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Mycoplasmas are cell wall-less bacteria that evolved by drastic reduction of the genome size. Complete
genome analysis of Mycoplasma pneumoniae revealed the presence of numerous copies of four distinct large M.
pneumoniae repetitive elements (RepMPs). One copy each of RepMP2/3, RepMP4, and RepMP5 are localized
within the P1 operon (MPN140 to MPN142 loci), and their involvement in sequence variation in adhesin P1
and adherence-related protein B/C has been documented. Here we analyzed a clinical strain of M. pneumoniae
designated S1 isolated from a 1993 outbreak of respiratory infections in San Antonio, TX. Based on the type
of RepMPs within the P1 operon, we classified clinical isolate S1 as type 2 with unique minor sequence
variations. Hybridization with oligonucleotide arrays revealed sequence divergence in two previously unsus-
pected hypothetical genes (MPN137 and MPN138 loci). Closer inspection of this region revealed that the
MPN137 and MPN138 loci harbored previously unrecognized unique RepMP1 sequences found only in M.
pneumoniae. PCR and sequence analyses revealed a recombination event involving three RepMP1-containing
genes that resulted in fusion of MPN137 and MPN138 reading frames and loss of all but a short fragment of
another RepMP1-containing locus, MPN130. The multiple copies of unique RepMP1 elements spread through-
out the chromosome could allow vast numbers of sequence variations in clinical strains. Comparisons of amino
acid sequences showed the presence of leucine zipper motifs in MPN130 and MPN138 proteins in reference
strain M129 and the absence of these motifs in the fused protein of S1. The presence of tandem leucine and

other repeats points to possible regulatory functions of proteins encoded by RepMP1-containing genes.

Mycoplasma pneumoniae is a well-known human bacterial
pathogen of the respiratory tract. The majority of clinical man-
ifestations of M. pneumoniae infections range from tracheo-
bronchitis and pharyngitis to pronounced signs of pneumonia
and extrapulmonary pathologies. M. pneumoniae was identified
in the early 1960s as the cause of primary atypical pneumonia,
and some of the earliest documented outbreaks occurred in the
military and in nonmilitary settings such as educational insti-
tutions, hospitals, and summer camps. In general, M. pneu-
moniae is among the most common causes of respiratory in-
fections in school-age children and adults, and 20 to 30% of all
community-acquired pneumonia cases are directly linked to M.
pneumoniae. M. pneumoniae infections also lead to a spectrum
of complicated sequelae, including asthma and other airway
maladies, arthritis, pericarditis, central nervous system disor-
ders, including encephalomyelitis, and autoimmune-associated
pathologies (2, 39).

M. pneumoniae is among the smallest self-replicating pro-
karyotic pathogens and has a genome size of 816 kb; about 8%
of the genome is composed of repetitive DNA elements
(RepMPs) (16). The existence of a high number of RepMPs,
along with the loss of many metabolic functions during the
process of genome reduction, indicates the important role that
multiple repeats are likely to play in the biology of M. pneu-
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moniae (29). We and other workers have hypothesized that
numerous copies of RepMPs form a pool of repetitive ele-
ments for homologous recombination which could provide
M. pneumoniae with considerable biological resourcefulness
(10, 29, 34-36, 43).

Three of the four RepMPs identified (RepMP2/3, RepMP4,
and RepMP5) are in the P1 operon (31). This three-gene
operon contains the gene encoding cytadhesin P1 (MPN141
locus, also known as ORFS5) followed by the MPN142 locus
(also known as ORF®6). Proteins encoded by the latter gene are
required for P1 function and along with P1 likely constitute a
major adhesin complex (40, 41). Two of the repetitive elements
found in the P1 gene, RepMP2/3 and RepMP4, have been
studied in depth (31, 34, 35). Analysis of the complete genome
sequence of M. pneumoniae strain M129 revealed 10 copies of
RepMP2/3 and 8 copies of RepMP4 distributed throughout
the chromosome (16). Another large repetitive element,
RepMPS5, was identified in the proximal region of MPN142,
and seven additional copies of RepMPS5 are distributed
throughout the remaining M. pneumoniae genome (16).

Sequence variations believed to be a result of RepMP2/3-
and RepMP4-mediated recombination have been identified
within the open reading frame of the P1 gene of clinical M.
pneumoniae strains. Based on sequence divergence, M. pneu-
moniae strains belong to one of two groups; reference strain
M129 is a representative of type 1, and strain FH is represen-
tative of type 2 (35). Interestingly, analysis of the repetitive
region of ORF6 (RepMP5) also revealed sequence differences
between the M129 and FH strains (30). Extensive analysis of
115 strains confirmed that this divergence is type specific, and
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TABLE 1. Genes compared in reference strain M129 and clinical
strain S1 of M. pneumoniae

Position in M129
genome
(nucleotides)

Locus Protein

Adherence-related

genes

MNP140 DHH family phosphoesterases 179871-180845

MPN141 Adhesin P1 180858-185741

MPN142 Cytadherence related 185747-189403
protein(s)

RepMP1-containing

genes

MPNO037 Hypothetical protein 45770-46213
MPN09%4 Hypothetical protein 116287-116709
MPN100 Hypothetical protein 129458-130009
MPN130 Hypothetical protein 169042-169464
MPN137¢ Hypothetical protein 178143-177457
MPN138“ Hypothetical protein 178892-178392
MPN139 Hypothetical protein 179620-179129
MPN204 Hypothetical protein 247655-248101
MPN283 Hypothetical protein 336479-336826
MPN368 Hypothetical protein 439220-439762
MPN410 Hypothetical protein 494694-495140
MPN465 Conserved hypothetical 569244-568645

protein

MPN484 Hypothetical protein 588613-588302
MPN501 Hypothetical protein 608167-608757
MPNS524 Hypothetical protein 646051-645545
MPNG655 Hypothetical protein 780008-780622

“ RepMP1-containing gene identified in this study.

the corresponding repeats were designated RepMP5-1 and
RepMP5-2 (9).

Among the large repetitive elements, RepMP1 is the only
one not found within the P1 operon (43). Analysis of the
complete genomic sequence of the M129 reference strain re-
vealed 14 RepMP1 copies (RepMP1 genes) (Table 1) (16, 17,
43), several of which seem to encode parts of expressed pro-
teins (R. Herrmann, personal communication). Since its first
description in 1988 (43), RepMP1 has also been hypothesized
to be involved in recombination (10), but this prediction has
not been documented yet.

In the current study, we compared the genomes of two M.
pneumoniae isolates and analyzed variations in repetitive se-
quences. While analysis of RepMP2/3, RepMP4, and RepMP5
within the cytadhesin P1 operon revealed type 2 sequences, we
discovered novel DNA sequence differences between clinical
strain S1 and reference strain M129 that were consistent with
RepMP1-mediated unique recombination, leading to sequence
deletions and gene fusions. The resulting protein modifications
could contribute to M. pneumoniae survival in the human res-
piratory tract.

MATERIALS AND METHODS

M. pneumoniae strains and DNA isolation. M. pneumoniae reference strain
M129 and clinical strain S1, which was isolated from an acute outbreak of M.
pneumoniae respiratory infections in San Antonio in 1993, were grown in SP-4
medium at 37°C for 72 to 96 h in tissue culture flasks as described previously (37).
Chromosomal DNA was isolated using an Easy DNA kit as recommended by the
manufacturer (Invitrogen).

Microarray and hybridization. 70-mers representing 689 open reading frames
of strain M129 were designed and synthesized by Qiagen Operon, Inc., and slides
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were printed by Microarrays Inc. For hybridization, 4-pg portions of purified
chromosomal DNA of M129 and S1 were labeled using random hexamers and
the aminoallyl method as recommended by The Institute for Genomic Research
(TIGR) (http://pfgre.tigr.org/protocols/M009.pdf). Generated probes, M129
DNA labeled with Cy3, and S1 DNA labeled with Cy5 were hybridized to the
same slide. After posthybridization washes, images were collected with a Gene-
Pix 4000B microarray scanner and analyzed by using Aquity Rev4.

PCR amplification of M. pneumoniae chromosomal regions. Primers specific
for selected loci were designed based on the available genomic sequence of
reference strain M129 (Table 2). All PCR amplifications were performed using
Platinum Tag High Fidelity DNA polymerase (Invitrogen) at appropriate an-
nealing temperatures and with necessary extension times. Amplified products
were separated on 1% agarose, and their sizes and specificities were evaluated.

PCR-restriction fragment length polymorphism analysis of the strain S1-P1
gene sequence. M. pneumoniae strains M129 and S1 were typed by performing a
PCR-restriction fragment length polymorphism analysis based on the sequence
divergence of the adhesin P1-encoding gene (7). Primers ADH1 (5'-CTGCCT
TGTCCAAGTCCACT-3"), ADH2 (5'-AACCTTGTCGGGAAGAGCTG-3'),
ADH3 (5'-CGAGTTTGCTGCTAACGAGT-3"), and ADH4 (5'-CTTGACTG
ATACCTGTGCGG-3") were used to amplify the ADHI1-2 (~2,280 bp) and
ADH3-4 (~2,580 bp) regions, respectively. Amplification reactions were per-
formed using 50-pl mixtures containing 100 ng of chromosomal DNA and a
Platinum Taq High Fidelity DNA polymerase (Invitrogen). Regions of the P1-
encoding gene were amplified using 30 cycles consisting of 94°C for 30 s, 55°C for
30 s, and 68°C for 3 min and were visualized on 1% agarose. Amplified products
were then subjected to complete restriction digestion with HaelIll, Hhal, Hpall,
and Rsal, and the restriction patterns generated were resolved on 2% agarose for
comparison and analysis.

Sequencing. PCR products that were selected for sequencing were cloned into
the pCRII vector (Invitrogen), and plasmid DNA was isolated using a QIAprep
Spin kit (Qiagen Sciences). Sequencing was performed at the Department of
Microbiology and Immunology Nucleic Acids Facility (University of Texas
Health Science Center at San Antonio). Sequences were analyzed using the
BLAST program available in the NCBI database.

Southern analysis of chromosomal DNA. Five-microgram portions of chro-
mosomal DNA from strains M129 and S1 were digested to completion with
EcoRI or HindIII (New England Biolabs, Inc.). The fragments generated were
separated on 1% agarose and blotted on a Zeta-Probe membrane by capillary
transfer as suggested by the manufacturer (Bio-Rad Laboratories). For hybrid-
ization, an MPN130-specific 70-mer was end labeled using the Primer Extension
System and [y-*?P]dATP as recommended by the manufacturer (Promega).
Other hybridization probes were generated by PCR amplification of selected
regions using 100 ng of M129 chromosomal DNA, corresponding primers (Table
2), and Platinum Tag DNA polymerase in buffer with [«->’P]dATP. Amplified
products were purified using a QIAquick PCR purification column (Qiagen
Sciences), equal volumes of formamide were added, and probes were denatured
by boiling them for 5 min and instantly cooled on ice. Prehybridization was
carried out at 42°C for 4 h in a solution containing 50% formamide, 0.12 M
Na,HPO, (pH 7.2), 0.25 M NaCl, 7% sodium dodecyl sulfate, and 1 mM EDTA.
Hybridization was performed in the same solution at 42°C overnight. Membranes
were washed as suggested for the Zeta-Probe membrane.

RNA isolation and reverse transcription-PCR analysis. Total RNA was iso-
lated from cultures grown to mid-log phase using Tri Reagent as recommended
by the manufacturer (Sigma) and was quantified by determining the absorbance
at 260 nm. Two micrograms of isolated RNA was subjected to DNase I treatment
(Invitrogen) and reverse transcribed using a mixture of gene-specific reverse
primers (2 pM each) and the SuperScript First-Strand synthesis system for
reverse transcription-PCR (Invitrogen). Amplification was performed using Plat-
inum Tag DNA polymerase (Invitrogen), and products were separated on aga-
rose alongside corresponding markers.

Nucleotide seq e accession . Sequences of clinical strain S1 gener-
ated in this study have been deposited in the GenBank database under accession
number EF470909.

h,

RESULTS

Microarray hybridization analysis revealed a distinct pat-
tern for clinical strain S1. An oligonucleotide microarray com-
prised of 70-mers, which represented 689 reading frames iden-
tified in the genome sequence of reference strain M129, was
hybridized with M129 and S1 chromosomal DNA. As ex-



TABLE 2. Primers used in comparisons of M. pneumoniae strains M129 and S1

Primer”

Sequence

Size of
product (bp)

Other characteristics

PCR amplification of RepMP1-containing
and other genes
MPNO37F
MPNO37R

MPNO%4F
MPNO09%4R

MPN100F
MPN100R

MPNI129F
MPN131R

MPN138BF
MPN138BR

MPN139F
MPN139R

MPN140F
MPNI140R

MPN142F
MPN142R

MPN204F
MPN204R

MPN283F
MPN283R

MPN368F
MPN368R

MPN410F
MPN410R

MPN465F
MPN465R

MPN484F
MPN484R

MPNS501F
MPN501R

MPNS524F
MPNS524R

MPNG655F
MPNG655R

Hybridization probe for Southern analysis of

MPN138-MPN137 and MPN130 regions
ECOdelF
ECOdelR

ECOcomF
ECOcomR

1300LIGO

HINDdelF
HINDdelR

HIND129F
HIND129R

Transcriptional analysis of MPN139 and
MPN138/7
139RTPCRF
139RTPCRR

1387RTPCRF
1387RTPCRR

CCTAATCAATATAGGCACTGTTGG
GCAGTTGATCCTCGTTGACA

GCTGAACTTAGTTGGCAGCA
AATTGCTGGTATTCTTTATTTTGAA

GCTCAAGCTAAGCTCCCAAA
CGGTGGATGGCTTTTTATTT

TGATGATGTTAGGATCATTAATTGCATTG
GCTGATTAGGCGTAGTTCGCGAACCA

GATTGAAACTGAGTTAAAGAGTCAGGG
ATGAAAGCCGTGGGATCACG

GGTGTACTTGGCTATTCATTGGTG
GTCGACTTTTTCTTCTAATTTGTCC

GCGTCGTGGTGGTACTTGTGAAGTGTCC
GTCGATCAACTTTGTCCTCAACAA

CCGCACAGGTATCAGTCAAG
TACCCCCCATCACTGTCCAA

GCTCAAGCTAAGCTCCCAAA
CGGTGGATGGCTTTTTATTT

AATGGTATTGATCCCCGTTG
AATTTTCTCGCCCTGCTTTT

GCTGAACTTAGTTGGCAGCA
TCCTTGATAGGATGGCTTTTT

ATACGCCTTTGCGGTGTTAC
AAAAATACCAACAGCTTGTTTTTAAG

TTAGCCGTCCATCTTTCACC
GCTGAACTTAGTTGGCAGCA

CATCAAAAGCCTGAATCGAA
GATAAATAAAAATACCAACAACTGACA

CGTTGCTAATGCAAGCTCAA
CCTTGGACAGATGGCTTTTT

GCTGAACTTAGTTGGCAGCA
CCTTGGGCAGATGGTTTT

AGCTTGATCAGTGTGTTGCCTA
TGCCAACAAAATTGCAAAAA

GCTGGAAGTTAAGGTCGATAAA
GAGTTAATTTGTTGATTTGCTCACC

TGAAAAACAGGGCGAGCAAAT
AACAGAATCAAGGCGACCTTCTA

TCCATGACATGGTGAAAAAGACCAAAAAGGGCACTT
ITTCAGGTTGATACATCGTTAATCCAGAGAACAA

GATTAAATCAGTAAAGAGTCTGATATCAG
CTCCACTAAATAAATTGACCGGC

CCAAAGCATCGATTGTAGAAGC
ATGTAGAGATAAATTGAGCTCACT

CTGAGTTAAAGAGTCAGGGTCAAAGGATTCAAGTTG
ACCAAAATCAGTCAAAGTGTTTCCGATTGA

TTCCGTTTTATAACGAAAAGGAATTTAACGAG
CAAGGCAACCTTCTATTGAATCCAAGCGATTTTCCA

526

714

2,289

2,586

1,381

1,662

1,979

607

483

715

597

724

423

767

682

754

847

223

652

403

191

477

Size of product in S1, 946 bp

Size of product in S1, 1,626 bp

Size of product in S1, 661 bp

Sequence deleted in this region of S1

Common sequence in M129 and S1

MPN130-specific 70-mer

Sequence deleted in this region of S1

Coding region of MPN129; shares no
significant homology within M129
genome

“The same primers were used to amplify MPN100 and MPN204, and products were extracted from 1% agarose.
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FIG. 1. (A) Comparison of MPN136-MPN141 regions in M. pneumoniae strains M129 and S1. The reference strain M129 region contains the
MPN139, MPN138, and MPN137 loci. The three-gene operon containing the adhesin P1 gene (MPN141) is located upstream of the MPN139 locus,
and the gene encoding a putative permease (ugpE or MPN136) is located immediately downstream of the MPN137 locus. The MPN138/7 fused
reading frame (striped bar, deleted sequence) present in clinical strain S1 is surrounded by conserved sequences. The exact positions of
PCR-amplified regions and their sizes are indicated. EcoRI restriction sites (E) are indicated together with the positions of two hybridization
probes used in Southern analysis (designated “deleted” and “common”). (B) DNA sequence homologies between S1-MPN138/7 and M129-
MPN137 and M129-MPN138 reading frames. The fused S1-MPN138/7 region contains the 5" end of MPN138 and the 3’ end of MPN137. Two
nucleotide transitions are indicated, as are 21 nucleotides missing in S1-MPN138/7 (one asterisk). The position of 49 novel nucleotides is indicated

by two asterisks.

pected, all oligonucleotides hybridized with labeled M129
chromosomal DNA. In contrast, the hybridization pattern for
S1 chromosomal DNA revealed no hybridization with oligo-
nucleotides representing the MPN137 locus (nucleotides
178143 to 177457) and the MPN138 locus (nucleotides 178892
to 178392), which encode proteins with unknown functions.
The mpni137 and mpnil38 genes are located on the minus
strand and are preceded by the MPN139 locus on the same
strand (Fig. 1A). These three genes are separated by intergenic
regions (236 and 248 nucleotides, respectively). The closest
downstream gene is located on the plus strand and encodes a
putative permease protein (ugpE or MPN136). Both MPN136-
and MPN139-specific oligonucleotides hybridized with S1
chromosomal DNA using the microarray. Primers correspond-
ing to the region from nucleotide 176838 to nucleotide 179381
(MPN138BF and MPNI138BR [Table 2]) were designed to
amplify a 2,544-bp product encompassing the entire MPN137
and MPN138 loci, together with partial regions of MPN136
and MPN139 (Fig. 1). The amplicon generated for reference
strain M 129 was the expected size (~2.5 kb), whereas the PCR
product generated for clinical strain S1 was ~1 kb shorter. The
sequence amplified from M129 matched the chromosomal re-
gion reported by TIGR; that is, the complete coding regions of
MPN137 (687 bp) and MPN138 (501 bp) were flanked by 42 bp
of MPN136 and 253 bp of MPN139, and all coding regions
were separated by corresponding intergenic sequences. The
sequence generated for S1 (1,626 nucleotides) revealed con-
served sequences of the MPN136 and MPN139 loci and con-
nected intergenic sequences. Additionally, nucleotides 1 to 233

of MPN138 were completely conserved (Fig. 1B); similarly,
nucleotides 373 to 687 of MPN137 were highly conserved ex-
cept for two nucleotide transitions (T*** to C and C°7° to T)
and deletion of 21 nucleotides (at positions 595 to 615). Im-
portantly, a stretch of 888 nucleotides between MPN138 and
MPN137 partial sequences (nucleotides 177771 to 178660) was
replaced by 49 nucleotides not originally detected in this region
of reference strain M129. As a result, the fusion of two reading
frames (M129-MPN138 and M129-MPN137) yielded a new
576-bp gene (S1-MPN138/7) (Fig. 1B).

Closer analysis of nucleotide sequences revealed RepMP1
repeats and their involvement in recombination. Previously, a
copy of the RepMP1 repeat was identified within MPN139
(nucleotides 179373 to 179647) (16, 43). Interestingly, se-
quence analysis of the amplified region revealed the presence
of two previously unidentified core elements of RepMP1 in
strain M129 at nucleotides 178646 to 178920 and 177876 to
178163, located within the 5" end and adjacent upstream se-
quences of MPN138 and MPN137, respectively (Fig. 2). Orig-
inally, RepMP1 was described as a 300-bp element (43), but
later this core sequence was found to be flanked by short
repeated sequences designated A, B, and C. These short se-
quences do not exist independent of the core RepMP1 element
and are arranged in various combinations, forming a mosaic
pattern (10). We also detected these RepMP1-related short
repeated sequences flanking two newly identified core ele-
ments (Fig. 2). In the fused MPN138/7 gene of clinical strain
S1, the region between MPN138 RepMP1 and MPN137
RepMP1 (including the entire MPN137 RepMP1 sequence
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FIG. 2. Comparison of RepMP1 elements in the MPN139, MPN138, and MPN137 regions in strains M129 and S1. For M129, the positions of
all three RepMP1 core sequences are indicated (asterisks indicate repeats identified in this study). Short repeats (A, B, and C) accompanying
RepMP1 core elements are also indicated. For S1, only two copies of the RepMP1 core repeat element were found. The deleted region is indicated
by dotted lines. The MPN138/7 fused reading frame contains a proximal region of MPN138, a distal region of MPN137, and a central region
consisting of 49 nucleotides previously not found in either locus (two asterisks). BLAST analysis revealed a perfect match with the RepMP1 core

element of the MPN130 locus.

and only the last 14 nucleotides of MPN138 RepMP1) was
missing and replaced by a stretch consisting of 49 novel nucle-
otides (Fig. 1B and 2). To determine the origin of these 49
nucleotides, we performed a BLAST analysis with the available
genome sequence of M. pneumoniae M129, which revealed
homologies with several other genes that all belonged to the
RepMP1 family (Table 1).

To further characterize the RepMP1 family, we amplified all
14 remaining RepMP1-containing genes of clinical strain S1.
The amplified products were sequenced and compared with
reference strain M129 sequences. As shown in Table 3, most of

the S1 RepMP1 genes exhibited only minor sequence differ-
ences; the only exceptions were MPN524 and MPN130. S1
MPN524 showed overall high homology with the homologous
gene in M129 (only two nucleotide transversions were identi-
fied, T?** to G and G>°® to T) but had lost 21 nucleotides
(nucleotides 395 to 415 of M129-MPN524). We observed the
most significant difference when the MPN130 region was ana-
lyzed. Primers were designed to amplify a 2,289-bp region
(nucleotides 167990 to 170278) (Fig. 3). When the sequences
were compared using agarose, the amplicon that originated
from S1 was ~700 bp smaller than the PCR product generated

TABLE 3. Sequence variations detected in coding regions of RepMP1-containing genes in clinical strain S1

Locus Nucleotide difference(s)* Amino acid difference(s)
MPNO037 1 (A" to C) 1 (T* to P)
MPN09%4 1(G* to A) 1 (E" to K)
MPN100 2(C*? 0T G¥* 1o T) 1(G* to V)
MPN130 Missing
MPN137 Distal portion of MPN138/7 fused gene (nucleotides 373 to Amino acids 125 to 228 remain; amino acids 203 to
594 and 616 to 687 remain); 2 (T** to C*, C°”° to T) 209 are missing; 1 (R'? to C'%?)
MPN138 Proximal portion of MPN138/7 (nucleotides 1 to 233 Amino acids 1 to 78 remain
remain)
MPN139 1 (C*2 to T*) 0
MPN204 1 (A to C) 1 (T* to P)
MPN283 1 (G0 A) 1 (E'* to K)
MPN368 3 (G™?to A%, G*** to A, G*" to A) 2 (E* to K, G'" to D)
MPN410 1 (AY to G¥) 0
MPN465 0 0
MPN484 0 0
MPN501 0 0
MPN524 2 (T? to G, G**° to T); nucleotides 395 to 415 are missing 2 (V¥ to K, K'*? to N); amino acids 132 to 138 are
missing
MPNG655 6 (T''* to C*, C** to A, C**® to A, C*"* to T, G*" to C¥, 3(L%toP, Pto T, S$' to G)

A5 {0 G)

“ An asterisk indicates a silent mutation.
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FIG. 3. Characterization of PCR-amplified MPN129-MPN131 regions in M. pneumoniae strains M129 and S1. The position of the RepMP1
core element within M129-MPN130 is indicated. In clinical strain S1, the MPN130 locus is deleted (the 680-bp missing region is indicated by a

striped bar). The exact positions of PCR-amplified regions and their sizes are indicated.

from M129. Sequencing revealed a 680-bp deletion encom-
passing the entire MPN130 locus (423 bp), 116 adjacent nu-
cleotides of the upstream region, and 141 adjacent nucleotides
of the downstream region. Most importantly, among the
RepMP1-containing genes, MPN130 was the only gene that
showed 100% identity with the 49 nucleotides of S1-MPN138/7
in a BLAST analysis.

Southern analysis confirmed deletion within the MPN138-
MPN137 and MPN130 regions. Using the sequence data, we
set out to determine whether the missing regions were trans-
located elsewhere within the genome of S1 or were entirely
deleted. Analysis of the M129 DNA sequence revealed that the
EcoRI restriction sites closest to the MPN137-MPN138 miss-
ing region should produce a 1,435-bp fragment, while in the
case of S1 this fragment was predicted to be only 575 bp long
(Fig. 1). Chromosomal DNAs of M129 and S1 were individu-
ally digested with EcoRI and blotted (Fig. 4). We amplified a
847-bp radiolabeled probe representing the missing region in
S1-MPN138/7 (labeled “deleted” in Fig. 1). Hybridization un-
der stringent conditions revealed the presence of a ~1.4-kb
fragment in M129. However, a lack of hybridization with S1
chromosomal DNA indicated the absence of this region (Fig.
4B). Additional hybridization of the same membrane was per-
formed using a 223-bp probe (labeled “common” in Fig. 1)
representing the sequence within the same EcoRI fragment
that is shared by both M129 and S1. This probe hybridized to
the same ~1.4-kb fragment in M129 and to the predicted
~580-bp fragment in S1 (data not shown). An additional frag-
ment hybridized under the same conditions with the second
probe, which is not surprising because this “common” se-
quence shares homology with numerous other regions of the
M. pneumoniae chromosome.

Southern analysis targeting the MPN130 region was de-
signed to test for the presence of the MPN130 coding region
within the S1 genome. Based on the available sequence, Hin-
dIII restriction of M129 chromosomal DNA should produce a
3,932-bp MPN130-containing fragment, while restriction of S1
chromosomal DNA should yield a 3,252-bp fragment (a
smaller restriction fragment because of deletion of a 680-bp
region). Southern analysis with an MPN130 oligomer indeed
revealed a ~4-kb band in the M129 hybridization pattern and
the absence of this band in the S1 hybridization pattern. Ad-
ditionally, ~7.5-kb band hybridized with the 70-mer in both

strains. This band corresponded to the predicted fragment
containing the MPN465 gene (the locus contained a nucleotide
stretch that shared 97% homology with the MPN130 oligomer)
and very possibly to the same gene of S1. This result explained
why MPN130 was detected in the microarray hybridization
pattern of S1. Additional hybridization of HindIII-restricted
chromosomal DNA with the entire missing region revealed the
same ~4-kb fragment in M129 and the absence of a strongly
hybridizing fragment in S1, as well as several weaker hybridiz-
ing bands in both strains (data not shown). This was expected
as the MPN130 region shares homology with numerous other
RepMP1 genes. Lastly, when the coding region of MPN129
(Table 2), which was predicted to share no significant homol-
ogy with other regions of the M129 chromosome, was ampli-
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FIG. 4. Southern analysis of strains M129 and S1. Chromosomal
DNA isolated from M129 (lanes 1, 3, 5, and 7) and S1 (lanes 2, 4, 6,
and 8) was digested to completion with EcoRI and HindIII, and the
fragments generated were separated on 1% agarose gels (A and C).
After the restricted DNA was blotted on membranes, Southern hy-
bridization was performed using the deleted portion of the MPN138/7
region as a probe (B), as well as a **P-labeled MPN130 oligomer (D).
A 1-kb DNA ladder was used to estimate the sizes of fragments.
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FIG. 5. Predicted secondary structure and leucine-containing tandem repeats in modified proteins encoded by genes containing RepMP1.
Regions of coiled coils within the MPN138, MPN137, MPN138/7, and MPN130 proteins are indicated. The positions of LZs in the MPN138 and
MPN130 proteins are also indicated. In the LZ motif in the MPN138 protein the positions of leucine and hydrophobic residues (both underlined)
are indicated. The locations of LRs in the MPN138 and MPN138/7 proteins are indicated. The positions of transmembrane domains (TM)
predicted by dense alignment surface analysis in the MPN137 and MPN138 proteins are also shown. As shown, only the indicated 16-amino-acid

region of the MPN130 protein (two asterisks) is retained in S1.

fied and hybridized with HindIII-restricted DNA, an expected
single restriction fragment, at ~4 and ~3.5 kb, was detected in
the M129 and S1 hybridization patterns, respectively (data not
shown). The hybridization patterns confirmed that 680 bp was
deleted from the S1 genome.

Fused MPN138-MPN137 region is transcribed in clinical
strain S1. Transcription of S1-MPN138/7 was confirmed by
reverse transcription-PCR. Interestingly, the two genes are
separated by a rather long intergenic region, and a search for
potential transcription attenuators in the sequences preceding
all coding regions revealed the presence of a terminatorlike
structure upstream of S1-MPN138/7 (position —189) (24).
Nevertheless, primer extension did not yield any transcrip-
tional start upstream of MPN138/7, which together with the
generation of a bicistronic mpnl39-mpnl38/7 transcript (971
bp containing 236 bp of intergenic sequence) demonstrated
that MPN139 and MPN138/7 were cotranscribed (data not
shown).

Analysis of amino acid sequences encoded by MPN137,
MPN138, and MPN138/7 revealed the presence of direct tan-
dem repeats and a leucine zipper (LZ). Proteins encoded by
RepMP1-containing genes are small, ranging from 103 amino
acids long (MPN484 protein) to 228 amino acids long
(MPN137 protein) (molecular masses, 11.9 and 26.8 kDa, re-
spectively). Based on sequence analyses, the MPN138/7 fused
protein has an N-terminal 78-amino-acid region of the
MPN138 protein (Fig. 5), and amino acids 95 to 191 of the
MPN138/7 protein are almost identical to amino acids 125 to
228 of the MPN137 protein, except for a seven-amino-acid
deletion from amino acid 190 to amino acid 196 (VEGRLDS)
and substitution of C for R at position 199 (Fig. 5). MPN138/7
amino acids 79 to 94 were derived from the MPN130 protein

and exactly match regions found in two other RepMP1-con-
taining proteins (MPN094 and MPNS524). Interestingly, a
dense alignment surface analysis (6) revealed the absence of
transmembrane regions in the MPN138/7 protein that were
observed in both the MPN138 protein (amino acids 140 to 149)
and the MPN137 protein (amino acids 102 to 111) (Fig. 5).

Leucine repeat (LR) motifs were identified in the deduced
MPN137, MPN138, and MPN138/7 amino acid sequences. The
MPN137 and MPN138 proteins each have seven LRs, and
deletion of a seven-amino-acid stretch resulted in six LRs in
the MPN138/7 protein (Fig. 5). Computer analysis revealed
that the C-terminal region of all three proteins assumed a
predominant alpha-helical structure with an LZ-like motif dis-
tributed with, on average, six intervening amino acid residues
in the helices (Fig. 5). This LR structure resembles the LZ
motif that consists of heptad repeats of leucine residues over a
span of 20 to 30 amino acids (23). Further computer analysis
revealed only one LZ in the MPN138 protein (positions 81 to
130) (Fig. 5). Sequence analysis also identified an LZ motif in
the MPN130 protein (positions 113 to 134) that is missing in S1
(Fig. 5).

P1 operon repetitive elements of clinical strain S1 are type
2 specific. Next we evaluated clinical isolate S1 to determine
sequence variations within RepMP2/3, RepMP4, and RepMP5
in the P1 operon. We amplified P1 genes (MPN141) from both
strains using primers ADH1 and ADH4 (5) and sequenced
both products. The sequence generated for S1 was 33 nucleo-
tides longer than the corresponding sequence of M129.

Next the SI-MPN141 sequence was aligned with available
sequences of other type 2 clinical strains, including strains Mac
(accession number AF290001), Mp1842 (accession number
AF290002), FH, and TW7-5 (34). The sequences compared
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exhibited high degrees of identity, including regions of
RepMP2/3 and RepMP4. Based on the alignments, we identi-
fied six unique nucleotides in the SI-MPN141 gene: G (tran-
sition of A), G%*? (transition of A), T*** (transition of C),
GA*® (transition of AG), and G**° (transition of A). Fur-
ther, five unique S1 amino acid mutations were predicted (E to
G2, S to L3*; S to D'®!%; and at positions 965 and 966, which
are unique in all available type 2 P1 sequences, methionine and
aspartic acid, respectively).

Another individual variation was insertion of nine nucleo-
tides (three AGT triplets) after T'?>*. This insertion of three
AGT triplets resulted in three additional serine residues added
to a seven-serine stretch identified in all type 2 strains analyzed
here, as well as in the M 129 reference strain (type 1). A similar
stretch of 10 serine residues was previously observed only in
the protein encoded by the P1 gene of type 1 strain Mp4817
(accession number AF290000).

Primers MPN142F (complementary to ADH4) and MPN142R
(Table 2) were used for PCR amplification of the MPN142
(ORF6) proximal region containing RepMP5. The amplicon
generated for S1 appeared to be ~200 bp smaller when it was
run alongside the M129 product on a 1% agarose gel. Sequenc-
ing confirmed that the PCR product generated from S1 was
201 bp shorter than the product amplified from M129 and
completely matched the corresponding region of type 2 isolate
FH (accession number Z33395) and previously published data
on the size of the RepMP5 region in numerous type 2 strains
(9, 30).

High level of conservation was observed for remaining read-
ing frames of the region analyzed. We sequenced a 9,721-
nucleotide region for S1 (in M129, this region corresponds to
10,747 nucleotides from nucleotide 176838 to nucleotide
187584). Within this region we identified a 680-bp deletion that
resulted in the loss of MPN130. As a result of another detected
deletion, a new reading frame (fused MPN138/7 loci) was
identified in S1. Other than these described rearrangements,
the sequenced regions (the MPN129, MPN131-MPN136, and
MPN139-MPN142 loci and corresponding intergenic regions)
were highly conserved, and only minor DNA variations were
detected.

DISCUSSION

Like other microorganisms, mycoplasmas have the ability to
alter their surface molecules by recombination, which is medi-
ated by multiple copies of specific RepMPs. Previous studies by
us (33-36) and other workers (4, 7, 8, 20, 31) demonstrated the
presence of one copy of three distinct RepMPs within the
cytadhesin P1 operon of M. pneumoniae. Since protein P1 is a
major adhesin that also stimulates a strong host immune re-
sponse, sequence variations resulting from RepMP-mediated
recombination could contribute to M. pneumoniae disease
pathogenesis. Restriction fragment patterns associated with P1
gene sequence heterogeneity led to the classification of M.
pneumoniae strains into two distinct groups (type 1 and type 2)
(35). Analysis of numerous clinical strains confirmed that these
two groups occur worldwide, regardless of their geographic
origin (4, 5, 32, 33, 35, 36). As more clinical strains were
analyzed, a rather low rate of sequence variation within the P1
gene was observed, although RepMP2/3- and RepMP4-medi-
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ated variations were reported for individual isolates (7-9, 20).
However, none of these studies revealed the exact mechanism
of RepMP-mediated recombination.

Sequence analysis of the S1-P1 gene (MPN141) and the
proximal region of MPN142 (ORF6) revealed M. pneumoniae
type 2-specific sequences. Minor sequence divergence within
the S1 MPN141 gene translated into five amino acids unique to
this strain. Additionally, although S1-MPN141 is highly homol-
ogous to P1 genes of other type 2 strains, it encodes a stretch
of 10 serine residues previously observed only in type 1 M.
pneumoniae strain Mp4817 (accession number AF290000).
The occurrence of short tandem repeats (for example, AGT),
believed to be responsible for sequence variability through
slipped-strain mispairing, is surprisingly limited in M. pneu-
moniae (38), and such repeats were only found within the
MPN141 gene.

Despite only minor sequence divergence within the adhesin
P1 operon of S1, comparisons of the complete genome se-
quences by oligonucleotide array analysis identified new inter-
strain variations involving the MPN130, MPN137, and
MPN138 loci. Using sequence analysis, we discovered an 888-
nucleotide deletion and replacement of these nucleotides with
49 nucleotides in this region, which originated from MPN130,
leading to generation of a new fused reading frame, S1-
MPN138/7. An explanation of the origin of these rearrange-
ments became possible when we identified two previously un-
recognized RepMP1 elements (Fig. 2).

Until now, there has been no direct evidence for sequence
variation involving the RepMP1 repeat, although, based on the
presence of numerous repeats, the possibility of recombination
has been suggested previously (10). By comparing two M. pneu-
moniae strains, we discovered gene sequence divergence and
amino acid modifications that resulted from such RepMP1-
related rearrangements. In this process, large DNA fragments
were lost, and a novel fused coding region (S1-MPN138/7) that
contains portions of three genes (MPN138, MPN137, and
MPN130) was formed.

A direct consequence of the rearrangement demonstrated is
the alteration of protein patterns. While reference strain M129
possesses MPN130 (16.5 kDa), MPN138 (19.5 kDa), and
MPN137 (26.8 kDa) proteins, clinical isolate S1 has a single
fused protein (predicted molecular mass, 22.5 kDa). Our find-
ings agree with size variations of RepMP1 proteins observed in
Western blot analyses of different strains with specific anti-
RepMP1 antibodies (R. Herrmann, personal communication).
The MPN137 and MPN138 proteins were recently identified in
a total protein extract of M. pneumoniae strain FH by pro-
teome analysis (19). We demonstrated transcription of S1-
MPN138/7, and transcription of MPN130, MPN138, and
MPN137 in M129 strain was described previously (42). The
rearrangements described above also have significant effects
on the secondary structure of proteins that lead to predictable
alterations in structure and function properties. For example,
unlike the MPN138 and MPN137 proteins, no transmembrane
domain is predicted in the protein encoded by the fused
MPN138/7 loci.

The existence of repetitive elements as portions of the cod-
ing regions of structural genes enables generation of constant
and variable antigenic domains. Intergenic recombination-me-
diated protein domain variations have been reported previ-
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ously for the Arp protein (an immunoglobulin A receptor in
the M protein family) of Streptococcus pyogenes. The recombi-
nation event resulted in novel N-terminal sequences and re-
tention of constant signal and C-terminal sequences (14). In-
terestingly, comparisons of proteins encoded by genes
containing RepMP1 revealed that the first 78 amino acids of
the MPN138 protein shared high homology with N-terminal
regions of several other members of this protein family
(MPN094, MPN100, MPN130, MPN139, MPN204, MPN368,
MPN410, and MPN501 proteins). As we demonstrate here,
recombination created linkages between the N-terminal region
(78 amino acids of the MPN138 protein) and the C-terminal
region of another protein (MPN137 protein) through a 16-
amino-acid stretch originating from yet a third protein
(MPN130 protein). Fusions of two genes resulting in proteins
that contained novel combinations of functional domains were
described previously. In many cases in eukaryotes, these trans-
locations involve transcriptional factors (1, 11). However, in M.
pneumoniae the functional domains of the proteins encoded by
genes containing RepMP1 involved in recombination have not
been characterized yet.

We identified an LR structure that resembles the LZ motif
(18, 23, 25) within the deduced MPN130, MPN137, MPN138,
and S1-MPN138/7 amino acid sequences. Also, analysis iden-
tified motifs present in the MPN130 and MPN138 proteins as
LZs. Initially, LZs were proposed to be characteristic of DNA-
binding proteins (12, 22, 23), and this view has been extended
to other proteins that form oligomers (3). In addition, LZ-
harboring proteins are involved in regulation and cytoskeleton
formation (21).

In M. pneumoniae, LZs have previously been observed
in high-molecular-weight proteins like cytoskeletal protein
HMW2 (MPN310) (21) and the MPN474 protein (27). Al-
though most of the RepMP1-containing were predicted to
result in coiled-coil structures, none of them (including the
proteins with the LZ motif) has been identified in the M.
pneumoniae cytoskeletal fraction, where other high-molecular-
weight LZ proteins (the MPN310 and MPN474 proteins) were
found (21, 27, 28).

Recently, a mutant with a mutation in the RepMP1/DUF16
MPNS524 protein (a protein which shares homology with the
fused region of the MPN138/7 protein) was reported to have a
satellite growth-altered phenotype and reduced glass binding
(13). Like most of the proteins encoded by genes containing
RepMP1, the MPN524 protein is also predicted to form a
coiled-coil structure in its C-terminal region. The lack of
known regulatory elements in M. pneumoniae and the absence
of these small LZ proteins in the cytoskeletal fraction (28)
suggest that these proteins could be involved in regulation of
cytoskeletal or membrane proteins directly or indirectly.

The fusion and generation of new repeats in the MPN138/7
protein without the putative transmembrane domains could
help the organism overcome the host immune response against
proteins, as observed for the Mycoplasma hominis surface-
variable, LZ-containing p50 protein (15). Variations in the
number of direct repeats can also influence antibody recogni-
tion. Cytoskeleton-associated protein P65 (MPN309) was
found to contain short direct repeats, and comparisons of
M129 P65 and FH P65 revealed differences in the number of
five-amino-acid repeats (26). Similarly, we observed seven-
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amino-acid deletions in the S1-MPN138/7 and S1-MPN524
proteins.

Since at least 16 of the proteins encoded by genes containing
RepMP1 (including the MPN137 and MPN138 proteins) have
been found in M. pneumoniae, the existence of other RepMP1-
mediated variations in different strains appears to be very
likely. Further analysis of proteins encoded by genes contain-
ing RepMP1 and their variations could reveal how this protein
family affects the biology and virulence of M. pneumoniae,
providing additional insights into how these smallest pro-
karyotes adapt to and survive in the hostile host environment.
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