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Abstract

Rhodococcus equs one of the most important causes of mortality in foalsveen 1 to 6
months of age. Although rare, infection also occurs in a&tyadf other mammals including
humans, often following immunosuppression of various causes. SEpreteins are known
to mediate important pathogen-host interactions and consequentbvared candidates for
vaccine development as they are the most easily ac@gsidriobial antigens to the immune
system. Here, we describe the results of a proteomityssmabased on SDS PAGE,
immunoblot and mass spectrometry, which was carried out aithimgidentification of
secreted proteins that are differently expressed at 36f€lisy 37°C and at mid-exponential
versus early-stationary growth phase and antigenic proteins RioequiATCC 33701. A
total of 48 proteins was identified regardless of growth d¢mmdi. The cholesterol oxidase
ChoE appears to be the major secretory protein. Moreover, piaieins revealed high
homologies with the mycolyl transferases of the Ag85 complexn fMycobacterium
tuberculosis The sequence analysis predicted that 24 proteins are tristsfyr a signal
peptide-dependent pathway. Moreover, five antigenic proteif& efquiwere identified by
immunoblot, including a novel strongly immunoreactive protein of unknawction. In
conclusion, the elucidation of the secretomeRof equiidentified several proteins with
different biological functions and a new candidate for developingirvas againsR. equi

infection in horse.

Keywords: Rhodococcus equiSecretome; Mass spectrometry; Signal peptide; Antigenic

proteins
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1. Introduction

Rhodococcus equs the common cause of pyogranulomatous pneumonia with a high
mortality rate in foals up to 6 months of age (Muscatellal., 2007). Even if the pathogenic
mechanisms dR. equiremain largely unknown, there is evidence that virulencepsraent
on a large plasmid with a pathogenicity island (Takai et24lQ0; Takai et al., 1991b),
containing nine virulence-associated protarap genes (Muscatello et al., 2007). Among
them,vapAencodes a surface-expressed protein (Takai et al., 1991at ahn1995), which
plays a crucial role in intracellular growth in macrophaged tor disease development
(Giguere et al., 1999; Jain et al., 2003).

Secreted proteins are of high interest for functional invastigs of bacterial pathogens
because they come into direct contact with host tissues. (Rarjc secreted proteins of
intracellular pathogens such Bs equirepresent the primary antigen targets of host immune
response (Kaufmann and Hess, 1999). Thus, they may be key mslecuheluce immune
protection and, consequently, key candidates for vaccine develogre@ntlata are available
aboutR. equiand only five secreted proteins were described such ashthesterol oxidase
ChoE and the phospholipase C, two membrane-damaging exoenzymesllgralled equi
factors (Machang'u and Prescott, 1991a), and three virulesoetaed proteins VapC, VapD
and VapE (Byrne et al., 2001) of still unknown function.

The goal of the present study was to identify proteins secbst®. equiATCC 33701 at
different temperatures (30°C, the optimal growth temperatueesus 37°C, the host
temperature) and at different growth phases (mid-exponentgls/early-stationary phase of
growth). Bioinformatic study was carried out to predict thacfions and to confirm the
extracellular localization of the identified proteins. Funthere, immunogenic secreted
proteins expressed during equine rhodococcosis were characteyiaeging Western blot

probed with pooled sera from nine foals which died fRnequiinfection.
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2. Materials and methods
2. 1. Bacteria and culture conditions

The bacterial strain used in experiments RaequiATCC 33701, a virulence plasmid-
bearing strain. A single colony was selected and grown in 10 lmir@a Bertani (LB, Difco,
Le Pont de Claix, France) medium for 16 h at 30°C or 37°@Har.0 with shaking at 200
rpm. Cultures were inoculated at a 1:100 dilution with thewtere. Samples (500 ml) were
taken in mid-exponential (Qfgy of 0.4 to 0.5) and early-stationary (@pof 0.7 to 0.8)
growth phases, respectively after 15 and 22 h of incubaiibrstvaking at 200 rpm.

E. coli BL21(DE3) (Novagen, Merck, Darmstadt, Germany) &hdcoli M15 (Qiagen,

Courtaboeuf, France) were used for protein expression.

2. 2. Extracellular sample preparation for the proteome analysis

Cultures were centrifuged at 20,000 g for 30 min at 4°C andupernatants were sterile
filtered by using a 0.2-um nitrocellulose filter (Millipor#olsheim, France). Then a final
concentration of 10% (w/v) trichloroacetic acid (TCA, Sigi8aQuentin Fallavier, France)
was added to the filtrate supernatant, mixed well andeglaon ice at 4°C for 16 h. The
precipitated proteins were harvested by centrifugation (20,000 80 min at 4°C), washed
four times in cold methanol (Fluka, quality upgraded, St Quétaitavier, France) dried with
speed-vac and dissolved in sample solution consisting of 0.5 Mbasis pH 8.0 (Sigma).
Protein concentration was determined according to the Lovethod (Lowry et al., 1951),

using bovine serum albumine (BSA, Sigma) as a standard.

2. 3. SDS PAGE
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90 Proteins samples were denatured in Laemmli Buffer 6% (v/\§ §Burobio, Les Ulis,
91 France), 16% (v/v) glycerol (Eurobio), 0.02% (vBAmercaptoethanol (Sigma), and 0.08%
92 (w/v) bromophenol blue (Electran, BDH Laboratory Supplies, Poolg, idKlOO mM Tris-
93 HCI Buffer pH6.8 by heating to 100°C for 5 min. Then samples (i@ each well) were
94 separated by one-dimensional denaturing sodium dodecyl sulfateqytdyaide gel
95 electrophoresis (SDS-PAGE) with a 7% acrylamide (29:1 aerge/bisacrylamide, Eurobio)
96 stacking gel and a 12% acrylamide resolving gel. The Bio4{itaedtained broad standard
97 marker was used as a protein molecular weight markeer Adectrophoresis using the
98 PROTEAN Il xi Cell (Bio-Rad Laboratories, Marnes-la-Coquette, Egjrat 150 V for 15 h,
99 the gel was stained with Coomassie Brilliant Blue RZ%8a(tifs Ral, Martillac, France) to
100 visualize the proteins.

101

102 2. 4. In gel-trypsin digestion

103 Protein spots to be identified were manually excised ffemomassie stained gels and
104 excised gel fractions were washed in ultra-pure watezsdHiractions were then dehydrated
105 Dby several incubations in 50 mM ammonium bicarbonate (BICAMkd} and acetonitrile
106 (CAN, Merck, Fontenay-sous-Bois, France), followed by rehyainath 50 mM BICAM. 0.5
107 pg modified porcine trypsin (sequencing grade modified trypsiom@ga Corporation,
108 Charbonniéres, France) was added to each sample, whicthevagcubated during 16 h at
109 37°C. The supernatant was recovered by centrifugation (5,000 § fain). A second
110 extraction from these gel pieces was carried out by incbati50 mM BICAM/ACN (1/1 :
111 v/v) and then by incubation in 5% acetic acid (Carlo Erba, dé¢ Reuil, France). Peptide-
112 containing liquid fractions were pooled after each incubationvamdium dried. Peptides
113 were resuspended in 20 pl 0.1% acetic acid prior to storag@°& until mass spectrometry

114 (MS) analysis.

Page 5 of 27



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

2. 5. Trypsin digestion of crude extracts of secreted proteins

Crude extracts of secreted proteins were obtained as dmbcaibove from culture
supernatants at the early-stationary growth phase;gQ 0.7 to 0.8) and 30°C or 37°C.
Proteins were resuspended in 50 mM BICAM pH 8.0 containing @.&ypsin, incubated at
37°C during 16 h, before being vacuum dried and resuspended inaQet acid. Peptides

were stored at —70°C until MS analysis.

2.6. MS/MS analysis

An electrospray ion trap mass spectrometer (LCQ DECATXermo Finnigan) coupled
on line with an HPLC (Surveyor LC, Thermo Finnigan) wasdudeptides were separated
and analysed mainly as previously described (Sauvagedt, €2082). Recorded MS/MS
spectra were compared to theoretical fragmentations ofpsinolysed database deduced
from theR. equil03 DNA genomic sequence, using the Sequest software (versitier2no

Finnigan).

2. 7. Bioinformatic tools to analyze amino acid sequences

Protein sequences were obtained thanks to the non-annotatedegesmuence dR. equi
strain 103 produced by thRhodococcus equbequencing Group at the Sanger Institute
(http://www.sanger.ac.uk/Projects/R_equi/). For unknown proteins,ollogomus proteins
were identified using the BLASTP program available at theebsite
http://www.ncbi.nim.nih.gov/BLAST/sequence. Conserved protein dwnaere identified
by using CDD software based on NCBI

(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).
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The secretory (Sec-type) signal peptides were determiitbdive SignalP 3.0 algorithm
(http://www.cbs.dtu.dk/services/SignalP/) while the Twighaine (Tat-type) and the
lipoprotein signal peptides were determined with the TatPL.0
(http://www.cbs.dtu.dk/services/TatP/) and the LipoP 1.0
(http://www.cbs.dtu.dk/services/LipoP/) algorithms respettivEMHMM 2.0 algorithm was
used to predict transmembrane domains (http://www.cbs.dtu.dicseiTMHMMY/). The

different softwares cited below are all available frnmaw.expasy.org

2. 8. Western blot analysis

Two SDS PAGEgels were run in parallel. One was used for identiboaénd the other
for immunoblot. 150 pg of proteins were loaded in each well topeme each culture
condition. Proteins resolved by SDS PAGE were electroblotted mittocellulose
membranes (Amersham Biosciences, Orsay, France) with Mmotsmsfer buffer using a
Trans-Blot’ SD semi-dry transfer cell (Bio-Rad Laboratories) at 15040 min. Blotted
membranes were blocked with 5% (w/v) skimmed milk powdd&rB& buffer (10 mM Tris,
0.2 M NaCl, 0.05%6 (v/v) Tween 20) overnight at 4°C and incubated with pooled sema f
nine foals that had died of rhodococcosis at 1:200 dilution inkisigcsolution for 1 h at
37°C. Membranes were then washed three times for 15 min echBS buffer. They were
incubated with rabbit anti-horse IgG, conjugated to alkgtinesphatase, at 1:5000 dilution
(Bethyl Laboratories, Montgomery, TX, USA) for 1 h at 37°C andhead as described
above. Antigen-antibody reactions were developed with AP Comjiiatistrate kit (Bio-Rad

Laboratories) according to the manufacturer.

2. 9. Cloning and expression of twelve genes
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The primers and vectors used for PCR amplification and clonintiséed (Table 1). The
primers were designed on the availaBleequigenome sequence. PCR products obtained
with R. equiATCC 33701 DNA were cloned into pQE30 (Qiagen) or pET-30 EkAdCror
(Novagen) to obtain recombinant plasmids following the recomatems of the supplier
(Table 1). Recombinant pQE30 vectors were transformedinteli M15 while recombinant
pET-30 EK/LIC vectors were transformed int®. coli BL21(DE3). The presence of
appropriate insert was confirmed by sequencing.

To assess expression of the cloned genes, recomlinanti M15 orE. coli BL21(DE3)
were grown overnight at 37°C in 10 ml of LB medium supplementid 80 pg/ml of
kanamycin (Sigma) for the twi. coli strains and 100 pg/ml of ampicillin (Sigma) torcoli
M15 only. One ml of the bacterial suspension was then subinocuiaetD0 ml of fresh LB
medium and the bacteria were allowed to grow at 37°C untilopiteal density of the
medium at 600 nm reached 0.6. Thereafter, the expressioa dbted genes was induced by
addition of IPTG (ABgene, Courtaboeuf, France) to a final eotmation of 1 mM. After a
further 3 h incubation at 37°C, the bacterial cells weréected by centrifugation for 10 min
at 5,000 g. The cell lysis was performed by incubation forwlith a lysis buffer containing
100 mM NaHPQ, (Merck), 10 mM Tris base and 8 M urea (Eurobio). The aglbrid were
removed by centrifugation at 10,000 g for 10 min. Supernatants wedefarsWestern blot

analysis.

3. Results
3. 1. Analysis of secreted proteins by SDS PAGE

Secreted proteins were extracted from the supernatamitafes ofR. equigrown in the
poor protein containing LB medium in order to limit contaminatimyn medium derived

polypeptides. Secreted proteins obtained at 30°C or 37°C anddaxponential or early-
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188 stationary phase were analyzed by SDS PAGE (Fig. 1). Acgprth standard marker
189 proteins, secreted polypeptides had molecular weight ranging#rto 100 kDa. At 30°C, the
190 migration patterns of secreted proteins did not appear to bm@veficant differences
191 depending on the growth phase and at least 21 distinct bands westedeAt 37°C, three
192 additional bands around 29 kDa (bands No. 17 to 19) were presemernatants harvested
193 in early-stationary phase compared to mid-exponential phasiheFRupre, regardless of the
194 growth phase, six additional bands between 7 and 20 kDa (ban@3 Nw.27 and 30) were
195 detected in supernatants from cultures grown at 37°C compar8@°C. Finally, several
196 intensively Coomassie-stained bands were observed: four band4 (8, 6 and 15) in all
197 tested supernatants and three additional bands (No. 25 to 27) edpiessgpernatants
198 harvested at 37°C.

199

200 3. 2. Proteins identification

201 30 bands were cut out of gels (bands No. 1 to 30, Fig. 1), subjectedgel trypsin
202 digestion and analyzed by LC-ESI tandem mass spectrometryrditepdhe secretome @.
203 equi was also analyzed without previous electrophoretic separationinjegting a
204  trypsinolysed crude preparation of secreted proteins into UGdE8em mass spectrometer
205 (see Materials and Methods for details). These two appesdel to the identification of 44
206 and 16 proteins, respectively (Table 2). The method without prevédestrophoretic
207 separation allowed us to identify fewer secreted protegus tthe other method but led to the
208 rapid identification of dominant proteins present in the sesre. Since we found twelve
209 identical proteins in both methods, a total of 48 proteins wabyfiikentified. All identified
210 proteins were encoded by the chromosome except for the Vapnprddecause of the non-
211 annotated genome sequenceRofequj homologous proteins were identified using BLASTP

212 program and the homology with the first hit was indicated foh gaotein (Table 2). Six
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237

proteins arbitrarily named proteins X1 to X6 did not share amylasity with proteins from
other organisms. For the majority of the proteins (73%), a palefuinction could be
assigned due to the presence of conserved domains deted&@dBbyCDD algorithm. All
proteins identified in the culture filtrate could be clasdifiato several major functional
categories: pathogenicity (ChoE, VapA), stress adaptationl (alidroperoxide reductase,
catalase, Cpnl0, GroEL, CspA, probable Stage Il sporulation mpyo&iport (MspA), cell
wall biosynthesis (four probable mycolyl transferases arbijrardmed 1 to 4, N-acetyl
muramoyl-L-alanine amidase), reactivation of bacteria fatiaary phase (probable
resuscitation promoting factor), energy metabolism (dihydrolipaghydrogenase,
phosphomannomutase), fatty acid metabolism (lipid-transfer proggngral cell processes
and hypothetical proteins without known function.

The molecular weights of most proteins detected in SDS P#&ie consistent with the
theoretical values (Table 2). However, several proteinsajisgla significantly higher mass
than expected. Six proteins were represented by sevefarniso of different molecular
weights. The cholesterol oxidase ChoE was presented invapD in four, VapA and
mycolyl transferase 3 (MT3) in three and elongation factoaddiprotein X4 in two different
fractions. By taking into account the growth conditions, the thdshtional bands around 29
kDa (No. 17 to 19, Fig. 1) in supernatants harvested ily-stationary phase compared to
mid-exponential phase at 37°C were composed of one isoform of yhyrewisferase 3, four
hypothetical proteins and a probable protease fRivmdococcusp. strain RHAL. Moreover,
the six additional bands between 7 and 20 kDa (No. 23 to 27 and 3Q) igsupernatants
from cultures grown at 37°C compared to 30°C contained thréerns® of VapA, two
isoforms of VapD, protein X1 and probable mycolyl transferageo3esult was obtained for
the band No. 26). The unfractionated protein extract analggealed that VapA and VapD

were detected only at 37°C.
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Concerning the most intensively Coomassie-stained bands, cholestedalse and
probable mycolyl transferase 1 (No. 1, 3, 6 and 15, Fig. 1 weesent in all tested
supernatants whereas protein X1, VapA and VapD (No. 25 teig.7]1) were only expressed
in supernatants harvested at 37°C. Cholesterol oxidase, VapAagpidl Were also identified

among the unfractionated protein extract directly analyzedasgspectrometry.

3.3. Protein structure and localization

SignalP 3.0 algorithm revealed the presence of cleaveg®osisignal peptidases (SPases)
for 24 out of the 48 identified proteins (Table 3), suggestingthese are secreted proteins.
Three proteins were recognized by the TatP 1.0 algorithhadmoring a twin-arginine (Tat)
signal peptide. The consensus sequence recognized by this hatgoris
RRX[FGAVML][LITMVF]. It contains the two invariant arginingesidues and variable
amino-acids indicated between parentheses or by the X.|&tiee additional proteins
contained a complete or incomplete Tat motif with at leasttwo arginines in their signal
peptide but they were not recognized by the TatP 1.0 algorithm.ofter 12 proteins
contained a signal peptide specific for the general proteiretien (Sec) pathway (Table 3).
In our study, the Sec and Tat signal peptides had a lengtimgdrom 26 to 63 amino acids.
Both signal peptides were composed of three domains, a posithahiged N-terminal
domain (n-region), a hydrophobic domain (h-region) and a hydrophiker@irial domain (c-
region) usually carrying the consensus AXA at position —1 teefe®ive to the cleavage site
for SPases | (Tjalsma et al., 2000). This consensus wasvetisier twenty out of the 24
signal peptides (Table 3). If the 24 signal peptides wéntanto consideration, the general
consensus sequence at position =3 to —1 relative to the SPésagalje site was (A/V)-X-

(A/K/T). The consensus sequence L-(A/S)-(A/G)-C at pos#idrito +1 relative to the SPases
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Il cleavage site had never been found, suggesting thecabsétipoprotein signal peptides
(Table 3). At last, 24 proteins contained no obvious signal sequence

According to the TMHMM 2.0 algorithm, we could predict a pwt membrane
localization for two proteins. The polypeptide homologous to thpotimetical protein
RHAL1 ro05477 contained, in addition to a signal peptide, two tramérane domains at
central position. The polypeptide homologous to the hypothetical prRtdil ro03156,
which did not possess a signal peptide, contained a single trahsame domain localized at
the N-terminus (Table 3). These two proteins may correspoadniembrane protein and a
surface protein, respectively. Furthermore, according to th&INCDD algorithm, the
probable mycolyl transferase 1 contained at its C-termineg thGFP tandem repeats, which

may be involved in anchoring the protein to the cell wall.

3. 4. Antigenic profiles of R. equi secretome

Antigenic profiles were explored by immunoblot performed with poska from nindR.
equiinfected foals (Fig. 2). No band was detected in the comealium. Moreover, Western
blot control experiments using antisera from healthy foals didenaal any immunogenic
protein (data not shown). Independent of growth conditions, immunogeniginsrovere
present in four regions with molecular weights about 99, 54, 22@ndDa, respectively. A
protein band of a monodimensional gel may harbor more than one padgpapt probably
not all of them would correspond to imunoreactive proteins. Anatfsike four bands by
mass spectrometry revealed the presence of the following nsotenolesterol oxidase,
catalase, hypothetical proteins RHALl ro06188, RHAl ro03156, RHALl ro05216,
RHAL1 ro05669, probable protease, probable secreted protein named/&8%, VapD,
probable mycolyl transferases 3 and 1. In order to test wdiithem reacts actually with the

serum, the twelve proteins were first overexpressegl iooli (Fig. 3A) and then used for a
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Western blot analysis using the same pooled horse sera ag. 8 ftig. 3B). NoE. coli
immunoreactive proteins were observed in the negative comtithiempty pQE30 and pET-
30 vectors. In contrast, the serum reacted strongly witlP8# and the cholesterol oxidase.
The proteins VapA, VapD and the probable mycolyl transferaserd ie®s immunoreactive
and the serum reacted only weakly with the proteins homologote toypothetical proteins
RHA1 ro06188 and RHA1 ro03156. The other recombinant proteins did not riéachev

serum.

4. Discussion

In order to characterize nefR. equicandidate antigens associated with rhodococcosis
among secreted proteins, we used a proteomic approach combthesewim profiling by
using sera from foals that had died of rhodococcosis. This apperabled identification of
48 proteins released by the equiATCC 33701 strain during growth. As expected, 24
polypeptides contained a signal peptide sequence required fotrémslocation across the
cytoplasmic membranéa the Sec-pathway (Keyzer et al., 2003) or the Tat-pathwagy €L.e
al., 2006), the two most important secretion systems distdburteall bacterial genera.
Among them, half the proteins were predicted to possess a ipbf€at signal peptide,
suggesting that the Tat pathway could be as significarhea$Séc pathway iR. equi In
contrast to the latter, the former pathway is involved insieretion of exclusively folded
proteins and protein translocation has no requirement for AR amergy source but relies
solely on the proton motive force. It is interesting to noté élaproteins identified in the
most intensively Coomassie-stained bands contained a Sec égriale (VapA and VapD)
or a Tat signal peptide (cholesterol oxidase, protein X1, mitralysferases 1 and 3).

The majority of the 24 remaining proteins without identifiabfmal peptides contained

proteins usually considered as strictly cytoplasmic and tpessence in the secretome
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requires further investigation. Abundant cytoplasmic proteinsfégre ftound in the secretome
of other pathogens such & tuberculosis(Malen et al., 2007)Listeria monocytogenes
(Trost et al., 2005) oBtaphylococcus aureuSibbald et al., 2006) and extracellular roles
have been suggested. For example, the cytoplasmic elonfmtionTu (EF-Tu) is described
as a surface protein, which may exhibit an unexpected and fumation, the adhesion of
bacteria to host tissue (Dallo et al., 2002). A simildivig has been reported for GroEL in
several pathogens (Bergonzelli et al., 2006). RvequigroEL2- based DNA vaccines were
used in immunization of mice and were found to elicit alpneinantly Thl biased immune
response (Phumoonna et al.,, 2008; Vanniasinkam et al., 2004). Bupritteictive efficacy
againstR. equiinfection was not demonstrated. The mode of secretion fee theoteins is
unknown but they can be released by cell lysis or by hitherto unknowolassical secretion
pathways or signal peptide-independent pathways (Bendtsen 20@8), Such non-classical
systems have been reported Mh tuberculosisand L. monocytogenes$or the export of
virulence factors without signal peptide (Bendtsen et al., 26@B)many years, it has been
known thatM. tuberculosissecretes antigenic proteins without apparent signal peptitieasuc
ESAT-6 (early secretory antigenic target) (Bendtsen.g2@05).

The cholesterol oxidase was, under all conditions tested, thw segreted protein di.
equi ATCC 33701. Despite its membranolytic activity, this enzymas demonstrated not to
be an important virulence factor in the natural host (Pal.eR006). It may be important in
providing carbon sources f&t. equiinside macrophages, as they are for other intracellular
bacteria such aMycobacterium aviumand M. tuberculosis The variants or isoforms of
cholesterol oxidase may be attributed to biologically important -tpasslational
modifications, ranging from chemical modifications, such asagylations for isoforms of
higher molecular weight than the calculated one, to proteol@avage for polypeptides with

molecular weight significantly lesser than the expected ¥apA, an atypical lipoprotein, is
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another virulence factor involved in the intracellular growthmacrophages and identified
among secreted proteins in our experimental conditions, coritrgmgevious studies which
detected VapA in the cell pellet only (Byrne et al., 200&hl€r et al., 2003). Its presence in
the supernatant can be explained by the fact that lipoprotesnguinerable to proteolytic
cleavage relatively close to the N-terminal cysteing are consequently released as soluble
protein in the culture filtrate (Malen et al., 2007). Moraowehas been suggested that some
lipoproteins may be alternatively processed by signal peptidasdl,l and this mechanism
may explain their dual localization in the extracellular ssrwinent or as lipoproteins in the
cell wall (Malen et al.,, 2007). In our work, VapA was obsenrwedthree isoforms, in
accordance with the study of Tan et al. (1995). Indeedainvibrk, the polypeptides isolated
from the 18-22 kDa and 17.5 kDa fractions were hydrophobic and lipdified whereas the
15-kDa protein did not show this modification. VapD was detettgdur isoforms which
correspond most probably to degradation products. VapA and VapDolvseeved only at
37°C in our study which is in accordance with previous findi(Bne et al., 2001).

Some proteins identified in the present study were predictbd tovolved in the cell wall
biosynthesis. Indeed, four out of at leastRL3Equiprobable mycolyl tranferases predicted by
genome analysis (Sydor et al., 2007) were detected in our Sthdge four enzymes were
homologous to the mycobacterial antigen 85 complex (Ag85 compleajpr rsecretion
products ofM. tuberculosis(Content et al., 1991; Wiker and Harboe, 1992). This Ag85
complex is made of three mycolyl transferases (FbpA, FbpB &pL)F pivotal for the
synthesis of the mycolic acid layer in the cell wakliBle et al., 1997). The probable mycolyl
transferases 1 and 2 are encoded by the fig#e(Sydor et al., 2007) anitbpB (Pei et al.,
2007) ofR. equij respectively. I'R. equj FbpA could be involved in capsule anchorage since
a fbpA mutant is characterized by a non-mucoid phenotype (Sydor eRQGfl7). Since

synthesis of the capsule is constitutivérinequij it is not surprising that FbpA was one of the
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most abundant proteins of the secretome regardless of growtti@m@Band No 3, Fig 1).
It should be noted that recent virulence studies in a murogehshowed that both FbpA and
FbpB might not be involved iR. equipathogenesis (Pei et al., 2007; Sydor et al., 2007).
Immunological characterization &. equisecreted proteins by sera from foals that had
died of rhodococcosis revealed antigenic reactivity with four @9, 29 and 20 kDa
immunogenic regions, similar to the immunoblots obtained by Kohlak €2003). By using
recombinant proteins, we demonstrated that five proteins (VdppD, cholesterol oxidase,
probable mycolyl transferase 1 and the PSP) were indeed éavoivthe immunogenicity of
these four regions. Contrary to previous studies which identifiqnl prateins as strongly
immunoreactive proteins (Byrne et al., 2001; Kohler et al., 2008),two most strongly
immunoreactive proteins detected in the present study werehtiesterol oxidase and the
PSP. Machang'u and Prescott (1991b) showed that antibodies &ligaiokblesterol oxidase
associated to the phospholipase CRofequidid not prevent foals from developing lung
abscesses following experimental infection. However, tisislrédas to be examined by taking
into account the infective dose, the dose and the natuaatigfens which correspond to a
combination of two proteins, the immunization and infection roatesthe type of adjuvant.
Indeed, recent studies demonstrated that these various pasameg influence the
polarization of immune response which must be a cellular tygmonse to confer protection
againstR. equiinfection (Lunn and Townsend, 2000). The strong immune response to the
PSP suggests that this protein was readily accessible tomthane systemin vivo and
consequently supports the fact that it was actively secdetsuite the lack of a signal peptide.
This protein needs to be further characterized. Findlly latter protein, cholesterol oxidase
and VapA that has been shown highly immunogenic (Kohler et al., 20608)als and
protective in a murine model (Haghighi and Prescott, 2005) eyagsent promising antigen

candidates for the vaccine development against equine rhodococcosis
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5. Conclusion

To our knowledge, this is the first report of a comprehensive priteanalysis of

secreted proteins dR. equi The associated immunological characterization allowetbus

identify several proteins recognized by the host immune systetading a novel strongly
immunoreactive protein without known function. Studies to exanhieé tmunoprotective

potential againgR. equiinfections are in progress.
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Figurelegends

Fig. 1. Separation of secreted proteins frdnequiby SDS-PAGE. Proteins extracted from
R. equiATCC 33701 grown in LB medium at 30°C (lanes 2, 3) or 37°C (l4n&% and at the
mid-exponential (lanes 2, 4) or the early-stationary (lan&3 §rowth phase. Lane 1 contains
proteins extracted from non inoculated LB medium (negative contkbllanes are loaded
with 150 pg of protein. The spots 1 to 30 indicate bands analyzé€ S| MS/MS. The

numbers on the left indicate molecular masses (in kilodaltons).

Fig. 2. Detection of immunogenic proteins in the culture supernataRt efjui Immunoblot
of secreted proteins frolR. equIATCC 33701 was probed with pooled sera from nine foals
that had died of rhodococcosis. Lanes were loaded with 150 pgrefeskprotein®R. equi
ATCC 33701 as follows: lane 1, non inoculated LB medium (negatiwérol medium); lane
2, 30°C mid-exponential phase; lane 3, 30°C early-stationary jplkase 4, 37°C mid-
exponential phase; lane 5, 37°C stationary phase. The numbersleft ih@icate molecular

masses (in kilodaltons).

Fig. 3. Overexpression and Western blot analysis of recombiRaptjuiproteins. A) SDS-
PAGE of lysates oE. coli M15 orE. coli BL21(DE3) expressing the recombinant proteins.
Lane 1, molecular mass marker; lane 2, empty pQE30 veatw;3,E. coli lysate containing
recombinant cholesterol oxidase; landz4 coli lysate containing recombinant catalase; Lane
5, empty pET-30 vector; Lanes 6 to 15, the following recombipanteins: hypothetical
proteins RHA1 ro06188, RHALl ro03156, RHALl ro05216, RHALl ro05669, probable
protease, PSP (probable secreted protein), VapA, VapD, probatdelyl transferase 3,
probable mycolyl transferase 1. B) Western blot showing retycof sera with the twelve

recombinant proteins. Sera were obtained from foals thadileadf rhodococcosis.
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Table 1

Table 1. Primers and vectors used in gene cloning

Gene of Primers * Vector

catalase 5’ ATGACGTCCATTCAGCCACGT 3’ pQE30
5’ GTTCTGCCGACCGAACTACC 3’

ChoE 5’ TCCGCCTCCGGAGCTCCCAGCC 3’ pQE30
5’ TCTCATAAGCTTCGACGCGT 3’

hypothetical protein RHA1 ro03156 5’ GACGACGACAAGATCCAGCAGGAGAACACCTC 3’ pET-30 EK/LIC
5’ GAGGAGAAGCCCGGTCTAGCCGTAACTGACGACGAC 3’

hypothetical protein RHA1 ro05216 5’ GACGACGACAAGATCGTGGCTGCAATGACCTCC 3’ pET-30 EK/LIC
5’ GAGGAGAAGCCCGGTCTACTCGCAGGCGATCCCGTC 3’

hypothetical protein RHA1 ro05669 5’ GACGACGACAAGATCCAGCACAAGACGATCACACTC 3’ pET-30 EK/LIC
5’ GAGGAGAAGCCCGGTTTACCGGAGACCCAACTTGCT 3'

hypothetical protein RHA1 ro06188 5’ GACGACGACAAGATACCGCTGCCGGCGTCGAT 3’ pET-30 EK/LIC
5’ GAGGAGAAGCCCGGTCTAGCGCAGTGTGGCGAG 3’

probable antigen 85 protein precursor 5’ GACGACGACAAGATCTCGACGCCCGGCGCGACCGAC 3’ pET-30 EK/LIC

(mycolyl transferase 3) 5’ GAGGAGAAGCCCGGTCTACCGGGGAGTGCCCATG 3’

probable antigen 85 complex protein 5’ GACGACGACAAGATGGCACAGTCCCTCGGCACCCCC 3’ pET-30 EK/LIC

(mycolyl transferase 1) 5’ GAGGAGAAGCCCGGTTCAGGCGATGGTCGCCTTTCC 3

probable protease 5’ GACGACGACAAGATCGAACCCGCCGCGTCGGGT 3’ pET-30 EK/LIC
5’ GAGGAGAAGCCCGGTATTCACCGATGTCGGTCAGTG 3'

probable secreted protein (PSP) 5’ GACGACGACAAGATTGGTGTGGCGGACGCGG 3 pET-30 EK/LIC
5’ GAGGAGAAGCCCGGTCTACGACAGCTCCCATCC 3’

VapA 5" GACGACGACAAGATGACCGTTCTTGATTCCGGTAGC 3’ pET-30 Ek/LIC
5’ GAGGAGAAGCCCGGTCTAGGCGTTGTGCCAGCTACC 3'

VapD 5" GACGACGACAAGATGCAGGAGCTAGCTGGCACCAAG 3’ pET-30 Ek/LIC
5’ GAGGAGAAGCCCGGTCTACTCCCACCCGCCAGTGCC 3'

*The underlined letters in primers are complementary extensions compatible to sequences in the pET-30 Ek/LIC cloning

vector.
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Table 2

Table 2. Identification of secreted proteins by mass spectrometry on SDS PAGE (bands noted

by a number) or in unfractionated protein extract

Band No. * scs(Fre I(:entlﬁed protelr;\] CBI Accession Observed . Theoretlcalv
b Description Bacteria “ (% Identity) No Protein domain ° MW (kDa)" MW (kDa) ¢
1 1442 Cholesterol oxidase ChoE R. equi 103 (100) CAC44897 choline dehydrogenase / related 100 54.5
flavoproteins
2 1627 Cholesterol oxidase ChoE R. equi 103 (100) CAC44897 choline dehydrogenase / related 70 54.5
flavoproteins
2009 30S ribosomal protein R. sp RHALI (95) YP_118107 ribosomal protein S1 like RNA 70 54.0
binding domain
3 798 Probable antigen 85 complex protein R. sp RHALI (71)  YP_704140 putative esterase 65 62.8
(mycolyl transferase 1) 3 LGFP repeat motifs
4 No result 60
5 1388 Catalase R. equi 103 (100) AY779519.1 catalase 55 55.0
1058 Cholesterol oxidase ChoE R. equi 103 (100) CAC44897 choline dehydrogenase / related 55 54.5
flavoproteins
2104 Hypothetical protein RHA1 ro06188 R. sp RHALI (75) YP_706123 55 58.5
6 1440 Cholesterol oxidase ChoE R. equi 103 (100) CAC44897 choline dehydrogenase / related 54 54.5
flavoproteins
7 676 Elongation factor Tu N. farcinica (95) YP_121291 EF Tu family (Il and III domains) 50 43.5
8 1007 Elongation factor Tu N. farcinica (95) YP_121291 EF Tu family (I and III domains) 48 43.5
9 922 DNA-directed RNA polymerase o-subunit R. sp RHA1 (98)  YP 706097 RNA polymerase Rbp3 / Rpbl1 46 38.1
dimerisation domain / RpoA insert
domain / a-chain C terminal domain
647 Hypothetical protein RHA1 ro05154 R. sp RHALI (77)  YP_705093 46 21.0
1035 Probable stage II sporulation protein R. sp RHALI (51) ABG95848 stage 11 sporulation protein 46 54.8
448  Short-chain dehydrogenase/reductase S. tropica (67)  YP_001159019  short chain dehydrogenase / 3 46 33.0
ketoacyl (acyl carrier protein)
reductase
10 1004 Cholesterol oxidase ChoE R. equi 103 (100) CAC44897 choline dehydrogenase / related 45 54.5
flavoproteins
1056 Hypothetical protein RHA1 ro01045 R. sp RHALI (54) YP_701030 secretory lipase 45 36.5
1795 Hypothetical protein RHA1 ro04854 R. sp RHALI (60) YP_704797 cutinase 45 39.0
11 715  Alkyl hydroperoxide reductase R. sp RHALI (87) YP_703236 peroxiredoxin family 42 21.0
703  Cell division initiation protein R. sp RHALI (78)  YP_701065 DivIVA protein (cell division 42 31.0
initiation protein)
714 Probable thioesterase R. sp RHALI (66) YP_707177 thioesterase protein 42 17.0
957 Not matched (protein X3) 42 24.0
645  Short-chain dehydrogenase/reductase S. tropica (67) YP_001159019  short chain dehydrogenase /3 42 33.0
ketoacyl (acyl carrier protein)
reductase
12 1895 Not matched (protein X4) 40 37.0
1589 Hypothetical protein RHA1 ro05704 R. sp RHALI (64) YP_705641 glucose dehydrogenase 40 37.2
13 1435 Probable antigen 85-A precursor (mycolyl R. sp RHALI (43) YP_704946 putative esterase 38 36.8
transferase 2)
1906 Not matched (protein X4) 38 37.0
739 Not matched (protein X5) 38 37.0
14 701 Probable antigen 85 protein precursor R. sp RHALI (57) YP_702108 putative esterase 37 345
(mycolyl transferase 3)
816 Hypothetical protein RHA1 1004050 R. sp RHALI (56) YP_704005 N-acetylmuramoyl-L-alanine 37 68.0
amidase domain
15 1678 Cholesterol oxidase ChoE R. equi 103 (100) CAC44897 choline dehydrogenase / related 36 54.5
flavoproteins
16 450 Amidase AmiC_1 M. ulcerans (49)  YP_906566 amidase 34 49.2
17 701 Probable antigen 85 protein precursor R. sp RHALI (57) YP_702108 putative esterase 32 345
(mycolyl transferase 3)
18 1672 Hypothetical protein RHA1 ro03156 R. sp RHALI (35) YP_703117 MspA (porin) 29 30.2
1379 Hypothetical protein RHA1 ro05216 R. sp RHALI (66) YP_705155 29 30.2
1151 Hypothetical protein RHA1 ro05669 R. sp RHALI (67) YP_705606 transglycosylase-like domain 29 36.0
19 1803 Probable protease R. sp RHALI (63) YP_705835 28 42.8
1124 Probable secreted protein (PSP) R. erythropolis (46) CAC37046 28 29.8
20 817 Probable mycolyl transferase (mycolyl R. sp RHALI (65) YP_704013 putative esterase 25 33.0
transferase 4)
1625 Hypothetical protein nfa45220 N. farcinica (73)  YP_120737 transglycosylase like domain 25 8.0
2135 Hypothetical protein RHA1 ro06358 R. sp RHALI (69) YP_706293 25 8.0
840 Cold shock protein A R. sp RHALI (98) YP_704299 cold shock protein 25 7.0
713  Not matched (protein X6) 25 53.3
21 2579 Not matched (protein X2) 22 18.5
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1033 Probable lipoprotein R. sp RHALI (60) YP_704138 peptidase M23 22 18.0
881 Probable resuscitation-promoting factor R. sp RHALI (67) YP_704901 transglycosylase like domain 22 17.5
22 1543 Peptidyl-prolyl cis-trans isomerase R. sp RHALI (88)  YP_704938 cyclophilin 20 22.0
23 678 VapA (intracellular multiplication) R. equi 103 (100) BAB16621 R. equi virulence-associated protein 19 16.2
24 762 VapA (intracellular multiplication) R. equi 103 (100) BAB16621 R. equi virulence-associated protein 18 16.2
25 793 VapA (intracellular multiplication) R. equi 103 (100) BAB16621 R. equi virulence-associated protein 17 16.2
1604 Probable antigen 85 protein precursor R. sp RHALI (57) YP_702108 putative esterase 17 345
(mycolyl transferase 3)
666 Not matched (protein X1) 17 11.0
26 No result 16
27 1045 VapD R. equi 103 (100) BAB16624 R. equi virulence-associated protein 14 14.0
28 1705 VapD R. equi 103 (100) BAB16624 R. equi virulence-associated protein 12 14.0
1109 Hypothetical protein RHA1 ro05477 R. sp RHALI (37) YP_705415 12 18.5
1055 Chaperonin Cpnl0 M. sp JLS (94) ZP_01280279 chaperonin Cpnl0 12 11.0
29 2117 VapD R. equi 103 (100) BAB16624 R. equi virulence-associated protein 10 14.0
1607 Chaperonin Cpnl0 M. sp JLS (94) ZP_01280279 chaperonin Cpnl0 10 11.0
581 Phosphomannomutase R. sp RHALI (82) YP_706251 Phosphoglucomutase / 10 48.6
phosphomannomutase
930 Probable extracellular protein R. sp RHALI (37) YP_700670 10 14.7
30 1475 VapD R. equi 103 (100) BAB16624 R. equi virulence-associated protein 9 14.0
unfractionated 450 Catalase R. equi 103 (100) AY779519.1 catalase 55.0
protein extract
669 Chaperonin Cpnl0 M. sp JLS (94) ZP_01280279 chaperonin Cpn10 11.0
1898 Cholesterol oxidase ChoE R. equi 103 (100) CAC44897 choline dehydrogenase / related 54.5
flavoproteins
793 Cold shock protein A R. sp RHALI (98) YP_704299 cold shock protein 7.2
895 Dihydrolipoyl dehydrogenase R. sp RHALI (89) YP_706197 pyridine nucleotide-disulphide 214
oxidoreductase
545  Elongation factor G R. sp RHALI (95) YP_ 701891 EF G subfamily (I and IV domains) 76.9
630 Elongation factor Tu N. farcinica (94) YP 121291 EF Tu family (II and III domains) 43.5
1205 Chaperonin GroEL2 R. equi 103 (100) AAK95493 chaperonin GroEL 56.5
687 Hypothetical protein RHA1 ro04050 R. sp RHALI (56) YP_704005 N-acetylmuramoyl-L-alanine 68.0
amidase domain
1268 Hypothetical protein RHA1 ro05477 R. sp RHALI (37) YP_705415 21.1
1843 Hypothetical protein RHA1 ro06188 R. sp RHALI (75) YP_706123 58.5
625 Probable nonspecific lipid-transfer protein R. sp RHALI (89) YP 704432 thiolase domain 40.1
2337 Probable antigen 85 protein precursor R. sp RHALI (57) YP_702108 putative esterase 345
(mycolyl transferase 3)
1339 Not matched (protein X2) 18.4
976 VapA R. equi 103 (100) BAB16621 R. equi virulence-associated protein 16.2
549 VapD R. equi 103 (100) BAB16624 R. equi virulence-associated protein 14.0

* The band numbers were shown in Fig. 1.

® Sp score given by Sequest for the most significant peptide (Sp > 450) found using a DNA database prepared from the non

annotated genome sequence of R. equi 103.

¢ Best matching proteins with identities > 35% were taken into consideration.
4 M. sp JLS, Mycobacterium sp JLS; M. ulcerans, Mycobacterium ulcerans; N. farcinica, Nocardia farcinica; R. sp RHAL,
Rhodococcus sp RHAL; R. erythropolis, Rhodococcus erythropolis; S. tropica, Salinispora tropica.
¢ Protein domain as deduced from sequence analysis with the NCBI conserved domain algorithm.

"Deduced from the gels.

¢ The molecular weight of proteins without signal peptide.
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Table 3

Table 3. Subcellular localization of proteins based on sequence analysis

. . Export ) ) b TMH*
Identified proteins pathaway Signal Peptide sequence (SP) (except for SP)
Probable extracellular protein Sec MRKVTLLAAGLVAAAGLVVPATAANA
Protein X2 Sec MOKLRTIVVAAAVAALPVVAAVPANA
Hypothetical protein RHA1_ro05477 Sec MKLRKFAATSALVIAAMGVGAGTAYA 140-162
169-191
VapD Sec MVRARAFGRLFTFLLAVAVIATVSMGGANA
VapA Sec MKTLHKTVSKAIAATAVAAAAAMIPAGVANA
Hypothetical protein RHA1 ro04854 Sec MGRRVERMVGTALGGLVAAATVFASGGVAAA
Hypothetical protein nfa45220 Sec MAKFDIKRTIGTVAATAALVAAPFALSTGTANA
Protein X4 Sec VLKTTPRLRWLLVAVLSVVTMASCGAGLAPQAQA
Hypothetical protein RHA1 ro05669 Sec VSPFARINTARSPLLYVVVAALFATLLVGGGLVVT
Probable resuscitation-promoting factor Sec MSGRHRKPTTTGRTVAKVAVTGAIMGVGGVAFAGTANA
Probable mycolyl transferase 4 Sec MRTHRPGSTHRLKKRLIGLVAAALLLPALTAVTGTTTANA
Hypothetical protein RHA1 ro05216 Sec VPAPLHLKSCRPLSFHRVRSTLLGAAVAATVAASLAACGSIDSAGNTLTVPSPSSSTTTPAAK
Probable mycolyl transferase 2 Tat  MWGSDPRRAARRRLRRGVVGASLAALVALPLAGEARA
Cholesterol oxidase ChoE Tat  MTDSRANRADATRGVASVSRRRFLAGAGLTAGAIALSSMSTSASA
Probable mycolyl transferase 1 Tat  MRSGLERSSYRAGTEGRWRRRALSVAAAALVMPIAAGITSVTAGA
Hypothetical protein RHA1 ro04050 Tat LPHRRPKNSIVLAAVAAVAVATPFAVQA N
Hypothetical protein RHA1_ro01045 Tat  MRRSIGESLRRATAVGAAFALTALVPAVASA
Probable mycolyl transferase 3 Tat  MRVTOKSRRLKALIGATTAAVAALPVFVGAGVASA
Hypothetical protein RHA1 ro06188 Tat  MNRRTFLGAAGVGALGISALPLVGNRSWNPLAAQARA
Probable protease Tat  MRIPLAPRAAVHSFARRVAVVGSSALLVLVPLSASAQA S a
Hypothetical protein RHA1_ro05704 Tat  VSSTSPADREGSFVRRSTLGAGAAVAAAIIGIGVAPTACA
Probable lipoprotein Tat  MKGCGMAGSKWRLGVRRMVAGVVAAAGLTAGVAVMSAPAASA
Protein X1 Tat  MIRRWWRCSSKSMSMMPRRKNGPIRKPQAGSFANAFCREFIATA
Probable stage Il sporulation protein Tat  MRSEPMATPRLRISADRVLRRRRPGRRPSRSVGRLAALGLVPALAVGA
Hypothetical protein RHA1 ro03156 None 61-83 (N-terminal)
Alkyl hydroperoxide reductase None
Amidase AmiC_1 None
Catalase None
Cell division initiation protein None
Chaperonin Cpnl0 None
Cold shock protein A None
Dihydrolipoyl dehydrogenase None
DNA-directed RNA polymerase o-subunit None
Elongation factor G None
Elongation factor TU None
Chaperonin GroEL2 None
Hypothetical protein RHA1 ro05154 None
Hypothetical protein RHA1 ro06358 None
Peptidyl-prolyl cis-trans isomerase None
Phosphomannomutase None
Probable nonspecific lipid-transfer protein None
Probable thioesterase None
Protein X3 None
Protein X5 None
Protein X6 None
Probable secreted protein (PSP) None
30S ribosomal protein S1 None
Short-chain dehydrogenase/reductase None

# Sec, protein secretion system; Tat, twin-arginine translocation system.

® Signal peptide as deduced from sequence analysis with the SignalP 3.0 and TatP 1.0 algorithms (www.expasy.org). Only
results with score > 0,8 were taken into consideration. The consensus motif recognized by TatP1.0 algorithm
RRX[FGAVML][LITMVF] is underlined. The two invariant arginines are enlarged. The recognition sequence of the SPases
I at position —1 to —3 relative to the cleavage site is indicated in bold.

¢ TMH, transmembrane helix as predicted from sequence analysis with the TMHMM 2.0 algorithms (www.expasy.org).
Their position in the sequence is indicated.

4 These signal peptides contain a complete or incomplete Tat motif, not recognized by the TatP1.0 algorithm.
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