Analyse protéomique des enzymes impliquées dans la voie de
dégradation du 2-EHN par M. austroafricanum IFP 2173.
Le terme protéome est apparu la premiére fois en 1995 (Wasstragerl995). Il s’agit

de I'ensemble des protéines exprimées par le génome d’une cellule ou d’un tissu a un instant
donné et dans des conditions données. C’est le produit final de I'expression d'un génome.
Alors que le génome reste relativement constant d’'une cellule a une autre, le transcriptome est
considéré comme dynamique mais son analyse consiste a identifier, a un temps donné les
séquences codantes du génome qui sont exprimées. Cependant, celui-ci ne prend pas en
compte les fluctuations dues aux régulations post-traductionnelles des protéines. En revanche,
le protéome est « dynamique » et varie de facon importante en fonction de différents facteurs
comme I'environnement cellulaire, I'état physiologique des cellules, le stress et dans notre cas
précis, la présence de produits toxigues comme le 2-EHN (Gedvals 2002). C’est le
protéome deéM. austroafricanumFP 2173 que nous étudierons dans ce chapitre. Le génome

de cette bactérie n’est pas connu, mais nous avons fait 'hypothése qu’il était assez proche des
génomes d’autres mycobactéries disponibles dans les bases de données pour identifier les

protéines induites en présence de 2-EHN.

3.1 Stratégie d’analyse protéomique
Cette premiere partie présente la démarche expérimentale employée pour identifier les

protéines de la souche IFP 2173 impliguées dans la dégradation du 2-EHN. Les outils
d’analyse protéomique utilisés dans cette étude sont sommairement décrits car ceux ci se sont
considérablement perfectionnés ces derniéres années, notamment depuis I'avénement des

techniques de spectrométrie de masse pour I'analyse et le séquencage peptidique.

3.1.1 Analyse des protéines induites sur 2-EHN
M. austroafricanumlFP 2173 utilise le 2-EHN comme unique source de carbone et

doit donc synthétiser des enzymes spécifiques a son assimilation. L'objectif de I'analyse est
de comparer le profil des protéines sur 2-EHN a celui des protéines présentes sur un autre
substrat témoin pour cibler et identifier les enzymes responsables de la dégradation du 2-
EHN.

3.1.1.1 Choix de la méthode d’'analyse : électrophorése 1D ou 2D ?
L’analyse de base des protéines consiste a les dénaturer en présence de SDS et a les

faire migrer sur un gel d’électrophorese en fonction de leur masse moléculaire. C’est une

méthode simple a mettre en ceuvre et reproductible. Elle peut étre utilisée pour séparer des
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protéines ayant des masses comprises entre 100ek38. A partir des années 1975,
l'introduction de la technique d’électrophorese itiensionnelle (2DE) par, entre autres,
Klose (1975) et Scheele (1975) a permis de faimuév les outils d’analyse des protéines.
L’électrophorése bidimensionnelle consiste a sép#aas un premier temps les protéines en
fonction de leur point isoélectrique, sur un gedalylamide contenant un gradient de pH.
C’est I'étape d’IEF, pour isoélectrofocalisationett@ technique a été perfectionnée par les
travaux de Gorget al. (2000) qui précisent l'importance de la tempémtule
l'isoélectrofocalisation et du choix des ampholypesir la reproductibilité de la séparation
des protéines. Dans un second temps, les protginesnt migré en fonction de leur point
isoélectrique, sont séparées en fonction de legsenmoléculaire en conditions dénaturantes.
Cette méthode d’analyse comporte de nombreux ayesmteElle permet d’analyser avec
précision la charge et la masse des protéines. geienet, d’'une part, de visualiser les
modifications post-traductionnelles, les phosphaiighs et les glycosylations. D’autre part
elle permet de faire une carte du protéome. lltexiles bases de données de ces cartes
disponibles  sur Internet comme par exemple a Ismlre suivante:

http://www.expasy.org/ch2d/2d-index.htmNéanmoins, certaines difficultés lices a la

solubilisation et a la préparation de certainesémmes font qu’il est impossible de visualiser
l'ensemble des protéines. Ainsi les protéines mamdires hydrophobes, les protéines
extrémophiles (hypersalines), les protéines déetaiktréme (trés petites < 10 kDa ou trés
grandes > 300 kDa) et les protéines présentanvalears de pl extrémes (basique ou acide)
sont rarement détectées sur gel 2D, a moins d'gmapldes conditions de séparation
particuliéres. De plus, il peut y avoir des biaansl I'analyse liés a I'hyperabondance de
certaines protéines, a I'agrégation de glycopret®iet au mauvais transfert de protéines de la
premiere dimension vers la deuxieme.

J'ai dans un premier temps fait 'analyse des pme& sur des gels d’électrophorése
monodimensionnelle (1DE), puis bi-dimensionnelleDE). J'ai été confrontée a des
problémes de séparation des protéines membrarairegels 2DE, comme illustré par la
figure 4.5. Les protéines ne sont pas correctement séparédsnetion de leur point
isoélectrique et ont mal migré dans la deuxiemeedsion. Bien que certains auteurs aient
réussi a améliorer la qualité de ces gels en ogdimiila méthode de préparation des protéines
membranaires (Sabirow al, 2006), j'ai préféré analyser les protéines memdiras sur gel
SDS-PAGE classique. J'ai améliorer la résolutioncds protéines sur gel SDS-PAGE en
utilisant un systéme de tampon tris-tricine selmiethode de Schaggetral. (2006), plutdt
gue le systeme tris-glycine (méthode classiqueasarimliet al. (1979)).
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Figure 4.5 : Comparaison de gels d’électrophoresdilmensionnelle de protéines solubles
et membranaires de la souche IFP 2173 incubée stEIZN

Une illustration de la résolution des protéines eabe dans les deux conditions

d’électrophorese est représentée stiglare 4.6.
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Figure 4.6 : Comparaison de la migration de proté@&s de la souche IFP 2173 sur gel Tris-
glycine et sur gel Tris-tricine.

M : Marqueurs de poids moléculaire.

1 : Fraction protéique soluble sur Tween 80.

2 : Fraction protéique membranaire sur Tween 80.
3 : Fraction protéique soluble sur 2-EHN.

4 : Fraction protéique membranaire sur 2-EHN

5 : Fraction protéique membranaire sur Tween 80.
6 : Fraction protéique membranaire sur 2-EHN.

7: Fraction protéique membranaire sur succinate.
8 : Fraction protéique membranaire sur 2-EHN

Ainsi, aprés la mise au point des protocoles,ritégie d'analyse adoptée fut la suivante :
* L’analyse des protéines solubles a été effectueélpetrophorése bi-dimensionnelle.

* Les protéines membranaires ont été séparées sufgeltricine SDS-PAGE.
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3.1.1.2 Choix du substrat témoin
L'objectif est de comparer les protéines induites 3-EHN par rapport a un substrat de

croissance témoin. Les cultures sur 2-EHN, oneégemencées a une Dy§variant de 0,8

a 1 avec des bactéries ayant au préalable poussé@nssubstrat de préculture comme
'acétate, le succinate, le Tween 80, le glycémoll@sooctane. L'étude de linfluence du
substrat de préculture sur la cinétique de dégmdatu 2-EHN, décrite p 88-89, montre
gu’'avec l'acétate, du succinate ou du Tween 80 cersubstrat de préculture, la cinétique de
dégradation du 2-EHN est similaire. J'ai aussiédst glucose (qui provoque souvent une
répression catabolique) et I'éthanol pour les caliet les précultures de la souche IFP 2173.
J'ai comparé les résultats d’électrophorése 1DDee®j’ai choisi d’utiliser 'acétate comme
substrat de référence. C'est un bon substrat pausouche IFP 2173 et de plus, le
métabolisme de l'acétate ne met pas en jeu d’enzyspécifiques de la dégradation des
acides gras. Une illustration de ces résultats p@lectrophorese bi-dimensionnelle est
représentée par fagure 4.7. En comparant les gels 2D sur acétate et sur 2;8dNpu

identifier une trentaine de protéines spécifiques@ilture sur 2-EHN.

- e :"F
e - o
o R ‘:'",‘, . ] g,‘. =
o O v -""“‘-l"_ '.“'\‘,.
L4 . =t s o

LI
Fraction protéique soluble sur Acétate

- ot 28 T vl -__‘
= : T
* 14 e

:

Fraction protéigue soluble sur 2-EHN

Figure 4.7: Analyse bi-dimensionnelle des protéines solubleda souche IFP 2173 sur
acétate et sur 2-EHN.Des échantillons de 450 pgro&tines ont été déposees sur chacun
des gels colorés au bleu colloidal.

Cette approche protéomique différentielle, baséeaise comparaison visuelle des gels 2DE a
permis de sélectionner des spots 2DE spécifiquemeunits sur 2-EHN. Cependant, bien que
les gels aient été reproduits au moins trois f@salyse n’est pas quantitative. Il aurait fallu

pour cela traiter les résultats de réplicats de geec un logiciel d’analyse comme Melanie
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(Image Master) et faire des analyses statistiqQependant, nous avons voulu confirmer nos

résultats par un marquage métabolique en présascacities aminés radioactifs.

3.1.1.3 Marquage métabolique au®>S
Le marguage métabolique consiste a introduire damsilieu de culture des acides aminés

radioactifs, comme par exemple la méthionine marqué°S.

Lors de la culture de la souche IFP 2173 sur 2-EH8Ur acétate, la méthionine et la cystéine
marquées atrS ont été ajoutées et se sont incorporées dapsd&sinesin vivo au cours de
'incubation (5h sur acétate et 30 h sur 2-EHN)s lpgotéines ont ensuite été extraites et
analysées en électrophorese 1D pour la fractioteioguee membranaire et 2DE pour les
protéines solubles selon le méme mode opératorecqlui décrit dans la partie matériel et
méthodes (pages 70-75).

Les résultats d’autoradiographie des gels ont éégele la plupart des spots de protéines
spécifiques a I'extrait 2-EHN étaient les mémes cpiex déja mis en évidence par coloration

au bleu de Coomassie.

3.1.2 Identification des protéines en LC-MS/MS
Le principe d’analyse des spots 2DE ou bandes HDEeprésenté par le schéma de la

figure 4.8. Les protéines contenues dans le gel sont digraéefa trypsine qui coupe les
polypeptides aprés une lysine ou une arginine. &ange de peptides ainsi obtenu est
analysé en chromatographie liquide sur une micooow puis analysé dans un premier
détecteur de masse qui permet de donner une cark@ thasse de tous les peptides (ions
parents). Chaque peptide est alors fragmenté dasexbnd analyseur de masse ce qui permet
d’établir sa séquence en acides aminés (ions fI®s informations de séquence sont

confrontées a celles des bases de données potifietdas protéines dont les peptides sont

dérivés.
Ext’r_alt Dlge§t|on Melan_ge - [ C MS/MS
Protéique trypsique de peptides
Base’de ==p Corrélation Information
données l séquence
Peptide Protéine

Figure 4.8 : Méthode d’analyse protéomique par LCSYMS.
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Pour exploiter toutes les séquences peptidiquagesssle I'analyse MS/MS, un logiciel,
MASCOT, permet d’analyser ces séquences en lesardaht aux bases de donnékgufe
4.9). Grace au logiciel MASCOT (logiciel d’identifidah des protéines utilisant des résultats

de spectrométrie de masse, Matrix Scieht,//www.matrixscience.com/pdf/Brochure 01-

2-2005.pdJ, les données analytiques sont comparées aux ésrthéoriques obtenues par
digestionin silico des protéines disponibles dans les bases. A ae ]jBugénomes de
mycobactéries séquencés et annotés sont dispodidnhssles bases de données et il a 87925
entrées de protéines de mycobactéries dans la demsonnées UniProtKB/TrEMBL. En
général, chaque protéine est identifiee par plusiepeptides. Les peptides qui ne
correspondent pas a 100 % aux peptides théoriquda protéine de référence ne sont pas
inclus dans l'analyse. Uscore basé sur le résultat d’analyse d'un peptide da@m&S/MS

est attribué a chaque peptide. Le score est 10g (B) ou P est la probabilité que la
corrélation entre le peptide analysé et la séqueepéidique de référence dans les bases de
données soit un évenement aléatoire. Si le scaligiduel d’'un peptide est supérieur a 39,
cela signifie que la probabilité pour que le peptahalysé et le peptide de référence soit
identiqgues de maniere aléatoire est inférieuré/a bes scores des protéines sont calculés en
faisant la somme des scores des peptides corfstitinfin, Mascot calcule le % de la
protéine couvert par les peptides retrouvés lorkas@lyse en LC-MS/MS ; c’est le taux de

recouvrement ou goverage».

: : Données
Base de -—) Digestion experimentales
données (in THCO) MS/MS
Listg de | pmp | CalCUl | | Corrélation I\/Iassgs du
peptides masses peptide
Liste de Calcul Corrélation Liste de
candidats fragments & score fragments
Peptide
identifié

Figure 4.9 : Principe d’'identification des protéirsepar MASCOT
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Afin de transférer les données d’identification\@&es par Mascot sur Excel, un
logiciel libre, élaboré au Laboratoire d’Etude Dgmique des Protéomes (CEA de Grenoble)
nommeé IRMa (IRMa, CEA/DSV/IRTSV/LEDyP) est utilis€e logiciel permet en outre de
vérifier les peptides identifiés lorsqu’ils présamitt un faible score d’identification. Il tient
compte des mauvaises coupures par la trypsine deleavage »), des modifications des
peptides comme I'oxydation de méthionines lors aeiéparation des échantillons. Et |l
indique certains résultats de masse comme le noddspectres permettant I'identification
d'un peptide et le nombre de peptides servant atiftlr une protéine. Ces valeurs
permettront de donner une valeur d’abondance veldts protéines.

Une protéine peut étre identifiée par au minimumpaptide a condition que son score soit
supérieur a 120. Plusieurs protéines sont ideasifid a 5 en moyenne) par set de peptides
analysé pour un spot 2D. Le score, le nombre déidespservant a l'identification et le
« coverage » de chacune de ces protéines permies déifferencier. La protéine qui a le
meilleur score et le plus grand nombre de peptidestifiés est probablement la protéine
d’intérét, ou du moins la plus abondante dans &éthon.

Sur un gel SDS-PAGE, toutes les protéines sontréépauniquement en fonction de leur
masse. Dans une bande, il peut y avoir jusqu’a @@®ines, qui une fois digérées a la
trypsine donneront plusieurs centaines de peptidedentifier. Dans le lot de protéines
identifiées, il est alors difficile de détermineglles qui sont effectivement impliquées dans la
dégradation du 2-EHN. Dans ce qui suit, nous awutifisé une approche comparative, extrait

2-EHN versus extrait acétate, pour I'analyse degépres membranaires.

3.1.3 Une analyse quantitative des protéines membra  naires
L’approche mise en ceuvre est basée sur une méthamequantitative qui permet de

comparer les extraits protéiques de bactéries égsoasu 2-EHN a des bactéries témoins (sur
acétate) en analysant I'intégralité des protéidgmables par SDS-PAGE. Sur chaque piste
du gel délectrophorése exactement 5 pg de prctéime été séparées. Pour chacune des
pistes, 13 bandes ont été découpées, et chacutes dieté analysée par digestion peptidique
et LC/MS-MS comme indiqué précédemment.

A partir des données d’identification de peptides, peut obtenir des données semi

guantitatives en se basant sur le nombre de psptioervés pour identifier une protéine et a

la qualité des spectres d'identification des pegstidil est alors possible de donner une

estimation de la quantité relative des protéingsgmtes dans I'échantillon. Je présente ici
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deux méthodes utilisées pour calculer I'abondanektive des protéines dans nos

expériences.

3.1.3.1 Protein Abundance Index
Le nombre de peptides observés permettant I'ideatibn d’'une protéine est comparé au

nombre de peptides observables. Les peptides alidesv représentent I'ensemble des
peptides théoriqguement produits par la digestitedéale la protéine sauf ceux qui sont exclus
par les parametres de l'analyse c’'est a dire lep fretits, les trop grands et les tres
hydrophobes. Le rapport entre peptides observgemides observables est défini comme
étant le « Protein Abundance Index » ou PAI. Le B#lfonction de 'abondance relative des
protéines car, plus une protéine est abondanteilpua de chances de détecter ses peptides
constitutifs par LC/MS. Dans la littérature, onuve plutét une forme exponentielle de ce
rapport, donnée par la formule ci-dessous pourlgsievaleurs numériques obtenues soient
comprises entre 0 et 9. Le résultat de ce calcahe@ chaque protéine une valeur d’emPAl
pour « exponentially modified Protein Abundanceeixch.
lemPAl = 107'-1]

Cette analyse permet d'une part didentifier de i@ assez exhaustive les protéines

présentes dans chacun des échantillons (témossai) et d’autre part de comparer le niveau
d’expression des protéines entre les deux condigspérimentales.

La méthode mathématique utilisée par Mascot udiligéur calculer le nombre de peptides
observés par rapport au nombre de peptides obsesvalst basée sur la publication de
Ishihamaet al. (2005). Les auteurs calculent le nombre de peptithservables en fonction de
la masse de la protéine et du nombre de lysin€'agidine. Concernant le nombre de
peptides observés, ils ne tiennent pas compte weélat de charge. Suite au passage des
échantillons au niveau de I'électrospray, les pkgstisont chargés une, deux voire trois fois.
Ainsi un méme peptide peut étre compté deux os fans. Ce qui n’est pas représentatif du
nombre de peptides observés expérimentalemente Batcla méthode de calcul des emPAl
a été modifiée pour ne pas compter plusieurs &@gkptides ayant plusieurs états de charge
(nouvelle version du logiciel IRMa).

Afin de comparer les pistes acétate et 2-EHN leqgeniage d’abondance des protéines déduit
des valeurs des emPAl est calculé selon la formilebondance = emPAIl * 10&(emPAl)

de la piste. Il est indiqué dans I'annexe 1 patgdiession « notre emPAIl » a la différence de
'emPAI calculé par Mascot.
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3.1.3.2 Spectral count
Le spectral count représente le nombre total detsgse peptidiques identifiés pour une

protéine. C’est une approche de quantification phesque le calcul des emPAl. Elle est citée
dans de nombreux articles récents commeeXa. (2007) et Fiet al. (2008).

Un pourcentage d’abondance est aussi calculé. pawvoir faire la comparaison entre la
piste acétate et la piste 2-EHN, il est nécessiwreomparer la valeur du spectral count a la
somme des valeurs de spectral count de I'échamtiliest sur cette base que nous nous
baserons pour analyser les résultats de cette ptatEmique.

Dans le cas de I'analyse des protéines de la sd&éh@173, la bactérie de référence Mst
vanbaaleniiPYR-1, celle qui vient apres adt gilvumPYR-GCK, deux bactéries qui ont été
isolées pour leur capacité a dégrader le pyrenendVi& la souch®l. austroafricanumFP
2173 a de nombreuses protéines proches de cellds danbaaleniiPYR-1, cette derniéere

n’est pas capable de dégrader le 2-EHN.

Les résultats de nos travaux sont présentés datislé 3 :
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Abstract

2-Ethyhexyl nitrate (2-EHN) is a synthetic cheminakéd as a diesel fuel additive, which can
be slowly degraded bMycobacterium austroafricanutrP2173. In this study, the enzymes
involved in 2-EHN degradation have been investigatey proteomic analyses. Two-
dimensional gel electrophoresis showed that 35ptgsmic proteins were up-regulated in
cells exposed to 2-EHN. Most proteins were idesdifias enzymes of thgoxidation. A
thorough analysis of the proteome identified ov@dQ proteins, 365 of which were found to
be up-regulated on 2-EHN. These proteins includd&iphel isoenzymes of th@-oxidation,
two alcohol and one aldehyde dehydrogenases asaw/@lioteins involved in regulation and
response to stress. Interestingly, four cytochroP®S0 appeared to be induced on 2-EHN,
including one CYP153 which functions as an alkaydriixylase. LikeMycobacterium
vanbaalenii PYR-1, strain IFP2173 was found to contain tel&B-ike genes encoding
putative membrane-bound alkane hydroxylases. RT-B&#eriments demonstrated that the
gene encoding the CYP153 protein as well asalkB genes were expressed on 2-EHN.
Hence, almost all the enzymes required for the dgaaidation of 2-EHN by strain IFP2173
have been identified, including three oxygenasasright catalyse the initial hydroxylation
step.
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1. Introduction

2-ethylhexyl nitrate (2-EHN) is a xenobiotic compduwised as a gasoline additive. Due to its
explosive properties, 2-EHN is considered as tist tetane improver for diesel oil, including
bio-diesels that might be used in the near futlir]. In case of accidental release, 2-EHN is
a serious health hazard as humans exposed tdhemsical were found to suffer from various
symptoms including headache, dizziness, chest wfzg palpitations or nausea [3].
Although 2-EHN was considered not readily biodegtdd by US EPA [4], it was recently
reported that it could be degradedMycobacterium austroafricanufb].

Soil Mycobacteriahave been described for their ability to degradeide range of aliphatic
and aromatic hydrocarbons, including polycyclicraatic hydrocarbons (PAHS) [6-8], and
fuel additives such as methtgrtio-butyl-ether (MTBE) [9, 10]. These bacteria are well
equipped to degrade hydrocarbons, which they usethdbon sources. Their bacterial wall,
rich in mycolic acids, confers resistance to toy@rophobic pollutants and may facilitate
access to hydrocarbons [11, 12]. Moreover, lEigitobacteriacontain oxygenases of different
types, which play a crucial role in the degradatioh both aliphatic and aromatic
hydrocarbons. For instance, monooxygenases catéhgdirst step in the degradation of
alkanes. Cis alkanes are substrates of two kinds of enzymésereintegral-membrane
non-heme diiron monooxygenases (AlkB) [13], or cli@mmes P450 [14]. Growth on alkanes
requires metabolic adaptation as shown for the meapacteriumAlcanivorax borkumensis
SK2 [15]. Proteomic analysis revealed that alkatiBsation may proceed via different
pathways, involving two AIkB hydroxylases, one giva flavin monooxygenase and three
P450 cytochromes. Bacterial adaptation to alkanisatton resulted in a strongly modified
metabolism, with consequences on carbon flux anulmnane lipid composition [15].

In previous studiesM. austroafricanumIFP 2173 was isolated on iso-octane [16], then
selected for its ability to degrade 2-EHN [5]. Dadmtion of 2-EHN was found to be
incomplete, yielding a 6-carboplactone, which accumulated as a dead-end prodict.
degradation pathway was proposed involving hydrmatkyh of the methyl group in distal
position, then oxidation to the carboxylic acidddarther metabolism through one cycle of
-oxidation [17]. In order to identify the enzymesvolved in this pathway, we have
undertaken a proteomic analysis of the proteingegpHated in cells exposed to 2-EHN.
Because the genome sequence of strain IFP 2178kisown, we tentatively identified
relevant proteins by comparing their peptide seqegmno those of orthologs found in the data

bases, especially proteins from fast-growigcobacteria Besides focusing on enzymes
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involved in 2-EHN degradation, this study givesimasight into proteins possibly involved in

the response of bacteria to exposure to a toxidhgdcbphobic xenobiotic compound.
2. Material and methods

2.1. Bacterial strain and growth conditions

M. austroafricanumstrain IFP 2173 was grown on a mineral salts nmmdat 30°C as
described previously [17]. The carbon source wastade (4 g/l) and 2-EHN (500 mg/l).
Growth was monitored by measurements of the opdieatity (OD) at 600 nm. To prepare 2-
EHN-induced cells, acetate grown-cells were wasired resuspended to an OD of 1.5 in

culture medium, then incubated for five days witBI2N.

2.2. In vivo 35S labelling of proteins

For labelling experiments, bacteria were incubatgtth 2-EHN or acetate (control) in the
presence of a mixture dfS-labelled methionine and cysteine (0.1 mCi, EasWapress
protein-labelling mix; NEN Life Science ProductBacteria were incubated for 6 h (acetate)
or 30 h (2-EHN) at 30°C. In a control experimeracteria were incubated without exogenous
C-source for 30h. Protein extracts were preparedessribed below and analyzed by 2D
electrophoresis and SDS-PAGE.

2.3. Preparation of protein extracts

Cell-free extracts were prepared by ultrasonicatias previously described [18].
Ultracentrifugation at 240,008 for | h was performed to separate soluble protéios the
membrane fraction, using an Optima TLX Ultraceogi# (Berckman Instruments).
Supernatant fractions were treated with benzonage0@ U; Merck), and subsequently
dialysed for 4-5 h at 4°C against 5 mM phosphatéebupH 7.5, containing 1 mM Mggl
then overnight against ultrapure water. Samplesvilmimediately processed as described

below or stored at -20°C.

2.4. Two dimensional gel electrophoresis

Two-dimensional (2D) gel electrophoresis was cdroat as described previously [18], with
minor modifications. Briefly, 400 pg protein sanmpl@r labelled extracts equivalent to 4.2
10* cpm) were applied to 18-cm IPG strips (ReadyS®iprad) and fractionated in the pH

range 4 to 7 by isoelectric focusing for a totalapproximately 70 kVh. Second dimension
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electrophoresis was carried out on 12.5 % polyaanide gels in a Protean Il xi cell (Biorad)
at 20 mA per gel for 15-16 h, using a Tris-glycimgffer system [19]. The proteins were
visualised by colloidal blue G-250 staining as diéscl by Neuhoff [20], except that ethanol
replaced methanol. Gels were photographed with mo€a@amera®s labelled gels were
stained, dried, and exposed to X-ray films for ks (Kodak BioMax MR). All gels were
performed in triplicate, except for gels containiiapelled proteins. Comparison of 2D gel
patterns and spot intensities was carried out dyaliinspection of gels. Only spots that were
absent in control extracts or that repeatedly shioare estimated intensity at least twice as
high on 2-EHN extracts compared to control extraatse taken into consideration. Proteins
up-regulated in acetate-grown cells are not disaigsthis study.

2.5. SDS-PAGE of membrane fractions

Protein pellets from high speed ultracentrifugaticere homogenized in a volume equivalent
to 1/10 the initial volume of extract with 25 mM RES pH 7.5, containing 10 % of ethylene
glycol. Protein samples were adjusted to 1 % SD% %23-mercaptoethanol, 10% glycerol,
0.001 % bromophenol blue and 150 mM Tris-HCI, pBl, prior to separation by SDS-PAGE
on a 12.5 % polyacrylamide gel in the Tris-Tricimgffer system [21]. Proteins were stained
with colloidal blue G-250 as described above.

2.6. Protein digestion

Protein bands were manually excised from the gets automatically prepared (EVO150,
Tecan). Samples were washed several times by itionba 25 mM NHHCO; for 15 min
and then in 50 % (v/v) acetonitrile containing 25mM¥,HCO; for 15 min. Gel pieces were
then dehydrated with 100 % acetonitrile and thenliated with 7 % kD, for 15 min before
being washed again with the destaining solutionscrileed above. 0.15 pg of modified
trypsin (Promega, sequencing grade) in 25 mMNEIO; was added to the dehydrated gel
spots for an overnight incubation at 37°C. Peptiese then extracted from gel pieces in
three 15 min sequential extraction steps in 30 fIB08 acetonitrile, 30 pL of 5% formic
acid and finally 30pL of 100% acetonitrile. The feabsupernatants were then dried under

vacuum.

2.7. Nano-LC-MS/MS analysis.
For nano-LC-MS/MS analysis, the dried extractedtides were resuspended in water

containing 2.5 % acetonitrile and 2.5 % trifluoreac acid. A nano-LC-MS/MS analysis was
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then performed (Ultimate 3000, Dionex and LTQ-Qdpt Thermo Fischer Scientific). The
method consisted in a 60-minute gradient at a flat® of 300 nL/min using a gradient from
two solvents: A (5% acetonitrile and 0.1% formicdaim water) and B (80% acetonitrile and
0.08% formic acid in water). The system include308 um X 5 mm PepMap C18 precolumn
and a 75 pm X 150 mm C18 column (Gemini C18 phask).and MS/MS data were
acquired using Xcalibur (Thermo Fischer Scientifam)d processed automatically using
Mascot Daemon software (Matrix Science).

Consecutive searches against the SwissProt/Treathbase were performed for each sample
using an intranet version of Mascot 2.0. Peptiddifications allowed during the search
were: N-acetyl (protein), dioxidation (M), oxidatidM), cysteic acid (C) and sulphone (M).
Proteins showing two peptides with a score highantthe query threshold (p-value <0.05)
were automatically  validated with an home-made  vearfe (IRMa,
CEA/DSV/IRTSV/LEDyP). Each protein identified by lgnone peptide was checked
manually using the classical fragmentation rules.

For each identified protein, the emPAI and speaoaint values were calculated and reported

in the result tableshttp://www.matrixscience.com/help/quant empai Hetpl). From these

values, abundance rates were then calculated asnpeges of the whole set of identified
proteins according to the formula: Abundance otgirX = (spectral count (proteinX) * 100)

/ (X spectral counts for all_proteins).

2.8. RNA extraction and RT-PCR analysis

Total RNA was extracted from 50-mL cultures of stricP 2173 using standard procedures
[22]. Bacteria were grown to an @fg of 0.7, then centrifuged at 10,000 g, and resudpdn
in 200 pL of 20 mM Tris-HCI, 5 mM EDTA, pH 8, coméng 1.5 mg/mL lysozyme and 25
png/mL lysostaphine (Sigma Life Science). After 1t 37°C, RNA were extracted using
the RiboPur8-Bacteria kit (Ambion, Austin, Texas). Crude RNAnmgaes (2 pg) were
treated with Turbo DNase (Ambion). Resulting RNAearations were quantified using a
Nanodrop apparatus (NanoDrop Technologies). RT-R@R performed with 10 ng of RNA
preparation using the One step RT-PCR kit (PromEgace). PCR amplification of internal
gene sequences was carried out with the followinmer pairs: foralkBl1, alkB1-F (5'-
CGTGATCATGGGTGCCTAC-3) and alkB1-R (5-CCAGAACGTWIACCGAAG-3); for
alkB2 alkB2-F (5-CCTGATGTTCCTCGTGATCC-3) and alkB2-R (5'-
CTTGTCGACGTCGCTCATC-3"); for CYP153, P450fwl and 04w3 [23]; for the
aldehyde dehydrogenase encoding gene alkHj, ALDH1-F (5’-
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GCACCGTGCTGATCATCGGTGC-3) and ALDH1-R (5-
CCAGGCGATGCGCTTGGCG-3), for the 16S RNA gene, PI6S (5-
GGTCTAATACCGAATACACCCTTCT-3) and P16S-R (5-

CCAGGAATTCCAGTCTCCC-3'). RT-PCR reactions were oadrout as follows: 45 min at
45°C, 3 min at 95°C, 32 cycles of 30 s at 95°Cs31 62°C and 30 s at 72°C, 5 min final

elongation at 72°C. Products were analyzed byrelglbresis on 2% agarose gels.

2.9. Nucleotide sequences
The nucleotide sequenceskBlrubAlrubA2tetR alkB2, CYP153, alkH (partial) were
deposited under accession number FJ009005, FJ00RO0A9003, FJ2074720, respectively.

3. Results

3.1. Identification of cytoplasmic proteins up-reglated on 2-EHN

In order to identify proteins up-regulated on 2-EHi¥otein profiles of cells incubated with
this compound were compared to those of cells growactetate. Cytoplasmic proteins were
prepared and analysed by 2D gel electrophoresile wiembrane-associated proteins present
in the high-speed centrifugation pellet of cellragts were separated by SDS-PAGE.
Comparison of 2D gel protein profiles revealed tmatre than 30 protein spots were either
absent in acetate-grown cells or at least two-foltte abundant in 2-EHN-grown cells (Fig.
1). To confirm these results, we perfornié8-labeling experiments where cells were exposed
to 2-EHN for 30 h (6 h for reference cells). Autdicgraphies of the 2D gel showed markedly
different patterns (Fig.1, C & D). Most labellecbfeins uniquely detected in 2-EHN-exposed
cells corresponded to spots previously identifieddal on stained gel comparison, but three
additional 2-EHN-specific polypeptides were fouilthe position of these extra polypeptides
has been reported on the 2D image in Fig. 1A. Timtems of interest were tentatively
identified by LC-MS/MS analysis of trypsic digestdlowed by a search for peptide matches
in the data bases using Mascot (see Materials agttidds for details). A total of 35 proteins
were identified based on close similarities witkhotogs found inM. vanbaleniiPYR1 and
relatedMycobacteriumstrains from soil (Table 1). One set of inducedt@ins was clearly
associated to thp-oxidation of fatty acids. Some of the enzymes Ingd in this pathway
were found in multiple isoforms, including acetyb& acyltransferase (2 copies), acyl-CoA
dehydrogenase (7 copies), enoyl-CoA hydratase/isasrae(4 copies). Consistent with this
finding, the referenc®ycobacteriunstrains mentioned above were found to containiptelt

124



RESULTATS- 3. ANALYSE PROTEOMIQUE DES ENZYMES IMPLIQUEES DANSEGRADATION DW2-EHN

gene copies coding for enzymes of ghexidation in their genome (Table S1). Other prutei
up-regulated on 2-EHN included dehydrogenases,rsbvenetabolic enzymes and proteins

B

involved in cell response to stress (Table 1).
74 I*i 4

|70 KDa
| 150 kDa

E30+

40 kDa

7130 KDa

Figure 1. 2D gel map of soluble proteins fravh austroafricanumFP 2173.

Isoelectric focusing was performed in the 4-7 phgea
A: cells grown on 2-EHNB: cells grown on acetat€;: *S labelled proteins induced on 2-
EHN, D: *S labelled proteins induced on acetate. 2-EHN-fipgmiotein spots are numbered

in panel A.
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Table 1 Cytoplasmic proteins up-regulated upon incubatibM. austroafricanumFP 2173 on 2-EHN

35
S- .
. . 2-EHN . Mol Coverage . SwissProt/ . .
Enzyme or protein function Spot # induction labelling pl Mass Score (%) Peptides TIEMBL Micro-organism
on 2-EHN
Fatty acid metabolism
El +++ +++ 53 41116 186 9,95 3 .
Eo et et 5.4 180 858 3 AATFJ1 M. givumPYR-GC
El +++ +++ 53 40821 133 10,78 3 A3Q1G5 Mycobacteriunsp. JLS
E2 +++ +++ 54 40989 702 31,72 10 A1TCG6 M.vanbaaleniiPYR-1
Acyl-CoA dehydrogenase domain protein g3 +H+ - 515 42234 112 9,92 2 A4T8F2 M. givumPYR-GC
E4 +++ +++ 4,8 39744 265 18,01 4 A1TDA6 M. vanbaaleniPYR-1
E7 ++ ++ 5,87 42108 118 5,74 2 AATFI8 M. givumPYR-GC
E8 +++ + 5,2 41520 585 36,32 9 A1T5U2 M. vanbaaleniPYR-1
E9 +++ + 4,9 29971 133 9,09 2 A1TDW3 M. vanbaaleniiPYR-1
i E10 - +++ 51 27387 121 11,29 2 AATFL1 M. givumPYR-GC
Enoyl-CoA hydratase/isomerase .
E9 +++ +++ 4,85 27478 280 21,69 5 A1TE56 M. vanbaaleniPYR-1
E9 +++ +++ 4,85 26666 35 5,37 1 A4TDN8 M. givumPYR-GC
3-hydroxyacyl-CoA dehydrogenase, NAD- E11 ++ ++ 5,4 76177 586 19,36 11 ,
binding = -+ ++ 54 381 10.84 7 A1TF87 M. vanbaaleniiPYR-1
El +++ +++ 54 39836 591 32,41 9 A1TDW4 M. vanbaaleniPYR-1
Acetyl-CoA C-acyltransferase (EC 2.3.1.16) .
E13 ++ +++ 4,9 42130 189 11,49 3 A1TF88 M. vanbaaleniPYR-1
Acyl-ACP thioesterase E10 +++ +++ 5,3 70417 117,03 3,28 2 A1T388 M. vanbaaleniPYR-1
Dehydrogenases
El14 +++ +++ 4,75 370 18,89 5
Alcohol dehydrogenase GroES domain proteire4 +++ +++ 4,77 38681 409 26,39 5 A4TFL6 M. gilvumPYR-GC
E5 +++ +++ 4,8 307 17,95 4
FAD-dependent pyridine nucleotide-disulphidd=15 +++ +++ 5,55 42755 319 17,78 5 :
oxidoreductase E7 +++ + 5,8 152 9,21 3 A4TFLY M. givumPYR-GC
. El +++ ++ 4,9 29920 164 15,44 3 A1T1A7 M. vanbaaleniPYR-1
Short-chain dehydrogenase/reductase SDR .
E18 +++ +++ 4,9 30143 102 10,22 2 Q1BFX1 Mycobacteriunsp. MCS
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35
S- .
. . 2-EHN . Mol Coverage . SwissProt/ . .
Enzyme or protein function Spot # induction clibze-lllzl?-lgN pl Mass Score (%) Peptides TIEMBL Micro-organism
(S)-2-hydroxy-acid oxidase E30 +++ - 7 42022 169 569, 3 A1T4N1 M. vanbaaleniPYR-1
Dihydrolipoamide dehydrogenase E22 ++ ++ 5,6 4971870 17,52 6 A1T382 M. vanbaaleniPYR-1
Lysine biosynthesis
Dihydrodipicolinate synthase E24 ++ - 5,4 31436.7631 11,81 3 AlT7Q1 M. vanbaaleniPYR-1
Dihydrodipicolinate reductase (EC 1.3.1.26) E23 ++ - 4,8 25816 59 7,69 1 A1T7N8 M. vanbaaleniPYR-1
Protein synthesis
Serine-tRNA ligase (EC 6.1.1.11) E25 +++ +++ 48 54604 128 5,82 2 A1TGX4 M. vanbaaleniPYR-1
Ketol-acid reductoisomerase (EC 1.1.1.86) E3 +++ + ++ 52 36513 158 5,44 2 Q1BAR7 Mycobacterium sp. CMS
Nitrogen assimilation
Alanine dehydrogenase (EC 1.4.1.1) E28 - +++ 5,2 9038 203 10,76 3 ALT7L9 M. vanbaaleniPYR-1
Oxidative phosphorylation
ATP synthase epsilon chain (EC 3.6.3.14)
(ATP synthase F1 sector epsilon subunit) E29 LA A 48 13330 85 9,09 1 P45822 M. lepraeTN

CO, hydratation
Carbonic anhydrase E31 ++ ++ 4,8 18225 272 32,73 6 ALTDFO M. vanbaaleniPYR-1

Glycolysis / glyconeogenesis

Phosphoglycerate kinase (EC 2.7.2.3) ?62 :: :: f775 42102 gg g;‘gg g A1T8L1 M. vanbaaleniPYR-1
Stress response
Heat shock protein Hsp20 E26 +++ +++ 4,8 15648.4 7 17 26,76 3 Al1T4V8 M. vanbaaleniPYR-1
UspA E24 +++ +++ 54 31354 85 4,91 1 A1T4W2 M. vanbaaleniPYR-1
Miscellaneous
Putative esterase precursor E18 +++ +++ 5 35010 79 6,29 1 A1T6C2 M. vanbaaleniPYR-1
Chloride peroxidase (EC 1.11.1.10) E19 ++ - 5,7 1804 173 14,86 3 A1T5E7 M. vanbaaleniPYR-1
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35
S- .
. . 2-EHN . Mol Coverage . SwissProt/ . .
Enzyme or protein function Spot # induction clibze-lllzl?-lgN pl Mass Score (%) Peptides TIEMBL Micro-organism
Antibiotic biosynthesis monooxygenase E16 +++ +++ 84 11741 56 16,04 1 Q1B2M9 Mycobacteriunsp. MCS

Allophanate hydrolase subunit 1 E10 +++ +++ 53 P50 142 9,65 2 A1T1V3 M. vanbaaleniPYR-1

E20 +++ ++ 51 49944 579 24,25 10 .
Fumarate lyase E21 it ++ 51 49944 538 27.37 8 A1TE24 M. vanbaaleniPYR-1
HpcH/Hpal aldolase E23 ++ - 4.8 29032 202 12,93 4 1T@GG4 M. vanbaaleniPYR-1
Ribonuclease PH (EC 2.7.7.56) E23 ++ - 4,8 27449 75 4,82 2 A1T7Q1 M. vanbaaleniPYR-1
Glycyl-tRNA synthetase, alpha2 dimer E22 ++ ++ 5,6 59543 405 18,11 7 A1TBP9 M. vanbaaleniPYR-1
3-hydroxyisobutyrate dehydrogenase precurs&?23 ++ - 4,8 29262 195 15,79 3 Al1T4U4 M. vanbaaleniPYR-1
Cyclic ””C'eo“de'bgrdp'”g:reg“'atory protein, g7 . ; 9.6 24776 409 39,56 7 ALT6A5 M. vanbaaleniPYR-1
PhOSpho”bosy'g;gf;ifse: Erythromycin ¢4, ++ ++ 54 74587 49 1,62 1 AL1T4X7 M. vanbaaleniPYR-1

128



RESULTATS- ARTICLE3

Table S1:Copy number of 2-EHN-induced proteins in strain FAF3 compared to the
expected copy number of relevant proteins in ckostegins as deduced from genome
analysis

Number of copies

. Number of gene copies coding for the enzyme
Enzymes possibly involved in 2-EHN  induced on 2-EHN . g b n9 4

biodegradation 1D 2D M. vanbaalenii M. gilvum Mycobacterium
analysis  analysis PYR-1 PYR-GCK sp. KMS
Cytochrome P450/CYP153 2/2 0 49 51 52
Esterase 4 1 10 8 8
Alcohol dehy_drogene_zse GroES > 1 15 13 19
domain protein
Aldehyde dehydrogenase 1 0 21 18 18
Acetyl-CoA acetyltransferase 1 2 13 17 4
Acyl CoA dehydrqgenase domain 11 7 71 63 71
protein
Enoyl-CoA hydratase/isomerase 2 4 20 15 40
3-hydroxyacyl-CoA dehydrogenase,
NAD-binding 2 1 2 1 2
Thiolase 0 0 3 3 3

3.2. 2-EHN induction of membrane-associated protem

Since membrane proteins are generally difficult aoalyze by regular 2D gel
electrophoresis, we chose to separate the insohiplespeed fractions of cell extracts by
one dimension SDS-PAGE. When stained protein g®fdf 2-EHN versus acetate-grown
cells were compared no obvious differences wereervesl. However*S radioactive
labelling revealed that some proteins, includingporaminent 45 kDa, became clearly
labelled upon exposure to 2-EHN (Fig.)Sth order to identify proteins of interest, praotei
sets from 2-EHN and acetate grown cells were segrhtay SDS-PAGE, and subjected to
proteomic analysis. Data processing using Masodtaaocally developed software (IRMa)
identified over 1300 proteins most of which had rteugparts in the proteome .
vanbaleniiPYR1. A summary of proteins found to be commonrspecific to each cell
treatment is presented in tables S2 and S3 in eoppitary material (at the end of the
thesis). From the set of common proteins, a sulastselected based on abundance rates
more than twice as high for the 2-EHN treated caiscompared to control cells. This
protein subset (65 proteins) as well as those fdonde specific to the 2-EHN treatment
(300 proteins) were tentatively classified in termf enzyme category or metabolic
function, with special emphasis on enzymes rel&dealkane degradation. An inventory of

the classified proteins is summarized in Table 20tal of 17 proteins have been identified
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as enzymes of thig-oxidation of fatty acids, four of which were aldgadetected in the 2D
gel analysis. Consistent with the 2D gel data, mooee proteins up-regulated on 2-EHN
were dehydrogenases including 12 short-chain delggirase/reductases (SDR). Several
proteins were likely involved in the response toesd, other presumably act as
transcriptional regulators. The analysis highlightevo alcohol dehydrogenases and one
aldehyde dehydrogenase possibly implicated in Hrby esteps of the 2-EHN degradation
pathway (see below). Interestingly, enzymes ofcergral metabolism previously shown to
be essential for alkane assimilation [15] have beeetected including two
phosphoenolpyruvate synthases involved in glucomeesjs. Enzymes related to the
metabolism of lipids were also identified, suggegtthat membrane modifications might
occur as part of the bacterial adaptation to grawila hydrophobic substrate.

Four P450 cytochromes were identified, two of whare potentially capable of alkane
hydroxylation. The latter two proteins, which bejaio the CYP153 subclass of P450, were
exclusively produced on 2-EHN. The most abundantheftwo enzymes, identified by 11
peptides (36% coverage), was found to be closdfte@ to the CYP153 enzyme from
Mycobacteriunsp. XHN-1500 [24].

It is to note that many cytoplasmic proteins weseorered in the membrane fractions,
indicating that they might have been trapped in brame vesicles that formed upon cell
lysis. On the other hand, membrane proteins reteeatihe metabolism of alkanes were not
detected in either protein extract. This was theecéor the trans-membrane AIkB

hydroxylase that is known to catalyze the initiaidation reaction of alkanes in many
bacteria [13].

50 kDa
40 kDa

30 kDa

25 kDa

Figure S1. SDS-PAGE analysis of membrane-associated proteins

20 kDa )
in cells grown on acetate or exposed to 2-EHN.

- 1. A: protein extract from acetate grown celBs, protein extract
from cells exposed to 2-EHNG: *S labelled proteins induced on

acetateD: *°S labelled proteins induced on 2-EHN
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Table 2: Functional classification of proteins more abundarexclusively detected on 2-
EHN

Enzyme or general protein Number of proteins
function exclusively found on 2-EHN  More abundant on 2-EHN
Beta oxidation 17 1
P450 hydroxylases 4 0
Esterases 3 1
Dehydrogenases 2 ADH 1 ALDH (1)
SDR 10 2
Stress response 12 9
Regulation 21 3
Lipid metabolism/cell wall 13/1 1/3
Ribosomal proteins 12 2
N-metabolism 3 1
General metabolism 74 22
ABC trasporter proteins 22 3
Other 64 6
Putative uncharacterized 42 10

3.3. Occurrence of several putative alkane monooxggases in strain IFP2173

Our proteomic analysis revealed that one cytochrBdts) with close similarity with a well
characterized alkane hydroxylase (CYP153) was 2-spéctific. In order to learn more on
this protein, its structural gene was PCR-amplifigslng genomic DNA from strain
IFP2173 and specific oligonucleotides designed dlfte gene sequence GlYP153Afrom
strain XHN-1500 [24]. A 1261 bp gene was obtainethich displayed high sequence
similarity with its counterpart from strain XHN-180(99 % identities), resulting in a
predicted protein having only two amino acid changempared to CYP153A.

In a previous study, a gene potentially involvedisnalkane degradation was found in
strain IFP2173 and identified as alkB gene based on partial sequence determination [16].
A BLAST search showed than this gene was closdtee toalkB from M. vanbaalenii
PYR-1. This strain has two alkane monooxygenasegjezne of which is associated with
two genes encoding rubredoxins. Primers were dedigtiter thealkB gene sequences of
M. vanbaaleniiPYR-1, and used to amplify corresponding genem fatrain IFP 2173
genomic DNA. TwoalkB-like genes were found in two separate loci, whilibplayed
exactly the same gene arrangement as that fouMl vanbaaleniiPYR-1. In particular,
the alkB1 gene was followed by two rubredoxin genes, nam#dxhl andrubA2, almost
identical to homologous genes Mt vanbaaleniiPYR-1 (99% identity). The secoralkB

gene alkB2) was 98% identical to its counterpart in strainRRY.
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3.4. RT-PCR evidence for the expression of threelane hydroxylases in 2-EHN fed

cells

Since none of the AlkB-like hydroxylase was detddte extracts of strain IFP2173 upon
proteomic analysis, we carried out RT-PCR experismieio determine whether the
corresponding genes were expressed under the gromrititions used in this study.
Transcripts of th@alkB1 andalkB2 genes were equally detectable in acetate and 2-tedN
cells (Fig. 2). Further analysis showed that adtapt specific for the gene encoding the
CYP153 hydroxylase described above was also detatteoth 2-EHN and acetate-grown
cells (Fig. 2). This finding is consistent with tfaet that the enzyme was clearly identified
by proteomic analysis in 2-EHN-fed cells but costea with the finding that it was absent
in acetate-grown cells. Perhaps cells growing atade produce the CYP153 protein at a
low level or in a transient manner during a paticiphase of growth, so that it passed
undetected.

A single aldehyde dehydrogenase appeared to begyated in 2-EHN-fed cells to a level
at least 2-fold as high as in acetate-grown célsing primers designed after the gene
encoding an orthologous aldehyde dehydrogenase $tcmin PYR-1 (A1P1A6), a DNA
fragment, which perfectly matched the target geeguence, was PCR-amplified from
IFP2173 genomic DNA. RT-PCR demonstrated that ge@se was transcribed in both
acetate and 2-EHN fed cells (Fig. 2). The deduespisnce of the closely related PYR-1
enzyme displayed 39% sequence identity with thelywbof thealkH gene fromP. putida
GPo1l.

500 bp
alkB1
300 bp

300 bp
200 bp

alkB2

400 by ge—
P . g CYP153

2000p

400 bp
300 bp

alkH

600 bp

500 bp 16S RNA

Figure. 2 Expression of genes relevant to 2-EHN degradat®rarealyzed by Reverse
Transcription (RT)-PCR. Lane 1, DNA ladder ; lanePCR amplicon generated from
gDNA,; lane 3, Control on RNA from 2-EHN-grown celigith reverse transcriptase
omitted; lane 4, RNA from acetate-grown cells; |8n&NA from 2-EHN-grown cells.
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4. Discussion

The present study deals with the metabolic adaptaif a bacterium which was forced to
grow on a xenobiotic compound being a poor cartmrce and a toxic substance. Our
proteomic analysis identified over 1300 proteinsdshon sequence information available
in the data bases even though the genome of $ER2173 was unknown. Most proteins
were identified as orthologs from strdih vanbaaleniiPYR-1 or relatedvlycobacterium
species, thus reflecting the high degree of comsenv of protein sequences in the
proteomes from fast-growinilycobacteriumspecies isolated from various places around
the world. Besides catabolic enzymes allowing thetdrium to utilize 2-EHN as carbon
source, many up-regulated proteins were found toinvelved in lipid metabolism,
regulation and response to stress, and might hatpeba to adapt to the toxic and/or
hydrophobic character of 2-EHN. The following dission focuses on enzymes that might
be implicated in 2-EHN degradation

In a previous study, we showed that strain IFP2pa#ially degraded 2-EHN to a
compound identified as 4-ethyltetrahydrofuran-2(@iHg, and we proposed a degradation
pathway outlined in figure BL7]. Every step in the pathway can be assignddaast one
enzyme found among the proteins up-regulated orlR;Eexcept for the last step of tBe
oxidation which is catalyzed by a thiolase. Sinceed thiolase genes are present in the
genomes of three relatellycobacteriumspecies (Table S1), at least one thiolase is
expected to be produced by strain IFP2173 growr2-&HN. Perhaps, the enzyme was

synthesized in small amounts and passed undeti&cten proteomic analysis.
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Figure 3: Proposed pathway and enzymes involved in 2-EHijtatkation

Products: a: 2-ethylhexyl nitrate; b: 2-ethylpentane-1,5-diol; c: 5-
(hydroxymethyl)heptanoic  acid; d:  5-(hydroxymethyl)heptanoyl CoA; e 5-
(hydroxymethyl)heptan-2-enoyl CoA; 3-hydroxy-5-(hydroxymethyl)heptanoyl CoAs
5-(hydroxymethyl)-3-ketoheptanoyl CoAh: 3-(hydroxymethyl)-pentanoyl CoAj: 3-
(hydroxymethyl)-pentanoic acid; 4-ethyldihydrofuran-2-(3H)one

Enzymes:1: alkane hydroxylase (AlkB1, AlkB2 or CYP153) andterase,2. alcohol
dehydrogenase and aldehyde dehydrogen&sasd 8: acyl CoA acyltransferasd; Acyl
CoA dehydrogenaséy: Enoyl CoA hydratase6: Hydroxyacyl CoA dehydrogenaség,
Thiolase 9: spontaneous cyclisation.

<+ Indicates thaB-oxidation is blocked by the ethyl chainfirposition.
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We identified four alkane hydroxylases that miglatatyze the first step in 2-EHN
degradation.e. the hydroxylation of the distal methyl group. Twozymes are similar to
the classical AIkB membrane-bound enzymes that Vieued to play a pivotal role in
alkane degradation bfp. putida GPol [25] and A.borkumensisSK2 [26]. The AIkB
proteins were not detected in the membrane fracbbFP 2173 in either growth
conditions, even when searching the proteomic fteitthe expected peptides derived from
their deduced protein sequence. Nevertheless, fepé@nscripts for the corresponding
genes were found in cells grown on acetate or egde 2-EHN suggesting that the
proteins were synthesized. Perhaps, the AlkB prsteiere poorly solubilized in SDS or
yielded few trypsic peptides detectable by LC-MS/M&e two other plausible enzymes
that can initiate 2-EHN degradation are solubleoclytomes P450 of the CYP153
subfamily. Although many genes encoding cytochroR#®s0 are present in the genomes of
relatedMycobacteriumspecies (Table 2), sequence alignments indicétadnone of the
gene products was related to the CYP153 (data motvrs). In addition, the CYP153
proteins identified in strain IFP 2173 were fourad ie mainly produced on 2-EHN,
suggesting that at least one of these enzymes fa&esin the degradation. CYP153
cytochromes hydroxylate linear or cyclic alkaneghwmedium chain length [24]. For
instance, the CYP153A6 froiMycobacteriumsp. XHN1500, which is the closest ortholog
of the major CYP153 from IFP 2173, preferentiallylizes octane [24], but can also
hydroxylate substrates with a bulky structure likeonene [24]. CYP153-like genes have
been found in other Actinomycetes as well ast iand 3-proteobacteria, and three groups
were distinguished based on phylogenetic consideat[13]. Like other bacterial
cytochromes, the CYP153 enzymes function with tviecteon carriers, a NAD(P)H-
oxidoreductase and a ferredoxin. In this respe&AB-binding oxidoreductase that might
be functionally associated with one of the CYP1i88nf IFP2173 has been identified by the
2D gel approach (Table 1), and four such reductases detected by the whole proteome
approach (Tables S2 & S3).

An esterase is also required to hydrolyze the wster bond of 2-EHN. A chloride
peroxidase was found among the 2-EHN-induced prstei the 2D gel analysis (A1T5E7),
which showed the classical consensus sequen¥&XG) typical for the active site of
esterases. This type of enzyme is active on caliooegters [27], but it is unknown
whether it could remove the nitro group of 2-EHNur@roteomic analysis revealed that
four other putative esterases up-regulated on 2-EBiNpotentially catalyze this reaction
(Tables S2 & S3). Since strain IFP 2173 can uséhg@hexanol and transform it to 2-
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ethylhexanoic acid and 4-ethyltetrahydrofuran-2(@Hg [17], it may be inferred that
hydrolysis of the ester bond precedes the hydrawryleof the distal methyl group in the
biodegradation pathway.

The subsequent step in the degradation pathwdyeisdnversion of the 2-ethylpentane-
1,5-diol to an aldehyde by an alcohol dehydroger{af#H). Three 38-kDa ADH were
apparently associated to 2-EHN metabolism, whieh @edicted to have a zinc-binding
domain and a GroES-like structure. A different ¢arder alcohol dehydrogenase (AlkJ; 61
kDa) is involved in alkane oxidation . putidaGPol. However, a deletion alkJ did not
affect alkane degradation, indicating that thisctiea does not require a specific alcohol
dehydrogenase [25].

A single 2-EHN-specific aldehyde dehydrogenase (AMl).Qvas detected by SDS-PAGE
and peptide analysis. Examination of the sequemdbeo orthologous enzyme of strain
PYR-1 (A1T1A6) showed that it might be composed aftalytic domain and a LuxC-like
domain [28]. Interestingly, the detected ALDH shovwa® % sequence identity with AlkH
encoded by thalk operon, which is involved in alkane biodegradatio®. putidaGPol
[29].

The biosynthesis of multiple isoenzymes of flexidation pathway in response to cell
exposure to 2-EHN is intriguing. Manylycobacteriumspecies are known to thrive on
alkanes, but the redundancy @foxidation enzymes had not been previously reported
although it could be predicted from the abundanicgemes coding for such enzymes in
available genome sequences d¥Wlycobacteria (Table S1). In contrast, the
hydrocarbonoclastic bacteriumA. borkumensisSK2 produced relatively few specific
enzymes when growing on alkanes [15]. Perhapsgdiater number of isoenzymes found
in soil Mycobacteriareflects a more versatile metabolism, adapteddietamade of diverse
hydrocarbons present in their environment.

2-EHN is a derivate of a branched alkane, thattigpa of organic compound known for its
resistance to microbial degradation. Indeed, the and position of the substituent and the
degree of branching all affect microbial alkandizdtion, by hindering-oxidation. Some
bacteria may overconfioxidation blockage such &#seudomonas citronellolishich uses

a p-carboxylase in citronellol degradation [30]. Iretbase of 2-EHN, the ethyl group in
position prevented its complete degradationvbyaustroafricanumFP 2173. To achieve

the complete mineralization of 2-EHN, one strategyuld consist to isolate a bacterium
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able to metabolize the 4-EDF intermediate and #esociate this isolate with strain IFP
2173 in co-cultures.
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