Molecular Microbiology (1995) 18(4), 703-714

Mechanism of antigenic variation in Mycoplasma
pulmonis: interwoven, site-specific DNA inversions
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Summary

The chromosome of the murine pathogen Mycoplasma
pulmonis undergoes rearrangements at a high fre-
quency. We show that some of these rearrangements
regulate the phase-variable expression of a cluster of
genes (the vsalocus) that encode the variable V-1 sur-
face antigens. Only one vsa gene is associated with an
expression site; the other vsa genes are transcription-
ally silent. The silent genes lack the 5’ end region (pro-
moter and ribosome-binding site) that is present in the
expressed gene, and DNA rearrangements regulate
gene expression by reassorting the 5 end region
from an expressed gene with the 3’ end region from
a previously silent gene. All vsa rearrangements iden-
tified so far are site-specific DNA inversions that occur
between copies of a specific 34 bp sequence that is
conserved in each vsa gene. Interestingly, DNA inver-
sions within the vsa locus apparently occur in concert
with inversion of the hsd7 element, which regulates
restriction and modification activity in M. pulmonis.

introduction

Pathogenic mycoplasmas are known for being difficult to
eradicate and for causing slowly progressive, chronic
diseases of the respiratory tract, genital tract and joints
(reviewed by Cassell et al, 1978; Krause and Taylor-
Robinson, 1992; Simecka et al, 1992). The chronic
nature of these infections indicates that mycoplasmas
have the potential to respond and adapt to the rapidly
changing conditions encountered in the animal hosts.
Although the basis for chronicity is not well understood, it
is apparent that several species of mycoplasma undergo
high-frequency changes in phenotype associated with
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the phase-variable production of key surface antigens
(reviewed by Dybvig, 1990; Wise et al., 1992). Such vari-
ability may contribute to the ability of these organisms to
adapt successfully and evade host defences. One mech-
anism by which phenotypic diversity is generated in
many bacterial systems involves high-frequency DNA
rearrangements that reassort coding regions and create
populations of bacterial cells that are poised to respond
to even the most rapid environmental changes (reviewed
by Dybvig, 1993).

Murine respiratory mycoplasmosis (MRM), caused by
Mybopiasma pulmonis, is one of the most common and
important naturally occurring diseases of laboratory rats
and mice (Cassell et al,, 1985). MBRM is easily reprodu-
cible and is an excellent model system to study chronic
respiratory diseases, particularly in respect to the patho-
genic mechanisms of mycoplasmal diseases of humans
and animals. Phenotypic switching in M. pulmonis may
be a factor contributing to the chronicity of MRM. Known
examples of high-frequency phenotypic switching in M.
pulmonis include changes in growth properties, suscep-
tibility to mycoplasma virus P1, generation of restriction-
fragment-length polymorphisms (RFLPs), changes in the
production of DNA restriction and modification enzymes
and variation in the V-1 surface antigen (Bhugra and
Dybvig, 1992; Dybvig, 1990; Dybvig and Yu, 1994).

Restriction and modification activity in M. pulmonis is
regulated by the hsd? DNA inversion system (Dybvig
and Yu, 1994). The finding of a phase-variable restriction
and modification system challenges the notion that the pri-
mary function of restriction enzymes is to protect cells from
the invasion of foreign DNA (e.g. bacteriophage infection).
In the present study, DNA rearrangements that occur in
concert with hsd? inversion were examined. These rear-
rangements occur within the locus designated vsa (variable
surface antigen) and result in the phase-variable expres-
sion of the vsa genes, which encode the highly repetitive
V-1 surface antigens. Accordingly, we propose that M. pul-
monis has a complex system involving the co-ordinate
regulation of phase-variable restriction and modification
enzymes and surface proteins.

The experiments described in the present study demon-
strate that extensive phenotypic variability is generated via
high-frequency DNA rearrangements in the vsa locus. A
single vsa gene is predominately expressed in any given
subclone, and subclones that express alternative vsa
genes have been isolated and characterized. Nucleotide
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sequence data indicate that the silent vsa genes become
expressed via a DNA rearrangement that disassociates
the 5’ end region from the expressed gene and combines
it with the 3’ end region of the previously silent gene. The
DNA rearrangements regulating vsa gene expression that
have been identified so far have all been site-specific DNA
inversions that occur within a specific 34 bp sequence
designated the vrs (vsa recombination sequence) box.

Results

Identification of a DNA inversion system in the
M. pulmonis vsa locus

M. pulmonis strain UAB 6510 is a respiratory pathogen of
rats (Davis et al., 1982) that served as the progenitor of the
other strains used in this study. A description of the lineage
and pertinent properties of these strains is provided in the
Experimental procedures. In UAB 6510 and in progeny
strains KD735 and KD735-15, the hsd7 locus is in orienta-
tion I. In several subclones of UAB 6510 including strains
KD7-11, KD7-12, KD735-16 and 6a14, hsd1 has inverted
to orientation Il (Dybvig and Yu, 1994). In addition to the
hsd1 inversion, these strains have undergone a second
rearrangement, in the vsa locus, that combines precursor
Hindlll fragments of 4.7 and 5.8 kb into product fragments
of 8.3 and 2.2kb (Bhugra and Dybvig, 1992; Dybvig and
Yu, 1994). To date, rearrangement of the 4.7 and 5.8kb
fragments in the absence of hsd1 inversion has not been
observed.

To characterize rearrangements within the vsa locus,
the 4.7 kb fragment from KD735-15 and the 8.3kb frag-
ment from KD735-16 were cloned and their complete
nucleotide sequences were determined. These fragments
were found to have a 3.6 kb region in common, inciuding
the open reading frames (ORFs) referred to in Fig. 1 as
vsaB-S and vsaC2-S. (-S denotes a silent copy.) The rela-
tive location and orientation of the 4.7 and 5.8 kb precursor
fragments in the KD735-15 chromosome was examined
by designing a series of primers that would amplify by the
polymerase chain reaction (PCR) the 4.7/5.8kb junction
region. One set of oligonucleotides, 0.4294 and 0.4218
(see Fig. 1A, top), amplified a 1.6 kb fragment, the nucleo-
tide sequence of which demonstrated that the 4.7 and
5.8 kb fragments were adjacent in the chromosome. Addi-
tionally, comparison of the nucleotide sequences of the
4.7 and 5.8 kb precursor fragments with that of the 8.3kb
product fragment revealed that vsaB-S was in an inverted

iorientation in KD735-16 relative to its orientation in KD735-
45, suggesting that the 8.3kb fragment arose by DNA

inversion. The majority of the 2.2 kb product fragment in
KD735-16, containing /ipA and vsaD-S, was isolated by
PCR amplification (using primers 0.3535 and 0.4294,
see Fig. 1A, middle). Its nucleotide sequence revealed
that the vsa rearrangement in KD735-16 was the 5kb

DNA inversion depicted in Fig. 1A. This inversion occurred
via recombination between copies of a perfectly conserved
49 bp sequence, designated vrsB and vrsD, that is located
at the 5’ ends of vsaB-S and vsaD-S. This sequence con-
tains the vrs box that is also conserved among several
other ORFs (vsaA, vsaC1-S, vsaC2-S and vsaE2-S)
within the vsa locus (Fig. 1B). One of the genes, vsaC2-
S, possesses two vrs boxes: vrsC2a and vrsC2b. '

DNA inversions regulate vsa gene expression

Northern hybridization experiments demonstrated that only
one of the vsa genes is predominately transcribed in
each subclone. In KD735-15 and KD735-16, vsaA is tran-
scribed (Fig. 2). These results were anticipated because
the nucleotide sequence revealed that the vsaA gene
from these strains had a clearly defined 5’ end region
consisting of a putative ribosome-binding site (Shine—
Daigarno sequence) located upstream of an ATG initi-
ation codon and encoding a predicted gene product con-
taining a consensus signal peptide sequence. Each of
these features was absent in other vsa genes (desig-
nated with the suffix -S). Southern hybridization analysis
demonstrated that the 5’ end region of the expressed
vsaA gene is present in only a single copy in the chromo-
some (data not shown). Additional Northern hybridization
experiments revealed that some strains predominately
expressed vsaB instead of vsaA (Fig. 2). The strains
expressing vsaB (KD7-11, KD7-12 and 6a14) have pre-
viously been shown to have undergone a DNA rearrange-
ment similar to that of KD735-16 (Bhugra and Dybvig,
1992). Namely, in each of these strains, the 4.7 and
5.8kb precursor fragments had recombined to generate
a 8.3kb fragment. In a derivative of 6a14, designated
strain 6a14/4, vsaA but not vsaB was once again predomi-
nately transcribed. As in the other examples of vsa phase
variation that are described above, the change in vsa
expression in 6a14 versus 6a14/4 was accompanied by
an inversion of hsd1. To examine the basis for the phase-
variable expression of vsaA and vsaB, strains 6ai14 and
6a14/4 were chosen for further study.

A DNA fragment containing the 5'-termini and upstream
flanking regions of vsaA and vsaB was isolated by PCR
amplification (using primers 0.4083 and 0.6859; see
Fig. 1A). Amplification of DNA from strains 6a14, 6a14/4,
KD735-16 and KD7-11 resulted in PCR products of identi-
cal size: 1.3kb. The nucleotide sequences of the 6a14 and
6a14/4 PCR products were determined, revealing that the
orientation of a region encompassing the 5’ end region of
vsaA was inverted in 6a14 compared with 6a14/4 and
KD735-16. Therefore, a single 5’ end region dictates expres-
sion of vsaA and vsaB. This 5’ end region (expression site) is
associated with vsaA in KD735-15, KD735-16 and 6a14/4
but is incorporated into vsaB in 6a14, converting vsaB

© 1995 Blackwell Science Ltd, Molecular Microbiology, 18, 703-714
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Fig. 1. Organization of the M. pulmonis vsa locus and delineation of DNA inversion sites. Major ORFs are shown with the arrows indicating
the direction of transcription. Silent copies of vsa genes are designated with the suffix -S. Triangles indicate locations of vrs boxes. The

region shaded in black contains the first 712 nucleotides of the vsa gene that is expressed, and the striped regions denote the repetitive 3’
part of the expressed gene’s coding region. The location of the target sites for selected oligonucieotides are shown, with the arrowhead
indicating the orientation of primer binding. The vsaE7 and /ipA genes are partials; the 5' end of vsaE7 and the 3’ end of /ipA have not been
isolated.

A. Schematic diagram illustrating DNA inversions in the vsa locus. Depicted is the organization of the vsa locus in strains KD735 and
KD735-15 (top), strains KD735-16 and 6a14/4 (middle) and strains 6a14, KD7-11 and KD7-12 (bottom). For comparison, the Hindill fragments
shown here as being 8.3, 4.7 and 5.8 kb were described previously as 9.5, 4.9 and 5.7 kb, respectively, by Bhugra and Dybvig (1992).

B. Map of the vsa locus from KD735-15 showing the locations of all vrs boxes. The target sites for primers that were used for PCR analysis to
determine which vrs boxes are recombinogenic (see text) are shown. The line at the bottom indicates nucleotide positions, in kilobases. The
nucleotide sequence of the KD735-15 vsa locus was deposited in the GenBank database with the accession number U23947.
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Fig. 2. Northern hybridization analysis of M. puimonis RNA.
Northern blots of M. pulmonis RNA were probed with oligonucteo-
tides specific for the repeat regions of vsaA (top) or vsaB (bottom).
The vsaA-specific probe was 5-GTAGTTGGAGGAGTCATTG-3',
and the vsaB-specific probe was 5-CCATCTCTCCTGCATTTG-
CATC-3'. Analysed in each lane is RNA from the indicated strain:
lane 1, KD735-15; lane 2, KD735-16; lane 3, KD7-11; lane 4, KD7-
12; lane 5, 6a14; lane 6, 6a14/4; and lane 7, 6a14/6. Transcripts
from both vsaA and vsaB were approx. 2.4 kb. The intensity of the
bands in lanes 1 and 5 is weak because less RNA was loaded in
these lanes, as evidenced by the intensity of the ethidium bromide
staining pattern.

from a silent to an expressed gene (i.e. vsaB-S converted
to vsaB). Inversion of sequences that regulate the expres-
sion of vsaA and vsaB occurred between the vrsA and
vrsB boxes (see Fig. 1A).

Characterization of vrs box-mediated DNA inversion

An alignment of the nucleotide sequences of the vrs boxes
is provided in Fig. 3. The 34 bp sequence comprising the
smallest of the vrs boxes, vrsk2, is regarded as the
minimal requirement for a vrs box. As shown in Fig. 3,
sequences immediately upstream of the various wrs
boxes are not conserved. Single nucleotide differences in
the sequences of the vrs boxes provide information on
the location of strand exchange during DNA inversion.
The 18th nucleotide of vrsA is G instead of the usual A.
Because this G nucleotide was retained by vrsA regard-
less of whether the vsaA gene is expressed (as in KD735-
15) or silent (as in 6a14), strand exchange leading to
DNA inversion must occur within the first 18 nucleotides
of the vrs box. There is a T instead of the usual C at posi-
tion 15 of the vrsC2a sequence. Because PCR analysis
(described below) failed to reveal a product consistent
with recombination at vrsC2a, it is possible that the C at
position 15 is critical for DNA inversion.

Each of the vrs boxes that has been identified so far is

recombinogenic, with the possible exception of vrsC2a.
PCR analysis was performed on 35 different subclones
(including all subclones described in the Experimental pro-
cedures) containing a variety of RFLPs and phenotypic
differences. Primers were designed such that they would
PCR amplify the vrs box region of the particular vsa
gene that is in the expression locus (see Fig. 1B). From
each subclone, PCR products were obtained that corre-
sponded to amplification across vrsA (using primer pair
0.6666 and 0.6859), vrsB (using 0.6666 and 0.4083),
vrsC1 and vrsC2 (using 0.6666 and 0.0067), vrsD (using
0.6666 and 0.9590), and vrsE2 (using 0.6666 and 0.9272).
These data indicated that each vsa gene is associated
with the expression site in a subpopulation of cells that is
present in each subclone. In the case of the vsaC7 and
vsaC2 genes, a single PCR product was obtained despite
the fact that primer 0.0067 binds to vsaC2 at two sites and
vsaC1 at one site. The nucleotide sequence of the PCR
product was consistent with amplification of an expressed
copy of vsaC1 and/or an expressed copy of vsaC2 that
arose as a result of recombination at vrsC2b. The nucleo-
tide sequence downstream of vrsC7 is identical to the
sequence that is downstream of vrsC2b. Therefore, PCR
products corresponding to these regions were indistin-
guishable at the nucleotide level. A PCR product consis-
tent with amplification of an expressed copy of vsaC2
that arose as a result of recombination at vrsC2a was not
obtained. Perhaps, vrsC2a is not recombinogenic, or it
may undergo DNA inversion at a lower frequency than
do the other vrs boxes.

Other mechanisms of variation in the vsa locus: size
variation resulting from gain or loss of tandem
repeats and gene duplication

The vsa genes, except for vsaE? and vsaE2, contain a
highly repetitive domain located 3’ to the vrs boxes. Each
repetitive domain consists of tandem repeats with the
length of the repeat unit always being a multiple of three.
The repeat units of vsaA, vsaB, vsaC1, vsaC2 and vsaD
contain 51, 39, 36, 36 and 33 nucleotides, respectively.

vrs ; : Fig. 3. Comparison of the nucleotide

Box Strain Nucleotide Sequence se%uences of the vrs boxes and the encoded
vrsA  (KD735-15) F ATCAAATAATGAACAAGGTGGAAATAATTCTGQITCARATGGTTCAAA  aMino acid sequences. The large box is
vrsA  (6ald) Tﬁ drawn around the 34 nucleotides that are
vrsB (KD735-15) sTTeressescsssscssecchoscsvesscsvsesBssfoceeseAsAGAe-» cONsidered to be the minimum vrs box

vrsB (KD735-16) #Tessfe eseessercvssiPen eevsseAedaseescAtAGAsss  Sequence, but sequence identity sometimes
vrsB {6al4d) ecvoofoessrseveecrsssssePpoverrsncsscecNesjocrsseReAeGACoo conﬁnuess’ofthisminimum_Sequences
vrsCl (KD735-16) immediately upstream of each vrs box are

ePToeTfoesessseeosssccsehoscscscsccsosseeARsfoscoessAeAeCAsos
vrsC2a (KD735-16 qo-.-'.A-A.GAG..
vrsC2b (KD735-16) TCCTC(fsssesseessssssssepocccccssssscssAlofoccscecsAeChCes

GeseTlrocevevossssessTasPocsasssovossehs

also shown. Dots in the sequence indicate
identity with the vrsA sequence shown on the

vrsD (KD735-15) eToessfeesssescsvccssscahorsssssseccssAoclocsscsAeAsGAree 1op I Ref in the text t bo
vrsD (KD735-16) sTTeGroesssersosnsaccsRessssssssssschosssssssAsAGAsss 1OP liNE. HETErences in tne text 1o vrs box
VESE2  (KD735-15) GevseTlsssosssossosscssahuessaseesssssshedAAAs+CCsAAGGTC, NUCleotide positions consider the first C in

the vrsA sequence as nucleotide position
number 1.

.. .LysThrSerAsnAsnGluGlnGlyGlyAsnAsnSerGlySerAsnGly. ..
...LysThrSerAsnAsnGluGlnSerGlyAsnAsnSerGlySerLysAsp. ..

VsaA product
VsaB product

© 1995 Blackwell Science Ltd, Molecular Microbiology, 18, 703-714
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Constant region

MKNSNMKKKFLFFLGSTSFLSIAGATLIAC*QKQDDGAIKKDLESKIDVLTFFPKSVDETAQWTVSRLLSEYRTAKSS
DSNLTFDAFVKSKLGSKLGSDYELTFKEKGADKIEYTIYKKSNKAVSSTKVLEDTK IGQSDAQKVNAWLDRVKSLVAN
SSDLKGKKPSEVIEIETSDVKFKETRDGQDVEFDVPTNWGTVITKSSANDAANDAEGTLKVSVQFSSGDFRRSKDLNL
TGLKTSNNEQ-~Variable region

Vrs box start

Variable region N
A--GGNNSGSNGSKPM [TPPTTGSGSGSTDTK (P/A) Q] 32TPPTTGSGSGS‘IN'*
VrsA/Repeat I i
+ -— -—
B--SGNNSGSKDENPMPNKP IGEKPMTDKGSNGSDGDK { GKNNAGDANAG (E/D)M] 39DEGNTGDTETNY I*

VrsB Repeat II Repeat I
C1--SGNNSSSKDONSTPPKTDOGSNGSSGNEMKNPLASGDKNV [TP (P/S) TTGD (A/E)NTSQ]10TPSTTGV*
VrsCl Repeat III/Repeat I Repeat IV
C2--SGNNSSSKDONSTPPKTDOGSNGSSGNEMKNPLASGDKNV (TP (P/S) TTGD (A/E)NTSQ] 7TPSTTGV*
VrsC2b Repeat III/Repeat I Repeat IV

+——

D--SGNNSGSKDENSTPPKTDOGSGSSQTKPQKPMTEKPMTDOGSNGSGGNEMK [NPPAGGTMKEE ] 11 NPPAV*

VrsD Repeat III Repeat II/Repeat I Repeat IV

E2--S NNSQKTEQQAEQSVSNSQKTEQQTEQNGSDTGQTNQVDLQMLLDSIESVEISSKFETKSEIVLNSSSTGIK
VrsE2/Repeat E Repeat E

LKKADNSDFSIPNGVKLLLSFQKEKNEKNNKFSLGISLMLSSSNSEGVSKDLIISKFESNQDDNA [LKSISRD
LEETTKKIDLVSQELDLKDQEEIVLVKQSELISNNLKSLLFKLKLENFKNAAKDVKLTKEQETLLNKESISLEE
FDSLIKGLTEDQKKSVFTKIELTKEQEDKFKNVIQDAKVKLEDLTKKLEKIKSEKENIEKKLDPITKELKERLK
KINE] LDSTKSFSVIYK*

Fig. 4. Deduced amino acid sequences of the Vsa proteins. The first 242 amino acids of the Vsa protein defines the N-terminal constant
domain that is common to all Vsa proteins and terminates within residues encoded by the vrs box. The Vsa signal peptide sequence is
underlined, with the Cys residue to which fatty acid is predicted to be attached indicated by C*. Brackets denote the tandem repeat domains
(in the case of VsaE2, brackets denote the large a-helical domain) of the variable C-terminal end of each Vsa protein with the subscript
denoting the number of repeat units. Amino acids in parenthesis refer to heterogeneity in the repeat region. For example, the 16th amino acid
in the VsaA repeat region is sometimes proline (P) and sometimes alanine (A), depending on the particular repeat unit. Charged amino acids
are indicated by a + or — sign above the amino acid. Variable-region sequences that tend to be conserved (Vrs box amino acids, Repeats

1-1V and Repeat E) are also underlined.

Therefore, the predicted vsa gene products contain tandem
repeats of 17, 13, 12, 12 and 11 amino acids, respectively
(Fig. 4). The number of repeat units per molecule ranges
from 7 to 39. Because the size of the repeat region in
vsaC and vsaD is small (< 150 nucleotides), the complete
nucleotide sequence of each repeat unit could be deter-
mined. In contrast, the repeat regions of vsaA and vsaB
comprise about 1.6kb. The actual nucleotide sequence
of the vsaA and vsaB repeats is only available for a few
copies of the repeat units that are present at either end
of the repeat region. The lengths of the vsaA and vsaB
repeat regions were determined by restriction enzyme
mapping of the cloned genes and by sizing PCR products
obtained by ampilification of the entire repeat regions using
genomic templates (see the Experimental procedures), as
well as by estimating the size of the mRNA transcripts
(Fig. 2). All approaches yielded the same conclusion:
there are about 32 copies of the tandem repeat in vsaA
and about 39 copies of the tandem repeat in vsaB.

© 1995 Blackwell Science Ltd, Molecular Microbiology, 18, 703-714

Genetic variation in the vsa locus is not limited to DNA
inversion and can involve gain or loss in the number of
repeat units per gene. One of the vsa Hindlll fragments
in strain KD735-15-53 is about 5.6 kb, instead of the paren-
tal 5.8 kb fragment of KD735-15 (Bhugra and Dybvig, 1992).
PCR ampilification was used to examine various regions
of the 5.6 kb fragment to identify the specific area that dif-
fered from the 5.8kb fragment. Primers that ampilified
across the entire vsaD repeat region (see the Experimen-
tal procedures) resulted in a PCR product that was 180 bp
shorter than the product obtained using a KD735 DNA
template. The nucleotide sequence of the PCR product
revealed that vsaD from KD735-15-53 had only six copies
of the tandem repeat unit compared with 11 copies of the
repeat unit in most of the other subclones (e.g. KD735-
15). Therefore, changes in the number of repeat units
introduce heterogeneity in the size of some vsa genes.

Another type of variation that may occur in the vsa locus
is gene duplication. The region of the locus in KD735-15
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that encompasses nucleotides 3372-4686 (containing
vsaC2-S and vsaE2-S) is almost 100% identical with the
region encompassing nucleotides 9094-10515 (contain-
ing vsaC1-S and vsaE1-S). Except for a difference in the
number of tandem repeats within the two vsaC genes,
these two regions differ at only two nucleotides and almost
certainly arose via gene duplication.

Structural features of the Vsa proteins

The amino acids sequences of the predicted vsa gene
products are shown in Fig. 4. Because there is a single
expression locus for the various vsa genes, all Vsa
proteins have the same N-terminal end. This constant
region encompasses 242 amino acids and begins with a
consensus signal peptide sequence that is characteristic
of prokaryotic lipoproteins (Hayashi and Wu, 1990). The
variable regions of the Vsa proteins begin with amino
acid 243 and display striking differences. Most of the Vsa
proteins contain a tandem repetitive domain. The tandem
repeat units of the majority of these proteins are proline-
rich, but the VsaB repeat lacks proline. The VsaE proteins
lack tandem repeats, and computer analysis of their
predicted amino acids indicate the presence of a large o-
helical region (bracketed region in Fig. 4). The predicted
sizes and pl values of the various Vsa proteins are as
follows: VsaA (80kDa, pl=8.5); VsaB (80kDa, pl=4.3);
VsaC1 (43kDa, pl=4.5); VsaC2 (40kDa, p!=4.8); VsaD
(45kDa, pl=5.0); and VsaE2 (61kDa, pl=5.8). When
compared with the GenBank/EMBL databases, none of
the vsa gene products had significant similarity to known
peptides.

Preceding the tandem repeat regions, various blocks of
amino acids within the variable regions are conserved
among several of the Vsa proteins. In particular, strong
conservation of sequences is apparent in the variable
regions of VsaB, VsaC1 and VsaC2 and VsaD. These
conserved regions are designated in Fig. 4 as Repeats
I-IV. The nucleotides encoding these amino acids are
also highly conserved, suggesting that the variable regions
of the vsa genes may have evolved from a single ances-
tral sequence. In support of this conclusion, it is noted
that the nucleotides of the tandem repeat regions of vsaA
and vsaC are also strikingly similar, resulting in similar
repeat units in the gene products (beginning with TPPTTG
and ending in Q). Although VsaE2 contains two copies of
a repeat sequence (Fig. 4, Repeat E), this repeat is not
related to sequences in the other Vsa proteins.

The vsa genes encode the M. pulmonis V-1 antigens

Synthetic peptides corresponding to the repeat regions of
the predicted vsaA and vsaB gene products were com-
mercially prepared and used to generate rabbit polyclonal
antibody that was specific for the Vsa proteins (see the

Experimental procedures). The constant region of the
vsa expression locus (encoded by the region shaded in
black in Fig. 1) contains three TGA codons, which encode
tryptophan in mycoplasmas but are stop codons in other
eubacteria. Therefore, Escherichia coli cells containing
the cloned vsa genes were not examined for the produc-
tion of Vsa proteins. Rather, the antisera were used to
identify the Vsa proteins produced in M. pulmonis.

Western blot analysis of M. pulmonis proteins separated
by SDS—-PAGE and reacted with VsaA- and VsaB-specific
polyclonal antibody revealed a ladder pattern (Fig. 5). As
anticipated from the nucleotide sequence and Northern
blot data, proteins from strains KD735-15, KD735-16 and
6a14/4 reacted more strongly with the VsaA-specific anti-
body (Fig. 5C), whereas strain 6a14 proteins reacted
more strongly with the VsaB-specific antibody (Fig. 5B).
However, each strain reacted to some extent with both
VsaA-specific and VsaB-specific antibody, indicating the
strains are heterogeneous and contain subpopulations of
cells that produce different Vsa proteins. The estimated
size of the peptides in the predominant, top band of the
Vsa ladder pattern (150 to 220 kDa) is considerably larger
than the predicted size of the VsaA and VsaB proteins
based on nucleotide sequence analysis (80 kDa), suggest-
ing either that the Vsa proteins retain secondary structure
in the presence of SDS or that they undergo significant
post-translational modification.

The Vsa proteins and the previously described V-1 anti-
gens (Watson et al., 1988; 1989) are probably one and the
same. Figure 5A shows the ladder pattern obtained by
reacting Western blots of M. pulmonis proteins with a
monoclonal antibody specific for V-1. Reaction of strains
KD735-15, KD735-16 and 6a14/4 with the monoclonal
antibody yielded a VsaA-like ladder pattern, and reaction
of strain 6a14 yielded a VsaB-like ladder pattern. The
monoclonal antibody evidently reacts with a conserved
epitope present in both the VsaA and the VsaB proteins.
This epitope may be located within the constant N-
terminal domain of the Vsa proteins. As was described
above for reactions using Vsa-specific polyclonal anti-
body, reactions using the V-1-specific antibody indicated
that multiple forms of V-1 (both the VsaA and the VsaB pro-
teins) are produced in each strain, presumably because of
the presence of heterogeneous cell populations.

The V-1-specific antibody reacted more strongly with
proteins of apparently lower molecular weight than did the
Vsa-specific polyclonal antibody (see the bottom halves
of the blots shown in Fig. 5). The epitope redognized by
the monoclonal antibody is evidently present on all rungs
of the V-1 ladder pattern. Presumably, the polyclonal anti-
body, which is specific for the repeat regions of the Vsa
proteins, reacts weakly with the bottom of the Vsa protein
ladder because few copies of the repeat unit are present
in these molecules.
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Fig. 5. Western blot analysis of the M. pulmonis proteins. Immunoblots of total protein from M. pulmonis strains were reacted with the
V-1-specific monoclonal antibody 7.1-2 (A), rabbit antisera specific for the VsaB repeat unit (B), rabbit antisera to the VsaA repeat unit (C), or
to biotinylated, anti-rabbit IgG conjugate as a control with no primary antibody in the protocol (D). The protein samples contained in lanes from
left to right are abbreviated as: 15, KD735-15; 16, KD735-16; 14, 6a14; and 14/4, 6a14/4. Compared with molecular size standards, the V-1

ladder pattern ranges in size from 20 to about 220 kDa (bottom to top).

The lipA gene

Adjacent to the vsa locus is an ORF designated lipA
(encoding a putative lipoprotein) that is preceded by a
Shine-Dalgarno sequence upstream of an ATG start
codon (see Fig. 1). As was the case with the Vsa pro-
teins, the predicted amino acid sequence of the lipA
gene product begins with a consensus signal peptide
sequence that is characteristic of prokaryotic lipopro-
teins. However, the specific amino acid sequences of the
signal peptides of LipA and the Vsa are not closely
related. When compared with the GenBank/EMBL data-
bases, the LipA amino acid sequence was found to
share some similarity (25% amino acid identity) to the
CIfA protein of Staphylococcus aureus (McDevitt et al.,
1994). CIfA is thought to be a receptor for binding of fibri-
nogen, but the degree of amino acid similarity between
LipA and CIfA is insufficient to warrant speculation regard-
ing LipA function.

Discussion
DNA inversion and vsa gene expression

The portion of the vsa locus that has been characterized
so far has 10515 nucleotides, but the entire locus has
not yet been cloned. The 5’ end of vsaE1 has not been iso-
lated, and it is possible that future studies will identify addi-
tional vsa genes. The characterized portion of the vsa
locus contains a single vsa expression site, consisting of
a full-length vsa gene. The expressed gene contains a
copy of the 34 bp vrs box beginning at nucleotide 713 of
the vsa coding region. Also present in the vsa locus are
five (six if vsaE1 is included) silent vsa genes. Each of
the silent vsa genes lacks the first 712 nucleotides of the
vsa coding region and contains a vrs box at the beginning
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of the gene’s ORF. The phase-variable expression of the
vsa genes is regulated by site-specific DNA inversions
that occur between copies of the vrs boxes and join a pre-
viously silent gene with the expression locus. Each of the
vsa genes has been found by PCR analysis to be some-
times in association with the expression locus, indicating
that the full spectrum of vsa genes is expressed in the
heterogeneous population of cells that are present in a
culture of M. pulmonis.

DNA inversions within the vsa locus occur at high fre-
quencies, as evidenced by the ease at which strains con-
taining inversions were isolated. For example, KD735-16
was 1 of 34 colonies examined from KD735, 6a14/4 was
1 of 105 colonies examined from KD735-15, and 6a14/4
was one of only six colonies examined from 6a14 (Dybvig
and Yu, 1994). Western blot analysis supports the conclu-
sion that cultures of M. puimonis are highly heterogeneous;
both VsaA and VsaB proteins were detected in all strains
that were analysed. Also, some heterogeneity in mRNA
transcripts was detected by Northern blot analysis, as evi-
denced by the presence of a low level of vsaA transcripts in
RNA isolated from 6a14 cells (see Fig. 2).

Some DNA inversions within the vsa locus, such as the
one that generated strain KD735-16, occur between silent
genes and do not result in a change in vsa gene expres-
sion. However, DNA inversions that are phenotypically
silent do contribute to the overall variability of the system
because it is not possible to express each of the vsa
genes by a single DNA inversion. For example, a single
DNA inversion in KD735 cells can result in expression of
vsaE2 or vsaD, but it cannot result in expression of either
vsaB, vsaC2 or vsaC1 because these genes are in a
direct orientation relative to the expressed gene. The pheno-
typically silent DNA inversion that generated KD735-16
celis is important in that it poises the system to express

i
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vsaB or vsaC2 by undergoing another DNA inversion, such
as the one that gave rise to strain 6a14.

Many pathogens vary their surface structures by under-
going gene rearrangements, but strikingly different mech-
anisms can be used to achieve this goal. In the case of
large gene families, the mechanism of variation is usually
not DNA inversion. Pilin gene variation in Neisseria gonor-
rhoeae reflects extensive recombination between the pilus
expression locus (pilE) and silent, partial pilin gene (pilS)
sequences. Non-reciprocal gene conversion (Segal et al.,
1986), transformation-mediated recombination (Facius and
Meyer, 1993) and repair-driven recombination (Hill et al.,
1990) are some of the mechanisms proposed for gono-
coccal pilus variation. Through recombination between
linear plasmids, a formerly silent variable major protein
(vmp) gene in Borrelia hermsii replaces another vmp
gene at the telomeric expression locus downstream of a
promoter causing an antigenic switch (Barbour, 1990;
Kitten and Barbour, 1990). Although there are numerous
examples of site-specific DNA inversion systems that regu-
late the phase-variable production of surface organelles in
bacteria (Dybvig, 1993; Plasterk and van de Putte, 1984),
most of these systems are relatively simple and regulate
the expression of one or two genes and not gene families
as large as the vsalocus. When compared with other DNA
inversion systems, the complexity of the vsa system
resembles most closely that of the shuffion system found
in enteric bacterial plasmids within the Incl incompatibility
group (Komano et al., 1987).

Characteristics of the predicted Vsa proteins

V-1 is a major M. pulmonis surface antigen that consists of
a family of proteins that have repetitive subunit structures
(Dybvig, 1990; Watson et al., 1989). The banding patterns
of the Vsa proteins on Western blots reveals a ladder pat-
tern that is remarkably similar to that of the V-1 antigens,
suggesting that the V-1 antigens are encoded by the vsa
genes. In an independent effort to clone the gene(s)
encoding V-1, a gene essentially identical to vsaA was
cloned from M. pulmonis strain CT (Davis et al., 1985) by
using an oligonucleotide probe that encoded a partial
amino acid sequence derived from purified V-1 (W. L. Sim-
mons, C. Zuhua, J. I. Glass, J. Simecka, H. L. Watson, and
G. H. Cassell, manuscript in preparation).

The N-terminal end of the predicted Vsa proteins con-
tains a consensus signal peptide sequence that is charac-
teristic of prokaryotic lipoproteins (Hayashi and Wu, 1990;
Wu, 1987). The signal peptide sequence in such proteins
terminates with a C residue that serves as the acylation
site, which should be the site of membrane anchorage of
a mature, processed lipoprotein. Therefore, it is likely that
the Vsa proteins are acylated, as are many other mem-
brane proteins in mycoplasmas (reviewed by Wieslander
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et al, 1992). The presence of fatty acid and possibly other
post-translational modifications (or an unusual secondary
structure) may explain why the predicted sizes of the
VsaA and VsaB proteins (80 kDa) based on genetic analy-
sis is an underestimate of the predominant sizes obtained
by Western blot analysis (150—220 kDa).

Each rung of the Vsa protein ladder probably represents
the gain or loss of one copy of the repeat unit. Exactly why
the Vsa proteins form ladder patterns on Western blots is
unknown. The presence of protease inhibitors during pro-
tein isolation has no effect on the appearance of the ladder.
It is possible that post-translational modifications generate
an array of Vsa proteins of varied size that are present on
the mycoplasma cell surface. Alternatively, individual celis
may produce homogeneous molecules of Vsa protein, but
the total population of cells present in a culture may contain
subpopulations with varied numbers of repeat units in the
expressed vsa gene. For example, in strain KD735-15-
53, the vsaD gene was shown to have undergone a dele-
tion that reduced the number of tandem repeats. Presum-
ably, gain or loss of repeat units is a common occurrence in
this locus and increases the cell-surface repertoire of the
Vsa proteins. Numerous examples of surface antigens
that contain tandem repetitive domains and undergo size
variation through changes in repeat number have been
described (reviewed by Dybvig, 1993; Fischetti et al.,
1991; Kemp et al., 1987; Wise et al., 1992; Wren, 1991).
Slipped-strand mispairing that results from DNA repli-
cation errors is usually referred to as the mechanism for
this size variation (Levinson and Gutman, 1987). in M. pul-
monis, the combination of phase and size variation among
the Vsa proteins has the potential to create an enormous
degree of surface antigenic diversity that may be a vital
aspect of disease pathogenesis.

Surface antigens having tandem repetitive domains
seem to be particularly prevalent in mycoplasmas and
their phylogenetic relatives such as streptococci and clos-
tridia (Fischetti ef al., 1991; Wren, 1991). Tandem repeti-
tive domains of significant size are present in the Vip
protein family of Mycoplasma hyorhinis (Yogev et al.,
1991) and in proteins from the human pathogens Myco-
plasma pneumoniae (Dallo et al., 1990), Mycoplasma
hominis (Ladefoged et al., 1995) and Ureaplasma urealyti-
cum (Zheng et al., 1995). Proteins with tandem repetitive
domains are frequently involved with cell—cell interactions,
and in many cases, the repeating units are thought to be
ligand-binding "domains. Each Vsa protein presumably
has a specific function. Variation in V-1 has been corre-
lated with iung lesion severity using the MRM model (Talk-
ington et al., 1989), colony size (Dybvig et al, 1989),
susceptibility to the P1 virus (Dybvig et al,, 1988) and
haemadsorption (Watson et al, 1993). The phenotypic
consequences of variation in V-1 may result in part from
the remarkable diversity in the predicted sizes (ranging
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from 40 to 80 kDa) and pls (ranging from 4.3 to 8.5) of the
Vsa proteins.

DNA inversions in the vsa and hsd1 loci:
a connection?

A surprising aspect of chromosomal rearrangements in M.
pulmonis is that multiple DNA inversions apparently occur
in concert. Three DNA inversions, one in hsd? and two in
vsa, occurred to generate KD7-11 and 6a14 from their
parent strains. Two DNA inversions, one in hsd7 and one
in vsa, occurred to generate 6a14/4 and KD735-16 from
their parent strains. These results are surprising because
muitiple DNA inversions occurring more or less simul-
taneously should be extremely rare. All strains identified
so far that have the vsa locus configured as shown in
Fig. 1A (top) also have hsd7 in orientation I. Progeny
strains in which hsd7 has inverted to orientation 1l have
all undergone at least one vsa inversion. The converse is
also true. Inversion within the vsa locus to alter its configu-
ration from that shown in Fig. 1A (top) to an alternative
such as shown in Fig. 1A (middle) or Fig. 1A (bottom)
has only been observed in subclones that have also under-
gone hsd1 inversion. Therefore, an apparent correlation
exists between hsd? inversion and vsa inversion. Why
would it be advantageous for the cell to co-ordinately regu-
late these two inversion systems? One speculative possi-
bility is that the Vsa proteins are a component of a gene
transfer process (conjugation?) that is either stimulated
or impeded by restriction and modification activity.

Most site-specific DNA inversions are catalysed by
members of either the invertase family (e.g. the Hin
enzyme of Salmonella) or the bacteriophage A integrase
family of site-specific recombinases (Dybvig, 1993). The
inverted repeats within which hsd1? inversion occurs are
unrelated to any sequences in or around the vsa genes,
and there are no vrs box-like sequences within hsd7.
Therefore, it is unlikely that the same recombinase would
promote inversion of both the hsd? and the vsa loci.
Perhaps, different site-specific recombinases act concur-
rently on these loci, or one of the inversion systems may
stimulate recombination at the other. For example, changes
in the methylation pattern of chromosomal DNA as a
result of hsd? inversion might regulate the expression
of a site-specific recombinase that recognizes the vrs
boxes, similar to how changes in DNA methylation
regulate the expression of pap in E. coli (Braaten et al.,
1994). Alternatively, the restriction enzyme activity induced
by hsd1 inversion may create double-stranded breaks in
the chromosome that stimulate recombination activity
and lead to reassortment of vsa sequences similarly to
the manner in which mating type switching in yeast is
initiated by the HO endonuclease (Dybvig, 1993; Dybvig
and Yu, 1994).
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Experimental procedures

Mycoplasmas

All M. pulmonis strains used in this study are subclones of
strain UAB 6510, a pathogenic isolate that causes MRM in
rats (Cassell and Davis, 1978). M. pulmonis was grown in
mycoplasma medium at 37°C as described (Dybvig and Cas-
sell, 1987). Strains KD7-11 and KD7-12 are previously
described mutants that were isolated by using resistance to
mycoplasma virus P1 as a selectable phenotype (Dybvig et
al., 1988). All other strains used in this study were isolated
as random colonies derived by using filter cloning techniques
and screened for the presence of RFLPs based on the identi-
fication of variable Hindlil fragments that were present in DNA
from some subclones but not others. The derivation and RFLP
analysis of these strains are documented by Bhugra and
Dybvig (1992) and Dybvig and Yu (1994) and are described
here in brief. In the parent strain UAB 6510, hsd1 is in orienta-
tion | and the vsa locus is configured as shown in Fig. 1A
(top). KD7-11 and KD7-12 are derived from UAB 6510 and
have hsd1 inverted to orientation Il and the vsa locus con-
figured as shown in Fig. 1A (bottom). Strains KD735 and
KD735-15 are derived from UAB 6510 and have properties
indistinguishable from UAB 6510. Strain KD735-15-53 is
derived from KD735-15 and has properties indistinguishable
from UAB 6510 except for a 200 bp deletion corresponding
to the loss of five vsaD repeat units. Strain KD735-16 is
derived from KD735 and has hsd1? inverted to orientation Il
and the vsa locus configured as shown in Fig. 1A (middle).
Strains 6a14 and 6a14/6 are derived from KD735-15 and
have hsd1 inverted to orientation |l and the vsa locus con-
figured as shown in Fig. 1A (bottom). Strain 6a14/4 is
derived from 6a14 and has hsd? inverted back to orientation
| and the vsa locus configured as shown in Fig. 1A (middie).

DNA manipulations

Chromosomal DNA was isolated from 25 ml cultures of M. pul-
monis as described previously (Dybvig and Alderete, 1988).
Restriction fragments of M. pulmonis DNA were cloned into
plasmid pUC18 and maintained in E. coli strain DH5x as
described (Bhugra and Dybvig, 1992). PCR products were
cloned into the pCR-ll cloning vector (Invitrogen). Plasmid
DNA was isolated from E. coli using the alkaline lysis
method and further purified by CsCl—ethidium bromide den-
sity gradient centrifugation. Restriction enzymes and T4
DNA ligase were used according to the specifications of the
supplier (Gibco/BRL Life Technologies Inc.). Radiolabelling
of DNA with *2P by nick translation and Southern blotting tech-
niques were as described (Sambrook et al, 1989). Normal
(high) stringency conditions were used for all hybridization
experiments. The oligonucieotide primers used for PCR
amplification are described in Table 1. Conditions for PCR
amplification were as described (Dybvig and Woodard,
1992). To estimate the number of tandem repeat units in
vsaA and vsaB and to examine size variation in vsaD, PCR
amplification of the entire repeat regions of these genes was
accomplished using primers 0.6666 and 0.9762 for vsaA,
0.3909 and 0.4393 for vsaB, and 0.9349 and 0.4218 for
vsaD (Table 1).
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Table 1. Oligonucleotide primer sequences

used for PCR analysis.? Name Orientation Target site(s) Sequence
0.0067 - 33653344 TTACATTTTTGTCTCC(A/G)CTTGC
0.0067 - 3507-3488 TTACATTTTTGTCTCC(A/G)CTTGC
0.0067 - 9231-9210 TTACATTTTTGTCTCC(A/G)CTTGC
0.3535 + 263-281 CATCCTTTGCAAGAGCTAC
0.3909 + 1076-1095 AACCCTATGCCTAATAAACC
0.4083 - 1097-1078 TTGGTTTATTAGGCATAGGG
0.4218 - 5949-5928 TAAACCAACAAAAAAATGGTTC
0.4294 + 4425-4444 GCTCTTGAGATACAAGATCT
0.4393 - 2959-2940 AAATAGTTAGCTTGATTGGC
0.6666 + 67696792 GGTCAATCAGATGCTCAAAAAGTA
0.6859 - 7148-7130 GTAGTTGGAGGAGTCATTG
0.9272 + 4853-4875 GATACACTTCCTTCAGCTTGACC
0.9349 + 5084-5107 ATGTAAACATAGTCAACAAAAGTC
0.9590 + 5811-5831 TGGTTTTGTTTGACTACTTCC
0.9762 - 8997-8978 GAAAGTAAAACAAACATAGG

a. Names of primer sequences are indicated along with the primer binding sites on the vsa
sequence, with the nucieotide numbering corresponding to the schematic diagram depicted
in Fig. 1B and in GenBank accession number U23947. The orientation of the primers on the
coding (+) strand or the complementary (—) strand are also indicated. Primer 0.0067 has
three binding sites.

DNA sequence analysis

DNA sequencing was performed on both strands of double-
stranded plasmid templates by the dideoxy nucleotide chain
termination method with the Sequenase 2.0 Kit (US Bio-
chemical Corporation). In some cases, PCR products were
directly sequenced, without cloning, using the CircumVent
thermal cycle DNA sequencing kit (New England Biolabs).
DNA oligonucleotide primers for sequencing and PCR were
supplied by the Oligonucleotide Synthesis Core Facility of
the University of Alabama at Birmingham. Computer analysis
was performed by using the Genetics Computer Group (GCG)
programs (University of Wisconsin, Madison) on a VAX-VMS
computer at the University of Alabama at Birmingham
Cancer Center. The GCG program moTiFs was used to identify
consensus lipoprotein signal peptide sequences. The pro-
gram FasTa was used to search the GenBank/EMBL data-
bases for sequences related to M. pulmonis proteins, and
the program cap was used to calculate percentage identity
between aligned sequences.

Northern hybridization

Total RNA from various M. pulmonis strains was isolated
using the Ultraspec RNA isolation system (Biotecx Labora-
tories, Inc.), and 2.5 ug RNA from each strain was electrophor-
esed on a 1.2% agarose—formaldehyde gel and blotted to
Zeta-Probe membrane (Bio-Rad Laboratories). Northern
blots were probed with oligonucleotides specific for the vsaA
(5'-GTAGTTGGAGGAGTCATTG-3’) or vsaB (5'-CCATCT-
CTCCTGCATTTGCATC-3’). Probes were labelled with %P
using T4 polynucleotide kinase (Pharmacia) for 30min at
37°C (Sambrook et al., 1989). Hybridization and washing
conditions were according to the protocol recommended for
Zeta-Probe membrane. tk
Synthetic peptides and generation of polyclonal
antisera

Synthetic peptides were designed to the deduced amino acid
sequences encoded by the repeat regions of vsaA and vsaB.

The VsaA synthetic peptide was TGSGSGSTDTKPQTP-
PTTGS and the VsaB synthetic peptide was GKNNAGDANA-
GEMGK. The peptides were synthesized commercially (QCB,
inc.) by a process that coupies them to a high-density Multiple
Antigenic Peptide (MAP) resin (Tam, 1988). The MAP system
consists of a small immunogenically inert core molecule of
radially branching lysine dendrites. The peptide antigens are
synthesized directly on the branched-lysine core that is
attached to a solid-phase peptide synthesis support. The
result is a highly immunogenic MAP-coupled peptide mole-
cule that eliminates the need for a carrier protein to elicit an
antibody response. A standard immunization protocol was
used for polyclonal antibody production. The serum was
raised by subcutaneous injection of 0.2mg peptide into a
rabbit in the presence of Freund’s complete adjuvant. A boos-
ter shot of the antigen was given to the animals at day 14, and
in the presence of incomplete Freund’s adjuvant at days 35
and 55. Serum was collected from the animals at days 80
and 85. A pre-immune serum sample was also taken from
the animal prior to injection with the antigen. The rabbit pre-
immune sera did not produce any reaction with immunoblots
of M. pulmonis proteins.

Protein analysis

Organisms were harvested by centrifugation for 15min
(15000 x g) at 4°C and washed twice in phosphate-buffered
saline (PBS). The final pellet was suspended in PBS and
the protein concentration determined by the Bio-Rad method
(Bio-Rad). Proteins were resolved by one-dimensional SDS—
PAGE as described by Watson et al. (1988) and immuno-
biotted by the method of Towbin (1979). In brief, 8—10 ug of
protein was dissolved in SDS-dissociation buffer and loaded
per well of a SDS-PAGE gel. Samples were concentrated
on 4% stacking gels and separated on 10% resolving gels.
Proteins were transferred from SDS—PAGE gels to nitrocellu-
lose sheets (Bio-Rad), and non-specific binding sites were
blocked by overnight incubation in blocking buffer, as described
(Watson et al., 1988). All immunological reactions were per-
formed at room temperature. The immunoblots were reacted
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to VsaA-antisera at 1:500, VsaB-antisera at 1:1500 or the V-
1-specific 7.1-2 monoclonal antibody (described by Watson et
al., 1989) at 1:500 dilution in blocking buffer. The blots were
subsequently reacted to biotinylated secondary antibody con-
jugate (goat anti-mouse igG conjugate for the V-1 monoclonal
antibody at 1:500 dilution or goat anti-rabbit igG conjugate for
the Vsa-specific antisera at 1:4000 dilution). Bound conjugate
was detected by reaction with 4-chloro-1-naphthol (HRP color
development reagent, Bio-Rad).
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