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Genes encoding the Mycoplasma arthritidis surface-exposed lipoprotein MAA1 were cloned and sequenced
from MAAI1-expressing strains 158p10p9 and PG6, from a low-adherence (LA) variant derived from 158p10p9
that expresses a truncated version of MAA1 (MAA1A) and from two MAA1-negative strains, 158 and H39. The
deduced amino acid sequences of maal from 158p10p9 and PG6 predicted, respectively, 86.5- and 86.4-kDa
basic, largely hydrophilic lipoproteins with 29-amino-acid signal peptides and predicted cleavage sites for
signal peptidase II (Ala-Ala-Ala | Cys). The truncation in the LA variant resulted from a G—T substitution at
nucleotide 695, which created a premature stop codon. This, in turn, generated a predicted 26.6-kDa proli-
poprotein (23.6 kDa after processing), consistent with an M, of ~24,000 calculated for MAA1A. Similarly,
absence of MAALI expression in H39 and 158 resulted from C—A substitutions at nucleotide 208, generating

premature stop codons at that site in both strains.

Mycoplasma arthritidis causes an acute, self-limited, septic
arthritis of rats under both natural and experimental condi-
tions (4). As with most infectious diseases, adherence to host
tissues is likely to play an important role. We have identified
two surface proteins, MAA1 and MAA2, that may be involved
in this process (14). Both MAA1 and MAA?2 are lipid modified
(17). MAA2 has been cloned and sequenced and shown to be
phase variable due to changes in the length of a poly(T) tract
in the promoter region (17).

The ability of monoclonal antibodies (MAbs) against these
two proteins to inhibit attachment of M. arthritidis to rat cells
in vitro (14) led to their original characterization as putative
adhesins. Although definitive evidence for their role in cytad-
herence is still lacking, an additional indication for the involve-
ment of MAA1 came with our identification of a spontaneously
appearing mutant from M. arthritidis 158p10p9, which attached
to rat cells in culture very poorly compared to the parent strain
(14). We originally designated the low-adherence (LA) mutant
LC1; here we refer to it as the LA variant. The only discernible
difference between LA and the parent strain is that the LA
variant expresses a highly truncated version of MAAI
(MAAI1A, M, ~24,000 [versus 90,000 for the parent strain]).
Although MAAI1A seems to be properly inserted into the
membrane and is exposed on the cell surface, it is apparently
nonfunctional, at least with regard to cytadherence (14).

MAAZ2 is a marker for a group of M. arthritidis strains related
to strain 158p10p9, while MAALI is not strain specific (15).
MAAL is expressed by 14 of 20 strains tested (15), although all
20 attach to rat cells in culture (unpublished observation).
Therefore, while MAA1 may be an important adhesin for the
strains that express it, there are no doubt alternative adhesins
in other strains; this is not uncommon among pathogenic bac-
teria (6). Although MAA1 does not appear to be a marker for
any particular set of strains, it does contain important antigenic
epitopes, because loss of approximately two-thirds of the mol-
ecule significantly reduced the ability of the LA variant to
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adsorb antibody from a strain-specific anti-M. arthritidis anti-
serum (15).

The possible involvement of MAAT1 in adherence was in-
triguing, but a more fundamental question was whether it was
in any way relevant to the disease process. We found that the
LA variant induced slightly but significantly less severe arthritis
in rats than did the wild type (14). In addition, MAAI induced
a strong antibody response in rats with M. arthritidis-induced
arthritis, and rats passively immunized with an anti-MAA1
MAD were nearly completely protected against a challenge
injection of virulent M. arthritidis (16). Rats actively immunized
with MAAT1 or passively immunized with a polyclonal mono-
specific antiserum against MAA1 were also protected, al-
though to a lesser extent. These data provided at least indirect
evidence that MAAL1 plays a role in pathogenesis, possibly in
mediating adherence to joint tissues early in the infectious
process.

Evidence for involvement of MAAI1 in both cytadherence
and pathogenesis prompted a more detailed characterization
of this protein. In addition to lipid modification, preliminary
studies showed that MAA1 was neither size nor phase variable
and that the epitope recognized by the protective, attachment-
inhibiting MADb was exposed on the surface of the mycoplasmal
cell and removed by treatment of the intact cells with car-
boxypeptidase Y (17). Here we report the cloning and se-
quencing of the maal gene from MAAIl-expressing strains
158p10p9 and PG6, from the LA variant derived from strain
158p10p9, which expresses a product about one-third the size
of the wild-type protein (MAA1A), and from strains 158 and
H39, which do not express MAAL.

(The results of this study were presented in part at the 99th
General Meeting of the American Society for Microbiology,
Chicago, Ill., May 30 to June 3, 1999.)

MATERIALS AND METHODS

Mycoplasma strains and culture conditions. M. arthritidis culture and storage
conditions were as described previously (15). Stock cultures were stored frozen
at —70°C; each 1-ml aliquot contained approximately 3 X 10'° to 4 x 10'° CFU.
Most of the work in this study was done with strains 158p10p9 (3), PG6 (9), 158
(5), and H39 (8). Additional strains used in Southern hybridization are described
in detail elsewhere (15).

Isolation and N-terminal sequencing of MAA1 and design of a degenerate
oligonucleotide probe. MAA1 was sliced from a sodium dodecyl sulfate (SDS)-
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polyacrylamide gel, extracted, reelectrophoresed, and transferred to a polyviny-
lidine difluoride membrane as described previously for MAA2 (17). N-terminal
sequencing was performed by the Mayo Protein Core Facility, Department of
Biochemistry and Molecular Biology, Mayo Medical School, Rochester, Minn.
From this amino acid sequence (X-Asp-Asp-Thr-Lys-Lys-Lys-Pro-Glu-Glu-Pro-
Lys-Lys-Glu-Asp-Pro-Lys-GlIn-Lys-Pro), a degenerate 23-base oligonucleotide
was designed for use in screening an M. arthritidis 158p10p9 DNA library and in
Southern hybridization experiments. The sequence of the probe was 5'-AAAG
AAGATCCWAAACAAAAACC-3’, where W represents either A or T. Oligo-
nucleotides and primers used in this study were synthesized by GIBCO BRL Life
Technologies (Grand Island, N.Y.) or by the Iowa State University DNA Syn-
thesis and Sequencing Facility (Ames, Iowa).

Mycopl 1 chr 1 and recombinant DNA preparation and Southern
hybridization. Mycoplasmal chromosomal DNA was prepared from 1-ml stock
cultures as described previously (13, 17).

For routine screening, recombinant plasmids were isolated from Escherichia
coli by boiling (1) or by modified alkaline lysis (pRSET Xpress Kit manual;
Invitrogen Corp., Carlsbad, Calif.). For DNA sequencing, plasmid preparations
were purified chromatographically by using Qiagen (Chatsworth, Calif.) columns
according to the manufacturer’s instructions.

For Southern hybridization, 9 pg of mycoplasmal chromosomal DNA or 0.25
to 0.5 pg of recombinant plasmid DNA was digested with the appropriate
restriction endonucleases, electrophoresed on agarose gels according to standard
procedures (1), and transferred by vacuum blotting to nylon membranes (Hy-
bond-N*; Amersham Life Sciences, Arlington Heights, I11.). Blots were exposed
to the degenerate oligonucleotide probe designed from the N-terminal amino
acid sequence of MAA1. The oligonucleotide was end labeled with [y->*P]ATP
by using T4 polynucleotide kinase as instructed by the supplier (Promega, Mad-
ison, Wis.).

Molecular cloning of chr 1 frag; ts hybridizing with the MAA1-
derived probe. Samples (9 pg) of chromosomal DNA from strains 158p10p9 and
PG6 were digested with EcoRI and ligated into the EcoRI-digested, dephospho-
rylated (1) vectors pSPORT 1 (GIBCO BRL) and pBluescript SK(+) (Strat-
agene, La Jolla, Calif.), respectively, by using T4 DNA ligase (Promega). Re-
combinant plasmids were introduced into E. coli XL1-Blue MRF’' by
electroporation (Cell-Porator; Bethesda Research Laboratories Life Technolo-
gies, Inc., Bethesda, Md.), and colonies containing recombinant DNA were
screened with the 3?P-labeled MAA1-derived oligonucleotide (1). Positive col-
onies were expanded, and plasmid DNA was digested with EcoRI and hybridized
with the probe. Then, 7-kb inserts containing maal-like sequences were recov-
ered from both strains. A 500-bp internal HindIII/PstI fragment was subcloned
from the 158p10p9 insert into pSPORT 1 for DNA sequencing. Sequence anal-
ysis revealed a portion of an open reading frame (ORF) containing a sequence
identical to the probe. The remainder of this ORF plus some flanking DNA were
sequenced from the original clone by primer walking. Initial sequencing of the
PGo6 insert was done with a primer designed from the 5’ end of the 158p10p9
maal gene, and the rest of the gene was sequenced by primer walking.

EcoRI fragments of 2 and 0.9 kb hybridizing with the MAA1-derived probe
were also recovered from strain 158p10p9 and sequenced from vector and in-
ternal primers in both directions to determine whether they encoded additional
genes similar to maal.

PCR amplification of maal homologs from the LA variant and from MAAI1-
negative strains 158 and H39. For amplification of maal homologs from the LA
variant and from strains 158 and H39, PCR primers PF4 (5'-GATAAAGCGC
ACTGTTGTGCTC-3') and PR2 (5'-CATAATTGAAAAAGAATGCC-3')
were designed from sequences flanking the maal gene from 158p10p9 (see Fig.
2). The corresponding regions were amplified from 100-ng samples of chromo-
somal DNA in 50-pl reaction mixes, each containing 2.5 mM MgCl,, 1X reaction
buffer (Promega), 10 mM concentrations of deoxynucleoside triphosphates
(Pharmacia Biotech, Piscataway, N.J.), 5 wuM concentrations of each primer, and
2.5 U of Tag DNA polymerase (Promega). Thermal cycler settings were as
follows: denaturation for 1 min at 94°C, annealing for 1 min at 52°C, and
polymerization for 3 min at 72°C for 30 cycles, followed by 1 cycle of 1 min at
94°C, 1 min at 52°C, and 10 min at 72°C. PCR products were ligated into the A-T
vector pGEM-T Easy (Promega) for DNA sequencing. They were sequenced by
using the PCR primers, primers from internal sequences generated from strains
158p10pY and 158, and primers from the vector.

DNA sequencing. DNA sequencing, including primer walking, was performed
by the Towa State University DNA Synthesis and Sequencing Facility, Ames.
DNA and deduced amino acid sequence data were analyzed with the MacDNA-
SIS Pro version 3.6 software package (Hitachi Software Engineering Co., Ltd.,
South San Francisco, Calif.).

Nucleotide sequence accession numbers. Accession numbers for the sequences
described in this report are as follows: maal from strain 158p10p9, AF154919;
maal from strain PG6, AF154920; maal from the LA variant, AF154921; maal
from strain 158, AF154922; and maal from strain H39, AF154923.

RESULTS

Hybridization of chromosomal DNA from 20 M. arthritidis
strains with the MAA1-derived oligonucleotide probe. To iden-
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FIG. 1. Southern hybridization of EcoRI-digested chromosomal DNA from
20 M. arthritidis strains with the degenerate oligonucleotide probe designed from
the N-terminal amino acid sequence of MAAI. Each strain contained at least
two EcoRI fragments that hybridized with the probe. Strains previously shown
not to express MAAL (15) are shaded in black. Strains that are closely related to
each other are boxed (15). The 7-kb fragments from strains 158p10p9 and PG6
that contain genes encoding MAA1 are marked with white arrows. Because the
PG6 lane was underloaded on this blot and the 7-kb band was hard to see, a
second hybridization was done with another preparation of PG6 (small panel to
the left). Additional fragments cloned and sequenced from 158p10p9 are circled
in white.

tify DNA fragments on which maal might be located and to
determine whether MAA1l-negative strains also possessed sim-
ilar genes, we subjected EcoRI-digested chromosomal DNA
from 20 M. arthritidis strains to Southern hybridization with the
MAAI1-derived oligonucleotide probe (Fig. 1). Two to four
fragments from each strain hybridized with the probe, includ-
ing strains not expressing MAAL1 (strains 158, 23192, 14152,
ATCC 14152, H39, and O7). The 7-kb EcoRI fragments from
strains 158p10p9 and PG6 contained ORFs with characteristics
appropriate for maal (see below and Fig. 2 and 3); these are
marked with arrows. The 7-kb fragment from PG6 can be seen
more clearly on the small blot to the left in Fig. 1. The probe
also hybridized with EcoRI fragments from the LA variant that
were the same size as those from the 158p10p9 parent strain
(not shown).

Molecular cloning and sequencing of maal from M. arthri-
tidis 158p10p9 and PG6. The MAAI1-derived oligonucleotide
probe was used to screen transformants containing EcoRI frag-
ments cloned from 158p10p9 and PG6 chromosomal DNA.
Transformants containing 7-kb inserts from both strains hy-
bridized with the probe. The hybridizing region from strain
158p10p9 was localized to a 500-bp internal HindIII/PstI frag-
ment. This fragment was subcloned, sequenced, and found to
encode an incomplete ORF with some of the characteristics of
a surface protein. This included a sequence at its 5’ end which
could encode a putative cleavage site for signal peptidase II
(Ala-Ala-Ala | Cys) (12). The remainder of the ORF and 5’
and 3’ flanking DNA were sequenced by primer walking. The
corresponding region from the PG6 clone was sequenced by
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(~162) Primer PF4 -
5’ -GATAAAGCGCACTGTTGTGCTCTTTTTTATTTTAAAAATATATATAATTGGAATATGTATTTTARAGATTCATTAAAATTCATAACAGCAAGAGAAC

(~65) I RBS I Translation Start Site
AAATTTAAAAAAGGGCATTTTTGTTGTCCTTTTTTTCATTTTAAATATATARATAGGAGAAGAAAATGARARAATTTAAAAAGAATCTTAGTTTGTTAAC

(36)
AGTTAGTATTTTAGGAACTACTTTATTTGCAACCTCAGTCGTAGCTGCAGCTTGCGATGACACTAAGAAAAAACCAGAAGAACCAAA

136 Sequence matching maa? probe T
TGACCAAAAACAAGAACAAGGTCAAGAAATAACAGAATTAAATAATTGACTAAAATCAATGTCAT TAAAAATCGTTGATGGCAAAATAG

a

(236) . generates TAA stop codon in 158 & H39 1
ACGCCTTTTATAARGCAATAGAAGCGAARAAAGATTTTTACTACAGCTACAGTAGTAAAAAGTTAATTGCAGTCGAAAAAGGCAAAAGACCARATTGAAG
-t c t

(336)

AGAAGAAAACGAAGAACTACTTTCTCTAGAAGGCGAATTTGCTTCAAATAAACACCAAATTGTCAATGACGAAAAGCCTACCTACACCGACAGCAAAGGA

(436)

ATGGTAAAATTATCTTCATTAATTCGTTATGAAGTAAAAGATGGCARAATAATTTTTTACTTTARAGGAGCTATCCACGACCATAAGGGCGCACATAAAA
t-a

(536) 158, H390only T t H39 only

TTTCTACTGAAGTTCATARAATGGAGTTTCCCAGGCAAAGCTTAGCATC TAATTTTGAAGAGTATGTTAAAAACTTACAATTCAGTTATCCAAACATTGA

(636) TAA stop codonin LA 1

AGAAACATTGTTAGACGATGTTGATACCGACARAGTCCGTCCTTTAGAGGGCTTAAAAGAAGGCTACGAATTTGC TAAAAARACAATAGTCAAAGAACCA
ta c---a-at t a

(736)

GAAACCAACACTCTATCTATTTTGTATTCAATTAGAAAARAAGATATTGATTATAAATCARAGAACTATGTTTTTAACCTAAAAGGTTGAAAGAAAAGTT

g

(836)
CGGAGATGTTAAAGAAAATTGAAGAAGCTAAAAATAAAATGGGTGAGGAAATTAATARACTTGATATTARAATCCTTAACGAAAAAGCTTATCAAAACAT

(936)
TAAAGAAACTAACAGTCATTTAAACTTTGAGGGTAAAAGTAATTTTGCTATTGGAAACTACGATGTAAACTTGTTTAAATTAGAATATGTTTCGGTTAARA
a- CCmm=wgt
(1036)
TTTAACGAAACTAACAAAAAAATTGAAGTAGATGTCAAGCTAAGTGTGATTTTGGATGAT TCTACTAGCATTTC TAAAAAGTTTATCATTGAAGGAAATT
g t--a ca-a L TR, - o
(1136)
ACGCTAATGGCAATATCAATCCTCACAATTTAATAGAAGACCAGCAAAAGAAATATTTGAATGACGAACTTGAAAAAATGACAGTTCATCCATATTATTC
- - -— c---C ag-te--——-m———m oo g---t -
(1236)
AAAAGACAAAACTTATATTGAAAGACTTAACGACAATGAGTTAAGTGATCGCTCGTTTTGAATAAATGATARARATARATCTTTGACATACACTTTTGGC
a t-- ca-—- -— a
(1336)
AAAGTTGAARAAACCTCAGACGGAAAATATAGTGTCGAAGTTACAGCTAACTTTTTTGATTGAAATGAAAGCCCACGCGAAACTAAAAAAGTTTCAATCG
---------------- t---g-~c a---t a---g: ¢ Ct—mmt-
(1436)
ATCTTGACAAATTAGGCATTGACATTCACAATAAAATACGTGAGCAAAATAATCAACCCCCACTAGAAGATAAAAAAGCTCCAAGTGGAACAGTTGAAGA
tust--c g=t--
(1536)
ARATATTGATCCTGATTTAAATACTGAAGGTTTTAAAGAAACTCCAAGTGATGATTATGATGGTAAAGCTACATCAATTATTCATTTAAAAAGTTATATT
c Cm=@mm==Cgg-==Ct——m————— A-—Crmmm——— g--a--t-~-¢
(1636)
GAGAACATTAAAAAACAAARAATTAATGC TTTGAGACAATGAAATGC TTACTCAAATTAAAGAGAAGAAATACACATTGCCATTTGCTCAATTCTTTAGTT
--ag-t c
(1752)
ATGACAAAGAAAAATTAGAACTAAAATCTAAAGTACAATTTTTCTCAAAATCATTAAAAATGGTCGACGGCCAAACCGCTTTCATCATARGTGACCCARA
g t--t t g
(1836)
AGAARCTGATGGARAGTTGACTGTTAAGCTAACATTAATGACACTTCAAGATTTTAAAGC TARAAATTTCAAC TCTGAAAATATGATTTCTAGACGCGTT
———g- a a c
(1936)
GAAATTGATCAAACAACTTTTGCTAAAGACTACATAACCAAAAAGTTCTTGTTAGAAAGATATATTCGCTCATTAGGACTATCATTTGATTGCGTAGGTA
a t
(2036)
AARGAAGATATGACACCTAGTGAAGTTGAAGACATTAACATGGTAATAC TAGATGGCGCAAACTTGCCTAGCGGTATGAAATTAGTTGAAAAAAGTACTCA
a a--ct g==t=-g g---t--*g*aatcge-tt-ac-* a a tmm——
(2136) 158 and H39 only 1 PG6 only 1
TAAAATGGATGACAAAAAAGGAACTTTAACAATTAAGTGCAAATTTTCATATAACGGAGTAGAAACAGATGATATGTTC TACACCATCAAAGGC TTTAAA
-g-t a t g-gc
(2236) 4 A AG =-16.2
AARCAATAGACTAATAGCAATTTTAAAAGATGCCRAACAAGC dECATCTTTTTCRATTATG- 3"

9
t  Stop codon « Primer PR2

FIG. 2. Nucleotide sequence of maal from M. arthritidis 158p10p9 (uppercase letters, first line), PG6, 158, and H39 (lowercase letters, second line). PCR primers
PF4 and PR2, used for amplifying this region from LA, 158, and H39, are underlined and italicized. The sequence corresponding to the degenerate oligonucleotide
probe is shaded in black. The probe was designed with an A residue instead of the authentic G (unshaded) at the sixth position. A putative ribosome binding site (RBS)
and the translation start site are underlined and marked by arrows. A TAG stop codon is underlined (nt 2250), and a putative Rho-independent transcription terminator
is boxed. A “-” indicates that the nucleotide sequence is the same as for 158p10p9; an asterisk indicates that nucleotides are missing from those sites in strains PG6,
158, and H39. Sites at which PG6, 158, or H39 differ from each other are annotated. A C—A substitution at nt 204 (underlined) generates premature TAA stop codons
in strains 158 and H39. A G—T substitution at nt 695 (underlined) generates a premature TAA stop codon in maalA. Otherwise, the sequence of maalA from the
LA variant is identical to that of maal from the 158p10p9 parent strain.
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using a similar strategy. DNA sequences of these regions are
shown in Fig. 2.

The 2-kb and 0.9-kb EcoRI fragments from 158p10p9 circled
in white on Fig. 1 were also cloned and sequenced. Both
contained sequences with some similarity to the MAA1-de-
rived oligonucleotide probe. However, the 2-kb fragment con-
tained no obvious functional ORFs, while the 0.9-kb fragment
contained what appeared to be a small ORF with a premature
stop codon near the 5’ end and little similarity to maal other
than the probe sequence.

PCR amplification and sequencing of maal homologs from
the LA variant and MAAl-negative strains 158 and H39. If
maal genes were absent from the non-MAAIl-expressing
strains or if maal had undergone significant deletion or re-
combination in the LA variant, we would expect these changes
to manifest as restriction fragment polymorphisms on South-
ern hybridization. However, this was not the case (Fig. 1, e.g.,
strains 158 and PG6). Instead, the restriction fragment length
polymorphisms seen in the figure corresponded to previously
identified strain relationships (15) and were independent of
MAAT1 expression. Our designation of “MAA1-negative” was
based on Western immunoblotting with an MAAI1-specific
MAD that recognized a surface epitope from strain 158p10p9
(14, 15). The DNA hybridization results could be explained if
the so-called “MAA1-negative” strains produced proteins sim-
ilar to MAAL, with surface-exposed domains that were anti-
genically variable but with membrane-embedded N termini
that were more highly conserved. In this case, the probe de-
signed from the N-terminal sequence of MAA1 might not
distinguish among them. However, another explanation is re-
quired for the absence of restriction fragment length polymor-
phisms in the LA variant. This next set of experiments was
designed (i) to determine whether maal-like genes were
present in MAAT-negative strains, and if so, (ii) to determine
whether their deduced amino acid sequences were consistent
with expression of a set of antigenically variable MAA1-like
proteins, and finally (iii) to identify the nature of the mutation
in the LA variant.

PCR primers PF4 and PR2 (Fig. 2) were used to amplify the
regions encoding maal homologs from MAA1-negative strains
158 and H39 and from the LA variant (Fig. 3). These primers
were designed to amplify 2.4-kb products from strains express-
ing MAAI (e.g., 158p10p9). However, 2.4-kb products were
also amplified from MAAI1-negative strains 158 and H39, as
well as from the LA variant, which expresses a version of
MAAL1 that is less than one-third the size of the wild-type
protein (14). This is consistent with the Southern hybridization
results described above (Fig. 1).

The 2.4-kb products amplified from two preparations of
chromosomal DNA from the LA variant and from two prep-
arations each from the MAAl-negative strains 158 and H39
were cloned into the A-T vector pGEM-T Easy and sequenced.
Comparison of all six sequences with each other and with those
of 158p10p9Y and PG6 allowed PCR-induced errors to be iden-
tified and corrected. Since the 158 and H39 sequences were
almost identical to each other, we treated inconsistencies that
appeared in only one of the four samples, but not in the other
three, as PCR induced. Similarly, except as described below,
sequences from the two LA preparations were identical to the
sequence from the parent strain; inconsistencies that appeared
in only one, but not in both, were also considered PCR in-
duced.

Comparison of nucleotide and deduced amino acid se-
quences of maal from 158p10p9, PG6, the LA variant, 158, and
H39. DNA sequences flanking the 5’ ends of all five genes were
highly conserved, as were the 5" ends of the coding regions
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FIG. 3. PCR products amplified from chromosomal DNA from strain
158p10p9, the LA variant derived from 158p10p9, strain 158, and strain H39 by
using primers PF4 and PR2. Size markers are in the first lane. No product was
amplified from controls lacking M. arthritidis template DNA (not shown).

(Fig. 2). Putative ribosome binding sites were located just up-
stream of the ATG start site, although no obvious promoter
sequences were seen. In addition, putative Rho-independent
transcription terminators (AG = —16.2) were found just down-
stream of the TAG stop codons. There was a 2-nucleotide (nt)
mismatch between the probe sequence and the authentic se-
quence in strains PG6, 158, and H39 but only a single mis-
match with the corresponding sequence from strain 158p10p9,
which may explain why the 7-kb EcoRI fragments containing
maal from strains PG6, 158, and H39 hybridized only weakly
with the MAA1-derived oligonucleotide probe on the blot in
Fig. 1.

maal from the LA variant differed from that of the parent
strain at a single site, a G—T substitution at nt 695, which
generated an inframe, premature TAA stop codon (Fig. 2).
maal from strains 158 and H39 differed from each other by
only a single nucleotide and were identical to PG6 except at
positions 208, 456, 458, 2056, and 2031. There were three fewer
nucleotides in these three strains between sites 2086 and 2102
than in strain 158p10p9 (Fig. 2), so that the reading frame was
disrupted and then restored. Of greater interest was the C—A
substitution at nt 208 in 158 and H39, which generated pre-
mature TAA stop codons much closer to the 5’ end of the gene
than in the LA variant. While these results do not support our
hypothesized set of antigenically variable MAA1-like proteins
with conserved N termini, they do provide an explanation for
the absence of MAAL1 from these strains. The predicted prod-
ucts may be too small for proper processing or more highly
susceptible to proteolysis.

Deduced amino acid sequences of these proteins are shown
in Fig. 4. Sequences from strains 158p10p9 and PG6 predicted
747- and 746-amino-acid, 86.5- and 86.4-kDa proteins, respec-
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158pl10p9 ELYNK K TEVDVKLSYILDDSISMSKKIFT ITEGNYANGN I NPHNLMEMEOKKYINDELEKMTVHPYYSKDKTY IER
PG6 ELYK K TEVDVKLSIILDDSHSYSKKIRT TEGNYANGNINPHNLIEIJPOKK YL DELEKMTVHPYYSKDKTY IER

158p10p9

PG6

158pl0p9 491
PG6 491
158pl0p9 561
PG6 561
158pl0p9 631
PG6 631

IREQNNQPLEDKKAPSGTVEENIDPDLNTEGFKETPSDD
A RS

[LTOTKEKKYTLPFAQFFSYDKEKLELKSKVOFFSKSLKMVDGOTAFIISEPKEMDGKLTMKLTLMTLQDF)

KAKNFNSENMISRRVEIDQTTFAKDY ITKKFLLERYIRSLELSFDCVGKEDMMPSEVEDINMY T 1ale2:\
[KARKNFNSENMISRRVEIDOTTFAKDY ITKKFLLERY IRSLIZLISFDCVGKEDMSP SEVEDENMV I LijeENsi

158pl10p9 701 IHINMDKKGTLTIKCKFSYNGVETEDMEY TIKGFKK O
PG6 701 MK TN SHPMADKKGTLTIKCKFSYNGVET|EDMFYTIKGFKK QLS

FIG. 4. Deduced amino acid sequence of MAAL1 from strains 158p10p9, PG6, 158, and H39 and of MAAIA from the LA variant. Identical regions are shaded in

black. A putative lipoprotein signal peptide is boxed.

tively, with identical 29-amino-acid lipoprotein signal peptides
with predicted cleavage sites for signal peptidase II (Ala-Ala-
Ala | Cys [12]). Both were basic (pI = 8.14 and 8.37, respec-
tively) and largely hydrophilic. The two proteins were highly
conserved, especially at the N termini. Short nonidentical re-
gions were clustered in the middle and toward the C terminus.
A GenBank search revealed no significant similarity to other
known proteins.

The deduced amino acid sequence of the corresponding
gene from the LA variant predicted a 231-amino-acid, 26.6-
kDa lipoprotein that was otherwise identical to the N-terminal
231 amino acids of MAAI1 from 158p10p9. The mature li-
poprotein, after cleavage of the signal peptide, would be 23.6
kDa in size, in agreement with our earlier estimation of an M,
of 24,000 for MAA1A (14).

DISCUSSION

In this report we describe the isolation and sequencing of
maal and maal homologs from two M. arthritidis strains ex-
pressing MAA1 (158p10p9 and PG6), an LA variant express-
ing a truncated version of the protein, and two nonexpressing
strains (158 and H39). We were unable to express the genes
encoding MAAI1 from strains 158p10p9 and PG6 in E. coli
because they each contained six TGA tryptophan codons.
However, we believe that they do, in fact, encode MAALI,
based upon (i) the predicted molecular masses from deduced
amino acid sequences, which coincided roughly with the M, of
90,000 calculated for MAAL from SDS-polyacrylamide gels
(14); (ii) the predicted hydrophilicity and the presence of pu-
tative lipoprotein signal peptides, compared with our earlier
observation that MAA1 was surface exposed and lipid modi-
fied (14, 17); (iii) the premature stop codon in maal from the
LA variant, generating a predicted 23.6-kDa product after

processing of the signal peptide, in comparison with an esti-
mated M, of 24,000 for MAAI1A; and (iv) the very early trun-
cation of the maal genes in MAAl-negative strains 158 and
H39, explaining why no products were detected.

The other two EcoRI fragments from 158p10p9 that hybrid-
ized strongly with the MAA1-derived probe (circled in white in
Fig. 1) did not contain maal-like sequences other than those
with limited homologies to the probe itself, suggesting that
maal was present in only a single copy in this, and probably
related, strains.

Similarities among the nucleotide sequences of maal from
the four strains examined were consistent with previously iden-
tified strain relationships. In an earlier study, we showed by
serologic and DNA restriction analysis that strains PG6, H39,
and 158 were more closely related to each other than they were
to 158p10p9 (15). Here we show that maal sequences from
PG6, H39, and 158 were 95% identical to maal from
158p10pY9, while maal sequences from H39 and 158 were
>99% identical to maal from PG6. maal from H39 and 158
differed from each other by only a single nucleotide.

The deduced amino acid sequences of MAAI1 from
158p10p9 and PG6 predicted basic, largely hydrophilic, proli-
poproteins that differed in size by a single amino acid. Their
29-amino-acid signal peptides were identical to each other and
shared 79% identity with the 29-amino-acid signal peptide of
the M. arthritidis variable surface lipoprotein MAA2 (17). The
N-terminal amino acid sequence obtained from the gel-puri-
fied protein matched the deduced amino acid sequence of
MAAT1 from 158p10p9 immediately adjacent to the predicted
signal peptidase II cleavage site (Fig. 2), confirming that the
signal peptide was removed prior to insertion of the protein
into the membrane. The molecular mass of processed MAA1
estimated from the deduced amino acid sequence was less than
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the 90 kDa predicted by SDS-polyacrylamide gel electrophore-
sis (PAGE) (14). However, acylation and other posttransla-
tional modifications are known to affect electrophoretic migra-
tion (2, 10, 11, 18, 19), and MAA?2 also migrated more slowly
by SDS-PAGE than predicted from its amino acid sequence
17).

The mutation in the LA variant that resulted in truncation of
MAAI1A proved to be a G—T substitution at nt 695, which
generated a TAA stop codon at that site. The resulting prod-
uct, after processing, would be about 23.6 kDa in size, corre-
sponding to the 24-kDa product identified earlier by Western
immunoblotting (14). These observations are consistent with
our earlier suggestion that the loss of adherence in the LA
variant was probably due to truncation of MAA1 (14), al-
though definitive evidence will require the introduction of spe-
cific mutations in maal from the parent strain. It is interesting
that in spite of the absence of more than two-thirds of the
molecule, the epitope recognized by the attachment-inhibiting
MAD remained intact (14). It is possible that this epitope was
not directly involved in adherence and that the MADb’s effect on
attachment was due to steric hindrance. Alternatively, gener-
ation of the actual binding site may require precise conforma-
tion of the larger molecule. In that regard, there were two Cys
residues near the C terminus of the molecule that may gener-
ate some secondary structure in that region.

A similar substitution, much closer to the 5’ end of the
coding region, was responsible for the absence of detectable
products in strains such as 158 and H39 that do not express
MAAL. Such products would be only 7.6 kDa in size (4.5 kDa
after processing) and may be rapidly degraded or not properly
processed. In a similar vein, Henrich et al. showed that trun-
cation of protein P50, a variant of the adherence-related mol-
ecule Vaa, in certain Mycoplasma hominis isolates were due to
the generation of premature stop codons deeper within the
coding region (7). As for MAAI, these were not reversible.
Results of the present study do not support the hypothesis that
M. arthritidis strains produce a family of MAA1-like proteins
that are conserved at the membrane-embedded N termini but
with structurally variable surface-exposed domains. However,
the absence of MAA1 from these strains did not render them
incapable of cytadherence (unpublished observation), indicat-
ing that they possess other adhesins. Further efforts to identify
and characterize these alternative adhesins are under way in
our laboratory.
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