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We have used representational difference analysis to identify a novel Mycobacterium avium subsp. paratu-
berculosis-specific ABC transporter operon (mpt), which comprises six open reading frames designated mptA to
-F and is immediately preceded by two putative Fur boxes. Functional genomics revealed that the mpt operon
is flanked on one end by a fep cluster encoding proteins involved in the uptake of Fe3� and on the other end
by a sid cluster encoding non-ribosome-dependent heterocyclic siderophore synthases. Together these genes
form a 38-kb M. avium subsp. paratuberculosis-specific locus flanked by an insertion sequence similar to IS1110.
Expression studies using Western blot analyses showed that MptC is present in the envelope fraction of M.
avium subsp. paratuberculosis. The MptD protein was shown to be surface exposed, using a specific phage
(fMptD) isolated from a phage-peptide library, by differential screening of Mycobacterium smegmatis transfor-
mants. The phage fMptD-derived peptide could be used in a peptide-mediated capture PCR with milk from
infected dairy herds, thereby showing surface-exposed expression of the MptD protein in the host. Together,
these data suggest that the 38-kb locus constitutes an M. avium subsp. paratuberculosis pathogenicity island.

Paratuberculosis, also called Johne’s disease, is a severe and
incurable enteritis of ruminants caused by Mycobacterium
avium subsp. paratuberculosis and has a considerable economic
impact on the livestock industry (21, 28). In cattle, infection
most commonly occurs in newborn calves by the fecal-oral
route. However, clinical symptoms, predominantly including
persistent diarrhea and weight loss, are usually delayed in
animals until 3 to 5 years of age (13). Paratuberculosis is
prevalent in domestic animals and many species of wildlife
worldwide, including primates (31). In addition, M. avium
subsp. paratuberculosis has been isolated from intestinal tissue
of Crohn’s disease patients, and its potential role as a zoonotic
pathogen is currently being investigated (12, 22).

Previous attempts to determine the molecular cause for
pathogenicity of M. avium subsp. paratuberculosis have focused
on the identification of antigenic proteins (16, 26) and the
characterization of secreted components by using monoclonal
antibodies (32). Further studies have identified an M. avium
subsp. paratuberculosis-specific low-GC cassette carrying genes
with putative functions related to lipopolysaccharide or extra-
cellular polysaccharide biosynthesis (47) and have identified
cross-reactive, species- and subspecies-specific epitopes (32).
In addition, an M. avium subsp. paratuberculosis-specific ferric
reductase which is secreted in vivo and in vitro has been de-
scribed (25). Other potential virulence factors reported include

a serine protease (10) and a fibronectin attachment protein
(41). However, closely related homologues of these factors can
be found in M. avium subsp. avium and Mycobacterium tuber-
culosis, and they are unlikely to be M. avium subsp. paratuber-
culosis specific.

In this study we have investigated the hypothesis that, as has
been shown in other bacterial species, unique membrane pro-
teins and secretory pathways are likely to be critical features
involved in M. avium subsp. paratuberculosis pathogenicity (7,
17, 18, 20). We have used representational difference analysis
(RDA) (30, 45, 47) to identify a 7-kb M. avium subsp. paratu-
berculosis-specific ABC transporter operon (mpt). Proteins
from this operon were shown to contain putative membrane-
spanning regions and to be expressed on the mycobacterial cell
surface in vitro and in vivo. We further show that this ABC
transporter operon is preceded by two putative Fur boxes and
represents part of an M. avium subsp. paratuberculosis-specific
38-kb putative pathogenicity island that includes several iron
uptake-related gene clusters.

MATERIALS AND METHODS

Bacterial strains, plasmids, primers, and growth conditions. The bacterial
strains, plasmids, and primers used in this study are listed in Table 1. Mycobac-
teria were grown on Middlebrook 7H10 agar or in Middlebrook 7H9 medium
(both from Difco Laboratories, Detroit, Mich.) supplemented with oleic acid-
albumin-dextrose-catalase enrichment (Difco), Tween 80 (0.05%), and kanamy-
cin (40 �g ml�1) for Mycobacterium smegmatis transformants; for M. avium
subsp. paratuberculosis culture, mycobactin (2 �g ml�1) (Synbiotics, Lyon,
France) was added. Escherichia coli strains were grown in Luria-Bertani medium
supplemented with appropriate antibiotics (ampicillin, 100 �g ml�1; kanamycin,
40 �g ml�1).
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RDA and isolation of RDA fragments. Mycobacterial chromosomal DNA was
extracted according to the method described by Bose and coworkers (6). A
simplified RDA technique (45) using total genomic DNA digested with BclI was
used to subtract the driver strain genome of M. avium subsp. avium ATCC 25291
from the test strain genome of M. avium subsp. paratuberculosis isolate 6783
(DSM 44135). An M. avium subsp. paratuberculosis-specific BclI fragment was
identified and designated RDIII30; it was further used to identify larger frag-
ments by Southern blot analyses of M. avium subsp. paratuberculosis DNA di-
gested with KpnI and SacI. Hybridizing fragments were cloned and designated

RDIII300 (KpnI fragment) and RDIII301 (SacI fragment). Based on the se-
quence information for RDIII300 and RDIII301, a third and a fourth overlap-
ping fragment, designated RDIII302 and RDIII303, were isolated from an M.
avium subsp. paratuberculosis genomic library generated by a partial DpnII di-
gestion and ligation of fragments of 2 to 4 kb into pGH432 and pGH433
(Advanced Vectors Inc., Hopkins, Minn.). The specificity of the RDA fragment
was confirmed by PCR with RDIII30-derived primers IPIII30 and IPIII31, using
14 bovine clinical M. avium subsp. paratuberculosis isolates and the reference
strains of six other mycobacterial species (Table 1).

TABLE 1. Characteristics of strains, phages, plasmids, and primers used in this study

Strain, phage, plasmid, primer, peptide Characteristics, reference, and/or sourcea

Strains
M. avium subsp. paratuberculosis strain 6783 ...............................................Clinical isolate, DSM 44135
14 M. avium subsp. paratuberculosis bovine clinical isolates ......................Fecal and lymph node isolates from clinically diseased cattle from

different herds in northern Germany
M. avium subsp. avium strain ATCC 25291 .................................................DSM 44156
M. smegmatis mc2155.......................................................................................42
M. scrofulaceum ................................................................................................NCTC 10803
M. bovis BCG ...................................................................................................NCTC 5692
M. bovis .............................................................................................................NCTC 10772
M. kansasii.........................................................................................................NCTC 10268
M. microti ..........................................................................................................NCTC 8710
M. gordonae.......................................................................................................NCTC 10267
M. fortuitum ......................................................................................................NCTC 10394
E. coli DH5�F�.................................................................................................F�/endA1 hsdR17 (rK

�mK
�) supE44 thi-1 recA1 gyrA (Nalr) relA1

�(lacZYA-argF) U169 deoR [�80dlac�(lacZ)M15] (35)

Phage fMptD ........................................................................................................Phage isolated from the Ph.D.-12 phage display library with the
specific sequence 5�-GGG AAG AAT CAT CAT CAG CAT CAT
AGG CCT CAG-3�

Plasmids
pUC19 ...............................................................................................................E. coli cloning vector carrying an ampicillin resistance determinant

(Pharmacia)
pGEX5x-3 .........................................................................................................E. coli expression vector for the construction of glutathione S-

transferase fusion proteins (Pharmacia)
pMV361.............................................................................................................Integrative mycobacterial shuttle vector carrying a kanamycin

resistance determinant (9)
pRDIII300.........................................................................................................Fragment RDIII300 in pUC19 (this work)
pRDIII301.........................................................................................................Fragment RDIII301 in pUC19 (this work)
pRDIII302.........................................................................................................4-kb DpnII fragment in pGH432 obtained by hybridization with a

probe derived from the 5� end of RDIII300 (this work)
pRDIII303.........................................................................................................4-kb DpnII fragment in pGH432 obtained by hybridization with a

probe derived from the 3� end of RDIII300 (this work)
pRDIII320.........................................................................................................Fragment RDIII300 in pMV361 (Fig. 1, inset) (this work)
pRDIII320�1 ....................................................................................................Deletion derivative of pRDIII320 with a 3,201-bp FseI fragment

deleted (Fig. 1, inset) (this work)
pRDIII320�2 ....................................................................................................Deletion derivative of pRDIII320 with a 2,410-bp SmaI-SacI

fragment deleted (Fig. 1, inset) (this work)
pRDIII350.........................................................................................................PCR fragment obtained with primers ABC3 and ABC4, cut with

BamHI and EcoRI, and ligated into pGEX5x-3

Primers
RBam12.............................................................................................................5�-GAT CCT CGG TGA-3� (29)
RBam24.............................................................................................................5�-AGC ACT CTC CAG CCT CTC ACC GAG-3� (29)
IPIII30 ...............................................................................................................5�-CTA TGC GCA CTG ACG CTT C-3� (this work)
IPIII31 ...............................................................................................................5�-TTC CGA AGA ATC CGA TGA G-3� (this work)
ABC3 .................................................................................................................5�-CCG CGG ATC CGC TTA CGA CGG AGG TCA A-3� (this

work)
ABC4 .................................................................................................................5�-GCC GGA ATT CGA TGT TGA TGA GAAT CCC T-3� (this

work)
ISMav1 ..............................................................................................................5�-GTA TCA GGC CGT GAT GGC GG-3�
ISMav2 ..............................................................................................................5�-CGC CAC CAG CGC TCG ATA CA-3�

Peptides
aMptD ...............................................................................................................Biotin-aminohexacarbonic acid-GKNHHHQHHRPQ
aMPr ..................................................................................................................Biotin-aminohexacarbonic acid-HSQPKQVKKASR (control peptide)

a The nucleotides in boldface indicate the restriction enzyme sites used for cloning into pGEX5x-3. DSM and NCTC strains were from the Deutsche Gesellschaft
für Mikroorgansismen und Zellkulturen (Braunschweig, Germany) and the National Collection of Type Cultures (Colindale, United Kingdom), respectively.
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Manipulation and analysis of DNA. Agarose gel electrophoresis, Southern
blot analyses, plasmid preparation, PCR, DNA cloning, and transformation of E.
coli were done by standard procedures (37). DNA-modifying enzymes were
purchased from New England Biolabs (Karlsruhe, Germany). DNA sequencing
was done by primer walking; primers were purchased from Invitrogen (Gro-
ningen, The Netherlands), and sequencing reactions were done by SeqLab (Göt-
tingen, Germany). Sequencing data analyses were performed with the HUSAR
5.0 program (DKFZ, Heidelberg, Germany). Preliminary sequence data were
obtained from the Institute for Genomic Research website at http://www.tigr.org.
BLASTN and BLASTP engines were used through the National Center for
Biotechnology Information portal (http://www.ncbi.nlm.nih.gov/BLAST). The
M. avium subsp. paratuberculosis genome was searched by using Contig16, avail-
able from the University of Minnesota portal (http://www.ccgb.umn.edu/cgi-bin
/common/web_blast.cgi).

Construction of recombinant mycobacterial shuttle plasmids and deletion
derivatives and transformation in M. smegmatis mc2155. The 5,367-bp SacI
fragment RDIII300 (Fig. 1), containing the complete mptC, mptD, and mptE
open reading frames (ORFs) and truncated mptB and mptF ORFs, was cloned
into the mycobacterial shuttle vector pMV361 (Table 1) under control of the
vector-based hsp60 promoter. Based on this plasmid, designated pRDIII320,
deletion derivatives were generated. Deletion of a 3,201-bp FseI fragment re-
sulted in plasmid pRDIII320�1 (Fig. 1), containing mptE and a partial mptF
gene. Deletion of the DNA downstream of an SmaI restriction site by using a
double digestion with SmaI and HpaI resulted in plasmid pRDIII320�2 (Fig. 1),
containing an intact mptC ORF. These plasmids were used to transform M.
smegmatis mc2155 by electroporation as described previously (38).

Protein preparations, electrophoresis, and Western blotting. Mycobacterial
whole-cell lysates were prepared from 100 mg of bacterial pellet harvested from
Middlebrook liquid medium. Bacteria were resuspended in 500 �l of distilled
water, and cell disruption was achieved by mechanical treatment for 190 s with

zirconium beads in a mini-bead beater (Bio-Spec Products, Inc., Bartlesville,
Okla.) followed by sonication. Residual cellular debris was removed by centrif-
ugation (2,500 � g) for 10 min; total crude mycobacterial cell envelopes were
obtained by ultracentrifugation (175,000 � g) for 2 h at 4°C and dissolved in 500
�l of Tris-EDTA buffer. Protein aggregates were prepared as previously de-
scribed (19), and all protein preparations were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western blotting as described
earlier (19). For the detection of the MptC protein in M. avium subsp. paratu-
berculosis, the ECL Western blotting detection system (Amersham Pharmacia
Biotech, Freiburg, Germany) was used according to the manufacturer’s instruc-
tions; for other Western blots, an alkaline phosphatase-labeled goat anti-rabbit
conjugate and a substrate containing nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolylphosphate were used.

Preparation of antiserum. A DNA fragment obtained by PCR with primers
ABC3 and ABC4 (Table 1) was cut with BamHI and EcoRI and cloned into
pGEX5x-3, resulting in plasmid pRDIII350 (Table 1). Upon induction with
isopropyl-thiogalactoside (IPTG) (1 mM final concentration), inclusion bodies
were formed and purified as described previously (19). Serum was raised in
rabbits by an initial intracutaneous injection and two subcutaneous booster
injections 3 and 6 weeks later, each with 100 �g of recombinant fusion protein in
a total volume of 300 �l containing 30% adjuvant (Emulsigen-Plus; MVP Inc.).

Isolation and labeling of phages recognizing surface-exposed epitopes of an
Mpt protein. Biopanning was performed based on the Ph.D.-12 phage display
library (New England Biolabs), containing random 12-mer peptides with a com-
plexity of 1.9 � 109. Phages were panned by using whole cells or cell envelopes
coupled to cyanogen bromide-activated Sepharose of M. smegmatis transfor-
mants carrying pRDIII320. After amplification in E. coli, counterselection to
remove nonspecific phages was done by absorption to whole cells or cell enve-
lopes of M. smegmatis carrying the vector pMV361 only. This selective panning
with counterselection was repeated five times with high-stringency washing con-

FIG. 1. Representation of ORFs and putative Fur boxes from the M. avium subsp. paratuberculosis 38-kb locus and identity of homologues in
other bacteria. The inset shows the relative locations of the mpt ORFs with respect to the deletion derivatives constructed. Numbers in parentheses
represent the percent identities of homologues to putative M. avium subsp. paratuberculosis ORFs.
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ditions in the last panning, as described previously (44). Both panning proce-
dures resulted in the selection of the same phage, designated fMptD. Fluores-
cence labeling of phage particles was performed as previously described (44).

Enrichment of M. avium subsp. paratuberculosis from bulk milk. Peptide
aMptD (GKNHHHQHHRPQ) was synthesized based on the sequence obtained
from phage fMptD with amino-terminal biotinylation and amino-hexacarbonic
acid as a spacer (Fa. Affina Immuntech, Berlin, Germany). The peptide was
dissolved, coupled to paramagnetic particles (Promega Inc., Madison, Wis.), and
used for peptide-mediated capture PCR on bulk milk from herds previously
analyzed by this method with a different peptide (44). The specificity of the
amplification product was confirmed by restriction enzyme digestion (data not
shown).

RESULTS

RDA-based identification and cloning of an M. avium subsp.
paratuberculosis-specific ABC transporter operon. An RDA
approach comparing total genomic DNAs from M. avium
subsp. avium and M. avium subsp. paratuberculosis, digested
with BclI, identified a fragment of 340 bp designated RDIII30.
The sequence of the RDIII30 fragment revealed one continu-
ous ORF which encoded a putative transmembrane domain
but showed no significant homology to GenBank sequences.
Using the RDIII30 fragment as a probe, we identified and
sequenced a further four overlapping fragments (designated
RDIII300 to -303) by directed cloning of a SacI fragment and
a KpnI fragment of the sizes predicted by Southern blot anal-
yses (RDIII300 and RDIII301) and by screening a genomic
library of M. avium subsp. paratuberculosis strain 6783 gener-
ated by the cloning of 2- to 4-kb fragments generated by a
partial DpnII digest (RDIII302 and RDIII303). This revealed
an 8,745-bp contiguous sequence (accession number
AF419325) which carried six putative ORFs (designated mptA
to mptF) transcriptionally orientated in tandem. A BLASTN
search of this sequence showed no significant homology to
sequences from any of the bacterial genomes, including that of
M. avium subsp. avium, currently in GenBank. The M. avium
subsp. paratuberculosis specificity of the region was further
supported by PCR with RDIII30-derived primers IPIII30 and
IPIII31 and amplification a fragment of 247 bp from 14 bovine
M. avium subsp. paratuberculosis isolates, with no product ob-
tained from six other mycobacterial species (data not shown).
Although PCR is not a foolproof method to demonstrate se-
quence specificity, as a polymorphism in the primer binding
region can result in the absence of an amplification product,
the combined outcome of the PCR and GenBank analyses is a
strong indication for the M. avium subsp. paratuberculosis spec-
ificity of the sequence.

A genomic alignment of the completed M. avium subsp.
avium (TIGR-104) genome and the recently completed M.
avium subsp. paratuberculosis (K-10) genome revealed that the
RDIII30 sequence is part of a 38-kb M. avium subsp. paratu-
berculosis-specific locus (GenBank accession number
AE016958, located at coordinates 4146188 through 4184947 of
the M. avium subsp. paratuberculosis K-10 genome) comprising
22 ORFs orientated into three major gene clusters, provision-
ally designated fep, mpt, and sid (Fig. 1). The locus is bounded
on one side by an insertion element with 83% homology to
IS1110 (23) that is present as a single copy in M. avium subsp.
paratuberculosis and in some strains of M. avium subsp. avium
but not in the genome of the sequenced M. avium subsp. avium
(TIGR-104) strain. The other side of the 38-kb locus contains

sequence with 95% DNA homology over 23 kb to M. avium
subsp. avium (TIGR-104), with the 38-kb locus starting from
CGGCCCGGCGAG positioned in the M. avium genome at
coordinate 5012818.

In this work the 38-kb locus was numbered for clarity as
positions 1 to 38760 (the sequence with accession number
AF419325 is located at position 6600 to 15344). A BLASTN
search of the whole 38-kb locus sequence against GenBank
confirmed the unique specificity of this region, which also in-
cludes the previously identified M. avium subsp. paratubercu-
losis-specific probe Mptb61.32 (43), located at positions 36208
to 36803 (Fig. 1).

Functional genomics of the mpt operon and the 38-kb locus.
The lack of homology of the carboxy-terminal region of MptA
to the GenBank protein database and the close homology of
the amino-terminal region of MptA and carboxy-terminal re-
gion of MptB to the products of genes rv1348 of M. tuberculosis
and sc4c2.24 of Streptomyces coelicolor (Table 2) suggest that
both ORFs may combine to encode a single MptA-MptB pro-
tein. The ORFs of mptA and mptB overlap by 62 bp and
contain a previously identified “slippery site” (CCC CCA at
positions 13599 to 13604) (43) associated with programmed
translational frameshifts. A similar frameshift resulting in the
expression of a single transporter protein has been previously
described for a permease protein belonging to an ABC trans-
porter operon in M. smegmatis (2). We propose, therefore, that
the putative start codon for MptA-MptB is at position 14040,
encoding the carboxy-terminal region of ORF mptA only (Fig.
1) and, together with mptB, encoding an ORF of 589 amino
acids in length. This start codon is supported by an associated
Shine-Dalgarno consensus sequence (GAAGGA) and two pu-
tative transcriptional Fur box control motifs (38-kb locus po-
sitions 14079 to 14105 and 14504 to 14531) within putative
bidirectional promoters upstream of this position. Both Fur
boxes have significant homology (90 and 74%) (Fig. 2) to an E.
coli Fur box consensus sequence (1), and Fur box 2 also has a
perfect panlindromic structure.

The mptA-mptB ORF is immediately followed by two over-
lapping ORFs, mptC and mptD. The mptC sequence contains
the RDA fragment RDIII30 and codes for a predicted protein
of 593 amino acids in length with a calculated molecular mass
of 64 kDa. Homology searches revealed significant degrees of
identity to ABC transporter proteins from S. coelicolor (38%),
M. tuberculosis (29%), and Yersinia pestis (28%). The putative
MptC protein contains five predicted transmembrane domains,
including Walker A and B motifs (5) and a Higgins motif (24)
typical of ABC transporters and in positions identical to the
homologues in M. tuberculosis and Y. pestis (data not shown).

Unlike other ORFs in the 38-kb region, mptD to -F do not
have functional homologues in Yersinia spp. or S. coelicolor.
Even though the mptC reading frame overlaps mptD, ORFs
mptD to -F are more linked by their significant protein iden-
tities (22 to 34%) and similar genomic organization to a cobalt
ABC transporter cassette found in the gut commensal Bi-
fidobacterium longum (39). MptE contains a CbiQ functional
motif (E value, 2E�13) and MptF contains a CbiO functional
motif (E value, 3E�39), which are associated with active trans-
port of cobalt into the cytosol. MptD has no predicted func-
tional motifs, but TMHMM (algorithm for the prediction of
transmembrane helices in proteins, accessible with the
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TABLE 2. BLAST search results

ORF
no.

ORF name
(position in Fig. 1)

Length of ORF
(amino acids) Putative function Homologue (species) Identity

(%)
Span (amino

acids)
GenBank

accession no.

1 ppe1 (1070–2626) 518 PPE signaling membrane protein Rv3018c (M. tuberculosis) 46 182 NP_217534

2 fepD (2684–3658) 324 FepD FeIII permease SCC75A.19 (S. coelicolor) 26 324 CAB61719

3 fepC (3654–4464) 271 FepC FeIII ABC transporter
with ATP binding domain

YiuC (Y. enterocolitica) 27 278 AAD29087

SCC75A.20 (S. coelicolor) 36 224 CAB61720

4 fepB (4461–5498) 345 FepB FeIII ABC transporter YiuA (Y. pestis) 25 356 NP_670175

5 tauD (5498–6274) 258 Taurine dehydrogenase TauD (Y. pestis) 32 260 NP_671259
Rv3406 (M. tuberculosis) 33 270 NP_217923.1

6 tehB (6885–7529) 214 TehB tellurite resistance protein,
S-adenosyl-L-methionine
dependent non-nucleic acid
methyltransferase

SCF43A.25c (S. coelicolor) 40 193 NP_625135

7c mptF (9162–7660) 500 ATP binding protein and CbiO
ABC-cobalt transporter

BLO181 (B. longum) 34 486 ZP_00120392

SCC53.15 (S. coelicolor) 39 215 NP_626571

8c mptE (9851–9159) 230 CbiQ ABC-cobalt transporter BLO180 (B. longum) 29 215 ZP_00120392

9c mptD (9869–10495) 208 Unknown BLO179 (B. longum) 22 194 ZP_00120391

10c mptC (12273–10492) 593 ATP binding protein, putative
ABC transporter

Rv1349 (M. tuberculosis) 29 583 NP_215865

YbtQ (Y. pestis) 32 571 NP_405475
Irp7 (Y. enterocolitica) 28 575 CAB46572
SC4C2.25 (S. coelicolor) 38 585 NP_631729

11c mptB (13628–12270) 452 ATP binding protein, putative
ABC transporter

Rv1348 (M. tuberculosis) 36 573 NP_215864

YbtP (Y. pestis) 38 421 NP_405474
Irp6 (Y. enterocolitica) 34 508 CAB46573
SC4C2.24 (S. coelicolor) 46 413 NP_631728

12c mptA (14040–13567) 157 ATP binding protein, putative
ABC transporter

Rv1348 (M. tuberculosis) 34 115 NP_215864

SC4C2.24 (S. coelicolor) 37 126 NP_631728

13 ppe2 (14702–16216) 504 PPE signaling membrane protein Rv3018c (M. tuberculosis) 49 160 NP_217534

14c sidG (18558–17026) 510 Metabolite efflux transporter Y1874 (Y. pestis) 28 417 NP_669190

15 sidA (18728–23443) 1,571 Non-ribosome-dependent
heterocyclic siderophore
synthase

Irp2 (Y. pestis) 31 888 NP_405472

HMWP2 (Y. enterocolitica) 31 891 P48633

16 sidB (23232–27896) 1,554 Non-ribosome-dependent
heterocyclic siderophore
synthase

Irp2 (Y. pestis) 27 980 NP_405472

HMWP2 (Y. enterocolitica) 27 980 P48633
SC4C2.17 (S. coelicolor) 32 737 NP_631721

17 sidC1 (27893–28738) 281 Non-ribosome-dependent
heterocyclic siderophore
synthase

SC4C2.18 (S. coelicolor) 37 249 NP_631722

18 sidC2 (28784–33391) 1,535 Non-ribosome-dependent
heterocyclic siderophore
synthase

Irp2 (Y. pestis) 29 1433 NP_405472

HMWP2 (Y. enterocolitica) 29 1433 P48633

Continued on following page
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HUSAR 5.0 program [DKFZ, Heidelberg, Germany]) predic-
tions indicate six transmembrane domains (data not shown),
suggesting that MptD is a membrane-bound component in this
system.

The mpt genes are positioned between the sid and fep clus-
ters. The sid cluster is the largest of the putative operons and
includes the genes sidA to sidG and possibly a gene encoding a
membrane signaling protein (ppe2). These genes are contigu-
ous but are orientated in groups transcribed in opposing di-
rections enclosing a Fur box located at positions 18571 to
18597 (Fig. 2) between sidG and sidA. The ORFs sidB and
sidC1, sidC2 and sidD, and sidE and sidF are orientated in
tandem with overlapping start and stop codons. Eleven of 12
predicted genes from these clusters have significant identities
(24 to 42%) and are arranged in an organization similar to that
of operons involved in the nonribosomal synthesis and mem-
brane transport of Fe3�-associated heterocyclic siderophore
peptides from Y. pestis (3), Yersinia enterocolitica (11), and S.
coelicolor (4). The sid cluster is followed by a putative nitrile
hydratase homologue (cobW) at the end of the 38-kb island
and is flanked by an IS1110-like insertion sequence. The fep
cluster is a cluster of six ORFs, with four ORFs overlapping.
The first ORF encodes a homologue (46% identity) of the ppe
gene family in M. tuberculosis and is a probable membrane
protein involved in signaling. Adjacent to this are three over-
lapping ORFs, fepB to fepD (Fig. 1), with significant identity
(25 to 36%) and similar organization to genes in Y. pestis and

S. coelicolor that are involved in the transport of catecholate
Fe3�-associated siderophore into the bacterial cytosol (40).
Homologues of fepC and fepD are ABC transporters associ-
ated with the ability of catecholate siderophores to permeate
through bacterial membranes. The putative FepC protein has
an ATP binding motif signature (E value, 1E�38) suggesting
that it is an active transport system. Homologues to FepB, such
as YiuA of Y. pestis, are periplasmic substrate binding proteins
associated with the transport of Fe3� siderophores. The final
two ORFs have significant functional motifs but have only
minor connections with other fep systems. The first, tauD,
overlapping fepB, has 32 to 37% identity to taurine deoxygen-
ases of S. coelicolor, Y. pestis, and Pseudomonas aeruginosa.
The second, tehB, contains a tellurite resistance motif (parse
6E-06) with significant homology to S-adenosyl-L-methionine-
dependent non-nucleic acid methyltransferases of S. coelicolor
(Table 2).

Expression of Mpt proteins and their potential role in vir-
ulence. The predicted expression and localization of MptC and
MptD in cell membranes were investigated by various meth-
ods. For MptC, Western blotting was performed with a serum
raised in rabbits against a glutathione S-transferase–MptC fu-
sion protein. No MptC protein was expressed by E. coli trans-
formants (data not shown); however, a 64-kDa protein, con-
sistent with the predicted size of MptC, could be demonstrated
in envelope preparations of M. avium subsp. paratuberculosis
and M. smegmatis transformed with MptC expression con-
structs, but not in controls (Fig. 3).

For MptD, a subtractive screening of an M13 phage peptide
library was performed on envelope and whole-cell prepara-
tions of M. smegmatis transformed with the MptD expression
construct pRDIII320, using M. smegmatis transformed with
vector alone as a control. Both of these screens identified the
same phage, designated fMptD, encoding the binding peptide
designated aMptD (GKNHHHQHHRPQ). Fluorescein iso-
thiocyanate (FITC)-labeled fMptD was used (Fig. 4A) to dem-
onstrate specific binding of phage to the cell surface of M.
smegmatis transformed with constructs expressing MptC-F
(pRDIII320) but not with controls transformed with constructs
expressing MptC (pRDIII320�2) or MptE-F (pRDIII320�1).

FIG. 2. Alignment of M. avium subsp. paratuberculosis 38-kb region
putative Fur boxes with an E. coli consensus sequence and Fur boxes
from several other pathogens. Dots indicate identical nucleotides, and
numbers in parentheses indicate the base location.

TABLE 2—Continued

ORF
no.

ORF name
(position in Fig. 1)

Length of ORF
(amino acids) Putative function Homologue (species) Identity

(%)
Span

(amino acids)
GenBank

accession no.

SC4C2.17 (S. coelicolor) 34 1535 NP_631721

19 sidD (33388–34419) 343 Saccharopine dehydrogenase SC4C2.19 (S. coelicolor) 27 354 NP_631723

20 sidE (34495–35529) 344 Oxidoreductase (NAD binding)
heterocyclic siderophore
synthase

SC4C2.20 (S. coelicolor) 30 352 NP_631724

YbtU (Y. pestis) 32 242 T17441
Irp3 (Y. enterocolitica) 32 242 T30343

21 sidF (35526–36278) 250 Thioesterase heterocyclic
siderophore synthase

SC4C2.22 (S. coelicolor) 39 231 NP_631726

YbtT (Y. pestis) 33 230 NP_405469
Irp4 (Y. enterocolitica) 33 230 T30344

22c cobW (38645–37425) 406 Nitrile hydratase CobW (M. tuberculosis) 46 377 NP_214620
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In addition, FITC-labeled fMptD could detect M. avium subsp.
paratuberculosis, but not M. avium subsp. avium, grown in
Middlebrook 7H9 medium (Fig. 4B). These results strongly
suggest that phage fMptD binds an epitope of a specific M.
avium subsp. paratuberculosis protein, MptD, which is ex-
pressed and exposed on the cell surface.

To investigate the potential role of the mpt operon in M.
avium subsp. paratuberculosis infection, peptide aMptD en-
coded by phage fMptD was synthesized and used in a peptide-
mediated capture PCR to identify M. avium subsp. paratuber-
culosis within bulk milk samples from infected and noninfected
dairy herds (Fig. 5). This result confirms the expression of cell
surface-associated MptD protein by M. avium subsp. paratu-
berculosis during infection of the natural host.

DISCUSSION

In this work we have identified three novel M. avium subsp.
paratuberculosis operons (mpt, fep, and sid) present within a
38-kb locus. The absence of significant DNA homology of the
entire 38-kb region to M. avium subsp. avium, the presence of
a previously described short sequence (Mptb61.32) that was
also identified by RDA between M. avium subsp. avium and M.
avium subsp. paratuberculosis (34), the positive PCR analyses
with 14 clinical M. avium subsp. paratuberculosis isolates, and
the negative PCR analyses with the reference strains of six
other mycobacterial species strongly suggest that this locus is

M. avium subsp. paratuberculosis specific. Functional genomic
analysis revealed that most ORFs from the 38-kb locus have
significant identities to previously identified proteins in other
pathogens. Similarities in functional motifs which are consis-
tent with an involvement in linked molecular processes primar-

FIG. 3. Coomassie blue-stained gel (top) and Western blot (bot-
tom) of crude membrane preparations. (A) Lanes 1 to 4, M. smegmatis
mc2155 transformants containing pMV361, pRDIII320, pRDIII320�2,
and pRDIII320�1, respectively. (B) M. smegmatis (lane 1) and M.
avium subsp. paratuberculosis (lane 2). The arrows indicate the position
of the MptC protein detected by the serum raised against the recom-
binant fusion protein. The numbers on the left indicate the positions of
protein markers in kilodaltons.

FIG. 4. Fluorescence microscopy with FITC-labeled phage fMptD
as an affinity reagent. (A) M. smegmatis mc2155 transformed with
pRDIII320 (top panels) and pMV361 (bottom panels) observed by
light microscopy (left panels) and immunofluorescence (right panels).
(B) M. avium subsp. paratuberculosis (top panels) or M. avium subsp.
avium (bottom panels) observed by light microscopy (left panels) and
immunofluorescence (right panels).

FIG. 5. Peptide aMptD-mediated capture PCR from M. avium
subsp. paratuberculosis-negative (panels 1 and 2) and -positive (panels
3 and 4) bulk milk samples with ISMav2-derived primers. Lanes a and
b, products of PCRs of the sample; lanes c, internal positive control
(sample spiked with M. avium subsp. paratuberculosis DNA). The ar-
row indicates the expected position of the PCR product in base pairs.
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ily concerned with uptake of iron and other essential trace
elements were also found. This is supported by the presence of
Fe3�-regulated transcriptional control motifs (Fur boxes)
within putative promoters associated with the sid and mpt
operons (11, 18), which are responsible for the translocation
into the bacterial cytosol of Fe3�, bound to a peptide sid-
erophore. The putative MptE and -F proteins have homo-
logues from the gut commensal B. longum (39) which contain
motifs associated with active transport of cobalt into the cell
cytosol. Identities to homologous proteins in other species are
insufficient to suggest that cobalt is the ion involved in M.
avium subsp. paratuberculosis, and many other ions, such as
Fe3� and Mn2�, could be associated instead. However, the
chelation of cobalt is important for intracellular survival and
may be linked to cobW, located further down the 38-kb locus,
as some nitrile hydratases require cobalt for activity (15). The
role of the mpt operon in iron uptake is further supported,
however, by the presence of two Fur boxes located immedi-
ately upstream of the mpt operon within a putative promoter
region.

Homologues to proteins encoded by the sid operon are in-
volved in the nonribosomal synthesis and membrane transport
of Fe3�-associated heterocyclic siderophore peptides from Y.
pestis (3), Y. enterocolitica (11), and S. coelicolor (4). In these
organisms, the operons are transcriptionally controlled by
binding of proteins, such as the furB gene product, onto Fur
box motifs positioned within associated promoters. fur genes
have also been identified in several mycobacterial species; a
role of furA in virulence has been postulated, as it modulates
the response to oxidative stress by regulating the expression of
the catalase:peroxidase. To date, nothing is known about the
function of furB, which likewise is present in several mycobac-
terial species (36). The sid operon described in this work con-
tains a 19-mer Fur box homologue with four mismatches to an
E. coli consensus sequence (1) within a putative bidirectional
promoter sequence. This suggests that the sid operon may have
biosynthetic and transcriptional control mechanisms similar to
the those of the ybt operon of Yersinia spp.

Homologues of proteins encoded by the fep operon (FepC
and -D) in Y. pestis and S. coelicolor are ABC transporters
associated with the ability of catecholate Fe3� siderophores to
permeate through bacterial membranes into the cytosol (40).
The putative FepC protein has an ATP binding motif signa-
ture, suggesting that this is part of an active transport system.
Homologues to the FepB protein, such as YiuA of Y. pestis, are
periplasmic binding proteins also associated with the transport
of Fe3� siderophores. The TauD homologues are taurine de-
oxygenases which liberate sulfur from taurine for assimilation
into processes such as cysteine biosynthesis (27) and may be
crucial virulence determinants in intracellular persistence
when access to sulfonated compounds is limited. The sequence
divergence of the predicted M. avium subsp. paratuberculosis
TauD protein suggests that it may have a different specific
substrate that could possibly be a catechol siderophore. The
putative TehB protein has significant homology to S-adenosyl-
L-methionine-dependent non-nucleic acid methyltransferases
whose function could be related to the catechol-o-methyltrans-
ferase activity on catechol siderophores observed with gene
Rv1703c from M. tuberculosis (14).

The final ORF in the 38-kb locus, cobW, is located at the

very end of the locus between the sidA-F cluster and IS1110. Its
product contains a CobW motif and significant identity with
Rv0106 of M. tuberculosis and with SCF9.33c of S. coelicolor.
The function of this gene is uncertain, but the presence of a
CobW motif suggests that it may be an activator of nitrile
hydratase, an enzyme important in production of nitric oxide
and whose biosynthesis is linked to Fe3� regulation in macro-
phages (15).

We have investigated the expression and location of two
proteins from the mpt operon, which support our in silico
analyses. We have demonstrated the expression of MptC in M.
smegmatis transformants, confirmed its predicted size, and
shown it to be an envelope-associated protein. The expression
of MptC in cell envelopes of M. avium subsp. paratuberculosis
was also shown, supporting its putative function as an ABC
transporter (18). In addition, an M. avium subsp. paratubercu-
losis-specific phage (fMptD) was isolated and used to demon-
strate the expression of MptD in M. smegmatis transformants
and on the surface of M. avium subsp. paratuberculosis. This
finding supports the hypothesis that this protein might form a
selective pore associated with the outer membrane-like layer of
the mycobacterial cell envelope. Furthermore, we developed
and used a cell capture PCR technique that employs an
fMptD-derived peptide with specific binding capacity for
MptD to capture and identify M. avium subsp. paratuberculosis
in raw milk from infected cattle. This demonstrated that the
MptD protein is exposed on the surface of M. avium subsp.
paratuberculosis during infection and is therefore a potential
target for M. avium subsp. paratuberculosis immunization or
treatment.

These results together with the predicted functions of other
genes in the 38-kb region strongly suggest its association with
M. avium subsp. paratuberculosis virulence and that the 38-kb
locus should be considered the first pathogenicity island iden-
tified in M. avium subsp. paratuberculosis. The localization of
an ABC transporter operon on a putative pathogenicity island
has been previously described for Salmonella enterica serovar
Typhimurium (48), and an ABC transporter also involved in
iron uptake has been identified on a pathogenicity island of
Streptococcus pneumoniae (7). Furthermore, the ABC trans-
porter system of Y. pestis, YbtPQ, which also is required for
iron uptake and has a significant degree of similarity to the mpt
operon products of M. avium subsp. paratuberculosis, is located
within a large unstable region of the Y. pestis chromosome (18).

Future studies are needed to determine the precise function
of the M. avium subsp. paratuberculosis-specific fep, mpt, and
sid operons. The use of specific phage-displayed peptides
might be of considerable value in this field by overcoming the
problems associated with the extremely slow growth of this
organism and the lack of a proven targeted mutagenesis system
for M. avium subsp. paratuberculosis.

The induction of protective immunity against systemic S.
pneumoniae infection in mice when they are vaccinated with
components of iron uptake ABC transporters (8) and the sus-
tained reduction of challenged M. tuberculosis growth when
mice are vaccinated with a phosphate ABC transporter (46)
suggest that the MptD protein may be a suitable component in
an M. avium subsp. paratuberculosis vaccine design. The recent
development of a beige/scid mouse model able to demonstrate
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intestinal pathophysiologic changes upon M. avium subsp.
paratuberculosis infection (33) may support such studies.
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