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Summary

An invertible DNA element of 6.8 kb, designated the
hsd1 locus, was identified in the chromosome of
Mycoplasma pulmonis. infection of host cells with
mycoplasma virus P1 revealed that the organism’s
restriction and modification (R-M) properties are con-
trolled by inversion of hsd1. The nucleotide sequence
of hsd? revealed several genes, the predicted amino
acids of which bear striking similarity to the subunits
of the type | R-M enzymes previously found only in
anteric bacteria.

lritroduction

The ability to respond rapidly to sudden changes in the
environment is a fundamental property of organisms.
Often, high-frequency phenotypic changes are mediated
by DNA rearrangements. In bacterial systems, site-specific
inversions are probably the best-studied examples of high-
irequency DNA rearrangements. DNA-invertible elements
usually act as on/off switches regulating expression of
genes encoding surface organelles such as flagella,
pili and fimbriae (Dybvig, 1993). As a consequence of
elements such as these, diverse bacterial populations
are maintained that have an increased ability to cope
with environmental change.

Many mycoplasmas are human or animal pathogens,
often causing chronic diseases of the respiratory tract,
genital tract, and joints that can be difficult to eradicate.
Little is known about factors that may contribute to
disease pathogenesis, but lipoprotein surface antigens
that are probably present in all species may be important
factors (Wise et al., 1992). In Mycoplasma hyorhinis, the
species in which lipoproteins have been most thoroughly
studied, these antigens have been shown to undergo
rapid phase and size variation (Yogev et al., 1991). Size
variation results from a gain or loss in the number of
repeats present in tandem in the gene encoding the
protein moiety of the antigen. Other than the variable
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lipoprotein antigens, genetic variation in mycoplasmas is
largely an unexplored area. However, it has recently been
shown that the chromosome of the rodent pathogen Myco-
plasma pulmonis undergoes DNA rearrangements at a
high frequency (Bhugra and Dybvig, 1992). Some of these
rearrangements are attributable to transposition of the M.
pulmonis-specific insertion sequence element 157738
(Bhugra and Dybvig, 1993). However, 1S1138 is involved
in a minority of the rearrangements identified to date.

Previously, we reported that some DNA rearrangements
in M. pulmonis correlate with the susceptibility of the cells
to infection by mycoplasma virus P1, a virus thought to
be specific for this species (Bhugra and Dybvig, 1992).
Virus susceptibility in this« earlier study was examined
using an assay that was not quantitative. Using a more
sensitive, quantitative assay based on plaque-forming
units (pfu), we have discerned that changes in virus sus-
ceptibility correlating with DNA rearrangements are not
an ‘all or none’ phenomenon. That is, cells are not actually
virus sensitive versus virus resistant. Rather, as reported
here, DNA rearrangements correlate with the cell’s restric-
tion and modification (R-M) properties, affecting the effi-

~ciency at which viral plaques are formed on lawns of
susceptible cells.

The DNA fragments that undergo rearrangements corre-
lating with changes in R-M have been fully cloned, reveal-
ing the presence of a 6.8kb invertible element. The
predicted amino acids of the major open reading frames
(ORFs) within the element exhibit a high degree of homo-
logy with the type | R-M systems found in enteric bacteria,
and DNA inversion acts as a genetic switch controlling the
R-M properties of M. pulmonis. Type | R-M systems consist
of three subunits: the R subunit is required for restriction
but not modification, the M subunit is the methylase
required for both restriction and modification, and the S
subunit confers sequence specificity for DNA recognition
and is required for both restriction and modification
(reviewed by Bickle and Kruger, 1993). An analogue of
each of these peptides is present in the predicted amino
acid sequences encoded by the M. pulmonis invertible
element. This DNA element is referred to as the hsd7 locus.

Resuits

Identification and cloning of variable DNA fragments

Previously, restriction fragment-length polymorphisms
(RFLPs) that were present in some subclones of M.



-

548 K. Dybvig and H. Yu

UAB 6510

P1 virus sensitive, hsd1 in orientation |, lacks R-M, contains the
4.9 and 5.7 kb Hindlll fragments described by Bhugra and Dybvig (1992)

LN

KD7 —_— P1 virus-resistant mutants

same properties as UAB 6510 Isolated by Dybvig et al. (1988). Virus resistance results from a deficiency in phage
adsorption and correlates with changes in surface antigen structure. Retrospective analyses
L of the genome of these mutants indicate that hsd1 is in orientation |l. Each mutant also
contains a RFLP in which the 4.9 and 5.7 kb fragments have combined to generate a single
KD73 Hindlil fragment ranging from 8-9.5 kb in size, depending on the mutant.

same properties as UAB 6510

l

KD735 -_— KD735-16 _— - KD735-16-12
same properties as UAB 6510 hsd1 in orientation I, R-M positive, hsd1 in orientation II, R-M positive,
RFLP: 4.9 and 5.7 kb fragments RFLP: 9.5 kb fragment reduced to 8.2 kb
combined to generate a 9.5 kb fragment

KD735-15 l
same properties as UAB 6510

hsd1 in orientation I, lacks R-M,

KD735-16-52
l retains 9.5 kb frament

6at4
hsd1 in orientation I, R-M positive,
RFLP: 4.9 and 5.7 kb fragments combined
to generate a 9.5 kb fragment

'

6a14/4
hsd1 in orientation |, lacks R-M,
retains 9.5 kb fragment

l

KD735-16-12-1
hsd1 in orientation |, lacks R-M,
retains 8.2 kb fragment

Fig. 1. Schematic diagram showing the relationship and pertinent properties of strains used in this study. The R-M properties of strains pre-
viously described by Dybvig et al. (1988) could not be assessed because these strains are resistant to P1 virus. The isolation of other strains,
containing RFLPs, was previously described by Bhugra and Dybvig (1992). These strains were isolated by picking random colonies from agar
plates and screened either for RFLPs (strains with the prefix KD) or for changes in sensitivity (variation in R-M) to P1 virus (strains 6a14 and

6a14/4).

puimonis strain KD735 were described (Bhugra and
Dybvig, 1992). The relationship of these strains to one
another, as well as to mutants of M. pulmonis identified
in an earlier study (Dybvig et al., 1988) as being resistant
to infection by mycoplasma virus P1 owing to failure of
the virus to adsorb to host cells, is shown in Fig. 1. One
of the RFLPs described by Bhugra and Dybvig (1992)
involved Hindlll fragments of 4.9 and 5.7 kb that recom-
bine to generate a 9.5kb fragment. This RFLP is not the
subject of this paper, but it will be addressed later in the
Discussion. Other RFLPs described by Bhugra and
Dybvig (1992) were Hindlll fragments of about 5.9 and.
6.3 kb, identified in strains KD735-16 and 6a/14. These ‘!
fragments were found in concert, and from the next
generation, subclones were obtainable that no longer
had either of these fragments. In the present study, both
of these fragments were cloned from KD735-16 and
sequenced in their entirety, revealing their actual sizes to

be 6.2 and 6.6kb. These fragments contain the hsd?
locus, described below.

Southern hybridization analysis was used to identify the
precursors to the 6.2 and 6.6kb fragments, by probing
DNA from the parent strain KD735. The 6.2 and the
6.6 kb fragments both hybridized to four Hindlil fragments
of 6.8, 6.0, 5.0, and 3.0kb (Fig. 2, lane 1 of panels A and
B). The 6.8 and 6.0 kb fragments contain the hsd? locus,
illustrated in Fig. 3. The 5kb and 3kb fragments contain
a second hsd system, desighated hsd2, which has not
been fully characterized but is highly homologous to
hsd1. The 6.6 and 6.2kb probes exhibit some cross-
hybridization because of a 450 bp region common to both
fragments (depicted in Fig. 3 as the region shaded in
black). Therefore, when used to probe DNA from strain
KD735-16, the 6.6 kb fragment (Fig. 2, lane 2 of panel A)
and the 6.2kb fragment (Fig. 2, lane 2 of panel B) hybri-
dized most strongly to itself and hybridized weakly to one
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Fig. 2. Southemn hybridization of M. pulmonis chromosomal DNAs
probed with the cloned Hindlll fragments of 6.6 and 6.2kb from
KD735-16 and 6.0 kb from KD735. Chromosomal DNAs were
digested with Hindlll, analysed by agarose gel electrophoresis,
transferred to nitrocellulose filter paper, and probed with
32p_|abelled fragments.

A and B. Probed with the 6.6 kb fragment and the 6.2kb fragment,
respectively.

C. Probed with the 6.0kb fragment.

In each panel, lane 1 contains DNA from KD735, {ane 2 contains
DNA from KD735-16, lane 3 contains DNA from KD735-16-12-1

(a derivative of KD735-16 in which the 6.2 and 6.6 kb fragments
have reverted to their parental sizes of 6.0 and 6.8 kb), and lane 4
contains DNA from KD735-16-12 (a derivative of KD735-16 in
which the 6.2 and 6.6 kb variant fragments have been retained). For
reference, the top two bands in lanes 1 and 3 of {A) and (B) are the
6.0 and 6.8 kb fragments, and the top two fragments in lanes 2 and
4 of (C) are the 6.2 and 6.6 kb fragments. The 5.0 kb fragment is
not observed in lane 1 of (C) because in this particular iane, the
DNA was underloaded. Numbers in the margins refer to the size of
molecular weight markers, inkb. The 6.8, 6.6, 6.2, and 6.0kb
fragments are diagrammed in Fig. 3, showing the degree with
which these fragments should cross-hybridize.

6.0 kb
Hindlil T a Hindlil A

polC hsdsia hsdRl
Off on
Hindll T HindHi
s a

polC hsdS1le hsdml hsdR1
off

6.6 kb
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another. The hsd2 locus was also detected in KD735-16
DNA by using each of these probes.

In derivatives of KD735-16 and 6a14 in which the 6.2
and 6.6 kb fragments were no longer present, e.g. strain
KD735-16-12-1, Southern hybridization data revealed
that the 6.0 and 6.8kb fragments were present again
(Fig. 2, lane 3 of panels A and B). Therefore, a reversible
DNA rearrangement apparently flips sequences back and
forth between two states, first giving rise to the 6.2
and 6.6 kb fragments and then regenerating the 6.0 and
6.8kb fragments. The 6.0kb fragment was cloned from
KD735 and, as expected, Southern blots probed with the
6.0 kb fragment revealed homology between this fragment
and both the 6.2 and the 6.6 kb fragments from KD735-16
(Fig. 2, lane 2 of panel C). The 6.8kb fragment from
KD735 was not cloned in its entirety, although specific
regions of this fragment were cloned and studied by
enzymatic amplification of the pertinent sequences using
the polymerase chain reaction (PCR).

Juxtaposition of the 6.2 and 6.6 kb fragments in the
chromosome

The predicted amino acids encoded by an ORF located at
one end of both the 6.2 and 6.6 kb fragments were strik-
ingly similar to the peptide encoded by the hsdR gene of
the Salmonella conjugative plasmid R124 (Price et al.,

6.8 kb

sD

SD

o

hsdMl hsdS1B ORFA gltX

hsdsia ORFA gltx
On

6.2 kb

Hindlll

Orientation 1I:
Mycoplasma virus Pl is not
restricted or modified

Hindlll

Orientation II:
Mycoplasma virus Pl is both
restricted and modified

1 kb

Fig. 3. Organization of the M. pulmonis hsd1 locus. The putative gene products of ORFs, marked by arrows indicating directionality, were iden-
tified based on extensive predicted amino acid similarity with their counterparts in E. coli (hsd genes, GenBank accession number X13145) or
B. subtilis {gitX and polC, GenBank accession numbers M55073 and X52116, respectively). DNA inversion apparently occurs within the 450-
nucleotide region of sequence identity located at the 5’ end of the hsdS1a and hsdS1s coding regions (shaded in black). The differing 3’ halves
of hsdS1a and hsdS1s are shown by horizontal and vertical stripes. The hsdS1 gene in the ‘on’ position is preceded by a Shine-Dalgarno
sequence {SD), and the hsdS gene in the ‘off’ position is preceded by a putative Rho-independent transcription terminator (T). The significance
of the region located between gitX and the 5’ end of hsdS1 (‘on’ position) is unknown. Open circles indicate the target sites for primers used to
PCR amplify hsdS1s from celis containing the hsd1 locus in orientation 1. Open triangles indicate the target sites for primers used to PCR-
amplify the junctions of the 6.2 and 6.6 kb fragments and the junctions of the 6.0 and 6.8 kb fragments.
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AAGCTTTTAAAAGTGGAGCAGATGTTTTAGTAGCTGGGACATATTTAGTTTTTGAGCCAACAAAAGAAAAAATTGCTAGCCTTTTAGACTAGCTAAAAAT TAATAAAAGGTTAAAATTGA
AAATATGAAAAAACTAAGAACAAGATATGCTCCTAGTCCTACTGGATATTTGCACATTGGAGGAGCTAGAACAGCT TTATTTAACTATTTATTAGCAAAGCACTATAATGGTGATTTTAT
Gltx-M K K L R T R Y A P 8 P T G Y L HI GG ARTA ALV FNZYILULATZ KT HTYNGTDTFI

CATTCGTATAGAAGACACTGATGTCAAAAGAAACATCGCTGATGGTGAGGCTTCTCAAAT TGAAAATTTAARATGATTAAATATAGAAGCTAATGAATCACCATTAAAACCAAATGAAAA
I R I EDTUDV KR RNTIADGTEH RARZSUGQIENTLTIEKMMWNWTLNTIEA ANTETSZTPTULIZKUPNE K

ATATGGTCCTTATAGACAAAGTCAAAAGCTAGAAAAGTATTTAAAAAT AGCTCATGAACTAATTGAAAAAGGCTATGCTTATAAAGCCTATGACAATAGTGAAGAACTTGAAGAGCAAAR
Y G P YR QS Q KL EKZYULIKTIAHTETLTIZEIZKSGY YA AYI KA AYUDNSZETEULTETEQK

AAAACACTCTGAAAAATTAGGAGTAGCT TCTTTPAGATATCARAGAGATTTTTTAAAAAT CPCTGAAGAAGAAAARCARAAAAGAGACGCTAGCGGAGCCTAT TCTATTAGAGTAATTTG
K H S E KL GV A S FRYQRUDTFTLI KTISETETEIZ K QI K RDA ASGA AYSTIZ RUVITC

CCCCAAAAATACCACTTACCAATGAGATGATTTAGTAAGGGGAAACATAGCAGTAAATTCTAATGATATAGGTGATTGAATAATCATAAAAAGTGATGATTATCCAACTTATAATTTTGC
P K NTTY QW DDILVRGNIAVNSNDTIGTDHUMW¥TITITIIKSDUDTYUPTJYNTFRA

AGTTGTAATTGATGACATCGACATGGAAATAAGCCACATCTTGCGAGGAGAAGAACACATTACAAACACTCCTAAACAAATGATGATCTATGATTATTTAAATGCTCCAAAACCTTTGTT
vviDDTIODMMETISUHTIILURGTETEWUHTITNTUPI KU QMMTIYUDYULNA ATPTIKT?PTLTF

TGGTCACCTTACAATTATTACAAATATGGAAGGCAAAAAACT T TCAAAAAGAGATTTATCTTTAAAACAAT TTATTCATGAATATAAAGAAGAAGGATATAACTCACAAGCTATTTTTAA
G HL TTIITNMMESGI K I KTULSI K RUDILSULIXOQTFTIUHTETYKTETESGTVYNSOQATITFN

CTTCTTAACTTTGCT TGGATGAACTGATGAAAAAGCTCGAGAATTAATGGATCATGATGAAATTATTAAATCATTTTTATATACTAGATTATCAAAATCTCCTTCTAAATTTGACATAAC
F L T L L G W T DEIKA ARETLMDU HDETITII K ST FULYTR RTULSIK S P S KV F DIT

TAAAATGCAATGAT TTTCTAAACAATATTGGAAAAACACACCTAATGAAGAGT TAATAAAAATTTTAAATTTAAATGACTATGATAATGAT T@AATTAACTTATTTTTAGATTTATATAA
K M Q W F S K Q YW KNTPNZEETLTII KTITULNILNDYDNUDMWTINIULTFILUDTIL Y K

AGAGAATATTTATTCATTAAATCAATTAAAAAATTACTTAAAAATTTATAAACAAGCAAATTTAAATCAAGAAAAAGATCTTGATTTAAATGATGCAGAAAAAAATGTAGTAAAATCATT
E NI Y S L N QUL KNYULKTIVYIKOQANILNU QEITZ KUDULUDIULNDA ATETIKNUVV K S F

TTCGTCGTATATTGATTATTCAAATTTTAGTGTTAATCAAATTCAAGAGGCGATTAATAAAACTCAAGAAAAATTATCAATAAAAGGTAAAAATTTATTCTTGCCAATTAGAAAGGCAAC
$§ s Y I p Y S N F 8§ V NQTIOQEA ATINIZ KTAOQEI KTLSTII KS GI KN NILTFIULUPTIUZ RIKA AT

TACCTTCCAAGAACATGGTCCAGAACTTGCTAAAGCTATTTATTTATTTGGAAGTGAAATTATTGAAAAGAGAATGAAAAAATAAAAATAGAATTTAACTCAGAATTTACTCAAGAAGGT
ORFA-M K I E F N 8§ E F T Q E G
T F Q EH G P EULAI KA ATIUYLFG S E I I E K R M K K W K>ENDGltX

CAAGAAAAAAATATTAATTTTGTCTCTCCGGTTGAAATAAGTGAATATGAAGGTGCAACTGT TTATGAATTTAGTGAACCT TCAAAAGAGCATCT TTCTAGAATAGAAAT AAATAGTAAT
Q E XK N I NF V S PV EI S EYEGATV Y ETF S EUPS XK EHTULSRIETINSN

TCCAATGAAGTTTTAATAATAACCGACTCTATGACAATGATATTAAAATTAAATGAAGAAGTTGAAAATGCAATAGCACTAGGTCAAGGCAAATTTTTCTTAAAATCACTTTTAAACAAA
S N E VL I I TDSMTMMIULIKIULNETEUVEWDNATIA ALUGU QG GI KT FT FILI K S UL L NK

TTAGAACACAATGATAGTGAAAGT TTTTTTGCTTATGTTTTAAAAGATACATCAGGCAATGAAT TGGCTTGTTTTAAAATAACT TTAAAAATTTTTGAATAATTTAAAAAGCTAATTTAT
L EHND S E S F F A Y VL KDT S G NUETILA ATCTFX I TUL K I F E>ENDORFA

Terminator?
GCTTTAAAAATATAATTAAAAAACAGCAAAATAGTTGCTTAATTAAGCAACT TTTTAATTTACT TTTTATAAAAAT TTTACT TTTTAATCATTTCCAATT PTAATTTATCTTTTTGATAA
AACATCAAAAAACAATTCCTTGCTTTATTTTTAGTCATTAGCAAAAAAAGT TGCTACACTAARATTAAAT TCATCT T T T TTGTCTTGATCTTGCTGATTAAT TGGAGTATTTTTCTATTT
TGGAAAATAAATCTCCAAATACTAAAT TTATTCTTGTAGATTTTATGTTACT TCTTTAATTT TTGAGCATAAATT TTTGCTATATT TTTAAATT TTCTTAGT TGTCT TTAATAATTTTAT
TTTTGTATGCATCATTACTTTTACAATAAGATTAAAAATTATCTTAGATGT GCAAAATTT TTCAGCTTCT AAATTTGCAATAATACT AMATTTTGATAAT AAATATTGATATGTACTATC
ARGGCTATCTATATTGTCTATTAACAAATCAAAACCTTCTATTCTT TAAGAATTGATTAAATAT T TTTTTCT T TTTTTCAAATATTAAAGAATCAGATATGTATAAATTATTTGGCTTTT
TTAATGATCTTTTTTAGAAT TGAATCTAATCTATTTATTTCTTTAGCATTGATTACTTATTCAATTAAAAAAATAATAGAACAAATAACT TTTGGCT TTTGGATAATATAGATTAAAATT
ACCTTTGTTTTTAATTGAATATCTTTTTCATGAGAGTAAAAT TGAAGTAATT TTTGTAATGTAT TTGCAAGTTTTATAGTGGATTTCATAGTTTGAATATTTGCT TATATTTCTTTTTAT
TTTTGATG . AAAACAAATAGTTTTACTAAAAAAATTTATATTTTAGT TATTCTT TCT T TGATTTAATTTTGTATTATTGAGATTTAATTAATAAAACAACTACCAGTATTGAATATAGAT
TTGCAAGATTATTTAAATTAAAATATCAAAGTAATTTTAAAT TCTTGAAAAAAT TTAAAATATAGT TTTGATCCTAATTTAATTAAATAAAAAT TTAGT TACAAAAATAGACATAGACTT

-35 promoter? -10
TAMKCAGAAAARGTGCTGTCTAT T T T T T TGCAAT TAGGTTGT T TTAAGCAT AAAAAT T T AALTAT GT ARATTTGAT TAGATGT TTATAATAT AAAGTGT TTAAGCTCTTATAACTTTATT
RBS ’
TGAAAATACTAAATATTTTTTTATTATTAAGAAAGYTTCATTAATGGAMTTTATAMCTTGGTCAGATATTAAATTTAGAAAAGGGCAATCAAATATAATGCAAAATATGTTTCTCA
HsdS1A-¥ E I Y K L G Q@ I L N L E X G K S K Y N A K Y V s @

AAATATCGGAATTTATAATTTGTACTCTTCAAAAACAAMAAGATCAAGG TATATTTGGAAAATCAATTCATATGACTTTAATGOTGAATATATTTTAATTACCACTCATGUTGCATATGC
N I G I Y NUILY S S KTZXDOQGIFGKINUSYUDTFNGETYIULTITTHGA ATYARA

AGGAACAGTTAAATATOTAAATGAAAGTTTTCCACAACAAGTAATTG TTTTATTCTAAMAGTTAATGAAM TATTOTTAAGACAAAATTITTAAGTTATTTATTATTGTTACAAGAAAA
6 ™V K Y VNZEIXKXTFSTTSNCTFTIULIKTVNTENTIV VI KTI KT FTLSZYULULIL L Q E K

DR
AACATTCAATAATATGGCTATAGA TTCTGCATATGATTATTTAAAAAACTATAACATAAA TGATTTTGAAGTTAATTTACCTAACTTAAAAATTCAAAGTOCAATAATTAAGATTATTIGA
T F NDMATIGSAYOGYUL I XDNYNTINDTFETVNTILUPNILIZIKTIAGQSATITITZKTITIE

DR
ACCTAAAGAAGATTTATTTTTTAGGCATAAAAATCTTGTAAGAATTGATAGTGAAGAAAATACAAAAAAAGAT TTAAGTATATT AAT TAAGATTATTGAACCTTTAGAAAAACAAATAAA
P K E DL F F RHIXKNILVYVRTIDSETENTI KU KUDTZLSTIULTIIZ KTITIETZPTLTETZKTZGQTIN

TGCATTTGATGAACTGATTTTGAGTGAGCAAAAAAGTCTCCAACATTATTTAAATTATTTTT TAAATAAACT TGCATCAATTAATCCTTCAATTTTCAAAAATTATAAACTTGGTGAAAT
A FDEULIUL S EQK SLQHYU LNYV FLNIEKILASTINUZPSUSTITFI KN NYIKTLGTETI

AGCAAAAATATTAAGTGGTAAAACTCCTTCCACTGCAAAARAGGAACTATGAAAAAAGGAAATACCT T TT T T TGGTCOCGGGAGATCT TGATAATATGGTTCCAAAAAGATTTATTACTTT
A K I L §S G KT P S TAZ K KUETLMW®WIXKIKETIUZPZFPTFGUPGDULUDINMVYVUZPIKIZ RTFTITTF

TAATGAAAAAATGATAAAAAGATCTGGCACCATTTTAT T TTCT TCTGCAGCAACAAT TGGGAAAGTGGGTATTTTAGACAATTTATCT TGATTTAACCAACAAATAACTTCAATAGAGGC
N E KM I KRS GGTIULF S S AATTIGI KV GILUDNTLSMW®WTFNQQTITSTIENR-A

AAATAATAACTATGTTATGGATAAGTTTTTATTTTTTCTTCTTAAAAARATAAGTTCAAAAATAARATTTGAAAAT TCAAGCGGAACAATATTTCCTACAATTAAAAAAAAATATTTTGA
N N N Y VM DK FULF FLULIKI KIS S I KI KV FENSSGTTITFUPTTIIKXKT K Y FE

120
240

840

1080

1200

1320

1440

1560

1680

1800

1920

2040
2160
2280
2400
2520
2640
2760
2880
3000
3120

3240

3360

3480

3600

3720

3840

3960

4080

4200
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AAATTTTACACTAGAAATTCCTAATCTAAAAACTCAAAGTGCAATATTAGGTATTATTGAACCATTGCATAAAAAAATTAATCTTTTAAAACAAAAGAAAAAATTGCTTGAAAAAAGATT
N F T L E I P NUL KT QS A I UL GTI I E P L HUEKKTINTILILIKZ QI KIKI KTELTLEIKRTF

TATATACTATCAAAATCACTTAATCAAGGAGAAAATCAAAGATGAGT AGAAATGAACTTCTTTATGAAAAAGAATTTGTAGATGACT TGGTTAAAAATCAAAAATATGTAAAATTAGATA
I Y Y Q N H L I K E K I K D E>END HsdS1A
HsdR1-M S R N E L L Y E K E F V D D L V K N Q K Y V K L D

TTAAAAATGAAGAGAAAATATTTGAATTAATTTTCGAAAATATAGGTAGACTCAATAACATAGAATTAACTCAACAAAATATTTTGGATATAAGAAGAGAAT TACTTTCAAACAATTCTG
I K N E E K I F E L I F ENTI G RLINNJNTIZETLTUGQOQNTIULUDTIURIRETLTLSNNS

CATCTTCTTATCGATTTGCTCAGTATTTATGAGGT T TTGATACTGT TAAAATTTATAAAAATGATGGTCCAAAAAAAATACGCCTAAAGT TCGTTGATTAAGAAAAT TGAGCTAATAATG
A S S Y RPF A Q Y L WGP F DTV K I Y KNUDGT®PIKKTIRILI KT FVDWENWANN

AATTCTATGTTTTACAACAATTTCCTACAAGAGACGCAARAAACAACATGGGTAAAAGAT TTGATTCGCTGATCTTAATCAATGGAT TTCCCTTAATACT TTTTGAATTTAAAGACAARA
E F Y VL QOQTFPTRDATZKINNMGT KU RTFDSILIULTINSGT FU®PLTIULTFEF K DK

GTGAAAATATTAATAAAGCAATAAATCAAATAGATGAATCATATAGAGGTAGTGTTTTAAATAAAGGTATTTTTAGATTTATTCAAATT TTGATAGGTTCAAATTTTGAAGAAGTTAAGT
S EN I N KA I NQ I DES YRGSV LNJZKTGTIF FRTFTIUQTIILTISGSNTFEEUVK

TTCTAGCAAATAACAARAAGAACAAATAATAATAAGATTCTTTCATTCAAATGAACTTCCGAARATGGTGGTTCTTCAAAAGAGCTCATAAAAGATTTTTTAAACAAAAATGCTTTAGAAG
F L A NNUZKT RTNNNIEKTITLST FKUWT S ENGSG S S KZELTIZKDTFTLNIZ KNALE

AATATCTAAAAAATTATGTAGTTTTTCAAAGATCAAAAGATGATGAAAAAATTATTTTACTTAGACCATATCAACAAAGGGCAATCAAAAAAGCAATTAACTTTGTTGAAAAACAACTAA
E Y L K N Y V V F Q R S KD DEI K I I L L RPY QQRATIIZKIKATINTFVEZKA~ QL

AAACTAATTTAGATGCTAAGCATAATTTAAACAATGCATATATATGGCATACAACAGGAAGTGGTAAAACTTTAACTTCATATAAAATAGCTGAAATATTATCTAAAAATAGTGATATTG
K T N L D A KHNTUILNNUNAYIWHTTGSGI KTULTSYKTIAETITLSIZ KNDNSTDTI

ATCATGTTGTTTTTTTAGTTGATCGTAATGATTTAAATGATCAAACATCTCAAACATTTCAAAAACTTATGTCAAGTTCTARAAATGARAAAATTGATTTTTTAAATCAAGACACTTCAA
D HV V FL VDU RNUDTILNDIOT S QT FQKLMS S S KNEZ KTIUDTFTLNQDTS

AGGACTTATATGAGATTTTTCTTAAAAAAGAAAAATTAATTATAACTACTATTCAAAAAT TAAATAATATTTTATCATCTTATAAAAATGAAAAAATTGAATTTTTAACTAATAAAAAAT
K DL Y E I F L K KE KL I I TTTIOQU KTILM®NNDNTITILSSYXKNZEIZKTIETFTILTNKK

TTGTTTTTATTATTGATGAGTGTCATCGTTCTAATGCTGGGT TAATGGGAAAAAGAATTAAAGATTTTTTGAATAATAGCATCATGATAGGTTTTTCAGGAACTCCAATATTTGAAGAAA
F VF I I D ECHI RS NAGTULMGT K U RTII KDT FULNUNWNSTIMISGT FSGT?PTIFEE

2TAATGATAGAGAAACTCAAAAAATCTTCGGAAATGAAAT TGACTCATATAACATGAAAGATGCAAT TTTAGATAAAAATGTTCTTGGAT TTAAAGTAGTTAATTACTACCAAGAAACAC
N N DR ET Q K I F GNEIXDSYNWMIEKTDATITLTDTZ KNV VLGTFIKUVVNYYQET

GAATTTTTCGAGAAAATAACAATTCTAATCTAGGAAAAATTAAGTCAATAATTAATGTTATCAAAAGTAAACATTTAGATTTTACAAATAATAGAAACTACAATTCAATAATAGCTTTTG
R I F R ENUNIUNJGSNTILTGT KTIIKSTIINUVTIIKSZ KU HLUDTFTTNNZ RNYNSTITIATF

ATACAATCCAAGATGCTTTGACTTTCTATGATGAATTTTATAAAATGGATGTCGGTGATATTTTTGCAACTCCAATATTTAGTAGCTAT TCAAATGAAGAAAAAAATGAARAGTTTTTCA
D TI QD ATLTTFYUDETFYKMDUVGDTIFATZ®PTITFSSY SNZETETIKNEIKTFF

ATTTAAAAGAACATAAAGAAAAAATTTTAAAAAGATATGAAGAAAAATTTAATACTTCCTTTAAAGTTGAAGATTTTGACAAATATGTCAATGATGTTCAATGACGTTTTAAAGAATATA
N L K E H K E K I L K R Y EE K F NT S F KV EDTFDI KYV NDV QWRF KEY

ATAGTGAAAATAATAGCATTGATATAGTTATTGTAGTCGATATGTTATTAACAGGTTTTGACTCACCAAGAACCAACACTTTATATATAAACAAAGAAT TAAAAAATCATAATTTAATTC
N S ENNS I DI V I VVDMZLULTGTFDS®PRTWNTTULYTINI KTETLTIKNHNILI

HindIII
AAGCTTTTTCTAGAACAAATAGATTAAGTGATTACTCAAAAAAGCGTGGAATAATTGTTAATTTTTCTCTTGAAGAACAATCAATCAATGATGCTTTTAAAATATATGCAAATAGTAGTG
Q A F 38 R T NRL $$ D Y 5 K XK R G I I V NTF S L E E Q S I N DA F K I Y A N S s

ATAAAGAAATACAACAACTTGTTTATGGAGAAAAATATGAACAGGTAGTTGAAGATTTTATTAATTTTTGAAATAGTTTAAAAATCTCTTTTTCTAAAATTTATGATGAGAAAAATAATG
P K E I Q Q L VY GEJZ XK YEUG QVVETDTFTINTFMWUNZSULIXKTISFSNTIYDEIKNN

AGATTTTTAGAAATATTTCTTTAGAAAATAAGAAAAAATATTTAAAAAATCTTAGTCAAGTTTCAAATATTTTTTCTTCATTAAAAACTTTTAAAGAATATGGAAAAAATGAAAAAATTT
E I F R NI S L E NI KKK YL K NI LS QV S NTIUFSSLI KTTFKETYGKNEKTI

CAGATTTTTCTTTGGAACAATTAAATCAATATCAAAAATGAGCAAATGAGATCAAAAAAAATTTATCTACTAATGAAAAAGAAAAAAT AAGT TATGAAGT TTTAAACTCAATTGATATTA
s DF S L E QL N QY Q KWANETIZ KT KN NTILSTNET KTET KTISYEUVTLNSTIDI

GCAATATTAAATTTGCTTATAAAGAAATGATAATTGATGAAATATATT TGGAAAATTTATTATTCTTTAATAAAAAAATTAGT AAATACCCAAATAATAGATTAACT TATGAAGATACAT
S N I K F A Y K EM I I DEI Y L ENTILTLTFFNIZKI KTISI KT YPNUNZ RTILTYETDT

TAAGTGAAATAGATAAACATATTCAATTGATAAAAAATAATTACAATCAAGGAAAAATTAATCAAAAAGAATATGAAATATTCTTACTTTTAGTACAAAAATGAARAAATGAAATAAAAA
L S E I D KH I QUL I KNNJYNUOQTGT KTINA QI KEYETITFILTLULUVQIKWIKNETIK

ACTTTTTTATCAAAAAAGATAAATCCTTAGATGAAARAGAATTTATAGAT TATGGAAARAGGATTTTGAAAAGTGTTTTTCAAAAAGT TAAAAACCAAATAGAAGCCATGTOACTTGAAA
N F F I KK D K S L DEIKETFTIDZYG KU RTIULIEKSVF QKVKNQOQTIEAMU# LE

AAATTCTTAAAGAATATCATGGAATTAATAATGATCAAATACGCAAAGAT TGAAAAAAAAGAATAAACGATAAAGATCTAGATGATATTGAAAAATCTGAATTTATARAAAAATGATCAA
K I L XK E Y H G I NN D QI R K D W XK KR I NDIKUDILUDUDTIEZK S ETF I KK WS

—
GAAGATCTAAAGAAGTTGATAAGGATATTATTGATAAATTGTCCATTGAATATAAAGAAAGCATTGAGGCCTTTTTAGACTTTGAAATAAAAATGAATAAAATTATAGAAAGCAAAATTT
R R S K E ¥ b K DI I DKUL S I E Y KESIEAFTULUDTFETIIKMNIZEKTITIE S K I

cA
AAAGTATGTCAAATAGTAAAGAAT TAATAGCAGTAGTTAAAAAAATCTGTGATCAATTAAGATCAAAAATGGAAGTAACTGAATATAGAGATTACATAATGGGTTTTTTGTTTTTCAAAT
ND HsdR1
HsdM1-¥ § N € K E L I A V V K K I ¢ D Q L R S KM E V T™ EYRDY I MGV FLF F K

ATCTTTCAGAACAATCTGAAAAAAACTTTCAAGAGTTTAAAGAAAGAGTTGATTATAT TAAATATTCTGAATTTGATGAAAATCATGAACAGTTTAAAAAAATCAAGGAAATAATTATTC
Y L £ E Q $ E K N F E EF K ER V DY I K Y S EF DENUHEI QT FIKKTIIZKETLITITI

AAAATGATGATGATTTTTTTCTAGCTTATAAATATAGT TTTCAAAATGTTGTAGATATGATGAATCAAGGAAAAAATGTTATTCCTACAATTGAAGAATCTTTTAATAAAATTGAAAGTA
Q N DD DVPF F L A Y K Y & F QN UV V DMMNOQG KNUNV I PTTIETESTFNTZEKTIES
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TTAACAGTGAATTAAATGATGAAAAAAAGGAGTTTTTCAAAGACCTTTTTACAAATATAGATTTTAGTAATAAAAATCTAGGAAACATTGATGAAGAAARAGAAAAAACAATTCAACTTA 7800
I N s E L NDE K K EF F K DULFTNTIDTF SN KNULGNTIDTETETZKTET KTTIOQTL

* TTATTAAAGAAATAAATACTTTGAATTTATCAATGGATGAAGTAGATCACTTTGGTAATACATATGAATATTTATTATCAGAAT TTGCTAGTGACACTGGTAAAAAAGCAGGAGAGTTTT 7920
1 I K E I N T™ L NL S M DEV DHT FGNTYEYULULSETFASUDTGUZKKAGTE F

ATACTCCTAGTAAAGTTTCTGAACTTCTTGTAARAAATAGTATCTCATGGAAAARATAAAATTAATAAAGCCTATGATCCAGCTTGTGGTTCTGGTTCTTTGTTAATAAAACTAGCTAATA 8040
Y T P § KV 8 EL L V K IV S HGI KNI EKTINI K AYUDU®PA AU CGSG S L L I KL AN

AAGTGGGAAAATATAACAAAATTTATGGTCAGGAAGTTAAAACAGCGACATACAATCTTGCAAGAATGAATTTCATATTAAGAGGAGTGCCTTTTTCTAAATTAGATCTTAGATCAGGAG 8160
K VG K Y N KI Y G Q EV KT ATYNTLARMUNTFTIULWRGV PV F S KULUDTILT R S G

q ™
ATACTCTTATCAATCCATTACATATTGAAGAAGAAGGTTCATTTGATTGTATAGTGGCCAATCCTCCTTTTAEQEAAAAATGIAATCCAACTCAAGAACTATCCAAGGATAGAAGATATA 8280
D TL I NP L H I EEEG S F D CI V A NUPUPF S Q KW NPTOQETL S K DRI R Y
~— > £/ 15
ATTCTTATCCATCTTTGGCACCAAAAAGCTATGCAGATTTTGCTTTTCTTCAACACATGCTTTTTCATGTAAATAAAGACAATGGAATTATTGCATCTGTTTTTTCACTAGGTATATTAA 8400
N § Y P S L A P K $§$ Y A DVF A F L QHM UL F HV N K DI NGI I A SV F S L G I L r1 l
—

GTCGTAAAAGTCCTAAAGCTGAAGAGGATATAAGAAAATATATTATTGATAAAAATTACATTGATACTATTATTTTCCTTCCGCCAAACCTTTTTTATAATACAAGTATTGAAAGTTGTA 8520
S F K s P K A E E DI R K Y I I P KNY I DT1I I F L P PNULF Y NTS I E S C

TTATTGTAGCTAGAAAAAACAAACCTACAAATGACAAGAGAATTTTCATGATTAATGCAACTAAAGAATTCCAAAATGCAAAAAAACAAAATACTTTATCTGATGAAAACATTAATAGAA 8640
I I VAR KNIKUPTNDI K R I F WM I NATIKEF QNAI K KQNTTL S DENTINR

TTTTTAGTGCTT;ihAAGAAAR%‘!‘GAAGAGGAAAATTTCTCTAAATATATATCTTATGAAGACATTGTTAAAAATGAATATTCATTATCTATGAGATTTTATGATCTAGATAATTTTG 8760
I F S A W K E K E E E N F 8 K Y I 8 Y ED IV KNUEY S L S MRF Y DUL DN F
N £ b 1t 4 i
ATGAAGAAAGTGAAGATATTGACATTGATTTTGTTGAAAGTGAAATTGTAAAAATCAATGAAGAATTGCTTAAATATGAAAATGAGTTTAAAAAAAATCTAAATGAGTTTTTAAATAAGA 8880
D EE S E DI DI DVPF V ES E I V KINUETETLTLI K YENZETFI KU KNTILNTETFTUL N K

MQ HsdS1B END<V Y H F H E N I G L I A S Q I E L S8 P I K I
AAAATTAATTG&AAAQ}CAAATGATTCATAAAACAACTTTTTTTAAAAGACTTTRAACATAATGAAAGTGTTCATTAATACCTAATATTGCACTTTGGATTTCTAGAGAAGGTATTTTGA 9000

K N>END HsdM1 m 1 B

A I E 8L T Y E RV S P R.S$ S GV I 8 K K O I I NENIZKI KIULY YV F L F KT UL L N
TAGCTATTTCTGAGAGAGTATATTCTCTAACTGATGGTCTTGAAGAACCTACTATTGATTTTTTTTGTATGATATTTTCAT TCTTTT TCAAATAATAAAAGAGAAATTTTGTAAGAAGGT 9120

VX D NILULULIFCVNTTISF KOGNNTLFVTGAYAGTDA AS I T I Y EGDY
TTACTTTGTCATTTAGCAACAAAATGAAACACACATTAGTTATAGAAAATTTTCCATTATTCAAAAACACAGTTCCAGCATATGCACCATCTGCACTTATAGTTATATACTCACCATCAT 9240

MY 8§ NL Y G F I GNNIKTNUS$ S IV PYDGUPNZEIT KT LTUDTFSNTI I KGR R I K
ACATATAGGAATTTAAATAACCAAAAATTCCATTATTTTTTGTATTTGATGAAATTACAGGATAATCTCCAGGATTTTCTTTTAGGTCAAARTGAATTTATTATCTTACCTCTTCTTATTT 9360

A I XK E L K Y DHV F L P E I Q Y F KGFF Y NILYHOQUL S K QE S LI L EDTF
TTGCAATCTTTTCGAGT TTATAATCATGAAACAATGAAGGTTCAATTTGATAGAATTTTCCAAAAAAATAATTCAAATAATGTTGAAGACTTTTTTGCTCACTCAAAATCAATTCATCAA 9480

i AN I Q K E L P E I I K I I A S QI KL NPILNVEVFDNTINYNIZEKILYG Y A S
- ATGCATTTATTTGT TTTTCTAAAGGTTCAATAATCTTAATTATTGCACTTTGAATTTTTAAGTTAGGTAAATTAACTTCAAAATCATTTATGTTATAGTTTTTTAAATAACCATATGCAG 9600

G I A MDNVF T KEOQULULULIULY S$ L F KT XK VINZENUVI KILTITVFCNSTT S F K
AACCTATAGCCATATCATTGAATGTTTTTTCTTGTAACAATAATAAATAACTTAAAAATTTTGTCTTAACAATATTTTCATTAACTTTTAGAATAARACAATTACTTGTTGTGGARAACT 9720

E NV Y KV T GAY A GHTTTIULI Y EGNTFUDY S$ NI KGT FTI G Q DI KT X S s
TTTCATTTACATATTTAACTGTTCCTGCATATGCACCATGAGTGGTAATTAAAATATATTCACCATTAAAGTCATATGAATTGATT TTTCCAAATATACCTTGATCTTTTGTTTTTGAAG 9840

Y L N Y I GI NQ S VY K ANYK S K GIKETLNULTI QG L K Y I E M-HsdSiB
AAAALA ;%‘ 9960

AGTACAAATTATAAATTCCOATATTTTGAGAAACATATTTTGCATTATATTTTGATTTGCCCTTTTCTAAATTTAATATCTGACCALFTTTATAAATTTCCATTA%TG?ACA
* ..

Terminator? POlCEND<I L F I Q@ N T E P I Q E F I G M S K F K E V L T $ N I G T
GTCAAAATATGACTCTTTAATTTTTCAAATTTTAGATTAGAAATATTTGATTTGTCTCTGGTATTTGTTCAAAAATACCCATTGATTTAAATTTTTCAACTAAGGTAGAATTAATTCCTG 10080

Fig. 4. Nucleotide sequence of the hsd7 locus (orientation ll}, including flanking regions, and predicted amino acids of the major ORFs. Poten-
tial promoters, ribosome-binding sites (RBS), and transcription terminators are underlined. Also underlined are direct repeats (DR) flanking the
99-nucleotide region present in hsdS1a but not hsdS1s. Highlighted in bold are UGA codons encoding tryptophan. Also highlighted in bold are
the inverted repeats within which DNA inversion occurs. These sequences appear in the EMBL/GenBank/DDBJ Nucieotide Sequence Data
Libraries under the accession number L25415.

1989). Specifically, the terminal ORFs on the 6.2 and of the PCR product was determined, revealing that the 6.2

6.6 kb fragments were related to sequences within the &' and 6.6 kb fragments are indeed juxtaposed in the chromo-

half and the 3’ half of the StyR124] hsdR gene, respec- some. The same PCR product was also obtained from

tively. This suggested that the 6.2 and 6.6 kb fragments cells (strain KD735) containing the 6.0 and 6.8kb frag-

were juxtaposed in the M. pulmonis chromosome and ments instead of the 6.2 and 6.6 kb fragments, indicating "
that the two terminal ORFs were actually two halves of that the DNA rearrangement affecting these fragments .
the same gene. To test this possibility, oligonucleotide did not disrupt the coding region of the mycoplasmal

primers with target sites located at the end of the 6.2kb analogue of hsdR.

fragment were paired with primers with target sites located
at the end of the 6.6 kb fragment, and sequences spanning
- the Hindll! site that putatively separated these fragments
were PCR-amplified (see Fig. 3). The nucleotide sequence A schematic diagram displaying the location of the major

Identification of a 6.8 kb invertible element
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M. pul. .. e MSRNELLYEKEFVDDLVKNQKYVKLDIKNEEKIFELIFENIGRLNNIELTQQNI 54
(| (NI S N | HINE T R R F . :.
StyR124 MTHQTHTIAESNNFIVLDKYIKAEPTGDSYQSESDL. ERELIQDL RNQGYEFISVKSQSAMLANVREQLQNLNGVVFNDSEW 81

M. pul. LDIRRELLSNNSASSYRFAQYLWGFDTVKIYKNDGPKKIRLKFVDWENWANNEFYVLQQFPTRDAKNNMGKRFDSLILINGFPL 138
IR I B N I I I N e R AR : HI I [(AERREAE!
StyR124 RRFTEQYLDNPSDGILDKTRKIH IDYICDFIFDDERLENIYLIDKKNLMRNKVQIIQQF BQAGSHANRYDVTILVNGLPL 161

M. pul. ILFEFKDKSENINKAINQIDESYRGSV.LNKGIFRFIQILIGSNFEEVKFLANNKRTNNNKILSFKWTSENGGSSKELIKDF.. 219
EE I I I N FE I ENIFE RSl [P (N IR IP Sl I RSO [ I N A
StyR124 VQIELKKRGVAIREAFNQIHRYSKESFNSENSLFKYLQLFVISNGTDTRYFANTTKRDKN .SFDFTMNWAKSDNTLIKDLKD 239

I
M. pul. ..... LNKNALEEYLKNYVVFQRSKDDEKIILLRPYQQRAIKKAINFVEKQLKTNLDAKH . .NLNNAYIWHTTGSGKTLTSYK 295
NI TP B A A B P RN [ P I B sLEPPTEEietnat:
StyR124 FTATCFQKHTLLNVLVNYSVFDSS . .QTLLVMRPYQIAATER. . ILWKIKSSFTAKNWSKPESGGYIWHTTGSGKTLTSFK 318

IA
M. pul. IAEILSKNSDIDHVVFLVDRNDLNDQTSQTFQKLMSSSKN. .EKIDFLNQDTSKDLYEIFLKKEKLITITTIQKLNNILSSYKNE 377
[ S 1 IO TP I 1 S I E T I I B e I e B I | cebads bbbt I
StyR124 AARLATELDFIDKVFFVVDRKDLDYQTMKEYQRFSPDSVNGSENTAGLKRNLDKD. .. .. .. DNKIIVTTIQKLNNLM. ..KAE 393

II III v

M. pul. KIEFLTNKKFVFIIDECHRSNAGLMGKRIKDFLNNSIMIGFSGTPIFEEN .NDRETOKIFGNEIDSYNMKDAILDKNVLGFKV 458
BRI 0 I 1 I R (R PO 3 I St F RN ST

StyR124 SDLPVYNQQVVFIFDECHRSQFGEAQKNLKKKFKRYYQFGFTGTPIFPENALGSETTASVFGRELHSYVITDAIRDEKVLKFK 476

M. pul. VNYYQETRIFR....ENNNSNLG ............ KIKSIINVI..... KSKHLDFTNNRNYNSIIAFDTIQDALTFYDEFYKM 522
lsb & . 1: boreo, | shooleo | N R I R I I IPRN
StyR124 VDYNDVRPQFKSLETETDEKKLSAAENQQAFLHPMRIQEITQYILNNFRQKTHRTFPGSKGFNAMLAVSSVDAAKAYYATFKRL 559

M. pul. DVGDIFAT ....... PIFSSYSNEEKN....... EKF...... FNLKEHKEKILKRYEEKFNTSFKVE .DFDKYVNDVQWR 582
HN I N .1 N D I S T I R TR N I
StyR124 QEEAANKSATYKPLRIATIFSFAANEEQNAIGEISDETFDTSAMDSSAKEPLDAAIREYNSHFKTNFSTDSNGFQNYYRDLAQR 644

v VI
M. pul. FKEYNSENNSIDIVIVVDMLLTGFDSPRTNTLYINKELKNHNLIQAFSRTNRLSDYSKKRGIIVNFSLEEQSINDAFKIYANSS 666
N I AN N RN R [ I T TR TN NS [ N0 I I T A T I S B Y R Fole bleoees
StyR124 VK..... NODIDLLIVVGMFLTGFDAPTLNTLFVDKNLRYHGLMQAFSRTNRIYDATKTFGNIVTFRDLERSTIDAITLFG. .. 720

M. pul. DKEIQQLVYGEKYEQVVEDFINFWNS.LKISFSNIYDEKNNEIFRNISLE... NKKVYLKNLSQVSNIFSSLKTFKEYGKNEKI 746
[ L R 2 1 O S S L O S RSP e . ! | I
StyR124 DKNTKNVVLEKSYTEYMEGFTDAATGEARRGFMTVVSELEORFPDPT IESEKEKKDFVKLFGEYLRAENILQNYDEFATLKAL 804

M. pul. SDFSLEOLNQYOKWANEIKKNLSTWEK -EKISYEVLNSIDISNIKFAYKEMIIDEIYLENLLFFNKKISKYPNNRLTYEDTLS 828
R I sl . 1 | Lo N B P F I N R I
StyR124 QQIDLSDPVAVEKFKAE. HYVDDEKrAELQTIRLPADRKIQDYR SAYND . ... IRDWQRREKEAEKKEKSTTDWDDVVE 878

M. pul. EIDKHIQLIKNNYNQGKINQKEYEIFLLLVQKWKNEIKNFFIKKDKSLDEKEFIDYGKRILKS VFQKVKNQIEAMWLEKILKEY 912
fel I B T T o O O I e N A | o : St
StyR124 EVD....LLKSQ....EINL. D{ILGLIFEHNRQNKGKGEMIEEVKRLIR CLGNQAKEGLVVDFIQQTNLDDLPDKASIIDAF 953

M. pul. HGINNDQIRKDWKKRINDKDLDDIEKCEFIKKW RRSKEVDKDI........ IDKLCIEYKESIEAFLDFEIKMNKIIESKI’ 987
Josos e o EE AN i PR S HE B N I HE :
StyR124 FTFAQREQQREAEALIKEENLNEDAAKRYIRTSLKREYATENGTELNETLPKL9PLNPQYKTKKQAVFRKSSRLLRSLKA* . 1034

Fig. 5. Alignment of the predicted amino acids of the M. pulmonis HsdR1 peptide with the R subunit of Sty R124| (GenBank accession number
P10486). Protein sequences were aligned using the cap program. Highlighted in bold are the seven ‘DEAD-box’ regions conserved in the super-
family Il of helicases (see text). (), no substitution; (:), conservative substitution; {.), semi-conservative substitution.

ORFs present on the 6.2 and 6.6 kb fragments is shown in 5 halves of the ORFs designated hsdS1a and hsdSis.

Fig. 3. The nucleotide sequence of the entire 6.0 kb frag- To confirm that the DNA rearrangement was an inver-
ment was determined, revealing that this fragment was a sion, oligonucleotide primers were used to PCR-amplify
composite of the sequences of the 6.2 and 6.6kb frag- sequences flanking the hsdSis gene from the parent
ments as depicted in Fig 3. These data suggested that strain KD735, containing the 6.8kb fragment. As
DNA inversion of a 6.8kb element (the hsd7 locus) was expected, the sequence of this PCR product revealed
responsible for interconversion of the 6.0 and 6.8 kb frag- that this gene was in the chromosome in an inverted orien-
ments with the 6.2 and 6.6 kb fragments. Inversion appar- tation relative to hsdS1s from strain KD735-16, indicating
ently occurred between identical, inverted repeats of 450 that the rearrangement was an inversion.

nucleotides that flank the element and are located in the Inversion of hsd1 apparently occurs at a high frequency,
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M. pul.
StyR124
M. pul.
StyR124
M. pul.

StyR124

M. pul.
StyR124
M. pul.
StyR124
M. pul.

StyR124

..... MSNSKELTIAVVKKICDQLRSKMEVTEYRDYIMG F‘LFF‘KYLS EQSEKNFEEFKERVDYIKYSEFDENHEQFKKIKEI
| N R I I I 2 N I 2 [P O S R L I
MKMTS IQQRAEILHRQIWQIANDVRGSVDGWDFKQYVLGALFYRFISENFSSY IEAG DDSICYAKLDDSVITDD .IKDD

IIQNDDDFFLAYKYSFQNVVDMMNQGKNVIPTIEESFNKIESINSELNDEKKEFFKDLFTNIDFSNKNLGNIDEEKEKTIQ
I. N [ B ] | [ I IO | AR N IS S B I 2 I S
AIKTKGYFIYPSQL FCNVAAKANTNDRLNADLNSIFVAIESSAYCYPSEAD IKGLFADFDTTSNRLGNTVKDKNARLA

LITIKEINTLNLS. . .MDEVDHFGNTY EYLLSEFASDTGKKAGEFYTPS KVSELLVK IVSHGKNKINKAYDPACGSGSLLIK
FE IR R I O B T L I I O I O I 1 2 I E O O S N I [ N N I N
AVLKGV EGLKLGDFNEHQIDLFGDAY EFLI SNYAANAGKSGGEFFTPQHVSKLIAQLAMHGQTHVNKIYDPAAGSGSLLLQ

* hhkk®

LANKVGKY . NKIYGQEVKTATYNLARMNFILRGVPFSKLDLRSGDTLINPLHIEEEGSFDCIVANPPFSQKWNPTQE
...... O e R RN I A R A [ BN I B N N
AKKQFDNHIIEEGFFGQEINHTTYNLARMNMFLHNINYDKFDIKLGNTLTEP HFRDEKPFDAIVSNPPYSVKWIGSDDPT

LSKDRRYNSYPSLAPKSYADFAFLQHMLFHVNKDNGIIASVFSLGILSRKSPKAEEDIRKYIIDKNYIDTIIFLPPNLFYN
O O T 1 1 T I I S O S {1 S T OO (SO AT I I U0 B 3 I D
LINDERFAPAGVLAPKSKADFAFVLHALNYLS . AKGRAAIVCFPGIFYRGG. .AEQKIRQYLVDNNYVETVISLAPNLFFG

TSIESCIIVARKNK PTNDKRIF‘MINA‘TKEFONAKKQNTLSDENINRIFSAWKEKREEENFSKYISYEDIVKNEYSLSMRFY
ol el bl | IPEETR I IR RN | P U IS AT U RS SR SR B IUUN BRI SO | I R |
TTIAVNILVLSKHKT. DTNVQFIDASELFKVETNNNILTDAHIEQIMQVFAQKEDVAHLAKSVAFETVVANDYNLSVSSY

76

77

157

155

235

236

311

316

392

394

473

473

M. pul. DLDNFDEESEDIDIDFVESEIVKINEELLKYENEFKKNLNEFLNKKN* ...... 521

I I N I T
StyR124 VEAK DNREIIDIAELNAELKTTVSKI

DQLRKDIDAIVAEIEGCEVQK* 521

Fig. 6. Alignment of the predicted amino acids of the M. pulmonis HsdM1 peptide with the M subunit of StyR1241 (GenBank accession number
P10484). Protein sequences were aligned using the cap program. Highlighted in bold and marked with asterisks is the motif characteristic of
adenine-specific methylases (see text). (I), no substitution; (:), conservative substitution; (.), semi-conservative substitution.

at least in the case of switching from orientation 1l to orien-
tation |. Strains such as KD735-16-52, KD735-16-12-1,
and 6a14/4 (see Fig. 1), were easy to isolate; about
10-20% of random colonies from the parental strains
KD735-16, KD735-16-12, and 6a/14 contained hsd?
inverted to orientation I. In contrast, strains KD735-16
and 6a/14 were isolated only after laborious screening
efforts; KD735-16 was one of 34 colonies examined from
KD735, and 6al14 was one of 105 colonies examined
from KD735-15.

Identification of the major ORFs in the hsd1 locus

The nucleotide sequence of the 6.2 and 6.6 kb fragments
as well as the predicted amino acid sequences encoded
by the major ORFs located in these fragments are shown
in Fig. 4. Omitted from Fig. 4 are polC sequences,
which will be described in an article elsewhere (sub-
mitted). With only one exception (ORFA), the predicted
amino acids encoded by each ORF exhibited strong
similarity to well-characterized enzymes from other eubac-
teria, allowing identification of the probable functions of
the various gene products.

The two central ORFs in the hsd1 locus are hsdR1 and
hsdM1. When compared with the entire GenBank/EMBL
databases, the predicted amino acids of these ORFs are
most similar to the R and M subunits of the type | R-M
system, StyR124l. The amino acid sequence of the M.
pulmonis HsdR1 protein shares 30% identity and 54%

similarity with its StyR1241 counterpart and, similarly, the
M. pulmonis HsdM1 peptide and the StyR1241 M subunit
are 33% identical and 58% similar. The high level of
amino acid identity shared by these proteins indicates, as
described by Doolittle et al. (1986), that they are derived
from a common ancestral sequence. An alignment of the
M. pulmonis HsdR1 protein with the StyR124] R subunit
is shown in Fig. 5. Highly conserved in the M. pulmonis
protein are the motifs characteristic of ATP-dependent
helicases (previously identified in the R subunit of
StyR1241 by Murray et al.,, 1993), indicating that the M.
pulmonis HsdR1 protein is a member of superfamily Il of
DNA and RNA helicases (Gorbalenya and Koonin, 1991;
Gorbalenya et al., 1989). An alignment of the M. pulmonis
HsdM1 peptide with the M subunit of StyR124! is shown
in Fig. 6. Conserved in these sequences is a signature
sequence [L,},V,M,A,CI-L,1,V,M,F,Y ,A]-X-[D,N]-P-P-[F,Y]
(present in M. pulmonis as |-V-A-N-P-P-F) for adenine-
specific DNA methylases (Lauster, 1989). Presumably,
like other type | R-M systems, the M. pulmonis system
methylates DNA recognition sequences at adenine
residues. _

The other two ORFs located within the M. pulmonis hsd1
locus are hsdS1a and hsdS1e. Because hsd? inversion
occurs within the 450-nucleotide inverted repeat region
spanning most of the 5’ half of these genes (see Figs 3
and 4), the first 147 amino acids of the HsdS1a and
HsdS1s proteins are identical. When compared to the
sequences in the GenBank/EMBL databases, both of
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M.p.S1A =—---mmmoe —oaen MEIYK LGQILNLEKG KUKYNAKYVS QNIGIYNLYS SKTKDQGIFG KINSYDFNGE YILITTHGA- 64
M.p.S1B ~=mmmmmmme e seees sesseceers sesteseces sessesesss ssessssess sevseesess sevesssse~ G4
EcoDXXI MSELSYLEKL LDGVEVsWVT «+SMADIGTG Se---NRQDE SEN+++PF¢V RSKN----IL +SDTFE+DEV A+V+PGE+GI 73
StyR124 MSEMSYLEKL LDGVEV+WLP «+E-TKY+QP TKYLVKAKDY HDTYTIPVLT AGKT----FI LGYTNETHI <QASKAPVII 76

M.P.S1A ---YAGTVKY VNEKFSTTSN CFILKVNENI VKT--KFLSY LLLLQEKTFN -DMAIGSAYG YLKNYNINDF EVNLP----- 133
M.D.SIB --—esssess sotsasssse sossesesss sesm-sisse sesesssses —sessssaes sesessveas esesem—moo 133
EcoDXXI GDIF----He +EG+YALHQR AYRIRITT+A +De--+++Y+ FMSSSF+QYI LTKSV+ATAI SIRKPMLEG: K+PI+SPDNP 147
StyR124 FDDFTTAN+W +DFD+KAK+S AMKMVTSCDD N+ +LL+YVYe WeNTLPSE+- ----AEGDHK RQWIS:YSQK KIPIPCPDNP 151

M.p.S1A --NLKIQSAI IKIIEPKEDL FFRHKNLVRI DSEENTKKDL SILIKIIBPL EKQINAFDEL ILSEQKSLQH YLNYFLNKLA 211
M.D.S1B —-vveesone ooomoommmn mmmmme e oo e © ecsessscess ssecscesss seseseFGeFY 178
EcoDXXI EKSsA+ssEe VReLDT---~ =--mmmm—mme cmmmmmeme e mmme oo F TALTABRLTAR LTA+LNMRKK QY+ <YRDQ.L 194
StyR124 EKSe+Ase+Ee VReLDT--=~ =mocmom—we cmm—mmmmme mmmm e e F TALTAELTAR LTA<LNMRKK QY++YRDQ<L 198
+EEEE +
* * ok x
M.p.S1A SINPSIFKNY KLGEIAKILS GKTPSTAKKE LWKKE--IPF FGPGDLDNMV PKRFITFNEK -----~- MIK RSGTILFSSA 282
M.p.S1B Q+Ee¢+L+HDs ¢+EKe¢+se+RR «+IINSFDLK ENPGD--Y+V ISSNTKN+GI ----FGYLNS ---~--- YMY DGEY-TI-AD 245
EcoDXXI +FKEGEVEWK T»+++GNFTY +YAAKAMD-- --SGDARFVR ITDINK+GKL S+<ENPMYV.L NEENEKYTLD KNDLLMARTG 270
StyR124 +FKEGEVEWK Te+++GKW-Y «GGTPSKN+I EFWENGS-+W IS+K+MGRTL VDSSEDYI-- --TEEAVLHS STKL<PAN.I 273

M.p.S1A ATIGKVGILD NL------ SW FNQQITSIEA NNNYV--MDK FLFFLLKKIS SKIKF----E NSSGTIFPTI KKKYFENFTL 350
M.p.S1B GAYAGTVFLN +G----~-~ KF SITNVCF+LL LeDKeNLLT+ e¢e¢e¢YY+++NE NI*QK----K SIV<SSR+SV REYTLSEIAI 315
EcoDXXI ««F++TM+FE EDYPAVYAGF LIKLN----- -L+ETIINA- YYWHFA---Q -DFFWEQANK LVe+.GGQ+QF NANALKQVRV 341
StyR124 +IVVRSS..D KVLPSALIKV PATLNQDMKA VIPHENILVe YIYHMIGSRG -D-LR-~AAK KTG.SVASID S-«NYFHLKI 351

M.p.S1A EIP---=~~-- NLKTQSAILG IIEPLHKKIN LLKQKKKLLE KRFIYYQNHL IKEKIKDE-- -=-=cm---= —m—— 401
M.p.S1B Kee—nmmn—— SeEIseceese sNeHF eYVom mmmmm e e e e e e —mmm 336
EcoDXXI Ps+«YPSHPQK S+DE+GR+VD +LDKFDAIAA SITE---G+P REIELR+KQ- ------Y.YY RDLLFSFPKP ETVSN 406
StyR124 PVe--=--—-- «INE*QR+VE <LDKFDTLT+ SITE~--VFR VKSSCAR+NT STIV+YCSVS RNLKLSVIN- ----- 410

Fig. 7. Alignment of the predicted amino acids of the M. pulmonis HsdS1a and HsdS1s peptides with the S subunits of EcoDXXI (GenBank
accession number X73984) and Sty R124l (GenBank accession number X13145). Protein sequences were aligned using the PILEuP program,
Dots refer to amino acids that are identical to the corresponding amino acid in the HsdS1a sequence, and dashes refer to gaps introduced into
the sequences to improve alignment. Underlined is the 6-amino-acid direct repeat flanking the 33-amino-acid region present in HsdS1a but lack-
ing in HsdS1s. The TAEL repeat region characteristic of type IC S subunits is denoted by plus signs, and the motif characteristic of ATP/GTP-
binding proteins (see text) present in HsdS1a is denoted by asterisks.

these proteins are most closely similar to the S subunit the amino acid sequence of its predicted gene product
of the R-M system encoded by Escherichia coli plasmid shares 41% identity and 60% similarity with the analogous
pDXX!l (GenBank accession number X73984). The peptide from Bacillus subtilis (Hammond et al., 1991).
EcoDXX|l enzyme shares significant homology with Because polC encodes the major subunit of the DNA poly-
Sty R124l; both of these are classified as type IC enzymes merase Il holoenzyme, it is assumed that the pol/C gene
(Bickle and Kruger, 1993). HsdS1a and the S subunit of product plays no role in either inversion or functioning of

EcoDXX! share 23% identity and 49% similarity, and a
comparison of HsdS1s and the EcoDXXlI S subunit
reveals 22% identity and 47% similarity. An alignment
of the M. pulmonis HsdS1 peptides with the S subunits
of EcoDXXl and StyR124l is shown in Fig. 7. The
M. pulmonis peptides lack the TAEL direct repeats charac-
teristic of S subunits of type IC enzymes; these repeats are
also lacking in type IA and IB enzymes. HsdS1a has the
consensus sequence [A,G}]-X-X-X-X-G-K-[S,T], a motif
characteristic of ATP/GTP-binding sites (Saraste et al.,
1990; Walker et al., 1982). This motif is not found in
HsdS1s or in the S subunits of the enteric bacterial
enzymes.

Identification of the major ORFs flanking the hsd1
locus

On one side of the hsd1 locus (the left end in Fig. 3) is the
polC gene, about two-thirds of which is present on the 6.0
and 6.6 kb fragments. This gene was identifiable because

the hsd1 locus.

On the other side of the hsd? locus (the right end in
Fig. 3; top of Fig. 4), two overlapping ORFs are present.
The first of these ORFs would encode a peptide sharing
45% identity and 64% similarity with the amino acids of
the glutamyl-tRNA synthetase (GIuRS) peptide of Bacillus
stearothermophilus, encoded by g/tX (Breton et al., 1990).
Conserved in the mycoplasmal GIuRS enzyme are several
motifs (not shown in Fig. 4) characteristic of GIuRS and
other aminoacyl-tRNA synthetases from various bacterial
species (Breton et al, 1990; Eriani et al, 1990). The
ORF overlapping with gitX, designated ORFA, would
encode a peptide containing only 126 amino acids. There
was no significant similarity between the predicted amino
acids encoded by ORFA and other sequences in the Gen-
Bank/EMBL databases. Presumably, because of its over-
lapping nature with g/tX, a peptide encoded by ORFA
would have a function related to protein metabolism and
would not be involved in inversion of the hsd7 locus. In
particular, no obvious similarities between the predicted
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protein encoded by ORFA and known examples of
DNA invertases, or other site-specific recombinases, were
noted.

DNA inversion and hsd1 gene expression

The genes hsdS1a, hsdR1 and hsdM1 may be within a
single operon because the coding regions of hsdS1a and
hsdR1 overlap by eight nucleotides, and only three nucleo-
tides separate the coding regions of hsdR1 and hsdM1.
However, it is possible that promoters are present within
coding sequences of some of the hsd? genes. When the
invertible element is in orientation Il (see Figs 3 and 4),
hsdS1a is preceded by a Shine~Dalgarno sequence
which serves as a potential ribosome-binding site (Shine
and Dalgamo, 1974). Presumably, a promoter is present
between the 3’ end of ORFA, which is immediately fol-
lowed by a putative Rho-independent transcription termi-
nator (Platt, 1986), and the hsdS1a ribosome-binding
site. A promoter-like sequence is present in this region
(see Fig. 4), but identification of the actual promoter
will require analysis of hsdS1a mRNA transcripts. Con-
versely, hsdS1s (when the invertible element is in orien-
tation 1) lacks a ribosome-binding site. Also, a putative
Rho-independent transcription terminator is downstream
from polC and located just 10—15bp upstream from the
hsdS1s initiation codon. Therefore, it is likely that
hsdS1a, but not hsdS1s, is expressed when the invertible
element is present in orientation Il. However, when the
element is in orientation I, the ribosome-binding site
precedes hsdSie and not hsdS1a and the translation
terminator precedes hsdS1a and not hsdS1s. Therefore,
inversion of the M. pulmonis hsd1 locus should act as
a genetic switch regulating expression of hsdS1a and
hsdS1s.

Northern hybridization analysis has revealed that hsd
transcripts are present regardless of the orientation of
hsd1 (data not shown), but interpretation of these data is
complicated because it is not known which transcripts
are derived from hsd1 and which transcripts are derived
from hsd2. Southern hybridization analysis and limited
DNA sequence analysis of a cloned portion of hsd2 (our
unpublished data) indicate that the hsd2 locus is struc-
turally organized similarly to the hsd7 locus, containing
two hsdS genes designated hsdS2a and hsdS2s.
Whether hsd2 is another invertible element is unknown.
Once the hsd2 locus has been fully characterized, a
study of the mRNA transcripts from the hsd? and hsd2
loci should be easier to experimentally design and
interpret.

Inversion of hsd1 regulates R-M in M. pulmonis

The ability of mycoplasma virus P1 to infect cells in which

Table 1. R-M properties of M. puimonis.

Pfu on M. pulmonis Strain®

Virus stock used 16 (hsd1 in 52 (hsd1 in
for infection orientation ) orientation 1)
Pie16 8.4 x 10° (1.0)° 1.2 x107 (1.4)
Pte52 2.0 x10% (1073) 1.3 x 107 (1.0)

a. Similar results were obtained in four independent experiments.
Strain KD735-16 is abbreviated as 16, and strain KD735-16-52 is
abbreviated as 52.

b. Relative titre in parenthesis.

the hsd? locus is in either orientation was examined to
determine whether DNA inversion affected the cell’s R-M
properties. The data obtained for strains KD735-16-52
(hsd1 locus in orientation 1) and its parent strain KD735-
16 (hsd1 locus in orientation 1) are shown in Table 1. P1
virus propagated on KD735-16 (P1e18) had essentially
equal titres when assayed on lawns of KD735-16 and on
lawns of KD735-16-52. Conversely, P1 virus propagated
on KD735-16-52 (P1e52) had a titre nearly 1000-fold
lower when assayed on KD735-16 cells versus KD735-
16-52 cells. These data indicate that KD735-16 cells can
both restrict and modify P1 virus. In contrast, R-M of P1
virus was not detected in KD735-16-52. Essentially iden-
tical data were obtained when the R-M properties of
strains KD735-16-12 and 6a14 (hsd? in orientation H)
were compared to strains KD735-12-1 and 6a14/4 (hsd1
in orientation 1), as summarized in Fig. 1. R-M of P1
virus was detected only in strains containing hsd7 in orien-
tation Il; strains containing hsd7 in orientation | failed to
either restrict or modify P1 virus.

Origin of the hsd1 Jocus

Because type | R-M systems have previously been found
only in Gram-negative bacteria and because the type IC
systems to which hsd1 is most similar are located on con-
jugative plasmids, it might seem that hsd? may have
been acquired via horizontal gene transfer from a Gram-
negative bacterium. However, the coding regions of the
hsd1 locus have a base composition of only 23.4 mol%
G+C, typical of mycoplasmal genomes ‘(Herrmann,
1992), but significantly different from the 43.5mol% G+C
content of the R124 hsd locus. Moreover, the predicted
amino acids encoded by the hsd? locus contain 16 trypto-
phan residues, 15 of which are encoded by TGA (see
Fig. 4). TGA is the codon most often used by myco-
plasmas to encode tryptophan (Muto et al, 1992), but
TGA is a termination codon in other eubacteria. Because
the proteins encoded by the M. pulmonis hsd1 locus
would not even be synthesized in other bacterial sys-
tems, this locus must be mycoplasmal in origin.
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Fig. 8. Alignment of the carboxy-terminal half of HsdS1s (S1B-COOH, amino acids 185-337) with the amino-terminal half of HsdS1s
(S1B-NH2, amino acids 1—-171) and the carboxy-terminal half of HsdS1a (S1A-COOH, amino acids 218—391). Alignment was obtained using
the program eiLeup and displayed using the preTTYBOX program. Black boxes represent identities with consensus sequence. Grey boxes repre-
sent amino acid residues simitar to the consensus. Dashes in the consensus sequence represent lack of consensus. The numbering of resi-
dues of each polypeptide is shown on the right. It should be noted that the amino-terminal half of HsdS1a is identical to the amino-terminal half
of HsdS1s, except for the 33-amino-acid region in HsdS1a that is lacking in HsdS1s. The carboxy-terminal halves of HsdS1a and HsdS1s have

no significant similarity with this 33-amino-acid region.

Evolution of HsdS14 and HsdS1s

The predicted amino acid sequences of HsdS1a and
HsdS1s reveal several interesting features. As described
above, these proteins are identical in their first 147 amino
acids. At amino acid 148, sequence divergence is evi-
denced by a stretch of 33 amino acids present in HsdS1a
but not HsdS18. These 33 amino acids are flanked by a
six-amino-acid direct repeat (underlined in Fig. 7), pre-
sent as a 20-nucleotide direct repeat in the hsdS1a gene
(underlined in Fig. 4). It is likely that either hsdS1a has at
one time acquired extra nucleotides via an insertion or
that hsdS1s has at one time suffered a deletion. Follow-
ing the 33-amino-acid gap in HsdS1s, sequence identity
between HsdS1a and HsdS1e resumes for an additional
26 amino acids. With the exception of a few regions of
limited size, the remaining 195 amino acids of HsdS1a
share little sequence similarity with the remaining amino
acids of HsdS1s.

The structure of HsdS1s reveals the presence of a large,
tandem repeat, suggesting the hsdS1s arose by gene
duplication. Shown in Fig. 8 are the first 171 amino acids
of HsdS1s with the 165 carboxy-terminal amino acids of
this peptide. Also aligned in Fig. 8 are the carboxy-
terminal amino acids from HsdS1a. The sequences of the
two halves of HsdS1s are 42% identical and 60% similar,
strongly suggesting that they evolved via duplication of
an ancestral half. The amino acid sequences of the
amino- and carboxy-terminal halves of HsdS1a are 27%
identical and 46% similar, again suggestive of evolution
via gene duplication, but with a much higher degree of
divergence.

Discussion

One of the hallmark features distinguishing type | R-M
systems from all other types of R-M systems is that type

| enzymes cleave DNA at essentially random sites, far
removed from the recognition sequence. Type | enzymes
bind to an asymmetric recognition sequence and trans-
locate in a ATP-dependent process until cleavage
occurs. Although the M. pulmonis enzyme has not been
characterized, the high degree of homology between it
and other type | enzymes and in particular the presence
of motifs in the HsdR1 peptide that are characteristic of
ATP-dependent helicases suggest that the M. pulmonis
enzyme will be functionally similar to type 1| R-M
enzymes.

Type | enzymes have been divided into three classes
designated A, B, and C (Bickle and Kruger, 1993). In
some respects, the M. pulmonis system is clearly related
to the class C enzymes. In particular, the HsdR1 and
HsdM1 peptides from M. pulmonis are closely related to
the R and M subunits of class C enzymes. However, the
M. pulmonis HsdS1 peptides lack the TAEL direct repeats
characteristic of S subunits of type IC enzymes. Also, the
gene organization of the M. pulmonis system is quite
different from that of other type | enzymes. Even without
the presence of a second hsdS gene (hsdS1s) located
on the DNA strand complementary to the other hsd
genes, the M. pulmonis hsd1 locus would be unique. In
the other type | systems, hsdM and hsdS are expressed
as a single transcriptional unit, with hsdM always being
transcribed first. The gene order of the hsd1 locus, consist-
ing of hsdS1a followed by hsdR1 and then hsdM1, repre-
sents a marked divergence from previously described
systems.

Most S subunits of type | R-M enzymes contain two
homologous domains, one centrally located and the
other near the carboxyl terminus. Presumably, the evolu-
tion of the S subunits involved duplication of at least a
part of an ancestral gene. In M. pulmonis, the apparent
gene duplication is much more extensive; the entire first
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half of the HsdS1s peptide is related to the entire second
half of the molecule and, to a lesser degree, HsdS1a
exhibits a similar duplicative nature. Accordingly, the two
halves of the HsdS1 molecule may be functionally simi-
lar. Based on analogy with other type | systems (Cowan
et al, 1989; Dryden et al, 1993; Gann et al, 1987,
Gubler et al, 1992; Taylor et al, 1992), each half of
HsdS1 probably contains a domain involved in DNA recog-
nition and a second domain involved in interaction with
HsdM1 subunits.

The particular type | enzymes to which the M. puimonis
system is most similar are located on conjugative plas-
mids, R124 and pDXXI, which may be vehicles for the
dissemination of these enzymes. Although type | enzymes
have heretofore been found exclusively in Enterobacteria-
ceae, the codon usage data presented here clearly
indicate that the M. pulmonis system has been in a myco-
plasmal genetic background for an extended period
of time. Perhaps other mycoplasmas and their Gram-
positive bacterial relatives also harbour type | R-M systems
that have not yet been recognized. Recently, a two-subunit
R-M enzyme from Bacillus coagulans has been described
(Kong et al., 1993). The nucleotide sequence (GenBank
accession number L18759) of the genes encoding this
enzyme reveals strong similarity with the R and M sub-
units of type | enzymes. Given the unusual nature of the
M. puimonis system, e.g. being located on an invertible
element, and given some unusual features of the B. coagu-
lans enzyme (Kong et al,, 1993), it seems that type |
enzymes in Gram-positive bacteria and mycoplasmas
may have evolved in interesting directions not yet seen
in Gram-negative bacteria.

Infection with mycoplasma virus P1 was used to
examine the R-M properties of M. pulmonis. Interpretation
of R-M data in this system is complicated by the frequent
existence of genetic differences, in addition to inversion
of hsd1, between the strains examined. Many strains con-
tain RFLPs unrelated to hsd1 inversion, and some strains
have changes in surface antigen make-up that may affect
P1 viral infectivity (see Fig. 1). However, some pairs of
strains (KD735-16 versus KD735-16-52; KD735-16-12
versus KD735-16-12-1) have no discernible genetic or
‘antigenic differences other than their orientation of hsd?.
A comparison of these strains indicates that inversion of
hsd1 does regulate R-M activity in this system. Of
course, M. pulmonis may have additional, perhaps unregu-
lated, R-M activities not encoded by hsd1, e.g. enzymes
encoded by hsd2, that cannot be assayed using P1
virus; P1 DNA would be appropriately modified to be resis-
tant to the restriction activity of any R-M system expressed
in all strains.

In general, site-specific DNA inversions are catalysed by
recombinases that are encoded by a gene that is located
either within or immediately adjacent to the invertible

element (Dybvig, 1993). The hsd? locus is apparently
an exception to this rule. None of the ORFs located in
the vicinity of this locus is a likely candidate for a
recombinase-encoding gene. Recently, we have deter-
mined a partial nucleotide sequence of the hsdS2s gene,
so called because it is located downstream from and on
the complementary strand to the hsdM2 gene (our unpub-
lished data). The nucleotide sequence of the 5 half of
this gene is identical to the sequence of the 5’ halves of
hsdS1a and hsdSt1s. If the hsd2 locus is another invertible
element, perhaps the same recombinase promotes inver-
sion of both hsd7 and hsd2 via recognition of the con-
served sequences in the hsdS genes. If so, the gene
encoding the recombinase may be located in the vicinity
of hsd2 rather than hsd7.

Why does M. puimonis regulate an R-M system via DNA
inversion, and what is the fate of the M. pulmonis chromo-
some when hsdS1a is switched from the off to the on orien-
tation? When in orientation |, hsdS1a is presumably not
expressed and chromosomal DNA would not be modified
at HsdS1a recognition sequences. When switched to
orientation I, does HsdS1a-directed restriction activity
result in double-strand breaks in the chromosome? If not,
some factor may protect the chromosome from nuclease
activity. Several factors have been described that alleviate
restriction activity in a variety of systems (Bickle and
Kruger, 1993). If double-strand breaks are generated,
they may sometimes be lethal, perhaps explaining why
subclones in which hsd? has switched from orientation |
to orientation 1l were isolated relatively rarely. In some
cells, these breaks may be repaired, perhaps resulting in
chromosomal rearrangements (Dybvig, 1993). Every sub-
clone examined to date in which hsd? has inverted from
orientation | to orientation H also contains an RFLP involv-
ing recombination between precursor fragments of 4.9 and
5.7kb (see Fig. 1). In addition, recombination between the
4.9 and 5.7 kb fragments has not been observed in the
absence of concurrent inversion of hsd?. The basis for
this apparent correlation is unknown. The 4.9 and 5.7 kb
fragments contain a cluster of genes encoding phase-
variable surface antigens (Bhugra, 1992). Whether DNA
rearrangements in this region regulate surface antigen
expression remains to be examined.

Experimental procedures
Mycoplasmas and viruses

All mycoplasmas used in this study have been previously
described and are derivatives of M. pulmonis strain UAB
6510 (Dybvig et al., 1988; Bhugra and Dybvig, 1992). Myco-
plasmas were propagated in mycoplasma medium as pre-
viously described (Dybvig and Cassell, 1987). Mycoplasma
virus P1 was assayed as pfu on lawns of susceptible cells
as described by Dybvig et al. (1987).
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Molecular cloning

Mycoplasmal chromosomal DNA was isolated as described by
Dybvig and Alderete (1988). Hindlll fragments of mycoplas-
mal chromosomal DNA were purified from agarose gels and
cloned into the Hindlli site of plasmid pUC18 using standard
techniques (Sambrook et al., 1989). Conditions for enzymatic
amplification using PCR were as described previously (Dybvig
and Woodard, 1992), and PCR products were cloned into the
pCR-Il cloning vector (Invitrogen). The PCR product spanning
the junction between the 6.2 and 6.6 kb fragments was ampli-
fied using oligonucleotides 5'-GTCATCGTTCTAATGCTGG-
3’ (nucleotides 55425560 in Fig. 4) and 5-GTTAATCTAT-
TATTTGGGTATTTAC-3' (complementary strand of nucleo-
tides 6825-6802 in Fig. 4). Amplification of hsdSis from
KD735 was accomplished using oligonucleotides 5'-
CTTTAAACAGAAAAAGTGCTGTC-3 (nucleotides 2998-
3020 in Fig. 4) and 5-AAAAATGAATATTCATTATCTAT-
GAG-3' (nucleotides 8712-8737 in Fig. 4, but located on
the strand complementary to the sequence shown in Fig. 4
when the hsd1? locus is present in orientation I, as is the
case for KD735 DNA).

Hybridization analysis

DNA fragments were resolved on 0.8% agarose gels. Myco-
plasmal RNA was isolated by phenol—chloroform extraction
of acid guanidinium thiocyanate lysates (Chomczynski and
Sacchi, 1987) and resolved on 1.0% formaldehyde gels.
Nucleic acids were transferred to nitrocellulose and hybri-
dized with probes labelled with **P by nick translation. Normal
(high)-stringency conditions were used for all hybridization
experiments. Conditions for electrophoresis, membrane blot-
ting, radiolabelling of probes, and hybridization were as
described (Sambrook et al., 1989).

DNA sequencing and sequence analysis

DNA sequencing was performed on double-stranded plasmid
templates by the dideoxy nucleotide chain termination method
with Sequenase version 2.0 (US Biochemical). DNA oligo-
nucleotide primers for sequencing and PCR were supplied
by the Oligonucleotide Synthesis Core Facility of the Univer-
sity of Alabama at Birmingham, USA. In all cases, the nucleo-
tide sequences of both strands of DNA were determined to
ensure accuracy. Computer analysis was performed using
the Genetics Computer Group (GCG) programs (University
of Wisconsin, Madison) on a VAX-VMS computer at the
University of Alabama Cancer Center. Initial comparisons
between M. pulmonis proteins and the GenBank/EMBL data-
bases were performed using the programs TFAsTA and BLAST.
The cap program was used to obtain calculations of per cent
identity and per cent similarity between aligned sequences.
Multiple sequence alignments were obtained using the program
PILEUP.
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