibfy phenol, chloroform
extraction, precipitated and resuspended in 10 pl water.ifh&tro transcription was
performed in 20 pl volume with 1 pg DNA, 4 pl labeling mix (contairiig-dUTP), 4 pl of

5 x transcription buffer and 2 pl RNA polymerase T7 or T3 &tClr 1 h. The reaction was
incubated with 20 U of DNAse at 37TC for 15 min to remove the template DNA. The
reaction was stopped by adding 2 pul EDTA (0.2 M, pH 8.0). The RNA prob&essiored at -
20°C.

2.4.9. Transfer DNA intoE. coli or Rhodococcus
2.4.9.1. Preparation ofE. coli competent cells (Inoue et al. 1990)

A single colony of thée. coli strain was cultured in 2 ml LB medium at 37 overnight. 2 ml
overnight culture was subcultured in 200 ml SOB medium at room tetapem 30°C until

the culture reached QB = 0.4-0.6. The cells were then cooled on ice for 10 min and
centrifuged at 5000 rpm, 4C for 10 min (Sigma 3K-1, Deisenhofen). The pellet was
resuspended in 80 ml ice-cold transformation buffer and placed on icEOfonin. The
suspension was centrifuged again under the same condition for 10 min. Térewadfthen
removed and changed with 20 ml of fresh transformation buffer supplednenth 7 %
DMSO. The suspension was cooled on ice for another 10 min and aliquoted 2Q0 pl in
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microcentrifuge tubes. The competent cells were used immediatelyozen in liquid

nitrogen and stored at -7C.

2.4.9.2. Transformation ofE. coli (Inoue et al. 1990)

The competent cells were thawed at room temperature and usediatetye 1-5 pl (10 pg-
10 ng) of plasmid was added to 100-200 pul competent cells and incubatedfon 18e30
min. The cells were then heat-pulsed without agitation &CAfr 30 s and transferred to ice
for 2 min. After 0.9 ml of SOC medium was added, the tube was incubgtesthaking
vigorously at 37C for 1 h. A desired portion of the culture was spread on a selextigieim

for the transformants.

2.4.9.3. Preparation ofE. coli competent cells for electroporation (Dower et al1988 )

A single colony of ark. coli strain was cultured overnight in 2 ml LB at 32, 150 rpm
(RFI-125, Infors AG, Bottmingen, Switzerland). 2 ml of the grown caltwas inoculated
into 200 ml LB and cultured under the same condition to ag,§>D0.4-0.6. The cells were
then chilled on ice for 10 min and centrifuged at 5000 rpiC 4or 10 min to remove the
supernatant. The cells were washed twice in 200 ml ice cold.Wattedirect use, an equal
volume to the cells pellet of water was added to the cells anedmThe suspension was
aliquoted to 100 pl of cells. For storage, 20 ml ice cold 10% (v/vieghavas added to the
cells and mixed well. The cells were precipitated as bdfgreentrifuging. An equal volume
to the cell pellet of ice cold 10 % (v/v) glycerol was used sospend the cells. An aliquot of
100 pl cells was placed into a prechilled microcentrifuge tube,rfromedry ice and stored at
-70°C.

2.4.9.4. Preparation ofRhodococcus competent cells for electroporation

Rhodococcus rhodochrous ATCC12674 was cultured in LB medium at 3C and the
protocol for preparation of electroporati@ncoli competent cells was followed (Hashimoto
et al.1992).

For otherRhodococcus strains, the cells were grown in LB medium supplemented with 10 %
(w/v) sucrose and 1 % (w/v) glycine at 30 on a rotating wheel (Mobiplex 44, Stdber) to

ODggo = 1-1.2. The cultures were stored af@ without further treatment, in which case
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transformation efficiency did not change significantly for twontins. Alternatively, the cells
were washed three times with the same volume of sterilerveatd finally resuspended in
water (see 2.4.9.3).

2.4.9.5. Transformation by electroporation

0.01-1 pg DNA was added to 100 pul of fresh or thawed competent rdllefaon ice for 15
min. The mixture was transferred to a prechilled 1 mm gap euvEte volume of the DNA
should be kept small. Adding up to one-tenth of the cell volume will dserdghe
transformation efficiency. The total salt concentration in theette was< 1 mM.
Electroporation was performed at 20 kV, 25 uF capacitanceQo0 E. coli and 400Q for
Rhodococcus. The cuvette was placed on ice for 10 min, 0.9 ml LB was addedamoaited
on a shaker at 37C for 1 h in the case d&. coli and 30°C for at least 3 h in the case of

Rhodococcus. The cells were plated on selective medium containing the relevant antibiotic

2.4.9.6. Conjugation by filter mating

For conjugal transfer of DNA fror&. coli to R. opacus HL PM-1, the recombinant plasmids
were transformed int&. coli S17.1. ThekE. coli strain was cultured overnight in 5 ml LB
medium supplemented with 30 pug/ml kanamyétnopacus HL PM-1 was cultured in 5 ml
LB medium for 24 h. Both cultures were harvested and washed witlcesalt solution by
centrifuging at 5000 rpm for 10 min. The pellets were then resuspend®0 ul fresh LB
medium each. The two strains were mixed in ratios of 1:2; 1:1in2a1200 pl volume. The
mixtures were pipetted on filters (25 mm diameter, Sartoriuagepl on LB agar plates for 2
days at 30°C. The membranes were washed with salt solution and the suspensi@ns w
spread onto LB medium containing 80 pg/ml kanamycin plus 20 pg/ml nalidixicosssadietct

for transconjugants.

2.4.10. Gel mobility shift assay (GMSA)

The DNA-binding assay uses nondenaturing polyacrylamide gelagbciresis for detecting
sequence-specific DNA-binding proteins. Protein that binds spegffitallan end-labeled
DNA fragment retards the mobility of the fragment during tetexhoresis, comparing to the
free DNA. The DNA was labeled with fluorescent Cy5 by usaigeled primers for PCR The

DNA binding reactions were performed in a 10 pl volume consistirlg» GMSA buffer,
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0.001-10 mM DNP, 1-5 ng of labelled DNA fragment, cell extract comtgiheterologously
expressed NpdR (100-300 ng protein) or His-tag purified NpdR (50-200 hg)rekction
mixtures were subject to electrophoresis and the labeled DNAe detected with a
Phosphoimager (Storm 860, Molecular Dynamics, Amersham BioscjeéBuelsnghamshire,
UK) and the ImageQuaNT 5.2 software.

2.4.11. Polymerase chain reaction (PCR)

PCR was performed in a T Gradien Thermocycler 96 (BiometraH;1@6ttingen). Reaction
mixtures of 25 pl contained plasmid DNA (10 ng) or genomic DNA (100 hg)reaction
buffer, 25 pmol of each primer, 1.5 mM MgC4 % (v/v) DMSO, 0.2 mM of each dNTP and
0.5-1 U Tag polymerase. The reactions performed with Pwo polymerts@roof reading
activity were as above, except that 1.5 U of enzyme and 2.0 mpS®gvere used. The
PCR was started with 3-4 min at 9@ to denature the DNA template and continued with 25-
30 cycles. Each cycle consisted of 30s at@4lenaturation, 30 s at annealing temperature for
the primers to hybridise to the target sequence and a exietirsie for polymerisation at 72
°C. The annealing temperature is °XD lower than the calculated melting temperature of the
primers (Tm).

Tm =[4°C xX (G+C) +[2°C x X (A+T)]

The extension time is 1 min for 1 kb DNA. The longer the DNATfrant, the longer is the

extension time needed. Finally, the PCR was completed with 5-10t m2f@& to ensure that

all the PCR products were full lengths.

All primes used in this study are listed in Table 4. They vwemrehased from Eurogentec
(Seraing, Belgium) and MWG Biotech (Ebersberg).

Table 4.0Oligonucleotides used in this study

Number Oligo name Nucleotide sequenceCloning Coding sequence
53 site
1 Val-npdR-for CGACATATGCCCGCCATC Ndel npdR gene
TCGCGC
2 Bam-npdR-rev ~ CGCGGATCCTCAGCCGCG BamHI npdR gene

CCCGGCGCCGAG
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10

11

12

13

14

15

16

17

18

GMSA1-for

GMSA1l-rev

GMSA2-for

GMSA2-rev

GMSA3-for

GMSA3-rev

GMSA4-for

GMSA4-rev

EcoRI-P1

BamHI-P1

EcoRI-P2-for

Kpnl-P2-rev

EcoRI-KO

Kpnl 1-rev

BamHI-KO

Kpnl 2-for

CYS-TTGCTGCGCGCC No
CGCCATTTCC
CY5-CACAAGCTCCGT No
TCACTA

CYS5-TGACAGCATTCG No
CACGAC

CY5-CAGCTGCTCGCT No
GGATTG
CY5-CCGAGCCCCCGA No
TTTCA

CY5-GTCTGTCTCCTA No
CACATTG

CY5-GCACCGAGAGC No
GACGGGCCGC
CY5-CGAACTTCTCTT No
CATGATGTTGAAC

CGGAATTCCTTTCGTTTC EcoRl
GCGTTGCTGC
CGGGATCCCATCACAAGC BamHlI
TCCGTTCAC
CCGGAATTCCTGATCACC EcoRI
CCGTCATACGC
GGGGTACCGAACTTCTCT Kpnl
TCATGATGTTGAAC
GAGAATTCGGCGGAACT  EcoRl
CCGTGAACTCG

TGAGGTACCCGTCCGGCA Kpnl
TCGGCTGG

GGGGATCCTGCGGTGCA BamHI
GGTCCTCG

ATAGGTACCGGAACTCA  Kpnl
ACGTCGTGG

Labeled IGRI?

Labeled IGRI’

Labeled IGRIP

Labeled IGRII

Labeled IGRII®

Labeled IGRIII

Labeled IGRIV'®

Labeled IGRIV’

IGRrI

IGRI’

IGRIV’

IGRIV’

1102 bp flanking sequence
of deleted region afipdR
1102 bp flanking sequence
of deleted region afipdR
1083 bp flanking sequence
of deleted region afipdR
1083 bp flanking sequence
of deleted region afipdR
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19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

EcoRI-IGR2

Kpnl-IGR2

KO-orfAl-for

Clal-orfAl-rev

Clal-orfAl-for

KO-orfAl-rev2

OrfAl-for

OrfAl-rev

Cy5-DR-for

OrfA2 probe-for

OrfA2 probe-rev

KO-orfA2-for

Clal1l-orfA2

Clal2-orfA2

KO-orfA2-rev

npdc probe- for

CAGAATTCGCACGACGA EcoRlI
AGGTAGG
CGGGTACCAGCTGCTCGC Kpnl
TGG
CGCCTGACCGACCGCTTC No
ACC

CCATCGATTGCTCGAGCA Clal
CGCGG

GAATCGATCACCTCCGCT Clal
CGCGTTG

CGTCGATCAGAGCCTCGG No
CAC

GCTTTTCCATATGCTCGA Ndel
GACTCTC

AGAGGATCCGAGTAGAT BamHlI
CACCACGG

CY5-GTGGAGTTCCA No
AATAATGAT

TGACCGCTGAACCCTGCT No
GACCCGC

TGATTCGGTTGTTCCCGC No
TTTAGCCG

GTGAATTCGGGTGGTCGA EcoRI
CCGGAGAC

AGATCGATCACCTCTTGC Clal
GTGGTGATCC

ATATCGATCCGGGAGGA Clal
ATCCGGGTCG

GTGGATCCGGAGGTGCTCBamHI
GGCGGTTG

ATGAAGGTCGGAATCAG No
GATCCCG

IGRII

IGRII

994 bp flanking sequence
of deletedorfAl

994 bp flanking sequence
of deletedorfAl

1139 bp flanking sequence
of deletedorfAl

1139 bp flanking sequence
of deletedorfAl

orfAl gene

orfAl gene

Labeled direct repeat

sequence from IGRI’

456 bporfA2 probe

456 bporfA2 probe

994 bp flanking sequence
of deleted region afrfA2

994 bp flanking sequence
of deleted region abrfA2

1139 bp flanking sequence
of deleted region afrfA2

1139 bp flanking sequence
of deleted region afrfA2

517 bp ohpdC




36

35 npdc probe-rev. GGGTACATCTTGAAGTCG No 517 bp ofnpdC
TGGAGC

36 DH2-Nde-for TTTGATCATATGATCAAA  Ndel npdl gene
GGCATCCAGCTCC

37 DH2-Bam-rev GAGGATCCTCATGCGAGC BamHlI npdl gene

TCCGGCAG

38 OrfAl probe-for GCTTTTCCGGATGCTCGA No 1474 bp containsrfAl
GACTCTC

39 OrfAl probe-rev  TGGCGGGCGATTCGGTCC No 1474 bp containgrfAl

40 Ndel-npdR-FJ TGCCCAGCATATGCCCGC Ndel npdR from N. simplex FJ2-
GGTGAGTC 1A

41 BamHI-npdR-FJ TGGGATCCGGTCAGCCGABamHI npdR from N. simplex FJ2-
GAGTCGG 1A

2 157 bp, 3’ end of the intergenic region betweeiA andorfB; ® intergenic region betweampdF
andnpdR;  intergenic region betweampdR andnpdG; ¢ intergenic region betweampdH andnpdl
plus the 3’ end ofipdH.

2.4.12. Transferring DNA to nylonmembrane
2.4.12.1. Colony lifting

The agar plates with colonies were pre-cooled &€ 4or 30 min. The membrane disc was
carefully placed onto the surface of the plate for 1 min. The otientaf the plate was
marked on the membrane in order to be able to identify positieaiesl The membrane disc
was removed with tweezers and briefly blotted (colonies up side)dimagman 3 MM paper.
The membrane up side, was placed for 5 min on a prepared Whatman pkedngtal0 %
(w/v) SDS. The membrane was air-dried on Whatman 3 MM paperybrigie membrane
was then treated with denaturation solution for 15 min, neutralisailoias for 15 min and

2 x SSC for 10 min using the same way, on the prepared soaked Whzipea. After every
single treatment, the membrane was briefly air dried on Whasnhélil paper. Subsequently,
the membrane was UV cross-linked at 254 nm (Min UVIS, Desaga, IHeidE for 3 min or

baked at 80C for at least 30 min. The membrane was then used for prehybridisation.
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2.4.12.2. Southern blotting

After electrophoresis, the DNA was transferred to a positigbBrged nylon membrane by
vacuum blotting at 500-600 mmHg for 2 h. First, the gel was patedlevith 0.25 M HCI for
15-30 min to partially depurinate the DNA, which in turn leads to ttend cleavage. This
step is important to improve the transfer of DNA > 4 kb in length. tihe needed for the
acid treatment depends on the concentration and thickness of thehgel tNé xylene cyanol
and bromophenol blue dyes changed to green and yellow respectively.eltheag
equilibrated with acid. Adequate depurination took a further 10 min. Tllesatiution was
then replaced with denaturation solution and incubated approximately Athtiithe colour
of xylene cyanol and bromophenol reverted back to the original colourgdihgas further
neutralised by treating with neutralisation solution for 20 min. §tep is to bring the pH
down to < 9.0. Finally the gel was blotted with 20 x SSC for 1 h.rAftetting, the
membrane was air dried and UV cross-linked at 254 nm for 3 mimnwbilise the DNA,
and washed briefly with 2 x SSC. The membrane can be stored tivgene sheets of

Whatman paper for several months at room temperature.

2.4.12.3. Northern blotting

After electrophoresis, the gel was rinsed with several chasfgasfficient RNase-free water
to remove formaldehyde. The gel was then transferred to a wvebgittharged nylon
membrane for 4 h with only 20 x SSC under the same condition used fére8obtotting
(see 2.4.12.2). HCI and NaOH were not used. The RNA was immobilisethalssing UV
transilluminator for 3 min, and washed to remove SSC and dried as above.

2.4.12.4. DNA dot blotting

For DNA dot blotting, the DNA (50-300 ng) was denatured at X@@or 10 min in 0.4 M

NaOH and 10 mM EDTA. After placing the samples on ice, aralegplume of 20 x SSC
was added to each sample. The samples were spotted onto theameenriing a pipet and
allowed to dry. If the sample volume was > 3 pl, it was apphesuccessive 3 ul aliquots
each spot being allowed to dry before the next aliquot was appledmembrane was UV

cross-linked, washed and dried as in Southern blotting (see 2.4.12.2).
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2.4.12.5. RNA dot blotting

Three volumes of denaturing solution (500 pl formamide, 162 pl formaléeHl00 pl
MOPS buffer) were added to each sample containing 50-500 ng RNAsdmples were
incubated at 658C for 15 min, then placed on ice. Two volumes of ice cold 20 x SSC were
mixed with the sample. The samples were then spotted onto the amends for DNA dot
blotting. The RNA was immobilised with UV radiation and washed with 2 x SSC.

2.4.12.6. Transferring of DNA under alkaline condition

Gels were depurinated twice in 0.25 M HCI for 10 min, denatured twi®e4 M NaOH for
10 min, and transferred onto a positively charged nylon membrane dwuehnyigcapillary
transfer. The DNA was immobilised with UV radiation and washed with 2 x SSiésxribed
above (see 2.4.12.2).

2.4.13. Hybridisation
2.4.13.1. Southern hybridisation

Southern hybridisation was accomplished by using the Nonradioactiv®I®#g Labeling
and Detection Kit (Roche Molecular Biochemicals, Mannheim) andviwilg the instruction
of the supplier. The membrane was prehybridised in hybridisationrlaif@&8°C for at least
1 h. The buffer was then replaced with 10 ml (for 108 srembrane) of hybridisation buffer
containing 10-50 ng/ml of freshly denatured labeled DNA. The ldbeA was denatured
by boiling for 10 min and chilled immediately on ice containing NaBke membrane was
hybridised with the probe at 60-6& for 16 h. This step could be shorted if a higher
concentration of DNA was used. The membrane was washed twic@ wiSSC; 0.1 % (w/v)
SDS for 5 min at room temperature and further washed twice witk 83C; 0.1 % (w/v)
SDS at 68C for 15 min. The washed membrane was submerged in buffer H1 for anahi
incubated for 30 min in 100 ml buffer H2. The membrane was incubated?@iml buffer
H2 containing 4 pl of antibody conjugate (1:5000 dilution) for 30 miroainrtemperature.
The unbound antibody conjugate was removed by washing the membrane itieashing
buffer for 15 min. The membrane was equilibrated for 2 min with budfrThe detection
reaction was started as adding 10 ml buffer H3 containing 45 pBat &hd 35 pl of X-

phosphate to the membrane. The reaction was performed in a davktbout shaking for
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several hours or overnight. When the desired spots or bands were detecredction was
stopped by washing the membrane thoroughly with water. The membrane wlasr deépt in

water for reprobing.

2.4.13.2. Northern hybridisation

Northern hybridisation was performed using Dig Northern Starier(Roche Molecular
Biochemicals, Mannheim) and following the manual. The Northern diglation procedure
used was similar to Southern hybridisation except that itpgeg®rmed only at 68C in Dig
Easy Hyb. buffer with 100 ng/ml Dig-labeled RNA probe. The RNA pnwhs boiled for 5
min and cooled on ice before applying it to the membrane. For idetettte membrane was
incubated with 1:10000 diluted antibody conjugate. After equilibration witikactien buffer
H3, the membrane was placed (with the RNA side facing up) orbadisation bag and
approximately 1 ml of CDP-Star solution was applied quickly to iembrane. The
membrane was immediately covered with the second sheet of the bpgead the substrate
evenly over the membrane. All edges of the bag were then s€akdealed membrane was
exposed to X-ray film for 15-25 min at 15-26. Multiple exposures were taken to achieve

the desired signal strength.

2.4.13.3. Stripping Southern blots

Only the wet membrane can be stripped. The membrane was incubatbdated
dimethylformamide at 50-60C until the colour was removed. The membrane was rinsed
thoroughly in distilled water and washed twice in 0.2 M NaOH, 0(Ww/s) SDS at 37C for

20 min to remove the Dig labeled probe. The membrane was thendatasiheughly in 2 x
SSC, air dried and directly used for hybridisation.

2.4.14. Sequencing

Sequencing was performed commercially by GATC Biotech A@Gn@tanz, Germany) using
Run24 Supreméhttp://www.gatc.de/home_flash.htmusing).
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2.4.15. Computer analysis

Sequence similarity searches were performed with BLASTN, BLABTRASTX from NCBI
(National centre for Biotechnology Information). Pairwise and pleltialignments were
carried out by using BLAST2 (http://www.ncbi.nim.nih.gov/BLAST) and GTALW
(http://www.ebi.ac.uk/clustalw). Conserved domain searches were pedowith the tool
CD-search tool (http://www.ncbi.nlm.nih.gov). Helix-turn-helix motif eb@s were
performed using the detection method of helix-turn-helix DNA-bindingifsnat protein
sequences (Dodd, 1990) (http://npsa-pbil.ibcp.fr/cgi- bin/npsa_automat.pl?pa§ésigba
_hth.html). Sequence analysis was performed using DNA Star (DNRSTINC)
(http://www.dnastar.com). Promoter regions were identified with ghegram Promoter

Finder (http://www.mgs.bionet.nsc.ru/mgs/programs/bdna/tata_bdna.html).

2.5. Protein analytical methods
2.5.1. Preparation of crude extract

E. coli cells were harvested by centrifuging at 5000 rpnfC4for 10 min, washed and
resuspended in appropriate buffer. For a small volumes 1-2 ml suspehsiaells were
sonicated 2-3 times for 30 s on ice with 50 % pulse/s, microtip 4.8emel 4 (Sonicator W-
385, Heat Systems Ultrasonics, NewYork, USA). For larger vollandsdenser suspensions,
the cells were lysed using a French press (Amico, llling&A) at 80 MPa twice. The cell
debris was removed by centrifuging at 30 000 rpriC 4or 30 min (Ultracentrifuge Beckman
optima LE 80K, California, USA).

Rhodococcus cells were cultured in Erlenmeyer flasks without baffles inimal medium to
ODegoo = 0.7-0.8 and harvested by centrifuging at 5000 rpf€ 4or 10 min. The pellet was
then frozen in liquid nitrogen before being passed through the Frensh pwece. An
alternative method used was cultures grown in LB or minimal mediypplemented with 10

% (w/v) sucrose plus 1 % (w/v) glycine and lysed by sonication as above.

2.5.2. Determination of protein concentration (Bradford, 1976)

The samples were diluted in water to a protein concentration of 2@gQffotein/ml. The
BSA standard solutions were prepared in the range from 0-120 pg protel@0 pl of
diluted sample or BSA solution was mixed with 900 ul of 1:5 dilutezlrépgent concentrate
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(Bio-Rad, Protein assay). After 10-20 min incubation at room temperatioe reaction
mixtures were measured at a wavelength of 595 nm using 1 ttmepgth cuvettes (Varian
Carry 50 Bio Spectrophotometer, Victoria, Australia). A catibracurve was created by
plotting absorbance versus concentration of the standards (Cary WinbpacRage
software). The protein concentrations in the samples were themmudetd from the

calibration curve according to the absorbance of the samples.

2.5.3. Determination of nitrite concentration (Montgomery and Dymock, 1961)

Reagent solutions:

Solution 1: 0.1 % N-(1-naphthyl)-ethylendiamin iaC(H

Solution 2: 0.3 % sulfanilamid inJ®

The reaction solution was prepared freshly by mixing 25 ml solutiitil5 ml solution 2
plus 5 ml acetic acid. One volume of the sample was mixed wdlvblumes of the reaction
solution and incubated at room temperature for 15 min. The samplesmeasured at a
wavelength of 540 nm using 1 cm path length cuvettes. The nitrite coataamtwas

calculated by using the calibration curve from 0.01-0.04 mM of standard solution.

2.5.4. High performance liquid chromatography (HPLC)

The metabolites were detected by means of HPLC using the following system:
Pump: Dionex, P580

Degas system: Dionex, DG 1210

Detector: Dionex UV / Vis, UVD 170S/340S
Autosampler: Dionex, Gina50

Software: Chromeleon Chromatography Data System 4.3

The samples were resolved on Gromsil 100 Octyl-4 columns (125 x 4antic)e size 5 um,
Grom) using 25 mM KREPOY/K,HPQ, buffer, pH 8.0 plus 30 or 40 % (v/v) methanol and 5
mM PicA (tetrabutylammonium hydrogensulfate) as mobile phase.pféeolumn was a

Gromsil 100 Octyl-4 column (20 x 4 mm, particle size 5 um, Grom).

2.5.5. SDS - Polyacrylamide gel electrophoresis (Laemmli, 1970)

Proteins are separated based on their molecular size as theyhroawgh a polyacrylamide
gel matrix towards the anode. The polyacrylamide gel wasasastseparating gel and topped
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by a stacking gel. The following volumes of gel solution wer@amed for 2 gels (0.75 mm
7 cmx 10 cm, Bio-Rad).

10 % separating gell5 % separating gel 4 % stacking gel

Acrylamide:Bisacrylamide 5ml 7.5 ml 0.65 ml
(30 % : 0.8 %)

1.5 M Tris/HCI pH 8.8 3.75 ml 3.75 ml

0.5 M Tris/HCI pH 6.8 1.25 ml
10 % SDS 0.15 ml 0.15 ml 0.05 ml
H.O 6.04 mi 3.54 ml 3.02 ml
10 % APS 0.05 ml 0.05 ml 0.025 ml
TEMED 0.01 ml 0.01 ml 0.005 ml
Total volume 15 ml 15 ml 5ml

The separating gel was allowed to polymerise for 1 h. Th&istagel was poured on top of
the separating gel and allowed to polymerise for 30 min. Afterdh#bdad been removed,
the wells were rinsed with 1 x running buffer. The samples wéugedi1l:4 with 5 x SDS
loading buffer and boiled for 5 min before loading. Electrophoresis wésrped at £C, 70
V until the bromphenol blue tracking dye entered the separatinghgetased the voltage to
120-140 V. After the tracking dye had reached the bottom of the depargel,
electrophoresis was terminated. The gel was then stained waitingt solution for 30 min
and destained in destaining solution. 10 pl of low molecular weigbtieipr mixture

(Amersham Biosciences) was used as the standard.

2.5.6. Enzyme assays

All enzyme assays were performed with a Varian Carry B0sBectrophotometer and the
Cary WIinUV Biopackage software. The specific activity wasuated using the following
equation:

\ Ag
Specific activity = ——— x —— Units/mg

edcv At
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V: total volume in assay mixture (ml) C: protein concentratiofmg/ml)

€: extinction coefficient (liter/mol/cm) v: volume of protein in assay mixture (ml)

d: light path of cuvette (cm) Ae : change in absorbance per minute
At

One unit of the enzyme activity is the amount of enzyme that catalyses the monoérs

1 micromole of substrate to product in 1 minute under the conditions of the assay.

2.5.6.1. Catechol-2,3-dioxygenase (C23DO) assay

The enzyme activity of C23DO was measured in a total volumé& afl in 100 mM
KH,POy/K,HPQO, buffer, pH 7.5, with 0.2 mM catechol plus 8-15 pg protein. The reactions
were initiated by addition of cell extracts. The increasahbsorbance was monitored at 375
nm for 2 min. Reaction rates were calculated by using an &stincoefficient of 36 000 M

‘em™.

2.5.6.2. HTI enzyme assay

The HTI catalyses the conversion of FNP to 2H-TNP. The reaction was monitored at 485
nm for 30 s in 1 ml 50 mM KHPOW/K,HPQO, buffer, pH 7.5. The following was added to the
enzyme assay: 0.1 mMHNP, 125 uM NADPH, 13 uM j& and 5 pg purified NpdG.
Reaction rates were calculated using an extinction coeffiole8635 M'cm*. H-TNP was

synthesised by Klaus Hofmann (Hofmann, 2003).

2.5.6.3. HTIl enzyme assay

The HTII catalyses the conversion of TNP teTHNP. The reaction was monitored at 485 nm
for 30 s in 1 ml 50 mM KEPOJ/K,HPQO, buffer, pH 7.5. The following was added to the
enzyme assay: 0.1 mM TNP, 125 uM NADPH, 13 uM &nd 5 pg purified NpdG. Reaction

rates were calculated using an extinction coefficient of 853&niWL
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2.5.7. Purification of proteins
2.5.7.1. NpdR His-tag fusion protein

The His-tag fusion protein of NpdR was purified from induced cultufr€scoli BL21 (DE3)
(PNGA5) by Ni-NTA metal affinity chromatography by follomg the instruction of the
supplier (Qiagen, Hilden). 100 ml of culture after induction with 1ImWGHor 4 h at 30°C,
was harvested. The pellet was resuspended in 2 ml of Hieddmg buffer, lysed by French
press and centrifuged as described above. The lysate was applietli4NT& column
containing 320 pl Ni-NTA (10 mg His-tag protein/ml Ni-NTA) preudibrated with 2 ml
His-tag loading buffer. The column was washed 3 times with 32ff fHe same buffer, 3
times with 320 pl His-tag washing buffer 1 and 3 times withsdi@e volume of washing
buffer 2. The His-tag protein was eluted 5 times with 200 pit&fiselution buffer. The
fractions after every step were collected and analyge805-PAGE. The purified fractions
were desalted by using pD10 columns (Amersham Pharmacia Biotéb 50 mM Tris/HCI

buffer pH 7.5 and subsequently concentrated by a Vivaspin 2 ml concentrator (Sartorius

2.5.7.2. NDFR His-tag fusion protein

The NDFR was purified from induced culturestéoli BL21 (DE3) (pSLK4) by Ni-NTA

metal affinity chromatography, desalted and concentrated as desdrthaxl(aee 2.5.7.1).

2.6. Chemicals and biochemicals

All chemicals used in this work were purchased from following mames: Aldrich
(Steinheim), Fluka (Buchs, Switzerland), Gerbu (Gaiburg), ICN (OkI8A), Merk
(Darmstadt), Riedel-de Haen (Seelze), Roth (Karlsruhe) amdaS{®eisenhofen). Agarose
was from Biozym (Oldendorf). Enzymes were from MBI Fermerfts Leon-Rot), New
England Biolabs (England) and Roche (Mannheim)yTNIP and 2HTNP were synthesised
by Klaus Hofmann (Hofmann, 2003).
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3. Results

3.1. Promoter regions in thenpd gene cluster
3.1.1. Consensus sequences in thrdA-orfB and npdH-npdl intergenic regions

To identify possible regulatory regions, thpd gene cluster was examined for intergenic
regions. An intergenic region of 275 bp occurs betwa#A andorfB (IGRI). A putative
promoter region was identified in IGRI with a score of 0.92 (Fig.@jo Turther IGRs, IGRII
betweenorfF andnpdR (98 bp length) and IGRIII, betweempdR andnpdG (131 bp length)
exist. No putative promoter regions in these IGRs were identifdaglysis of a fourth
intergenic region (IGRIV) betweenpdH and npdl (102 bp length) revealed a putative
promoter region with a score of 0.62 (Fig.3).

In both putative - 35 and -10 boxes of IGRI and IGRIV, 5 out of 6 nucleotidess identical.
Direct repeats were detected (see Fig.3).

3.1.2. Expresion ofkylE under the control of IGRI" and IGRIV’

To show that IGRI and IGRIV contain promoters, respective regiorns elened upstream of
a promoterless reporter gemglE in pK4. IGRI'" (157 bp, 3’ end region of IGRI) was
amplified using EcoRI-P1 and BamHI-P1 primers (Table 4, number 1Xsé&&)Fig.3). The
PCR fragment was digested wHooR| andBamHI and inserted upstream of the promoterless
xylE gene in pJOE814.2 to produce pNGAG6. IGRI' pykE were subsequently cut out of
pPNGAG6 as a singlélindlll-fragment and ligated with the shuttle vector pK4 (cut vtial)

to produce pNGA7. To construct the reporter shuttle vector pN@AE, was cut out of
pJOE814.2 asXbal-fragment and ligated with pK4 to produce pNGAS8. IGRIV’ (134 bp
region contains IGRIV and the 3’ end mddH, see Fig.3) was amplified using EcoRI-P2-for
and Kpnl-P2-rev primers (Table 4, number 13, 14) and introducedtaoi®l andKpnl sites

of pNGA8 resulting in pNGA9.

The plasmids pNGA8, pNGA7, pNGA9 were transformed Ritohodochrous ATCC 12674.
The strain does not grow on TNP or DNP as sole nitrogen sourceyas ltsed in preference
to R opacus HL PM-1. Cell extracts were prepared from mid-log pheskures ofR.
rhodochrous ATCC 12674 containing pNGAZYIE under control of IGRI'), pNGA9X/IE
under control of IGRIV) or pNGA8 (containing promoterlegglE). Activity of catechol 2,3-
dioxygenase (C23DO) in the cell extract Rf rhodochrous ATCC 12674 (pNGA7) or
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(PNGA9) was 1030 mU/mg or 1513 mU/mg respectively, while with egtract of R
rhodochrous ATCC 12674 (pNGAS8), it was only 20 mU/mg (Fig.4). Hence, the agtoi
C23DO0O was 50-fold or 70-fold higher under the control of IGRI' or IEGRlompared to the

promoterlessylE gene.

~1600, 1513
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> |
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O 400
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O O - T 1
No promoter IGRI' IGRIV’

Fig.4. Expression okylE gene under the control of IGRI' or IGRIV'. The cell extraatel enzyme
assays were prepared as described in the Materials ambdgetection. The values are the average

value of three independent experiments.

3.2. Characterisation ofnpdR and the encoded repressor iR. opacus HL PM-1
3.2.1. Heterologous expression @ipdR in E. coli

In order to study the function of NpdBie npdR gene was expressed under the control of the
T7 promoter in vector pET11a. The gene was amplified by PCRy gsimer Val-npdR-for
and Bam-npdR-rev (Table 4, number 1, 2). The start codon of NpdR is G Mal-hpdR-for
primer, the GTG start codon was replaced by ATG of Nidel site. Bam-npdR-rev was
introduced withBamHI site. The amplified DNA was digested wittdel and BamHI and
ligated into pET1la digested with the same restriction enzyies. resulting plasmid
pPNGA1 was transformed int&. coli BL21 (DE3) (Fig.5A). For expressioi. coli BL21
(DE3)(pNGA1) was induced with IPTG for 4 h at 3D. SDS-PAGE analysis of cell extracts
from E. coli BL21 (DE3)(pNGA1) showed the presence of a polypeptide band at 26@&ut
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kDa, which was absent from the cell extractofcoli BL21 (DE3)(pET11a) (Fig.5B). The
size of the protein coincided with the size of the translated sequenpeRyf26867.82 Da.

A B 1 2 3
BarmH| kDa
% |
Ndel — | — 2‘.,“
@ npdvlk 43 | veeee B =
PT7Iac ? ? -
PNGA1 30 — |-y -
ori 6465 bp 201 — | =
lacl® _
144 | e
-

Fig.5A. Expression plasmid pNGAhpdR: npdR gene;bla: B-lactamase genéacl®: lac repressor.
5B. SDS-PAGE analysis of crude extract Efcoli BL21 (DE3)(pNGA1) or (pET11a). 1. Low
molecular weight standard protein; 2. Cell lysat&ofoli BL21 (DE3)(pET11a); 3. Cell lysate &t

coli BL21 (DE3)(pNGAL); 4. Cell pellet dE. coli BL21 (DE3)(pNGAL). The cultures were induced
with IPTG and the cells were lysed with the French presiesaribed in Materials and Methods. The
obtained crude extracts were ultra-centrifuged. The pellatstta supernatants (cell lysates) were

separated on a 15 % (w/v) polyacrylamide gel.

3.2.2. Purification of NpdR from E. coli

In order to characterise NpdR, purification of the protein is nacgs$herefore, th@pdR
gene was amplified using the same two primers Val-npdR-forBama-npdR-rev as above
(see 3.2.1). The gene was inserted Mdel and BamHI sites of pAC28 such that 6 histidine
residues were fused to the amino terminal residue of theingspibtein. ThepdR gene was
expressed irk. coli BL21 (DE3)(pNGA5) (Fig.6A) by inducing the cells with IPTG as
described above (see 3.2.1). NpdR was purified as a His-Tag fusiemgyptNi-NTA metal
affinity chromatography. SDS-PAGE analysis of the purifiealctions showed a single
polypeptide band. The size of the purified fusion protein was about 28 kDa (Fig.6B).
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Fig.6A. Plasmid pNGA5npdR: npdR gene;lacl® lac repressor genego: kanamycin resistant gene;
Pr: phage T7 promoter. 6B. SDS-PAGE showing purification of NpdR-His fE. coli BL21
(DE3)(pNGAS5). 1. Low molecular weight standard protein; 2. Gslhte; 3. Fraction obtained after
loading through the column; 4. Fraction obtained after washing withivbimidazol; 5. Fraction
obtained after washing with 25 mM imidazol; 6-7. Eluent obtaiwith 150 mM imidazol. The

protein was purified according to the supplier.

3.2.3. Binding of NpdR to DNA regions within IGRI’ and IGRIV’

Within the npd gene cluster, there were four intergenic regions IGRI, IGRARIII and
IGRIV, but only in IGRI and IGRIV, putative promoter regions wergdvered (see 3.1). To
identify the DNA binding ability of NpdR, gel mobility shift agsa (GMSAs) were
performed for the crude extracts ©Bfcoli BL21 (DE3)(pNGAL) containing the non-His tag
NpdR and with DNA fragments of all four IGRs. IGRI', Il, Il dGRIV’ were amplified
using primers GMSA1l-for and GMSAl-rev (Table 4, number 3, 4), GMSAZafut

GMSAZ2-rev (Table 4, number 5, 6), GMSA3-for and GMSA3-rev (Table 4, number 7, 8), and

GMSA4-for and GMSA4-rev (Table 4, number 9, 10) respectively. All rinwere labeled
with Cy5 at the 5’ terminus. The labeled DNA fragments weibated with the crude
extracts. The GMSAs showed that the binding of NpdR to the Di&kded mobility of the
DNA in the gel forming complex 1 (C1). Hence, the expressed NpdReirtrude extract
formed DNA-protein complexes with IGRI' and IGRIV’ (Fig. lBne 3, 7), but not with
IGRII or IGRIII (data not shown). This result coincided with thehility to detect putative
promoter region in these DNA segments (see 3.1.1). Adding unlabeleld ilGRO-fold

excess of the labeled DNA, prevented binding (lane 4). In additiorplegnformation was

not prevented in the presence of an arbitrary, unlabeled sequegae® @0-fold in excess
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(lane 5). The same results were observed for IGRIV' (datashown). No DNA-protein
complex formation was observed with cell extracts lacking NpdR E. coli (DE3)(pET11)
(lane 2). This indicated that NpdR bound specifically to only IGRI’ and IGRIV’.

DNP-protein
complex1 __ | — e L

DNA ) e et — L

IGRI’ IGRIV’

Fig.7. Gel mobility shift assay of crude extract frden coli BL21 (DE3)(pNGA1) with IGRI' and
IGRIV'. 1. IGRI’; 2. IGRI' plus crude extract fronk. coli BL21 (DE3)(pET11a); 3-5. IGRI' plus
crude extract fronk. coli BL21 (DE3)(pNGAL); 4. IGRI' plus crude extract and 120 ng unlabeled
IGRI; 5. IGRI' plus crude extract and 120 ng unlabergdH; 6. IGRIV’; 7. IGRIV’ plus crude
extract fromE. coli BL21 (DE3)(pNGALl). The cultures were induced with IPTG aysed by
sonication. 300 ng protein of the crude extracts were incubate@wighabeled DNA fragments and

analysed by native PAGE as described in Materials and Methods.

3.2.4. Binding of the purified His-tag fusion NpdR to IGRI’ and IGRIV’

Crude extract containing NpdR lacking the His-tag (NpdR) causethaation in mobility of
IGRI" and IGRIV' in the polyacrylamide gel (see 3.2.3). To show that thedagian is due to
NpdR itself and to investigate precisely the interaction of NpdR its specific operator
region, the purified His-tag fusion NpdR (NpdR-His) was used fonéurGMSAs. NpdR-His
formed complex 1(C1) and complex 2 (C2) with both IGRI' and IGRINg.@&). Hence, the
His-tag fusion at the N terminus of NpdR did not affect the DN#dioig ability of NpdR. At
lower NpdR concentrations, both complexes were observed (A. lane , 3B 4labe 3). At
higher NpdR concentrations (150-200 ng), only C1 was observed (A, B, lanes@ygksts
that NpdR may be a homodimeric protein.
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Fig.8. A. Gel mobility shift assay of NpdR-His with IGRI'. 1. IGRdnly; 2-5. IGRI' plus NpdR-His
(150, 100, 50, 25 ng). B. Gel mobility shift assay of NpdR-His with WVGR1. IGRIV’ only; 2-4.
IGRIV’ plus NpdR-His (200, 100, 25 ng). NpdR-His was incubated with 2-Zbgléd DNA (for all

lanes) and analysed by native PAGE as described in Materials and Methods

3.2.5. Effect of DNP on DNA-NpdR complex formation

Since NpdR bound to IGRI' or IGRIV’ containing promoter regions, thisgestgd that
NpdR might control expression of thpd genes. DNP was proven before to be an inducer for
the npd genes (Walters et al., 2001). Hence, DNP may have some effébe binding of
NpdR to the DNA regions. To identify the effect of DNP on NpdR-DiN&eraction, DNP
was added to the reaction mixtures. C2 was formed with both IEGRY. 9, lane 3-7) and
IGRIV’ (data not shown) in the presence of DNP. To show that CXpesfically caused by
DNP, gel retardation assays were performed with varying otra¢®ns of DNP (0.001-10
mM) for both IGRI' and IGRIV'. C2 formation was reduced with desreg DNP
concentration (Fig. 9, data not shown for IGRIV’). At 10 mM DNP, C2swhe
predominating complex (lane 3). At 0.001 mM DNP, C1 predominated (fané his
indicated that C2 was a true complex formed in the presence of DbdlRheck if C2
formation is an effect caused by a specific interaction oPDMth NpdR and not by a
chemical effect on any regulatory protein, the GMSA was peddrwith an unrelated
regulatory protein fronstreptomyces. No effect on the DNA-protein complex formation was

observed (data not shown).
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Fig.9. Gel mobility shift assay of IGRI' with NpdR-His in the pence of DNP. 1. DNA only; 2.

DNA plus NpdR-His; 3-7. DNA plus NpdR-His and DNP (10, 1, 0.1, 0.01, 0.001 mM). The NpdR-His

was purified as described in section 3.2. The GMSA reactiassperformed with 200 ng NpdR-His
plus 3 ng DNA for all lanes, and analysed by native PAGE as described indideaad Methods.

3.2.6. Effect of analogous nitrophenol compounds on DNA-NpdR complex formation

Retardation assays were performed with other compounds for both [(Gigl10) and
IGRIV’ (data not shown for IGRIV’). C1 and C2 were formed in gresence of TNP (lane
8), 2-chloro-4,6-dinitrophenol (lane 6), 2-methyl-4,6-dinitrophenol (lane 7)itrégthenol
(lane 3), 2,6-dinitrophenol (lane 5) and trinitrotoluene (TNT) (lane 9didaffect binding of
NpdR to either IGRI' or IGRIV'.

Cl_’ L e R R

c2 ool o N Wl Ny

DNA —» v

Fig.10. Gel mobility shift assay of IGRI' with NpdR-His in the peege of various effectors. 1. DNA,;
2. DNA plus NpdR-His; 3-9. DNA plus NpdR-His and effector (3. 4dfihenol; 4. DNP; 5. 2,6-
dinitrophenol; 6. 2-chloro-4,6-dinitrophenol; 7. 2-methyl-4,6-dinitrophenol; I8P;T9. TNT). The
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NpdR-His was purified as described in section 3.2.2. The GMSA oeactiere performed with 3 ng
DNA and 200 ng NpdR-His plus 1 mM of effector for all lanes.

3.2.7. Identification of operator regions within IGRI’ and IGRIV’

Sequence comparison of IGRI" and IGRIV’ revealed sequences witlsaggrence similarity
(Fig.3). Direct repeats were detected within these regioigs3fF This suggests that these
regions may be responsible for interaction with NpdR. The region ogvire direct repeats
within IGRI' (GTGGAGTTCCAAATAATGATGTCAGTTCAGCATAGTGAACGGAGCT
TGTG) was amplified by PCR using labeled primers Cy5-DRafat GMSA1l-rev (Table 4,
number 27, 4). A gel retardation assay of the 52 bp DNA fragment dhinaeC1 and C2
were formed with NpdR-His (Fig.11, lane 5, 6). C1 formation deerkas the NpdR
concentration was reduced (lane 4-6). By adding DNP, the formatiddlobr C2 was
prevented and free DNA was visible. (lane 1-2). The results msplementary to all
observations before (see 3.2.4 and 3.2.5), and it shows that binding takes fi&cakisence
of DNP, whereas in the presence of DNP binding affinity of NpdR to the DNA desreas

- Cl
| SO R S g T g —> c2

M ! Swd ‘ ol 1> Free
- _ DNA

Fig.11. Gel mobility shift assay showing the binding of NpdR-His to 52 bp DNA fragment {&&¥i

in the presence of DNP. 1-3. DNA plus NpdR (100, 200, 300 ng) and DEPDH&A plus NpdR
(100, 200, 300 ng); 7. DNA only. The His-tag NpdR was purified as descdnissttion 3.2. His-tag
NpdR was incubated with 0.7 ng DNA in the presence of 1 mM DN® aaalysed by native PAGE
as described in Materials and Methods.
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3.2.8. Creating an unmarkednpdR deletion inR. opacus HL PM-1

To identify the function of NpdR, a deletion mutant fggdR was constructedapdR was
deleted at nucleotides 317-526. The 3’ end and 5’ end flanking regiohe deletion were
amplified by PCR using primers: EcoRI-KO, Kpnl 1-rev and Kprfo2 BamHI-KO
respectively (Table 4, number 15-18). The PCR fragments weestdd withKpnl and
ligated, creating 2.2 kb fragment with a deletion of 210 bgpdR. The ligated fragment was
restricted with EcoRl and BamHI and ligated into theEcoRI and BamHI sites of
pK18mobsacB to produce pNGAZ20E. coli S17.1 was transformed with pNGA20 and then
conjugated intaR. opacus HL PM-1 (Fig.12A). Kanamycin was used for selection of the
single cross-over event. Gene replacement was achieved by ovegroghh of the single
cross-strain ND13 under non-selective conditions and subsequently platisglemtive
medium containing 10 % (w/v) sucrose.

Colony PCR with Val-npdR-for and Bam-npdR-rev primers (Table 4, nurhpb2) on Sutc
colonies resulted in PCR products with fragment sizes of 546 bp, 2Xbhprscompared to
the wild-typenpdR (data not shown). It suggested that the' $otonies contained deleted
npdR instead of the wild-type gene. Genotypes of the mutant strains aealysed by
Southern hybridisation: chromosomal DNA RBf opacus ND1 andR. opacus ND13 were
digested withEcoRI and BamHI and hybridised with labeled deletepdR (Fig.12B). The
wild-type (lane 2) showed a single hybridisation signal of apprataim 2.8 kb. The
transconjugant ND13 (lane 4) showed two hybridisation signals of 2.8ckB.2 kb. A single
fragment of 2.6 kb was observed with the deletion mutant ND1 (lan&h®) hybridisation
results coincided with the molecular organisatiommiR in the wild-type and mutant strains
respectively (Fig.12A).
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(7.885kb)
i —
sacB aphll
BamH| A EcoRl
F : G

2641

R. opacus ND1

Fig.12A. Schematic overview of the molecular organisation of thémnegontainingnpdR in wild-
type R. opacus HL PM-1 and in deletion mutant strai opacus ND1. B. Southern analysis &t
opacus chromosomal DNA digested witicoRl andBamHI and hybridised with deletegpdR gene.

1. A-DNA digested withEcoRI andHindlll marker; 2. Wild-type HL PM-1; 3. Strain ND1; 4. Strain
ND13 (single cross-over mutant). Total DNA Bf opacus strains was isolated and digested with
EcoRIl and Hindlll. The digested DNA was separated on a 0.8 % (w/v) agageseand then
transferred onto a nylon membrane. The membrane was hybridisetheideleted form of thepdR
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gene and detection was following the instructions from Roche.
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3.2.9. Characterisation ofnpdR deletion mutant
3.2.9.1. Expression ohpdC or npdl in the mutant R. opacus ND1

To determine ifnpdR is an activator or a repressor controlling expression ofhpdegenes,
the HTI (NpdC) or HTII (Npdl) activities were measured in thetant strairR. opacus ND1
to see whether a non-functional NpdR affects the expression tEvwghelC andnpdl or not.
The wild-typeR. opacus HL PM-1 and the mutarR. opacus ND1 were cultured in minimal
media and induced with DNP. Cell extracts were prepared and enzymewssayerformed
for detecting the HTII (conversion of TNP to-FNP) and the HTI (conversion of HNP to
2H-TNP) (Table 5). Cell extracts from DNP-induced culturestodin HL PM-1 exhibited
approximately 50 to 60-fold greater activities for HTIl or fofIH385 or 78 muU/mg,
respectively) compared to non-induced cultures (8.3 or 1.35 mU/mg, reshgctvell
extracts from induced cultures and non-induced cultures of the mutaimt SD1 showed
very similar activities for HT1l (1136 and 1261 mU/mg, respectively) or for (3222 and 223
mu/mg), irrespective of whether they had been induced or not. ibnessthat expression of
npdl or npdC was constitutive in the deletion mutant. Further, it demonstrateN{hdR

represses the expressiomptll andnpdC in R. opacus HL PM-1.

Table 5. Specific activities of the HTIl and the HTI iR. opacus HL PM-1 andR. opacus
ND1

Bacterium Specific activity (mU/mg cell extract)
TNP H-TNP

R. opacus HL PM-1 8.3+ 2.0 1.351.7

Not induced

R. opacus HL PM-1 385+ 5.6 78+ 7.0

Induced with 0.5 mM DNP

R. opacus ND1 1261+ 267.2 223 4.2
Not induced
R. opacus ND1 1136+ 90.5 222+15.5

Induced with 0.5 mM DNP

The values are the means of two independent experiments, each done atdriplic
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3.2.9.2. Conversion of DNP or TNP by resting cells &. opacus ND1

To confirm that NpdR is a repressor and the deletion mutant &rajppacus ND1 expressed
npdC andnpdl as well as othempd genes constitutively, resting cells of the mutant ND1 was
performed with on DNP or TNP as substrate (Fig.13).

DNP concentration (UM)

Time (hour)

600
500
400
300
200
100

TNP concentration (uM)

Time (hour)

Fig.13. Transformation of DNP (A) or TNP (B) by resting cellsRfopacus HL PM-1 (x) andR.
opacus ND1 (mw). The cultures were harvested at the mid-log phase andpessles] in
KH,POY/K,HPQ, buffer (50 mM, pH 7.5) supplemented with 0.5 mM DNP or TNP R of the
cell suspensions after resuspension was 1.7-1.8. The samples wenteddt relevant time intervals
and analysed by HPLC as described in Materials and Methods.alles\are the average values of

two independent experiments.

The strain ND1 transformed DNP or TNP to theDHNP or H-TNP much faster than the
wild-type HL PM-1 (data not shown). The mutant cells convertsid Bompletely after 2 h,
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whereas the wild-type cells converted DNP within 7 h. (Fig.13A). WdB converted within
6 h by the mutant cells compared to 7 h by the wild-type cells (Fig.13B). Withimghledur,
the concentration of DNP and TNP decreased significantly whildatog with resting cells
of the mutant strain but remained almost unchanged with the celle ofild-type strain.
These results are due to the existence of fully active eexzyas a result of constitutive
expression of thapd genes in the mutant strain.

3.2.10. Effect of NpdR on gene expression from IGRI’ or IGRIV’

To show directly that NpdR affects expression of tipd genes from IGRI' or IGRIV’,
PNGA7 (expressingylE from IGRI’) or pNGA9 (expressingylE from IGRIV’) (see 3.1.2)
were each transformed inR opacus HL PM-1 orR. opacus ND1. Cell extracts from DNP-
induced cultures dR. opacus HL PM-1 (pNGAY7) orR. opacus HL PM-1 (pNGA9) possessed
catechol 2,3-dioxygenase (C23DO) activities of about 1254 or 1827 mU/otgirpr
respectively (Table 6). Cell extracts of non-induced culturé® opacus HL PM-1 (pNGA?7)

or R. opacus HL PM-1 (pNGA9) possessed activities 3-fold lower compared teetbbshe
induced cultures (about 444 or 616 mU/mg respectively). Cell exfraatsinduced or non-
induced cultures oR. opacus ND1 (pNGA7) possessed comparable activities 1890 or 2000
muU/mg. Control samples of strait opacus HL PM-1 (pNGAS8) (promoterlessylE in pK4)
exhibited no difference for C23DO activities, irrespective of werethey had been induced
or not (84 and 80 mU/mg). The results showed x{i& expression is induced by DNP when
under the control of IGRI'" or IGRIV' in the wild-type strain, anketexpression was
constitutive in the deletion mutant fopdR. A possible reason for the low level of induction
is that not enough NpdR is expressed from strain HL PM-1 to sattiva binding sites in
IGRI" and IGRIV’ to completely represg/E expression from pNGA7 or pNGA9.
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Table 6.C23DO activity inR. opacus HL PM-1 andR. opacus ND1 containing pNGA7 or
PNGA9

Bacterium C23DO activity (mU/mg cell extract
R. opacus HL PM-1 (pNGA7) 444+ 27
Not induced

R. opacus HL PM-1 (pNGA7) 1254+ 59
Induced with 0.5 mM DNP

R. opacus ND1 (pNGA7) 1890+ 84
Not induced

R. opacus ND1 (pNGA7) 2041+ 102
Induced with 0.5 mM DNP

R. opacus HL PM-1 (pNGA9) 616+ 33
Not induced

R. opacus HL PM-1 (pNGA9) 1827+ 98
Induced with 0.5 mM DNP

pPNGA7 containsylE under the control of IGRI'; pNGA9 contaimgl E under the control of IGRIV'.

The values are the means of two independent experiments, each done atdriplic

3.3. Determination of a putative promoter region in IGRII

To elucidate whether the upstream sequenagdiR contains a promoter region controlling
expression ofnpdR or not, the intergenic region betweenfF and npdR (IGRII) was
amplified using EcoRI-IGRII and Kpnl-IGRII primers (Table 4, rhen 19, 20) and cloned
upstream okylE gene in pK4, resulting in pNGA27. pNGAS8 (containing promoterkgts)

or pNGA27 &ylE under control of IGRII) was transformed inR rhodochrous ATCC
12674. There was no difference between C23DO activities in theegathcts of R
rhodochrous ATCC 12674 (pNGA27) and those Bf rhodochrous ATCC 12674 (pNGAS),
83.5mU/mg (Fig.14). This result may be due to the absence of a pram&®RIl or due to
the lack of a regulatory factor necessary for the expressiom the putative promoter. To
answer the question if there is any other activator in thé-tyde strain needed to drive the
expression okylE gene from IGRII, pPNGA27 or pNGA8 was transformed back into thé-wil
type R. opacus HL PM-1. Cell extracts derived from non-induced culturefobpacus HL
PM-1 (pNGA27) exhibited approximately 6-fold higher C23DO actigit{36.5 mU/mg)
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than those oR. opacus HL PM-1 (pNGAS8) (88.5 mU/mg). DNP-induced cell extractsRof
opacus HL PM-1 (pNGA27) showed comparable activities to the non-induced &igpd4)
The result suggests that IGRII may contain a weak promotearrregid an activator may be
needed for expression from this promoter. Further, DNP may not induexphession of
xylE from IGRII.
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Fig.14. Expression okylE under the control of IGRII ifR. rhodochrous ATCC 12674 (1-2) or iR
opacus HL PM-1 (3-6). 1. Not induce®. rhodochrous ATCC 12674 (pNGAS8); 2. Not induced.
rhodochrous ATCC 12674 (pNGA27); 3. Not inducd®l opacus HL PM-1 (pNGAS8); 4. Not induced
R. opacus HL PM-1 (pNGAZ27); 5. InducedR. opacus HL PM-1 (pNGAS8); 6. InducedR. opacus HL
PM-1 (pNGAZ27); The cell extracts and enzyme assays were prepared @éseddsdhe Materials and
Methods. pPNGAS8 contains promoterleg$E. pNGA27 containgylE under the control of IGRII. The
values are the average values of two independent experiments.

3.4. Alternative inducers of TNP degradation
3.4.1. Induction ofnpdC at the transcriptional level

DNP is known to be an inducer that switches on the expression of\lReg&nes r{pdC,

npdG andnpdl) in R. opacus HL PM-1 (Walters et al., 2001). Gel retardation assays showed
that the analogous compounds TNP, 2-chloro-4,6-dinitrophenol and 2-methyl-4,6-
dinitrophenol caused changes in the formation of the DNA-NpdR con{ptex 3.2.6). It
suggested that these compounds may also serve as inducers of TatRtiey To show that

the analogous compounds induce the expressiaopdofienes at the transcriptional level, total

RNA of R. opacus HL PM-1 was isolated after 2 h of induction and hybridised wiltiNz\
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probe. The probe used corresponded to the full-length transcnioi€i Abundance of the
MRNA of npdC was much higher in total RNA of cultures induced with DNP, T&Hehlor-
4,6-dinitrophenol or 2-methyl-4,6-dinitrophenol compared to the non-induced one (Fig.15)
Almost no mRNA ofnpdC was detected in total RNA of culture induced with 4-nitrobenzoate

or non-induced culture.

100 ng . . .
300 ng . . * »

500 ng ’ s * 0

Fig.15. Northern dot blot analysis of total RNA froRi opacus HL PM-1 after inducing the cultures
with various compounds. 1. DNP; 2. TNP; 3. 2-chlor-4,6-dinitrophenol; 4. 2-methgliitephenol,
5. 4-nitrobenzoat (negative control); 6. No induction. The cultues® \yrown to the mid-log phase
and induced with 0.5 mM of each nitrophenol. Total RNAs were isomtedspotted onto a nylon
membrane as described in Materials and Methodsnpdi@ gene was labeled lg vitro transcription
using the Dig Northern Starter Kit to obtain the RNA probe. Hybaiihn was performed at 68C

following the instructions of the supplier.

3.4.2. Induction ofnpdC or npdl in R. opacus HL PM-1 at the translational level

To confirm that the above tested compounds indeed induced the expressionmf ge@es
at the translational level, enzyme assays of HTI (encodedp@®) or HTIl (encoded by
npdl) were performed with crude extractsRfopacus HL PM-1 after inducing the cultures
with 0.5 mM of the analogous compounds (Table 7). Crude extra®sapacus HL PM-1
cultures induced with TNP, 2-chloro-4,6-dinitrophenol or 2-methyl-4,6-dinitrophshoived
37-43 fold higher HTII activities (571 mU/mg for 2-methyl-4,6-dinitrophe®dl2.5 mU/mg
for 2-chloro-4,6-dinitrophenol or 660 mU/mg for TNP) compared to the non-iddudaires
(15.5 mU/mg). Crude extracts of induced culture®abpacus HL PM-1 also possessed 51-
76 fold higher HTI activities compared to the non-induced cultures. lmdudvels were

similar for all three inducers. Neither HTI nor HTII actwvincreased when the cultures were
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induced with 4-Nitrophenol. These results coincide with the above (sselt3.4.1) and with
GMSA that TNP, 2-chloro-4,6-dinitrophenol, 2-methyl-4,6-dinitrophenol but not 4-
Nitrophenol reduced the affinity of NpdR binding to IGRI' or IGRIV’ (see 3.2.6).

Table 7. Specific activity of HTIl or HTI inR. opacus HL PM-1 after treatment of the

cultures with various nitrophenols

Bacterium Specific activity (mU/mg cell extract
TNP H-TNP

R. opacus HL PM-1 155+25 1.8+ 0.8

Not induced

R. opacus HL PM-1 660+ 7 138+ 8

Induced with 0.5 mM TNP

R. opacus HL PM-1 612.5+ 15.5 92.5+ 3.5

Induced with 0.5 mM 2-chloro-4,6-dinitropheno

R. opacus HL PM-1 571+ 46 93+ 5
Induced with 0,5 mM 2-methyl-4,6-dinitropheno

R. opacus HL PM-1 45+ 5 4+1
Induced with 0.5 mM 4-Nitrophenol

The values are the means of two independent experiments, each done ateriplic

3.4.3. Conversion of TNP by resting cells oR. opacus HL PM-1 after inducing the

cultures with various inducers

To compare TNP turnover of induced cultures with non-induced culturBs agacus HL
PM-1, the cultures were induced with DNP, TNP, 2-chlor-4,6-dinitrophen®inoethyl-4,6-
dinitrophenol as described before, then resting cells were exposed to TNP (Fig.16)
Non-induced cells converted TNP very slowly, which disappeared oy H3t h. Resting
cells, induced with DNP, TNP, 2-chlor-4,6-dinitrophenol or 2-methyl-4,6-dinitnophe
converted TNP to HTNP completely within 1,5-2 h with the same rates (Fig.16A).
Formation of HTNP was slower for the non-induced cells compared to the iddceks.
Resting cells of induced cultures formed NP reaching highest concentrations at 2 k. H

TNP disappeared completely after 3-4 h. ThelTNP conversion rate of the four induced
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resting cells were also comparable (Fig.16B). This result omme confirmed that DNP,
TNP, 2-chlor-4,6-dinitrophenol or 2-methyl-4,6-dinitrophenol induced the expresdithe
TNP genes.

A
S 250
Ea
L e
S 200 1,7,
= o te-
5 150 % AR
% \ \0\\’
9 100 & e
Q *
o \\\
o 50 r \Q\ o
Z )
F o Ei : : "o
0 5 10
Time (hour)
B
3 250 |
c
S 200 - g,é:\\ .
© Vo X .
b / /Q \ \ 2
= Q )\ \ \ e
= 150 [ 1 S \\ \ [
8 ,(//)( A\\ .\\ i
§ 100 - /; .
// \\\\ r\),.-——Q//
% 50 7//:? /./,\\\/\‘ \\\\
n U S oo
I 0 :g/ T b T 1
0 2 4 6 8

Time (hour)

Fig.16. Conversion of TNP by resting cells Bf opacus HL PM-1 after inducing the cultures with
various inducers. A. Reduction of TNP concentration. B. Formafiéfi-6NP. () Not induced. )
Induced with TNP. &) Induced with DNP. X) Induced with 2-chlor-4,6-dinitrophenolo) Induced

with 2-methyl-4,6-dinitrophenol. The cultures were induced with 0.5 ehach nitrophenol for 2 h
and then harvested. The cells were resuspended P®&HK,HPO, buffer (50 mM, pH 7.5)
supplemented with 0.22 mM TNP. @, of the cell suspension was 1.5-2.0. The samples were
collected at relevant time intervals and analysed by HPLd&ssribed in Materials and Methods. The

values are the average values of two independent experiments.
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3.4.4. Inducibility of npd genes in other DNP degrading strains

As shown in section 3.2, NpdR repressed expression opthgenes by binding to IGRI' or
IGRIV'. The affinity of NpdR for IGRI' or IGRIV’ was rduced in the presence of DNP,
TNP, 2-chlor-4,6-dinitrophenol, and 2-methyl-4,6-dinitrophenol. Those analogous compounds
were shown to induce the expressionnptiC and npdl (see 3.4.1-3.4.3). So far, several
further DNP-degrading strains have been identifiédsimplex FJ2-1A is able to utilise DNP
and TNP as sole of nitrogen source (see Ri)pococcus sp. strain DNP 14-5Rhodococcus
gp. strain HL 24-1Rhodococcus sp. strain CB 24-1 were shown to be able to grow on DNP as
sole nitrogen source (Heiss et al., 2003). Pairwise alignmentsrmped with thenpdG and
npdl from these strains anapdG and npdl from the reference straiR. opacus HL PM-1
showed high sequence identities (86 to 99 %). Npd@ Npdiwere also demonstrated to
have the same function as the homologous proteiri® mpacus HL PM-1 (Heiss et al.,
2003). For improved understanding of TNP degradation we want to de¢etinei inducibility
of DNP/TNP degradation in these DNP-degraders.

Enzyme assays for HTII or HTI activities were performeth N. simplex FJ2-1A,
Rhodococcus sp. strain DNP 14-5Rhodococcus sp. strain HL 24-1 andRhodococcus sp.
strain CB 24-1 (Fig.17). Cell extract &f. ssimplex FJ2-1A exhibited similar activities for
HTIl (140,5 or 157 mU/mg) (Fig.17A) or for HTI (243 or 203 muU/mg) (EXB),
irrespective of whether the cultures had been induced or not. The gesuwides with the
observations before that TNP degradation potentill sfimplex FJ2-1A is constitutive (Russ
et al. unpublished results). The enzyme activities in all d®hepacus strains were similar to
those inR. opacus HL PM-1. TNP degradation potential was increased after expdsure
DNP: cell extracts from induced cultures of DNP 14-5, HL 24-1 or2@8 possessed 16 to
38-fold higher activities for HTIl (Fig.17A) and 4.6 to 9.6-fold higteativities for HTI
compared to the non-induced cultures (Fig.17B). This result suggesthahatnscriptional
regulation mechanism of TNP metabolism in thiRsepacus strains may be similar to the one
in R. opacus HL PM-1. Hybridisation analysis of total DNA from theRe opacus strains
showed hybridisation signals withpdR from strain HL PM-1 (N. Trachtmann, G. Heiss
unpublished data). It means tiatopacus DNP14-5R. opacus HL24-1 andR. opacus CB24-

1 may contain a gene with the sequence similar to the sequenpgRofrom R. opacus HL
PM-1.
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Fig.17. HTIl (A) or HTI (B) activities of different DNP-degraalj strains after inducing the cultures
with DNP.E Induced culturdd  Non-induced culture. Zimplex FJ2-1A. 3-4R. opacus DNP14-

5. 5-6.R. opacus HL24-1. 7-8.R. opacus CB24-1. The cultures were grown to the mid-log phase and
induced with 0.5 mM DNP for 2 h. The harvested cells were lysiédtiae French press. HTI or HTII

enzymes assays were performed as described in Materials and Methods.

3.5. ldentification of the function oforfAl and orfA2 in TNP metabolism

ComparingorfA (Fig.3) to sequences in the database revealed that it comyosepen
reading framesorfAl andorfA2, which may code for two putative transcriptional regulators
of a two-component regulatory system (Fig.18). The produckféfl may contain a helix-
turn-helix DNA binding motif. Its sequence showed 48 % sequence stpild a
nitrate/nitrite response regulator Bf coli and43 % sequence similarity to a hypothetical
transcriptional regulator oMycobacterium bovis (Genbank, NCBI).orfA2 seemed to be

missing the 5’ end sequence of the corresponding gene. The 3’ enddssiavilarities to a
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putative serine/threonine protein kinase (Genbank, NCBI). The questionaitssivered was
whether this two-component regulatory system plays a role in TNP metabolism

orfA IGRI orfB
EEEEEEERN '—: >
orfA2 } >
orfAl

Fig.18 Location oforfAl andorfA2 in thenpd gene cluster. Arrows represent the open reading frames
(not drawn to scale). Dashed line represents the missing sequences tlRinitergenic region |.

3.5.1. Cloning and sequencing the 5’ end offA2

Sequence comparisons@fA2 to the sequences in the databases (Genbank, NCBI) indicated
that orfA2 lacked about 500 amino acids at the N terminus of the correspondinm piate
search for the missing part offA2, 456 bp from the 5' end of the known sequencerti2
was amplified using the OrfA2probe-for and OrfA2probe-rev prinf€eble 4, number 28,
29). The PCR product was used as the probe for hybridisation witktetigehromosomal
DNA of R. opacus HL PM-1 (Fig.19A.). The probe hybridised with the chromosomal DNA of
R. opacus HL PM-1 digested wittEcoRI and Sacl, showing a signal at 2.5 kb. The 2.5 kb
DNA fragment containing a pool @&coRI-Sacl fragments was cut out of the gel and cloned
into theEcoRI andSacl sites of pBluescript Il SK(+). Colony hybridisation &f coli DH5a
containing the pool of recombinant plasmids againsbth& probe, was used to screen for
the clones with the right plasmid inserts. The recombinant plasonihins the right insert is
named pNGA34 (Fig.19B). The 2.5 kb insert was sequenced from the TB7apdmer
binding sites on pBluescript Il SK(+). The sequenceoidA2 revealed a complete open
reading frame of 2895 bp with 56 % sequence similarity to aegthieonine protein kinase
PknK of Mycobacterium tuberculosis (Genbank, NCBI) (see Fig.20).
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Fig.19. A. Southern hybridisation of digested chromosomal DNA fRopacus HL PM-1 with the
orfA2 probe. 1. DNA digested wittiecoRI-Hindlll; 2. DNA digested withEcoRI-Sall; 3. DNA
digested withEcoRI-Sacl; 4. A- DNA digestedEcoRI-Hindlll marker. Total DNA ofR. opacus HL
PM-1 was isolated and digested with the relevant enzymedigjested DNA was separated on a 0.8
% (w/v) agarose gel and then transferred to a nylon membraeemembrane was hybridised with
456 bp, 5" end of the known sequencedA2 and detected following the instructions from Roche.

B. Plasmid pNGA34 contains 2.5 kb of the 5" endidA2 in EcoRI andSacl sites.bla: B-lactamase

genelacZ: B-galactosidase gene.

—» OrfA2 start
....CGGTGTGCGGGGAACCACGAGCCGACGGGGTGAGTAGACABBIEEBSAAGATG

ATCCGTGCGATACGCAGCGGTACGTCGTCCCCGACGTGGCTGCGGAGTTGAGCGAAGCTG!
TTCGACGATGCCCAGGAGATCGGGCGCGGCGGTTTCGGCGTGGTCTACCGCTGCACGCAG
GGAGCTGGATCGCACGGTGGCGGTGAAGGTACTCACCGTCGAACTCGACGAGGAGAACCG
CTCGGTTCTTCCGGGAGCAGCGGGCGATGGGGCGGCTCACCGGGCACCCGAACATCGTGC
GTCCTGCAGGTCGGTGCCACCGACAGCGGACTTCCGTACATCGTGATGCCCTACCACTCGC
GGGTTCGCTCGACGTGCGGATCCGCCGTCGCGGTCCGCTGCCGGTGGAGAAGGCGLCTGCC
TCGGGGTGAAGATCGCGGGTGCGGTGGAGTCGGCGCACCGGCTCGGCATCCTGCATCGCC
GTCAAACCCGCGAACATCCTGCTCACCGATTACGGAGAGCCGGCGTTGACCGATTTCGGCA
CGCGCACGTCAGCGGGGGCTTCGAGACCGCCACCGGGACCGTGCAGGGATCGCCGGCGT,
CCGCGCCGGAGGTGCTCGGAGGTGACTCACCGACCCCGCCCGCCGACGTCTACGGLCCTCC
GCCACCTTGTTCAGTGCTCTCACCGGCCATGCCGCGTTCGAACGTCGCAGCGGCGAACAGC
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CGTCGCGCAGTTCCTGCGGATCACCACGCAAGAGGTGCCCGATCTGCGTGACCACGGGAT(
CGGACGATGTGTCCGAGGCGATCGCGCGGGCGATGTCTCGAACCCCGGATCAGCGACCGC
ACCGCCGCCGACTTCGGGGAGGAACTGCGACGGCTCCAACACGATCATGGCTTTCCGGTCC
CGAGATGGCCCTGCACACCGTCCCTGGGTCGGCAAGCGGCGACGCACAACCAGAGTCCGC
GACCTCGATCGGCGGTGTCCTCCGCGCTGGGCGCGACGGGGCGTCTTCCCCTGGAACTGA
AGTTTCGTCGGCCGCCGACACGAACTCACCGAGGCGAAGAATCTGTTGGCCGGGTCCCGAC
GGTGACGTTGATCGGGATCGGGGGTGTGGGCAAGACGCGGCTGGCGATGCGGGTGGCGG
GTGTCCAGCGCGACTACGCCGACGGTGTGCGGCTTGTCGGATTGGGTGAACTGCGCGACG
TCGTCGCTCGTCGACGCAGTGGCCGGCGCACTGGGATTGCGAGACCACTCGGCGAGGCCG
GCGTGAGGTCCTGATCGAGTTTCTCGTGCCGCGGGAACTGCTGTTGGTCCTCGACAACTGC
AGCACATGGTGGACGCAGCAGCGGAACTGGCCGAGACCCTGTTACGGGTGTGCCCGGGCC
CGGATTCTGGCCACCAGCCGCGAACCCCTGGTCATCGGTGGGGAAGCAGTGCTGCGGGTC
CCCGCTGGCTGTCCCGGATCCGGAACGGCGGCCCTCCTTGCGAACGTTGTCCCGATACGAT
CCGTGTCGTTGTTCGTCGAACGCGGTGCTGCCGCGGTTCCGGGGTTCGCGCTCACCGAGG
AACGCGGCGGCGGTGGCGGGGATCTGTCACCGGCTCGACGGGTTGCCGCTGCCGATCGAL
GGCGGCGGCCCGGTTGCGGGCGATGTCGCCCCAACAGATCCOTBAEGGEGABCCGCT
Previous known seguance

TCACCCTGCTGACCCGCGGCAACCGGGGTGCGCCGACGCGGCAGCAGACCCTGCGGTTGT
ATCGACTGGAGCTTCGAGTTGTGCACCGCCGGTGAGCAACTGGTGTGGGGGCGGGTGGCG
CTTCGCGGGGTGCTTCGAACTCGATGCCGCGGAGCAGGTGTGTGGCGAGGGCCTGGCCTC
GCGAGTTATTGGACACGCTGACCTCCCTGGTGGAGAAGTCGATCCTGATCCGGGAGGAATC
GGGTCGGTGGTGCTTTTCCGGATGCTCGAGACTCTCCGTGAGTACGGCTACGAGAAGCTCCG
GCAGTCCGGCGAGGCATTGGATCTGCGTCGCCGGCACCGGAATTGGTACGAGGCGTTGGC
TGGATGCGGAAGCCGAGTGGATCAGCGCGCGCCAACTCGACTGGATCACCCGGCTGAAGC
GAACAACCGAATCTGCGGGAGGCCCTCGAATTCGGCGTCGACGACGATCCCGTCGCCGGTH(
GCGCACCGCCGCCGCACTGTTCCTGTTCTGGGGCTCTCAGGGCCTCTACAACGAGGGGCGH
GCTGGCTCGGCCAGCTGCTCGCCCGCCAGAGCGGCCCACCGACGGTCGAGTGGGTCAAGC
CTCGAACGCGCCGGCATGATGGCCAATGTGCAGGGTGATCTGACTGCCGGAGCCGCACTC!
GGCGGAGGGGCGAGCGCTCACTGCCCACACGAGTGACCCCATGATGCGGGCTCTCGTTGC
ACGGCGATGGCATGCTTGCCCTCTACAGCGGTGATCTGGCGCGTGCGTCTTCGGACCTCGA
ACCGCTCTGACGGAGTTCACCGCGCGCGGTGACCGAACGCTCGAAGTAGCCGCACTGTACK(
GTTGGGGTTGGCGTACGGACTGCGCGGCTCGACGGACCGGTCGATCGAACGTCTCGAGCG
TTCTCGCGATCACGGAGCAGCACGGCGAGAAAATGTATCGGTCGCACTCGTTGTGGGCTCT
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GGTATCGCCCTGTGGCGGCACGGGGACGGCGATCGCGCGGTCCGCGTGCTCGAGCAGTC(
GGAGGTGACCCGGCAAGTGCACGGCCCACGTGTCGCCGCGTCCTGTCTCGAGGCACTGGC

—» orfAl start
GGATAGCCTGCBPRCCGTGACGAACCGAGGGCTGCGGTTCTGTTGGGAGCCGCAGAAGAGT

TGGCGCGATCAGTGGGCAGTGCUGNBEGTACTCCGATCTTCTTGTCTACCATCAGGAA

orfA2 stop
TGCGAACAGAAGTCTCGACGGGAACTCGGGGACAAAGGATTCGCGGCGGCCTACCGCAAGH

TCAGGGACTCGGTTTCGACGCGGCCATCGCCTATGCCCTCCGCGAGCAACCGCCGAGCACK
CCGGACCCACCGCCGGTGGGTCGACGCGACTGACCAAGCGGGAACGCCAAGTCGLCCGGCL!
ATCGCCGAAGGTCTCACCAACCAGGCCATCGCCGACCGCCTGGTGATCTCTCCACGGACCC
GCAAGGGCACGTGGAGCACATCCTGGCCAAGCTGGGTTTCACGTCCCGGGCGCAGGTCGC
CCTGGGTCGTCGAGCGGACCGABATGGAACACCTCCGCTCGCGTTGAACGCGGCAG

orfAl stop
TCGGTGACGACCGCGACCGCGGGTCGGTCCCTGGAATCGCGACGTAAACGGTTCTCCCCG,

CATATGTGGCCTTTCGTTTCGCGTTGCTGCGCGCCCGCCATTTCCCGTCGTGGGACCGAAT(
GCCCGCCACGCACCGGCCGCCGGAAATCTGCITERCAGCGGGCGGTGGTGCIAG

-35
ACGTCCGTGGAGTTCCAAATAATGATGTCAGTTCAGCATAGTEGHACTH GTA GGG

-10 orfB start —»
G...

Fig.20.Nucleotide sequence upstreanooiB showingorfAl andorfA2. The start and stop codons are
indicated by bold type. - 35 and - 10 hexamers are indicated bytyjedand underling; Shine-

Dalgarno sequences are underlined.

3.5.2. Construction of deletion mutant strain fororfA2

An unmarked deletion mutant strain fafA2 was constructed using the mobilisable plasmid
pK18mobsacB (see 3.2.8.). TherfA2 was deleted from nucleotides 1071 to 2253 as follows:
two 1 kb-DNA fragments flanking region to be deleted, were aradlifising two pairs of
primers KO-orfA2-for, Clall-orfA2 and Clal2-orfA2, KO-orfA2-reffable 4, number 30-
33). The two PCR products were digested vithl and ligated creating a 2.1 kb-ligated
fragment. The fragment was inserted ifnal site of pK18nobsacB. The resulting plasmid
pPNGA37 was transformed intB. coli S17.1 and subsequently transferred to the wild type
strainR. opacus HL PM-1 by conjugation as described in section 3.2.8 (Fig.21A). Genotypes
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of the mutant strains were analysed by Southern hybridisatiods® &p fragment obrfA2
(see 3.5.1 fororfA2 probe) against total DNA of the mutant strains digested bRl
(Fig.21B). Southern blot analysis of the wild-type strain HL PM-1 sliba hybridisation
signal of 4230 bp (lane 6). As expected, the mutant strains had ondidation signal at
3048 bp (lane 1, 2, 4, 5). This result coincides with the sequence otiganifahe wild-type
strain and the mutant strain (Fig.21A). It shows that the mutenhstcontained the deleted
orfA2.

A R. opacus HL PM-1
B 1 2 3 4 5 6
EcoRl 423Cbp Probe EcoRl
— | bp
A2 i AL
o 21226—
© 994 byi1182 by | 1139 by 5148
>< >< 4973 o
4268 —
A ECoRI 353C | —
Sl a2 AL S |
| 994b 13CE o —
P ¢ br
PNGA37 iggj:
(7833 bp 1375
— 947—
sacB aphII 831
I%coRI AZ_AEC?RIAl

3048 by |

R. opacus ND2

Fig.21 A. Schematic overview of the molecular organisation of &gon encodingrfA2 in wild-
type R. opacus HL PM-1 and in deletion mutant straR opacus ND2. B. Southern analysis of
chromosomal DNA fronR. opacus digested withEcoRI. 1, 2, 4, 5. DNA from mutant strains with
double-cross over; 3-DNA digested withEcoRI andHindlll marker; 6. DNA from wild-type strain.
Total DNA was isolated and digested witboRI. The digested DNA was separated on a 0.8 % (w/v)
agarose gel and then transferred to a nylon membrane. The membsahgbridised with the 5’ end

of the known sequence offA2 and detected following the instructions of Rache
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3.5.3. Characterisation of deletion mutanR. opacus ND2
3.5.3.1. HTI or HTII activity of R. opacus ND2

HTIl and HTI were shown to be involved in the initial steps of TiN€tabolism (Heiss et al.,
2002) and their corresponding gempsll andnpdC are located immediately downstream of
the putative promoters (see 3.1). Therefore, any regulation contrtiiengxpression afipd
genes from the two promoters would directly affect the ams/iof HTIl and HTI. Further,
becauseorfA2 and orfA1 may encode for transcriptional regulators of a two component
regulator system, hence inactivationoofA2 or orfA1l may result in a change of HTI or HTII
activity. To test the effect of thmfA2 deletion on HTIl and HTI activities, enzyme assays of
HTI (NpdC) or HTIl (Npdl) were performed with cell extraat$ wild-type R. opacus HL
PM-1 and the mutarR. opacus ND2 (Table 8).

Table 8 Specific activity of HTII or HTI inR. opacus HL PM-1 orR. opacus ND2

Bacterium Specific activity (mU/mg cell extract)
TNP H-TNP

R. opacus HL PM-1 11+ 2 0.7+ 0.5

Not induced

R. opacus HL PM-1 334+ 20 38+ 3

Induced with 0.5 mM DNP

R. opacus ND2 12+ 2 0.6+ 0.5

Not induced

R. opacus ND2 324+ 22 43+ 4

Induced with 0.5 mM DNP

The values are the means of two independent experiments, each done in triplet

DNP-induced cell extracts of the wild-type strain HL PM-1 pssed 334 mU/mg protein for
HTIl activities or 38 mU/mg protein for HTI activities. Simil activities for HTII or HTI
were observed with induced cell extracts of the mutant ND2, 3243omU/mg protein
respectively. In addition, non-induced cell extracts of the mutaainspossessed equal
activities for HTIlI or HTI (12 or 0.6 mU/mg protein) compared to thosthe wild-type (11

or 0.7 mU/mg protein). Hence, there were no changes in HTIl draefivities between the
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wild-type HL PM-1 and the mutant ND2. In other words, non-functientd2 did not alter
the expression afpdC or npdl from the putative promoters in IGRI’ or IGRIV".

3.5.3.2. Conversion of TNP by resting cells &t. opacus ND2

To confirm that deletingrfA2 did not affect expression ofpdl or npdC as well as other
genes of TNP metabolism, resting cells of the mutant sRagpacus ND2 were performed
with TNP as the substrate (Fig.22).
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Fig.22. Conversion of TNP by resting cells Bf opacus HL PM-1 (¢) or R. opacus ND2 (0). A.
Reduction of TNP concentration; B. Formation ofTHIP. C. Formation of 2HTNP. D. Release of
NO; from TNP. The cultures were induced with 0.5 mM DNP for 2 h and hlaevested. The cells
were resuspended in KPIO/K,HPQ, buffer (50 mM, pH 7.5) supplemented with TNP. Theggk

of the cell suspensions was 0.9. The samples were collectgé\atnt time intervals and analysed by



73

HPLC as described in Materials and Methods. The valuetharaverage values of two independent

experiments.

TNP was converted to HNP almost at the same rate by resting cells of the-type HL
PM-1 and the mutant ND2 (Fig.22A and 22B). Subsequenthi,\HP was converted to 2H
TNP by both strains almost equally (Fig.22B and 22C). In addition, N&s released during
TNP transformation in both strains at similar concentratiéing.Z2D). In conclusion, there
was no difference between the wild-type HL PM-1 and the mutaatnsMD2 in TNP
transformation. Hence, deletimyfA2 did not change the expression of tipel genes from

IGRI and IGRIV promoters.

3.5.4. Expression obrfAlin E. coli

To confirm thatorfAl codes for a protein and to study the function of the encoded protein,
orfAl was expressed iB. coli and the expressed protein was purifiedAl was amplified
using OrfAl-for and OrfAl-rev primers (Table 4, number 25, 26) andtatséntoNdel and
BamH]I sites of pAC28 with 6 histidines fused at the N-terminus ofctreesponding protein
resulting in pPNGA38 (Fig.23A). SDS-PAGE analysis of the producri1 showed a single
polypeptide band at about 18 kDa (Fig.23B), coinciding with the sizieeofranslated DNA
sequence oforfAl, 16004,1 Da. The protein was purified using Ni-NTA affinity

chromatography.
A B
BamH| kba 1 2 3 4 5 6 7 8 9
I
YA E E L —
43 e
pPNGA38 20 ==
— - S —
(5630 bp) 3 F ¥
. 20.1 — w ==

Fig.23. A. Plasmid pNGA38 containarfAl. lacl® lac repressorpeo: kanamycin resistant gene;,P
T7 promoter. B. SDS-PAGE showing the purification of the prodficrf®\1 with Ni-NTA affinity

chromatography. 1. Low molecular weight standard; 2. Crude egraoti BL21 (DE3)(pAC28); 3.
Crude extrack. coli BL21 (DE3)(pNGA38); 4. Fraction obtained after loading through thenooj 5.
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Washing fraction; 6-9. Elution fractions. The protein was pdificcording to the instructions of the
supplier. Each purification fraction was separated on a 12 % (w/v) polgaaiglgel.

3.5.5. Construction of mutant minusorfAl

Under the conditions tested, the non-functicordf2 mutant did not affect the expression of
npd genes from the two promoters (see 3.5.3). To identify the functiorfAl, the complete
orfAl was deletedn vivo using the same method used for constructing the other deletion
mutants (see 3.2.8 and 3.5.2). 1 kb-flanking sequencedAdf were ligated and the ligated
DNA fragment was cloned int@mal sites of pK18wobsacB resulting pNGA29. Further
experiments were performed as described in section 3.2.8. Total dN#e mutants was
analysed by PCR and Southern hybridisation. Colony PCR with Qmfdlde-for and OrfAl
probe-rev primers (Table 4, number 38, 39) on'/8ac’ colonies resulted in two different
types of PCR products: one with a size of 904 bp (Fig.24A, lane Bd4ha other with a size
of the wild type 1473 bp (lane 2 or 6). The 1474 bp PCR fragment contanikigwas used
as the probe to hybridise with total DNARfopacus strains digested witBcoRI andBamHI
(Fig.24B). As expected, two hybridisation signals were observeteimvild-type strain: one
at 2626 bp, the other was about 1450 bp (lane 2). The mutant strain showeal atsigt50
bp and one at about 2080 bp (lane 3), confirming the absencbf

A B 1 2 3
bp
21226— | v

514
497
4268—
3530—

2027 _
1904—
1584—
1375—

947—
831

Fig.24. A. PCR of SulKar?’ colonies to screen for double-cross over mutants. 1. GendRM&rA
Ladder; 2; 6. Mutant with single-cross over; 3-5. Mutant with doates over. B. Southern analysis
of R. opacus chromosomal DNA digested wittcoRI andBamHI. 1. A-DNA digested withEcoRI and
Hindlll marker; 2. Wild-type strain; 3. Mutant strain with doubless over. Total DNA oR. opacus
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strains were isolated and digested viittoRl andBamHI. The digested DNA was separated and then
transferred to a nylon membrane as described in section 3.5.2. Theanemlars probed with 1474
bp DNA fragment containingrfAl and detected following the instructions of Roche.

3.5.6. Characterisation of mutantR. opacus ND3
3.5.6.1. HTI or HTII activities in R. opacus ND3

As explained in section 3.5.3.1, any transcriptional regulators controlling the ®aprekthe
npd genes from the two promoters would directly be demonstrated bgetan HTI and Hill
activities. To investigate that inactivatimgfAl has any effect on the expression of tipd
genes or not, HTIl and HTI activities from cell extract loé wild-type strairR. opacus HL
PM-1 were compared to those of the mutBnbpacus ND3 (Table 9). DNP-induced cell
extracts of the wild-type exhibited approximately 303 mU/mg Harll activities or 70
muU/mg for HTI activities. The same activities were obsemw#l the induced cell extracts of
the mutant, 334 mU/mg for HTIl or 60 mU/mg for HTI. Non-induced sas\pf both strains
also showed comparable activities for HTIl and HTI. HencestohgjorfAl did not affect the
expression of eithempdC or npdl.

Table 9. Specific activities of HTI or HTIl irR. opacus HL PM-1 compared td&R. opacus
ND3

Bacterium Specific activity (mU/mg cell extract)
TNP H-TNP

R. opacus HL PM-1 18+ 2 05.+£ 0.5

Not induced

R. opacus HL PM-1 303+ 16 70+ 2

Induced with 0.5 mM DNP

R. opacus ND3 17+ 1 1.2+ 0.5

Not induced

R. opacus ND3 334+ 1 60+ 1

Induced with 0.5 mM DNP

The values are the means of two independent experiments, each was dpiet.in tri
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3.5.6.2. Conversion of TNP by resting cells ¢&t. opacus ND3

To confirm that the non-functionalfAl mutant did not exhibit any change in expression of
npdC or npdl, resting cells experiments of the mutant ND3 were perfonmt#dTNP as the
substrate and compared with the wild-type strain. The metabolées analysed by HPLC
and this showed that TNP was converted with a slightly decreasedby the mutant cells
(Fig.25A). H-TNP was formed and converted faster by the wild-type celispared to the
mutant cells (Fig.25B). However, this difference between the-tydd HL PM-1 and the
mutant ND3 was not significant and did not coincide with the activitieasured for HTII
and HTI (see 3.5.6.1). Additionally, nitrite eliminating activitiegha cell extracts of the two
strains were also comparable between HL PM-1 (16 mU/mg) anantliant ND3 (13
muU/mg). Hence, under the investigated conditions, inactivatifgl did not show any

significant change in expression of the TNP metabolic genes BRI and IGRIV

promoters.
A B
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Fig.25. Conversion of TNP by resting cells Bf opacus HL PM- 1 (¢) andR. opacus ND3 (0). A.

Decrease in TNP concentration; B. Formation 8T NP. The resting cells were prepared as described
in section 3.2.9.2. The samples were collected at relevant tiewaig and analysed by HPLC as
described in Materials and Methods. The values are the avewdges of two independent

experiments.

Since strain HL PM-1 utilises TNP as sole carbon and nitregarce (Rieger et al., 1999), a
change on growth with TNP as nitrogen or carbon source may betexgecthe mutant of
orfAl or orfA2. Hence, the mutant strains ND3 and ND2 were cultured on minimaumedi

supplemented with TNP as a nitrogen or carbon source. The grateth of both mutant
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strains with TNP as a nitrogen source were similar withah#te wild-type HL PM-1 (data

not shown). For an unknown reason the strain HL PM-1 and the mutants did not grow on TNP
as a carbon source. Therefore, comparing the growth rate of HIL BiMI the two mutant
strains was not posssible. These results, together with the prestiodyg on the non-
functional orfA2 suggest thabrfAl and orfA2 may not play a role in regulation of TNP
utilisation as nitrogen source. Alternatively, they may dtiliction normally due to the

presence of another copy in the mutants.

3.6. Localisation of thenpd genes
3.6.1. Localisation of thenpd genes inR. opacus HL PM-1

Linear and circular plasmid DNA molecules have been detected my rerains of
Rhodococcus species (Prescott, 1991; Dabrock et al., 1992; Kalkus et al., 1993; dada
1997).Rhodococcus sp. strain CB 24-1 was shown to contain a plasmid amgpdS, npdR,
npdH, andnpdl genes have two copies, one is localised on the chromosomal DNA and the
other is localised on the plasmid (S. Weishaupt, N.Trachtmann, G. tHgsblished data).
As shown in section 3.5, inactivation offA2 or orfAl in the chromosomal DNA oR.
opacus HL PM-1did not show any effect on expression of tipel genes from the two
promoters. Hence, it is not surprisingifAl andorfA2 are present in more than one copy in
the strain. This is possible, even though a complete inactivation of Mptfty in the
deletion mutanR. opacus ND1 suggests thaipdR may be present iR. opacusHL PM-1 as a
single copy (see 3.2.9). To clarify this, total DNARfopacus HL PM-1 was analysed by
PFGE to search for the presence of endogenous plasmids. The PFGH #hetvatrain HL
PM-1 contained two plasmids (Fig.26). The resolved DNA was then hsdidvith Dig-
labeled probes (Table 10).
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Table 10.Dig-labeled probes used for hybridisation with total DNARobpacus HL PM-1
resolved by PFGE.

Probe Primer to amplified the DNA Length of the probe
orfAl OrfAl-for and OrfAl-rev 450 bp
(Table 4, number 25, 26) (complete sequence)
Part oforfA2 OrfA2probe-for and OrfA2probe-rey 456 bp
(Table 4, number 28, 29) (nucleotide 33-488)
Part ofnpdC npdC probe-for and npdC probe -rev 517 bp
(Table 4, number 34, 35) (nucleotide 3126-3643)
npdl DH2 Nde-for and DH2 Bam-rev 1047 bp
(Table 4, number 36, 37) (complete sequence)
npdR Val-npdR-for and Bam-npdR-rev 756 bp
(Table 4, number 1, 2) (complete sequence)

" Position from the known sequencenptl gene cluster (Accessiommber AF323606).

The hybridisation analyses demonstrated thptiC (Fig.26A), npdl (Fig.26B), npdR
(Fig.26C)orfAl (Fig.26D) andorfA2 (Fig.26E) hybridised to the chromosomal DNA of strain
HL PM-1 but did not hybridise to the chromosomal DNA of strain $QEpgative control,
unable to grow on DNP or TNP). Previously, Southern hybridisationgefstid total DNA
from the strain with labeledpdR (Fig.12B), orfAl (Fig.21B), ororfA2 (Fig.24B) as probe
showed that those genes exist as a single copy on the chromodefar lerefore, deleting
orfAl or orfA2 did not have effect on expression of @ genes from IGRI and IGRIV
promoters or on the growth with TNP as nitrogen souce due tat¢héhfatorfAl andorfA2

may be not involved in utilisation of TNP as nitrogen source.
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Fig.26. Southern analysis of total DNA froR1 opacus HL PM-1 resolved by PFGE withpdC probe

(A), npdl probe (B),npdR probe (C),orfAl probe (D), andorfA2 probe (E). 1. Total DNA oR.
opacus HL PM-1. 2. Total DNA ofR. opacus SQ1 (negative control, the strain does not grow on DNP
or TNP). After PFGE the DNA was transferred to a nylon men#rander alkaline conditions. The

temperature for hybridisation and washing was®0

3.6.2. Localisation of thenpd genes inN. simplex FJ2-1A

TNP metabolic potential was shown to be induciblB.inpacus HL PM-1 but constitutive in

N. simplex FJ2-1A (see 3.4.4). Further, it was demonstratechgui, npdF npdG, npdH and

npdl genes fronN. simplex FJ2-1A have the same functions as the correspomghgenes

in R. opacus HL PM-1 (Hofmann, 2003). In order to better understand the TNP metaliolism
N. simplex FJ2-1A and be able to compare the two strains, the location opdhgenes in\.
simplex FJ2-1A was determined. PFGE of total DNA friinsimplex FJ2-1A revealed an
endogenous plasmid corresponding to the 97 kb fragment of the DNA mark@reparing

the probesnpdR was amplified from the total DNA dN. simplex FJ2-1A using primers
Ndel-npdR-FJ and BamHI-npdR-FJ (Table 4, number 40,nptlC andnpdl were amplified
from the total DNA ofR. opacus HL PM-1 (see Table 10). Southern analyses of PFGE
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againstnpdR, npdC or npdl probes showed thapdR, npdC andnpdl genes are localised on
the plasmid (Fig.27). This differs from the location of tipd genes in strain HL PM-1, which

possesses the genes on the chromosome.

1 2 3 2 3 2 3 2 3
Well ol
Chromosomal DNA_,,
Plasmic
97 kb_ N
A B C D

Fig.27. Southern hybridisation afpdC (B), npdl (C), npdR (D) probes against genomic DNA f
simplex FJ2-1A. (lane 2) andR. opacus SQ1 (negative control, lane 3) resolved by PFGE. PFGE
marker is in lane 1. The DNA was transferred to a nylon membrane and probed witb&égl DNA

as described in section 3.6.1.
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4. Discussion

4.1.Rhodococcus promoters in nitroarene degradation

Two promoter regions are present in tipel gene cluster. One locates upstreanor®® and
the other locates betweapdH andnpdl, suggesting that thiepd gene cluster may consist of
at least two operons. The putative -10 and -35 hexamers of the proaretsisiilar to those
recognised b¥. coli RNA polymerases containing sigma 70-like suburiitscoli promoters
recognised by sigma 70 have a typical -35 hexamer TTGAA,spacers between the -10
and -35 hexamer of 16-18 nucleotides (Strohl et al., 1¥92)li sigma 70-like promoters
have also been found in the hydrogenase gene clustragacus MR11 and the nitrile-
degrading operon oRhodococcus sp. ACV2. Sequence alignment of these two promoters
regions with the twaypd promoter regions revealed a high similarity in the conservedn@5 a
-10 hexamers of the promoters (Fig.28). It is not surprising diceoli like-promoter
sequences were found to be rather commdrhodococcus (Grzeszik et al., 1997; Barnes et
al., 1997; Bigey et al., 1999). This finding is in agreement \itlzoli like-promoters of
Sreptomyces (Strohl et al., 1992).

-35 -10
*kkkk *% *
GAATCGTGACAGCGGAACTCGAAACCGEAAGTACACCAT 153 nt-AGGAGAAGATCGTAATG hoxF-MR11
18 nt

TACCTATGACGCAATTATGGATCCGGCORGICTGAAAGAC19 nt- AGGAGCACACTTCTATG amdA-ACV2
TCCCTATGACAGCGGGCGGTGGTGCTIHAEGTCCGTGGA3S nt-GGAGCTTGTATGGGGTTorfB-HL PM-1

TGACTCTGACCGTCGCCGTGTTCTGCUBACCTGTTCCAT-29 nt-GAAGTTCGATGATCAAAGHpdI-HL PM-1

Fig.28. Sequence comparison of the promoter regions fipdhoperons showing the - 35 and -10
hexamers. Top: promoter sequence of the hydrogenase gene camstBr épacus MR11 (hoxF gene
encoding the alpha subunit of the hydrogenase, Genbank U70364). Secontbgroaopstream
sequence of thamdA-nthAB genes fromRhodococcus sp. ACV2 GamdA gene encoding the amidase
protein Z48769). Third from top: upstream sequence ofotfi®@ gene fromR. opacus HL PM-1.
Bottom: upstream sequence of tigell gene fromR. opacus HL PM-1 (Genbank AF323606). Boxes
indicate conserved -35 and -10 regions; putative Shine-Dalgarno segueadndicated by bold type

and underlining; translation start codons are indicated by bold type.
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Rhodococcus promoter regions involved in nitroarene degradation have not been i@tentif
before. To date, the only known promoters involved in nitroaromatigsadation are from
Gram-negative bacteria, which utilise nitroarene dioxygenasegitie aerobic growth with
nitroaromatic compounds (Parales, 2000). Among them, transcriptianabksés have been
identified only fornbz (nitrobenzene degradation) anid (nitrotoluene degradation) operons
from Comamonas sp. strain JS765 anklcidovorax sp. strain JS42 (Lessner et al., 2003),
respectively. Fordnt (dinitrotoluene degradation) operons, transcriptional start sites or
promoter activities still remain to be determined in orderdioclkude whether the putative
promoter regions contain promoters or not (Lessner et al., 2003). Istubig we show that
the two identified promoter regions @ipd genes indeed contain promoters, since the
expression of the reporter geng/lE) increases 50-70-fold under the control of the two
promoter regions (Fig.4). Unfortunately, the primer extensions to rndieie the

transcriptional start sites of the two transcripts, did not give clean sigglals.

4.2. IcIR-type and LysR-type repressors in nitroarene degradation

Database comparisons with the sequence of NpdR showed 40 to 42 % saguéates to
transcriptional regulators of the IcIR family Bacillus halodurans, Salmonella enterica,
Yersinia pestis andE. coli. (expect values: 2& to 1e9). Sequence similarities of 40 to 42 %
to KdgR (Lacl family) transcription regulators 8f enterica, Pectobacterium carotovorum
and E. coli were also identified (expect values:'8ao 6e™%. An IcIR helix-turn-helix
(HTH) motif was detected at the N-terminal end of NpdR ak agin IcIR fromE. coli
(Sunnarborg et al., 1990), PcaR and CatR fRompacus (Eulberg et al., 1998) and PcaU and
PobR fromAcinetobacter (Gerischer et al., 1998). The HTH motif was identified at amino
acid positions 21 to 42 of NpdR with 90 % probability (Dodd et al., 1990, NetWwookein
Sequence Analysis). The helix-turn-helix motif has been found inietyai prokaryotic and
eukaryotic DNA-binding proteins and has been shown, in some cases, tdut®nsti
essential part of the DNA-binding domain (Sauer et al., 1982; Yudkin, 1988)oc€ation of
this sequence very near the amino terminus of NpdR is reminiscembstfof these DNA-

binding proteins.

In this work,in vivo inactivation ofnpdR showed that NpdR is a repressor, which represses
expression of the TNP metabolic genes. A weak promoter activisyse@n for the region

upstream ohpdR (Fig.14), suggesting the presence of a weak promoteptiir itself. It is
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rather common in bacteria that regulatory proteins are exprasaddw level from their own
promoters and their expression is autoregulated (Gui et al., 1996a)véfowethis case, if
there is any regulation controlling NpdR expression, it is probablhauatatregulation, since
NpdR did not bind to its own upstream sequence (see 3.2.3). Regulation gitbesen of a
regulator by another regulator has been reported for FadR;vai@stiexpression of the IcIR
repressor (Gui et al., 1996b). A similar situation may be satiifor NpdR. On the other
hand, DNP did not affectylE expression from this putative promoter, suggesting that this
weak promoter may work constitutively. The promoters for weaklyesged constitutive
genes have also been reported el (lactose repressor gene) andiiphS (regulator of two-
component regulatory system for biphenyl degradatioRhodococcus sp. RHA1) (Calos,
1978; Takeda et al., 2004). However, the presence of a promoter upstoeampdiR still
needs to be confirmed by determining the start site of tramiseri Further, questions remain,
such as: Is there any regulator controlling the expression of Npd®t? If yes, then the

mechanism remains to be addressed.

IcIR-type regulators have been described mostlyEfaroli (Sunnarborg et al., 1990; Gui et
al., 1996a, 1996b; Shin et al., 1997) &athmonella typhimurium (Galinier et al., 1990, 1991,
Negre et al., 1991), in which case the IcIR regulator is a spred the glyoxylate bypass
operon during growth on acetate or fatty acids. Hence, it is nojpaoted that NpdR was
found to be a repressor. Members of the PobR subfamily of the aatityfof regulators
(PcaU, PobR, CatR, and PcaR) are involved in the regulation of pextboate or catechol
degradation irAcinetobacter, Rhodococcus andPseudomonas (Gerischer et al., 1998; Eulberg
et al., 1998; Gou et al., 1999).

IcIR-type regulators involved in regulation of nitroarene degraddtiave not been described
yet. In all nitroarene catabolic gene clusters analysed thuhéarespective genes are mainly
under the control of LysR-type regulators: the putative regulamR of 2,4-dinitrotoluene
degradation (Parales, 2000); PnbR, the putative regulator gnthgenes encoding for 4-
nitrobenzoate catabolism (Hughes et al., 2001); NbzR and NtdR, tpiws@l activators for
the nbz (nitrobenzene degradation) antl (nitrotoluene degradation) genes (Lessner et al.,
2003); the two activators PnpR and Pnp$-aftrophenol degradation (Zylstra et al., 2000). It
seems likely that LysR-type proteins will appear more predantly in future studies of the
regulation of nitroaromatic catabolism. However, it is not surpritag) NpdR belongs to a

different type of regulator, since the mentioned nitroarene compouaddegraded by an
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oxidative attack mechanism in contrast to the reduction mechaniSiNffand DNP. Thus,
the difference in the degradation mechanism may require different regulati

4.3. Binding of IcIR-type repressors to DNA-binding regions

Gel retardation assays with purified His-tag fusion NpdR demaedttaat NpdR-His formed
two complexes, C1 and C2 with both IGRI' and IGRIV’ in the absesfcmducer (Fig.8).
This suggests that NpdR might be a homodimeric protein that binde tsiteg on the IGRs.
When NpdR binds to the two sites in the IGRs, C1 is detected. At lower NpdR cotioestra
the two binding sites may not be saturated, hence forming a secomglex C2. The
formation of C2 in the presence of a decreasing protein concentsaggests a lack of co-
ordinate binding of NpdR to the two DNA-binding sites (NpdR molechied to the sites
independently). Adding DNP to the GMSA reaction mixtures causegaexiin the DNA-
binding affinity of NpdR, formation of C1 or even C2 was prevented ared DidA was
visible (Fig.11).

Two direct repeat regions (DR) with very high sequence sirtyilavzieach other, were found
immediately downstream of the two promoter regions ofripak gene cluster (Fig.3). Gel
retardation assays with the DR of IGRI' (see 3.2.7), confirrhatlit is the binding site for
NpdR. Because the sequence of the DR in IGRI’ is 82 % identical to that of thelBRIV’

(Fig.3), it is presumed that the DR of IGRIV’ is also the bindsitg for NpdR. This is
logical, since Npdl and NpdG are required for the first hydrag@amaeaction, NpdC and
NpdG are required for the second hydrogenation reaction (see Fig2).addnce, the two

operons need to be co-ordinately regulated. These findings strengthen the abdwvesig/pot

A similar result has been reported for PcaR, an activatgrbtocatechuate degradatiorfin
putida (Gou et al., 1999). Two imperfect direct repeat sequences overlappirgs and -10
region of thepcal, J promoter pca gene encodes for enzymes of protocatechuate utilisation)
are found. PcaR interacts with one of the direct repeat resuitionge PcaR-DNA complex.

As PcaR binds to the two direct repeats, a bigger complex is dorfgsveral DNA-protein
complexes have been also found as PcaU (activator of genes forapgola@mte utilisation in
Acinetobacter) binds to a DNA sequence directly downstream firooalU (Gerischer et al.,
1998). Hence, the way NpdR binds to the DNA does not seem to be ghesgm@menon in
IcIR-type regulators. However, in order to clarify the bimgdmechanism of NpdR to DNA,

DNase I-footprinting still needs to be performed.
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Sequences of both direct repeats (from IGRI' and IGRIV’) atker different from those of
potential binding sites for the PnpR and PnpS regulators (only 35-47 %tyid€Rig.29).
PnpR and PnpS are the only known regulators of nitrophenols degradation wsdi&r
positively regulate thep-nitrophenol degradation operon seudomonas sp ENV2030
(Zylstra et al., 2000). Further, they are also different from tdresensus sequence that are
governed by PobR and PcaR (35 % identity) (Fig.29). PobR and Pcararaseriptional
activators, controlling expression of the genes for protocatechukgatitn in Acinetobacter
calcoaceticus and P. putida, respectively (Gerischer et al., 1998). It is no wonder why the
sequence identities are low, since NpdR, PnpR and PnpS, PcaU and Palufhpletely
different kinds of regulators. NpdR is a repressor belonging to the IcIR regiaatily. PnpR
and PnpS are LysR-type activators. PcaU and PobR are also/peRegulators, but have

been showed to be transcriptional activators.

pnpS upstreagbm GTTTGCGAATT TGIGAMATCCGCAAC
pnpS GTTTGCGAATGATITNACGAATGATCAAG
pnpB upstreagum GTTTGCGAAATBEIGAALCGCGAAC
pnpA downstreagam ATTTACAAAFTIGCANANCGCGAAC
pnpR GTTTGCCAAACGCTTACAAACGCAAAC
pnpR upstreagum GTTCGCTAAQTAGCGAACGACGAAC

pnpS dovwnstreagam GTTTCGCGATTCGGIARNCGGTAAC
pob-pca-consensuys: s GTTCGATAITTCATHATCGCACAA

Bg:l AGTTCAGCATAGACTTCAGCATAGTEAAC
AGTTCAACATC/ANTTCAACATCATGAAG
* * * * * *

Fig.29. Alignment of direct repeat sequences in the DNA-bindirgjores of NpdR with potential
regulatory motifs of thenp operon (encodes farnitrophenol degradation iRseudomonas sp. strain
ENV2030) and theoob-pca consensus sequence (conssersmquence of the operators controlled by
PobR and PcaR, activator of genes for protocatechuate tidilisa Acinetobacter). DRI: half of the
direct repeat region of the intergenic region betwaréa-orfB. DRII: half of the direct repeat region

of the intergenic region betweepdH-npdl (see Fig.3)
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4.4. Induction of nitroaromatic compounds degradation

Here, we showed that besides DNP, TNP, 2-chloro-4,6-dinitrophenol, and 2-#héthy
dinitrophenol induce expression of thed genes (see 3.4) by reducing the binding affinities
of NpdR to IGRI" and IGRIV’ (Fig.10). StraiR. opacus HL PM-1 has the ability to utilise
TNP and 2-chloro-4,6-dinitrophenol as sole nitrogen source (Lenke é1986). Hence, it
was not unexpected that NpdR responded to these analogous compounds. ISPMR1H
converts 2-methyl-4,6-dinitrophenol to dead-end products (Lenke et al., 19%6poksible
that NpdR binds to this compound due to its analogous structure, leadheyitmtiction of
enzymes, although the strain may not degrade it completely. dpNénol, 2,6-dinitrophenol
and TNT did not affect the binding of NpdR to either IGRI' or IGRIStrain HL PM-1 did
not grow on any of these compounds, a fact which may explain whydbegmunds did not
prevent binding of NpdR (Lenke, 1990). In the case of TNT, cells indwabdTNP of the
strain convert TNT only to the hydride and the dihydride Meisendgreammplex of TNT, but
no further transformation takes place (Vorbeck et al., 1994; Vorbeak @1998). Similarity
in the structures of TNP and TNT indicates that the Qidup of the effector may be
necessary for altering the conformation of NpdR for DNA bindimlgereas the less acidic

CHgs group on TNT may not have an effect.

A broad range of inducers has also been reported for NbgZRmamonas sp. strain JS765
and NtdR inAcidovorax sp. strain JS42 (Lessner et al., 2003). NtdR is required for induction
by nitrobenzene, 2-, 3-, and 4-nitrotoluene, 2,4-and 2,6-dinitrotoluene and anthoedini
toluenes, as well as salicylate and anthranilate. The badteriaare able to grow on
nitroaromatic compounds have been isolated from sites contaminatedngitbr more of
these compounds. Thus, due to selective pressure, bacteria appealvéotiey necessary
enzymes and pathways required for degradation of these compoundsy lbanan

explanation for the wide effector specificity in nitroarene-degradingge

Up to now, the importance of systematic studies on induction and indiycddilnitroarene
degrading genes has not been recognised. Often, only poor detailsindutters have been
shown, for example: oxidation g¥-nitrophenol inMoraxella sp. has been noted to be
enhanced by pre-exposure pienitrophenol (Zylstra et al., 2000); the only inducer 6ok
genes inBurkholderia sp. DNT identified so far is salicylate (Parales, 2000). Thenmo
molecular or biochemical investigation revealing insight intordgulatory mechanisms of

induction or specificity of inducers. In this work, with molecular dr@themical studies we
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identified the specific inducing compounds and initiated the first Sunliethe regulatory
mechanisms of TNP induction.

4.5. Two-component regulators irRhodococcus opacus HL PM-1

Database searches for protein similarity of the protein productsoiriddh andorfA2 revealed
that these two open reading frames might encode two componesignaf transduction
proteins. So far, there are not so many two-component regulatdgmsyshat have been
reported in the genusRhodococcus. BpdS and BpdT potentially regulate
biphenyl/polychlorobiphenyl degradation Rhodococcus sp. M5 and represent the first
example of a two-component systenRimdococcus (Labbe’ et al., 1997). Comparison of the
deduced amino acid sequence encodedrfA2 to the sequences in the database showed 56
% sequence similarity to a serine/threonine protein kinase PknKMyabbacterium
tuberculosis. Normally, the main phosphorylation sites in prokaryotes are on histfide
aspartic acid residues, whereas in eukaryotes they are oe,sreonine and/or tyrosine.
Interestingly, genes of this type have been detected in only pewies of prokaryotes:
Sreptomyces, Mycobacterium, Synechocystis andMyxococcus (Ogawara et al., 1999). Hence,
besides having sigma 70-like promoteRhpdococcus has many features in common with

Sreptomyces.

Under the investigated conditions, timevivo inactivated mutants fasrfA2 or orfAl did not
make a difference in the expression of tigelC or npdl genes (see 3.5.3.1 and 3.5.6.1).
Furthermore, resting cells of tlefA2 or orfAl mutant strains exhibited no significant change
in the TNP conversion rate as well as in the transformation tifefiuintermediates in the
upper pathway (see 3.5.3.2 and 3.5.6.2). Gowth rates of both mutants on TNPgen nit
source were similar to that of the wild type strain. Theseli® suggest tharfAl andorfA2
may not be involved in conversion of TNP as nitrogen souce. Alternagtittedre may be

another copy obrfAl andorfA2 genes irR. opacus HL PM-1.

PFGE analysis of total DNA fromR. opacus HL PM-1 (Fig.26) demonstrates that HL PM-1
contains two endogenous plasmids, but trdfl and orfA2 were localised only on the
chromosomal DNA of the strain. Furthermore, hybridisation anabfstigested DNA from
HL PM-1 with anorfA2 (Fig.21B) ororfAl probe (Fig.24B) showed thetfAl andorfA2 are
present as single copy R opacus HL PM-1. In conclusionprfAl andorfA2 do not seem to

be involved in the regulation of TNP utilisation as nitrogen source.
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4.6. TNP-degradation genes on plasmid DNA

Linear plasmids have been discovered in mBhgdococcus strains and found to encode a
variety of functions such as hydrogen autrophfRimpacus (Kalkus et al., 1993), isopropyl
benzene metabolism iR. erythropolis (Dabrock et al., 1992), biphenyl metabolism in
Rhodococcus strain RHAL (Masai et al., 1997), and the plant virulence/fasciggoes f@s)

in R. fascians (Crespi et al., 1992). Circular plasmids are also commonly found in
Rhodococcus species. The most well characterised plasmids are eitlseciai®d with
pathogenesis determinants Bf equi (Prescott, 1991) or involved in the degradation of

chlorinated hydrocarbons in various strains (Kulakova et al., 1997).

It was shown forR. opacus CB24-1 that some of the TNP metabolic geng=i@G, npdR,
npdH andnpdl) exist as two copies in the strain (S. Weishaupt, N.TrachtmanrG aHeiss
unpublished data). One copy is localised on the chromosomal DNA and thésdtwalised
on a plasmid. In this work, PFGE of DNA froR opacus HL PM-1 also revealed the
presence of two endogenous plasmids (Fig.26). Howepd€, npdl, npdR, orfAl or orfA2
genes were shown to be localised on the chromosomal DNA of the atitg. The result is
different from strairN. ssmplex FJ2-1A, wherenpdC, npdl, andnpdR genes are localised on a
plasmid (Fig.27).

Locations of the genes encoding degradation of nitroaromatic compdumas been
investigated only recently. Thant genes for 2,4-dinitrotoluene degradation are located on
plasmid pJS1 (180 kb) iBurkholderia sp. strain DNT or on plasmid pJS311 (216 kb) in
strain B. cepacia R34 (Parales, 2000). The genes encoding for the initial stegs of
nitrophenol degradation have been shown to be located on a plasmitthnobacter
aurescens TW17 (Zylstra et al., 2000). A similar finding has been reportedPf cepacia
RKJ200, which harbours a 50 kb plasmid carrying the geneg-fidrophenol degradation
(Zylstra et al., 2000). Hence, it was not unexpected thanpdegenes are located on a
plasmid inN. simple FJ2-1A. This finding suggests thapd genes may be transferred by
conjugation to derivatives of the parent strain or to closely relstieiins and genomic
rearrangement between plasmid and chromosomal DNA is also poéiKillbkov et al.,
2002).
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4.7. Future work

Here, we show that two sigma 70-like promoters are present inpthgene cluster oR.
opacus HL PM-1. The IcIR-type repressor NpdR controls the expressitinesipd genes by
binding to specific regulatory regions within the promoter regions. NpRa broad effector
specificity including TNP, DNP, 2-chloro-4,6-dinitrophenol, and 2-methyl-4,8rdipihenol.
These inducers function by reducing the binding affinity of NpdR ta¢belatory regions.
However, the mechanism by which NpdR interacts with the DNAn&éds to be elucidated.
Further, questions concerning regulatiompdR expression still remain to be answered. Not
all the genes encoding for TNP degradation are present in thenkmpol\gene cluster. The
gene encoding the nitrite-eliminating enzyme is still unidiectiin the strain (Hofmann,
2003) hence, looking for new sequences encodingddrgenes may reveal the presence of

other regulatory genes.

Since nitroarene compounds have been present in the environmeneliatively short time,
it is likely that genes have been recruited from other pathaagisthese newly composed
pathways are not optimised. It is probable that efficient regyleggstems have not yet
evolved, especially in the more complex pathways. Moreover, another rprttidé may be
encountered during attempts to degrade mixtures of nitroaromatic compounds rig) frarxig
dead-end metabolites, since most isolates are only capable oflidggaasingle compound.
Hence, understanding the regulation of TNP degradation particularlynitayarenes
degradation generally may help to overcome the above problems lgnidgsa more
efficient pathway. On the other hand, using genetic engineaetimg,possible to combine
different degradation pathways and introduce an appropriate regusyiem into a single
organism to increase the substrate specificity.
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