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Ureaplasma urealyticum is a common commensal of the female lower urogenital tract, yet it has been shown
to be an important cause of chorioamnion infection, respiratory and central nervous system disease, and death
in premature infants. It has been suggested that only certain serovars are capable of producing invasive
disease. However, we previously showed that many serotypes are invasive and that perhaps antigen variability
and host factors are more important determinants of ureaplasma infections than are different serotypes per se.
The molecular characterization in this report describes a mechanism available to ureaplasmas for producing
antigen variation. That antigen, designated MB and previously identified on U. urealyticum, contains serovar-
specific and cross-reactive epitopes, is produced both in vitro and in vivo, is a predominant antigen recognized
during ureaplasma infections of humans, undergoes a high rate of size variation in vitro, and is size variable
on invasive ureaplasma isolates. In the present study, we cloned and sequenced the gene of the MB antigen
from serovar 3, the serovar most commonly isolated from humans. The 3* two-thirds of the gene was shown to
contain identical 18-nucleotide tandem repeats. PCR analysis and direct sequencing of two variants indicated
that alterations within this repeat region are responsible for the size variation of the MB antigen. Intact
recombinant serovar 3 MB antigen and truncated products, expressed by coupled in vitro transcription and
translation of the cloned gene, were immunoprecipitated by both a serovar-specific monoclonal antibody and
the serum of a U. urealyticum-infected patient, and these results identified the repeat region of the MB antigen
as serovar defining. Resolution of the precise amino acids responsible for specific epitopes and characteriza-
tion of similar genes in the other serovars should yield reagents useful in elucidating the role of antigen size
variants in disease production and the role of specific antibody in protection from ureaplasma disease.

The exact significance of Ureaplasma urealyticum in human
disease is controversial, particularly as it relates to pregnancy
outcome (7). Recent studies indicate that U. urealyticum is a
definite cause of chorioamnionitis (6) and is a significant cause
of respiratory disease (3), meningitis (24), and death in infants
(5). A principle repeatedly illustrated in these studies is that
only in a subpopulation of individuals infected in the lower
genitourinary tract do the organisms reach the upper tract and
only in some of these individuals does disease ensue (4). Fur-
thermore, it is apparent that only a subpopulation of infected
infants, primarily those with,30 weeks of gestation, are at risk
for development of disease (5, 24). Identification of either
patient or U. urealyticummarkers that correlate with disease or
increased susceptibility to U. urealyticum disease would elimi-
nate much of the controversy about the pathogenic nature of
U. urealyticum.
The initial difficulty in proving an etiologic role for ureaplas-

mas in adverse pregnancy outcome supplied a major impetus
for the hypothesis that only certain subgroups of the species
are truly disease associated. U. urealyticum has been divided by
a number of serological methods into 14 serovars (16), but
more recently we have found that within individual serovars a

major antigen, designated MB (multiple banded), is present in
different sizes in different clinical isolates (25, 27, 32). Thus,
there is an additional level of genetic variability beyond the
serovar category which may contribute to ureaplasmal patho-
genesis. Significantly, size variation of an analogous antigen in
Mycoplasma pulmonis, a pulmonary and genitourinary patho-
gen of rodents, is the only observed difference between virulent
and avirulent strains related to differences in disease severity
and incidence of death (9, 19, 26).
Our previous phenotypic characterization of MB antigen

shows that it (i) is species specific; (ii) contains both serovar-
specific and cross-reactive epitopes, i.e., it can be recognized by
both serovar-specific and cross-reactive monoclonal antibodies
(MAbs); (iii) is produced not only in vitro but also in vivo; (iv)
undergoes a high rate of size variation in vitro; (v) is present
and size variable on invasive ureaplasma isolates (i.e., those
from placenta, lung tissue, and cerebrospinal fluid); and (vi) is
among the predominant antigens recognized during infections
in humans (25). Furthermore, we have shown that MAbs to
these antigens can inhibit the growth of the organisms in vitro,
indicating the potential importance of this antigen for host
defense (25). By using MAbs to the MB antigen, we have
recently shown that invasive infection is not limited to one
serovar or a few particular serovars and that the serovars that
are isolated from patients with invasive U. urealyticum express
size-variant MB antigens (7, 25, 32). The purpose of the
present investigation was to clone and sequence the MB anti-
gen gene to gain further understanding of its variation within
U. urealyticum and to provide a rational basis for development
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of reagents to address the roles of different serovars, different
antigen size variants, and specific antibody (20, 21, 23) in in-
vasive disease.

MATERIALS AND METHODS

Ureaplasmas. The U. urealyticum serovar 3 reference strain was obtained from
E. A. Freundt (Institute of Medical Microbiology, University of Aarhus, Aarhus,
Denmark). Two serovar 3 clinical isolates were isolated at the University of
Alabama at Birmingham (UAB). Isolate 1546 was from lung tissue of a newborn
infant, and isolate 8315 (M472 in reference 27) was from the placenta of another
patient.
Antibodies. The four MAbs used were described previously (25). MAb 3B1.5

reacted strongly with serovar 3 with faint cross-reactions with other serovars.
MAb 5B1.1 cross-reacted equally with serovars 3 and 14. MAb 10C6.6 was
serovar 3 specific. MAb 8B5.2 showed distinct cross-reactions with 12 of the 14
serovars (only serovars 2 and 5 did not react). Sera from two patient were used
in this study. The positive patient serum was reactive to the U. urealyticum
serovar 3 MB antigen on an immunoblot described in a previous publication (25),
in which it was designated serum B2. The negative patient serum had no immu-
noblot reactivity to the U. urealyticum serovar 3 antigen (data not shown).
Antigen purification, protease digestion, and peptide sequencing.MAb 3B1.5,

directed to the serovar 3 MB antigen, was used for affinity purification of the MB
antigen as described previously (25). The purified antigen was lyophilized and
trypsin digested, and fragments were separated by reverse-phase high-pressure
liquid chromatography (C18). Fractions were collected individually, and the N-
terminal sequence was determined by the UAB Protein Analysis and Peptide
Synthesis Core Facility.
Oligonucleotide primers. Oligonucleotides for sequencing, Southern blots,

and PCR were synthesized by the Oligonucleotide Synthesis Core Facility in the
UAB Cancer Center. The oligonucleotide nomenclature is as follows: molecules
are named UMS or UMA for ureaplasma MB antigen coding sense primers or
antisense primers, respectively. The number following UMS or UMA refers to
the location on the MB antigen gene map corresponding to the most 39 base of
the oligonucleotide (the positions of PCR primers are shown in Fig. 1).
DNA hybridization. Southern blot analysis was used to identify DNA frag-

ments of interest from genomic DNA of the U. urealyticum serovar 3 reference
strain and for screening of positive transformants. After restriction endonuclease
digestion, U. urealyticum genomic DNA or plasmid DNA with inserts was elec-
trophoresed in agarose gel and transferred onto nylon membranes (Hoefer
Scientific Instruments). The prehybridization-hybridization solution contained 1
M NaCl, 50 mM Tris-HCl (pH 7.4), 0.5% sodium dodecyl sulfate (SDS), 53
Denhardt’s solution, and 0.02% salmon sperm DNA. The hybridization temper-
ature for the 18-nucleotide probe was 428C.
Molecular cloning and sequencing. The MB antigen genes of the U. urealyti-

cum serovar 3 reference strain and isolate 8315 were cloned by different meth-
ods. Genomic DNA of the reference strain was double digested with HindIII and
EcoRI and analyzed by Southern blot hybridization with a 32P-labeled oligonu-
cleotide probe whose design was based on amino acid sequencing information.
DNA fragments of interest were purified from agarose gels with Gene Clean
(Bio 101, Inc., La Jolla, Calif.) and ligated to plasmid vector pUC19, which had
been digested with the same two enzymes. The ligation product was transformed
into Escherichia coli DH5a. Positive transformants were identified by Southern
hybridization with the probe described above.
Cloning of the MB antigen gene from U. urealyticum isolate 8315 was achieved

by ligation of PCR products (see Results) into the pCRII plasmid with a TA
Cloning Kit (Invitrogen, San Diego, Calif.).

We sequenced the MB antigen genes by using plasmid templates. Both DNA
strands were sequenced with Sequenase version 2.0 (United States Biochemi-
cals). To obtain the sequence of a region of the MB antigen gene containing
many copies of the same 18-bp repeat, we made a nested set of exonuclease III
deletions beginning at a DraI site upstream of that repeat region (18). Sequence
data were analyzed with McVector (IBI, New Haven, Conn.) and the Genetics
Computer Group Sequence Analysis Software Package, version 7.2 (University
of Wisconsin Genetics Computer Group).
PCR. Template DNA was obtained as previously described (2). The denatur-

ation, annealing, and elongation temperatures and times used were 948C for 20
s, 628C for 1 min, and 728C for 1 min, respectively, for 35 cycles. The conditions
for amplification of regions containing repeats were 948C for 50 s, 578C for 2 min,
and 728C for 2 min, respectively, for 30 cycles.
Synthetic peptide analysis. The peptide of interest was chemically synthesized

(solid phase) by the UAB Protein Analysis and Peptide Synthesis Core Facility
(430A Peptide Synthesizer; Applied Biosystems), and antibody reactivity was
examined by enzyme-linked immunosorbent assay (ELISA) (25). The wells were
coated with 80 ml of a solution containing 50 mg of protein per ml.
Eukaryotic in vitro translation of the MB antigen. We subcloned and mu-

tagenized the MB antigen gene by PCR so that it could be expressed in a
eukaryotic coupled in vitro transcription-translation system. As the template for
the PCR we used the plasmid that contained the 6-kbp U. urealyticum serovar 3
chromosomal fragment, and as primers we used a coding sense 59-base oligo-
nucleotide with the sequence 59-ATGTCGACGCCAGCCATGAAATTATTA
AAAAATAAAAAATTCTGGGCTATGACATTAGG-39 (UMS44) and an
antisense 57-base oligonucleotide with the sequence 59-GTCGACTAGTCACT
TAGAGCTCCCGAGGTAACTAAAGTATTATTTTCCAGTAGTTTC-39
(UMA1213). DNA fragments produced in the PCR with these primers contained
a SalI restriction enzyme site and a consensus eukaryotic translation initiation
signal (13) upstream of the MB antigen gene start codon. The antisense primer
was used to add XmaI, SacII, and SalI restriction sites, as well as stop codons in
all three reading frames, to the 39 end of the gene. This PCR product was ligated
into plasmid pCRII (TA Cloning Kit; Invitrogen) behind a T7 RNA polymerase
promoter. That plasmid, designated MB, was used in a coupled in vitro tran-
scription-translation system (TNT; Promega Biotech) that uses T7 RNA poly-
merase and mRNA-dependent rabbit reticulocyte lysates. The reactions were
performed in accordance with the manufacturer’s instructions at 308C for 90 min.
The in vitro translation products were labeled with either [3H]leucine or [3H]pro-
line. Aliquots of the reactions were either immunoprecipitated and then ana-
lyzed by SDS-polyacrylamide gel electrophoresis (PAGE) or analyzed directly by
SDS–15% PAGE. The protein gels were fluorographed (8) and used to expose
X-ray film.
Two MB antigen genes with deletions were also created for analysis in the

eukaryotic coupled in vitro transcription-translation system. The plasmid con-
taining deletion mutant R, which had only the 39 two-thirds of the gene, was
constructed by the method described in the previous paragraph. A coding sense
primer, 59-GCGAATTCGCCGCCAGCCATGCATCTAAGAGAAAAAGTG
AACTTTGAAACTACACAA-39 (UMS447), was used along with antisense
primer UMA1213 to generate a PCR product with a start codon in a consensus
eukaryotic translation initiation context that was 9 codons upstream of the MB
antigen gene repeat region. A second deletion mutant, plasmid DMB, was de-
rived by partially digesting plasmid MB with restriction enzyme BspMI. Selected
partial digestion products were treated with T4 DNA ligase and transformed into
competent E. coli cells. On the basis of nucleotide sequence analysis, a transfor-
mant was selected whose plasmid, DMB, contained only three 18-nucleotide
repeats. This corresponded to a deletion of 711 6 18 nucleotides from the MB
antigen gene.
Immunoprecipitation. Twenty-microliter aliquots of in vitro transcription-

translation reactions were mixed with 600 ml of MAbs or patient sera diluted
1:200 in phosphate-buffered saline (PBS). These antibody-antigen mixtures were
incubated at 48C. After overnight incubation, 25 mg of protein G-Sepharose 4
Fast Flow (Pharmacia) in 100 ml of PBS was added to each sample. The protein
G-Sepharose beads had been preabsorbed overnight in PBS containing 2%
rabbit reticulocyte lysate. The samples were mixed gently at room temperature
for 2 h. The Sepharose beads were pelleted from suspension and were washed
three times with PBS. The beads were resuspended in 25 ml of SDS-PAGE
sample buffer and boiled for 3 min prior to being loaded onto a protein gel.
Nucleotide sequence accession number. The GenBank accession number for

the MB antigen gene of the serovar 3 reference strain is L20329.

RESULTS

Cloning of the MB antigen gene of the U. urealyticum serovar
3 reference strain. Affinity-purified MB antigen was digested
with trypsin, the fragments were separated by high-pressure
liquid chromatography, and a single oligopeptide was analyzed
by amino acid sequencing. The peptide had the sequence,
listed from the N terminus, Glu-Gln-Pro-Ala-Gly. Because
trypsin cleaves peptide bonds at the carboxy terminus of either
lysine or arginine, it followed that either lysine or arginine

FIG. 1. Physical map of the recombinant plasmid. The position of the sero-
type 3 U. urealyticumMB antigen gene is indicated by a bar in which the shaded
area represents the repeat region. The arrows indicate the positions and orien-
tations of PCR primers used to study size variation. Restriction sites: Hd, Hin-
dIII; Hf, HinfI; D, DraI; P, PvuII; R, RsaI; M, MvaI; E, EcoRI.
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should be located upstream of the glutamic acid. An 18-nucle-
otide degenerate DNA probe (with lysine or arginine upstream
of glutamic acid) was designed relying on the codon usage
previously described for the cloned urease gene of U. urealyti-
cum (1). The nucleotide sequence is 59-AA(or G)A(or T)-
GAA-CAA-CCA-GCA(or T)-GGT-39. This probe was used to
locate the gene of interest in U. urealyticum chromosomal
DNA. Southern blot hybridization showed that the probe hy-
bridized to a single EcoRI-HindIII DNA fragment. This 6-kbp
fragment was cloned into plasmid pUC19 (Fig. 1).
Analysis of the MB antigen gene sequence. The gene encod-

ing the MB antigen consists of one large open reading frame of
1,230 bp (Fig. 2A) which encodes 409 amino acid residues,
giving a predicted molecular mass of 42,863 Da. The N termi-
nus of the predicted peptide consists of a typical prokaryotic
precursor signal peptide followed by a consensus membrane
lipoprotein lipid attachment site (cysteine). This putative sig-
nal peptide would be 29 amino acids long and would contain a
hydrophobic core region (Fig. 2B).
Beginning at bp 451 of the DNA sequence (Fig. 2), there is

a region of identical 18-nucleotide repeat units with a deduced
amino acid sequence of GKEQPA. This repeated sequence is
identical to that of the purified peptide (EQPAG), with a
lysine residue upstream, that was used to design the aforemen-
tioned 18-nucleotide degenerate probe. To obtain the com-
plete DNA sequence of this region, we made nested DNA
fragments that contained various lengths of the repeat region
by digesting the linearized plasmid with exonuclease III (18).
Our analysis showed the reiterated 18-bp units to be com-
pletely uniform. The copy number of the repeats was calcu-
lated on the basis of agarose gel electrophoretic analysis of
restriction endonuclease fragments containing the repeat re-

gion. This region contained an estimated 42.5 repeats encom-
passing 765 bp of the gene. Genetic data base searches for both
nucleic acid and derived amino acid homologies showed no
significant matches for these repeats. Analysis of the deduced
amino acid sequence of the MB antigen predicted the carboxy
repeat region to be hydrophilic, surface localized, and anti-
genic.
U. urealyticum serovar 3 contains a single copy of the MB

antigen gene. We searched the U. urealyticum serovar 3 ge-
nome for other copies of the MB antigen gene. Southern blot
analysis of U. urealyticum serovar 3 genomic DNA digested
with different restriction enzymes is shown in Fig. 3. That blot
was probed with a U. urealyticum serovar 3 MB antigen gene
DNA fragment that was generated by PCR (with primers
UMS44 and UMA427, i.e., primers II and VI, respectively, in
Fig. 1) and nick translation. This probe contained 427 bp and
hybridized to the 59 end of the MB antigen gene. The 427-bp
MB antigen gene probe hybridized to a single band in the lanes
digested with enzymesMvaI, HinfI, and SspI. Lanes containing
U. urealyticum serovar 3 genomic DNA digested with PvuII and
RsaI showed hybridization to two bands; however, because
both of those enzymes cut within the MB antigen gene, the
presence of two bands was consistent with the presence of a
single copy of the MB antigen gene. In addition, with an 18-
nucleotide probe (one repeat unit) and by single and double
digestion with different combinations of restriction enzymes
EcoRI, HindIII, BamHI, and XbaI, Southern blot analysis
showed a single hybridization band (data not shown), also
indicating that there is only one copy of the repeat region.
Immunological detection of in vitro translation products

from the MB antigen gene and synthetic peptides. Confirma-
tion that our cloned gene was indeed the MB antigen gene

FIG. 2. Nucleotide and amino acid sequence analysis. (A) Nucleotide and deduced amino acid sequence of serovar 3 U. urealyticumMB antigen gene and flanking
regions. The areas underlined are the predicted promoter consensus site, the ribosomal binding site (RBS), the signal sequence, and the repeat region. (B)
Kyte-Doolittle hydrophilicity plot generated with the McVector software. Positive values on the y axis indicate predicted hydrophilic regions with a greater than 50%
chance of surface probability. Values on the x axis indicate amino acid numbers in the sequence. The total copy number of repeats was obtained by estimating on an
agarose gel the size of the DNA fragment containing the repeat region; this value has an uncertainty of 61 repeat unit.
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required immunological recognition of the expressed recom-
binant protein with reagents specific for the MB antigen. There
was also a conflict between the predicted molecular mass of the
MB antigen (39.8 kDa) and its apparent molecular mass as
determined by SDS-PAGE (67.8 kDa). To address these ques-
tions, the MB antigen gene and MB antigen gene deletions
were expressed by using a coupled in vitro transcription-in
vitro translation system which used T7 RNA polymerase and
mRNA-dependent rabbit reticulocyte lysate. To do this, it was
necessary to insert the gene in an expression vector plasmid so
that it was behind a T7 RNA polymerase promoter and a
consensus eukaryotic translation initiation sequence (13); ad-
ditionally, we changed the single TGA tryptophan codon to a
TGG tryptophan codon. As diagrammed in Fig. 4A, three
expression plasmids were constructed: MB, which codes for a
409-amino-acid peptide with a molecular mass of 42,863 Da

(including the putative signal peptide); R, the 39-end 63% of
the gene, which contains 42.5 6 1 repeat units; and DMB,
which has 39.5 6 1 repeats deleted, leaving just 3 repeats
between the intact amino and carboxy termini.
Aliquots of the in vitro expression reactions, which were

metabolically labeled with 3H-labeled amino acids, were ana-
lyzed by SDS-PAGE (Fig. 4B). We found that our recombinant
MB antigen, with a predicted molecular mass of 42,863 Da,
migrated at the same rate as that described for authentic MB
(;68 kDa).
On the basis of the amino acid sequence, the most plausible

explanation for the MB antigen’s aberrant electrophoretic mi-
gration rate was the potential for an unusual or denaturation-
resistant protein conformation imparted by the high density of
prolines and charged residues in the repeat region of the MB
antigen. By using a deletion mutant, R, which lacks expression
of the nonrepetitive amino region of the molecule and by
varying the number of 6-amino-acid repeats in the MB antigen
as done in a second deletion mutant, DMB (three repeats), we
hoped to investigate the contribution of the repeat region to
the MB antigen SDS-PAGE migration rate. As shown in Fig.
4B, the R in vitro translation product migrated at an aberrantly
slow rate; however, the DMB product migrated at its predicted
molecular weight. On the basis of these results, the aberrant
migration of MB and related proteins in SDS-PAGE can be
modified by the presence or absence of the repeat units.
Previous analysis of U. urealyticum MB genes from the dif-

ferent serovars (22) indicated that the nonrepetitive N-termi-
nal region of the MB gene product is likely to contain serovar-
conserved determinants. Therefore, to test the implied
hypothesis that serovar specificity is encoded by the repeat
region, we used deletion mutant R, which expresses only the
repeat region of the MB antigen gene, for a crude form of
epitope mapping. As shown in Fig. 5, lanes 3 and 6, serovar
3-specific MAb 10C6.6 immunoprecipitated both the complete
MB antigen and the repeat region fragment of the MB antigen.
To determine if epitopes in this repeat region are recognized in
vivo, we also tested sera from two patients. On the basis of
their U. urealyticum serovar 3 reactivity as determined by im-
munoblotting, the two sera used were designated positive and
negative patient sera. As shown in Fig. 5, lane 7, the positive
patient serum immunoprecipitated the in vitro-translated re-
peat region whereas the negative patient serum did not (Fig. 5,

FIG. 3. Southern blot hybridization indicating that the MB antigen gene
exists as a single copy in the chromosome. Genomic DNA of the serovar 3
reference strain was digested with restriction enzymes as indicated. The 383-bp
DNA probe used for hybridization was the N-terminal nonrepeat region of the
gene generated by PCR with primers UMS44 and UMA427. PvuII and RsaI cut
within the gene.

FIG. 4. In vitro translation products from the MB antigen gene and truncated MB antigen genes. In panel A, three plasmids were assayed: MB, which codes for
a 409-amino-acid (aa) peptide with a molecular weight of 42,863 (including the signal peptide); R, the carboxy 63% of the gene, which contains 42.5 6 1 repeat units;
and DMB, which has 39.5 6 1 repeats deleted, leaving 3 repeats between the intact amino and carboxy termini. The numbers to the right of the fluorograph shown
in panel B mark the locations and sizes, in kilodaltons, of protein molecular size markers. The arrow indicates the size of the authentic U. urealyticum serovar 3 MB
antigen. The doublets in lanes MB and DMB were likely due to inefficient cleavage of signal peptides.
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lane 8). These data indicated that patient serum antibodies
recognized epitopes contained within the serovar-specific re-
peat sequence.
Although not directly relevant to the task of localizing sero-

type-specific epitopes within the MB antigen, it was interesting
that the negative patient serum which did not react with the
serovar 3 antigen in an immunoblot did appear to precipitate
the complete in vitro-translated MB antigen. This discrepancy
between immunoblot and immunoprecipitation is likely due to
the higher sensitivity of the latter approach resulting from
antigen concentration and lack of denaturation prior to anal-
ysis.
Added support for the immunoreactivity of the repeat re-

gion was provided by testing these two patient sera and four
previously described MAbs (25) for reactivity to both affinity-
purified serovar 3 MB antigen and a synthetic peptide contain-
ing three complete repeats (18 amino acids, starting with the
glycine residue). As shown in Fig. 6, three MAbs and the
positive patient serum reacted to both the purified MB antigen
and the synthetic peptide, while one MAb (8B5.2) and the
negative patient serum reacted only with the whole MB anti-
gen. This weak reaction of the negative serum with the whole
molecule agreed with the in vitro translation experiments de-
scribed above. Importantly, since this negative serum did not
precipitate the in vitro-expressed repeat fragment or react with
the synthetic repeats in an ELISA, it is likely that the epitope
recognized by this serum is located in the N-terminal nonre-
peat region; the region that we predict contains a high density
of common sequences among different serovars of the organ-
isms (22). Theoretically, it is possible that the patient had been

infected by other serovars of the organism and had antibodies
directed to the common region of the MB antigen. Additional
sequencing and epitope mapping of the MB genes from other
serovars eventually should allow resolution of this question.
The repeat region is associated with antigen size variation.

Four U. urealyticum serovar 3 variants were chosen for PCR
analysis of MB antigen size variation. These variants were
subclones from parent strain 1546, which was isolated from
lung tissue of a newborn infant. This parent strain is a mixture
of size variants (53 and 68 kDa are the major species) which
can be easily separated by subcloning, as previously demon-
strated (25). Among the variants isolated, 21 and 1 had the
same-size MB antigen, whose molecular weight was lower than
that of 16 and 19 (Fig. 7). When PCR primers UMS51 (59-
CTGAGCTATGACATTAGGTGTTACC-39) and UMA427
(primer VI in Fig. 1; 59-ACCTGGTTGTGTAGTTTCAAAG
TTCAC-39) were used to amplify most of the 59 nonrepeat
region, the lengths of the PCR products were the same among
the four variants. In an analysis of a larger region of these
ureaplasma subclone MB antigen genes, we used PCR primer
UMS-125 (primer I in Fig. 1; 59-GTATTTGCAATCTTT
ATATGTTTTCG-39) and aforementioned primer UMA427.
This pair defined a DNA fragment of 602 bp covering some of
the 59 upstream region and the entire N-terminal nonrepeat
region from positions 2150 to 450 on the reference strain.
When these primers were used, the lengths of the PCR prod-
ucts for the four variants were also the same. DraI (position
shown in Fig. 1) digestion of the PCR products also gave DNA
fragments of the same length, indicating that this region is
conserved among the variants. When primer UMS-125 (primer
I in Fig. 1) was used with primer UMA1213 (primer VII in Fig.
1) to amplify the region from positions2150 to 1242 (including
both repeat and nonrepeat regions), the lengths of the PCR
products were different among the four variants. Subclones 21
and 1 gave shorter PCR products than did 16 and 19. These
data indicated that the lengths of N-terminal nonrepeat re-
gions were conserved among different variants and that those
of the C-terminal repeat regions were variable and associated
with size variation of this antigen.
Repeat copy number was the only difference between MB

antigens from the reference strain and a clinical isolate. A
PCR-based method was used to clone the MB antigen gene of
clinical isolate 8315. The apparent molecular mass, as deter-
mined by SDS-PAGE, of the MB antigen of this isolate (39
kDa) (27) was markedly less than that of the reference strain
(67.8 kDa). PCR primers were designed on the basis of the
DNA sequence of the serovar 3 reference strain. The PCR
product obtained from isolate 8315 with primers UMS-125
(primer I in Fig. 1) and UMA1586 (primer VIII in Fig. 1;

FIG. 5. Immunoprecipitation of in vitro-translated recombinant MB antigen.
In vitro translational products were labeled with [3H]leucine (for the whole MB
molecule) or [3H]proline (for the repeat region fragment). Samples were re-
solved by SDS–10% PAGE. The gel was fluorographed and exposed to X-ray
film. Two in vitro translation products were analyzed: MB was the in vitro-
translated product of the complete MB antigen gene, and R was a deletion
mutant that had only the 39 two-thirds of the gene and therefore contained the
repeating sequence only. Lanes 1 and 2 were loaded with in vitro translation
products without being immunoprecipitated. The anti-MB MAb used was sero-
var 3 specific (MAb 10C6.6). The positive and negative patient sera refer to
patient serum which was either reactive or not reactive to serovar 3 antigen in our
previous immunoblotting tests.

FIG. 6. ELISA results of antibody reactivities to affinity-purified serovar 3
MB antigen (A) and a synthetic peptide containing three repeats (B). Columns
1 to 4 indicate optical density readings for MAbs 10C6.6, 3B1.5, 5B1.1, and
8B5.2, respectively. Columns 5 and 6 are for the positive and negative patient
sera, respectively.
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59-GATAATCATTCATCTTCTCTTAATTGTC-39) was
cloned into plasmid pCRII. This cloned fragment started 150
bp upstream of the MB antigen gene’s start codon and ended
383 bp downstream of the gene’s stop codon. Two positive
clones were chosen for DNA sequencing. The sequence of the
first clone was identical to that of the reference strain, except
that base 413 was changed from T to C (a silent mutation) and
there were only 9.5 repeat units. The sequence of the second
clone also was identical to that of the reference strain, except
that base 1247 changed from A to G (17 bp downstream of the
stop codon) and there were only 10.5 repeats. These transition
mutations might exist in the original isolates or could have been
introduced during PCR amplification. The finding of two differ-
ent lengths for the repeat sequence was not surprising, since this
isolate was most likely composed of multiple size variants.

DISCUSSION

Accumulating evidence suggests that the U. urealyticumMB
antigens and the analogous antigens in other mycoplasmas

(26–28, 30) are likely to be pivotal mediators in the interaction
of mycoplasmas with their host cells. U. urealyticum MB sur-
face antigens, which contain both serogroup- and serovar-de-
fining regions, are among the major ureaplasmal antigens rec-
ognized by humans during infection (25). Additionally, the MB
antigens undergo an extraordinarily high rate of size variation
that is phenotypically similar to that documented for several
other mycoplasmas (27, 28). These facts show the need for
characterization of the epitopes eliciting the potentially pro-
tective antibody responses and determination of how these
epitopes may be affected by these size changes. Such knowl-
edge would be requisite to understanding the role that these
antigens and their associated size variation may play in the
success or failure of these organisms as pathogens. To this end,
we have cloned and sequenced the gene encoding the U. urea-
lyticum serovar 3 MB antigen, and although precise epitopes
have not been defined, we have mapped the major immuno-
reactive and size-variable region to the carboxy two-thirds of
the molecule.
There was a striking difference between the apparent mo-

lecular mass of the MB antigen determined by SDS-PAGE,
67.8 kDa, and the deduced molecular mass of 42,863 Da based
on the predicted amino acid sequence of MB. Our data sug-
gested that the structure of the six-amino-acid repeats could
hinder MB denaturation in SDS-PAGE. Among the six amino
acids were two charged residues, one positive (lysine) and one
negative (glutamic acid), as well as a proline. In concert, the
conformational effects of a multitude of beta-turns imparted by
the proline and the potential for intra- and intermolecular
interactions provided by the charged residues could render the
MB protein resistant to denaturation with resultant aberrant
electrophoretic migration. Future studies will elucidate the
effect of the six-amino-acid repeats on the higher-order con-
formation of MB. In addition to answering the questions re-
garding the predicted size versus the observed size of MB,
insight into MB conformation may show how U. urealyticum
presents this molecule to a host.
DNA sequence analysis of the MB gene showed that it

encodes a polypeptide with a putative signal peptide and acy-
lation site and a C-terminal six-amino-acid direct repeat re-
gion. Analysis of the deduced amino acid sequence of the MB
antigen’s C-terminal repeat region indicated that the region is
probably antigenic and surface exposed. Furthermore, the
MAbs which were reactive in our synthetic peptide (repeat
sequence) ELISA and which immunoprecipitated the in vitro-
translated six-amino-acid repeat region were also previously
shown to inhibit the in vitro growth of the organism (25). This
inhibitory property of the antibody requires interaction with a
surface-exposed epitope. In concert, these data suggest a prob-
able orientation of the MB antigen at the surface of the urea-
plasma membrane, i.e., an N-terminal membrane anchor re-
sulting in exposure of the C-terminal repeat region to the
microenvironment surrounding the organism.
Thus, we believe that the carboxy domain is most likely to

encounter host defenses first and to elicit a dominant antibody
response. In fact, our data demonstrated that this relatively
simple structure, consisting of direct repeats of only six amino
acids, provided a diversity of immunoreactive sequences.
Three MAbs, including two serovar-cross-reactive MAbs,
3B1.5 and 5B1.1, and a serovar 3-specific MAb, 10C6.6, re-
acted with the synthetic repeats, whereas 8B5.2 did not. Pre-
viously we showed that the epitopes defined by these MAbs
encompass a large part, and in some cases all, of the epitopes
recognized by antibodies obtained from U. urealyticum-in-
fected humans (25). Since our previous report reflected a high
degree of conservation among serovars of the epitope defined

FIG. 7. PCR analysis of antigen size variation. (A) Immunoblot of four
subclones and their parent strain, which is a serotype 3 U. urealyticum clinical
isolate. The blot was developed with MAb 3B1.5. (B) Result of PCR analysis of
MB antigen gene of the four variants described in panel A. PCR products were
analyzed by agarose gel electrophoresis, and samples were loaded in the same
order as the four subclone variants in panel A for lanes 1 to 4, 5 to 8, and 9 to
12. Locations of PCR primers are shown in Fig. 1. The combinations of primers
for PCRs were as follows: primers III and VI, lanes 1 to 4; primers I and VI, lanes
5 to 8; primers I and VII, lanes 9 to 12. DNA size markers are on the left side.
The space between bands equals 123 bp.
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by MAb 8B5.2, this antibody’s lack of recognition of the repeat
region is not surprising. One might expect a higher degree of
conservation of structure-related motifs in the membrane-
proximal (anchoring) region of a surface-exposed antigen.
Therefore, we expected to find the 8B5.2 epitope within the
N-terminal nonrepeat region of our molecule. On the other
hand, the less conserved epitopes, defined by MAbs 3B1.5,
5B1.1, and 10C6.6, were all located within the carboxy repeat
region, which is likely to be surface exposed. The ability to
diversify the regions of an antigen that first encounter a chang-
ing microenvironment would be of obvious advantage to a
pathogen in establishing a successful infection. Further reso-
lution of the precise amino acids responsible for each epitope
within the U. urealyticum serovar 3 repeat region and charac-
terization of similar genes in the other serovars will aid the
development of specific antibody detection modalities. Addi-
tionally, because these are the predominant epitopes recog-
nized by humans, we should be able to begin determining how
or if a patient’s antibody responses to this antigen affect the
microorganism’s pathogenic capacity.
PCR analysis of size variants obtained by subcloning indi-

cated that alterations within this repeat region are responsible
for the size variation of the antigen. Importantly, the identifi-
cation of PCR primers and conditions capable of distinguish-
ing size variants should provide the potential to directly ana-
lyze specimens from patients without prior growth of the
organism in vitro. This is critical because the selective pres-
sures on ureaplasmas cultured in vitro are almost certainly very
different from the pressures encountered by organisms surviv-
ing in a mammalian host. In conjunction with patient history
and disease outcome, the information obtained by PCR eval-
uation of infected patient tissue should allow eventual deter-
mination of whether certain size variants are more frequently
associated with a specific pathological manifestation. Defini-
tion of the precise size variants present in vivo will also aid in
the assessment of whether host defenses can generate pressure
resulting in selection of size variants and whether a particular
immune response can effectively prevent continued coloniza-
tion and disease.
The phenomenon of protein size variation resulting from

changes in repetitive structures has been seen in surface anti-
gens on both eukaryotic and prokaryotic pathogens. Many
surface antigens expressed in different stages of malaria have
tandem repeats, and natural antibody responses are directed
against epitopes encoded by these repeats (12). For bacterial
pathogens, repetitive elements have been observed in the M
protein of group A streptococci (11), the C protein alpha
antigen of group B streptococci (14), outer membrane protein
H.8 on pathogenic neisseriae (29), and a surface protein of
Streptococcus pneumoniae (31). Most of these proteins are
considered to be virulence associated; e.g., the M protein of
group A streptococci has antiphagocytic activity (10) and the C
protein alpha antigen of group B streptococci is associated
with resistance to killing by polymorphonuclear leukocytes and
affects the outcome of opsonophagocytic killing of the organ-
ism (14). Antigen size variation has also been found in myco-
plasmas (28). Our previous studies showed that the difference
in V-1 antigen in Mycoplasma pulmonis, a genital and respira-
tory tract pathogen of rodents, is the only difference detectable
between virulent and avirulent strains and this difference is
associated with differences in disease severity (26, 27). Antigen
size variation also is documented for the surface lipoproteins
encoded by a cluster of related but divergent genes of M.
hyorhinis, a swine pathogen (17, 30). Changes within repetitive
sequences encoding the surface lipoproteins are responsible
for spontaneous size variation. Even though U. urealyticum and

M. hyorhinis are not closely related phylogenetically (15), they
may have similar systems leading to surface diversity and com-
plexity. They do, however, differ in at least two features: (i)
there is no diversity within the repetitive sequences of the
ureaplasma MB antigen, and (ii) unlike that of M. hyorhinis,
there appears to be only one copy of the MB antigen gene in
the ureaplasma chromosome, as well as no significantly similar
genes. Perhaps most importantly, the present study localized a
major immunoreactive domain of this antigen to a region of
epitopes that are directly affected by the observed size varia-
tion. The sequence integrity defining these epitopes appears
not to be affected; only the number of epitopes is altered.
Although the function of this ureaplasma antigen has not been
defined, previously described studies (10, 12, 14) with similar
antigens of other organisms have at least implied the impor-
tance of varying the size of an antigen via repetitive units.
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