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originated from Gram-positive bacteria such as Staphylo-
coccus aureus [60]. Resistance owing to inactivation can be
divided into two classes, degradation and modification. The
former mechanism includes the hydrolysis of the lactone ring
in 14-and 16-membered macrolides and type B streptogramin,
and the latter includes phosphorylation of 14- and 16-
membered macrolides, nucleotidylation of lincosamides, and
acetylation of type A streptogramin.
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Fig. (11). Structures of clindamycin 3-phosphate and clindamycin
3-ribonucleotides [39].

This brief review outlines the biochemical mechanisms
of resistance to MLS antibiotics due to inactivation in human
clinical isolates (Table §).

1. Macrolide Antibiotics

Bacterial inactivation of macrolides, including 14-, 15-,
and 16-membered macrolides, can occur through hydrolysis
by erythromycin esterase A [53-55], erythromycin esterase B
[57, 61, 62], phosphotransferase A [58, 63, 64], phospho-
transferase B [59, 65-72], and phosphotransferase C [60, 73,
74]. Exceptionally, Nocardia sp. possesses multiple mecha-
nisms for inactivation of antibiotics, that is, phosphorylation,
glycosylation, reduction, and deacylation [75, 76].
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1-1. Hydrolysis

Macrolide, lincosamide, and streptogramin (MLS)
antibiotics are mainly effective against Gram-positive
bacteria. On the other hand, erythromycin (EM) has been
used to control the Gram-negative flora of the intestinal tract.
Two genes have been identified as being associated with
resistance to EM in E. coli. One is the ere(A) gene, encoding
EM esterase A, generated from plasmid pIP1100 in E. coli
BM2195. The other is the ere(B) gene, encoding EM
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Virginiamycin M |

Fig. (14). Structure of 16-dihydrovirginiamycin M, [46].

esterase B, generated from plasmid pIP1527 in E. coli
BM2570. The nucleotide sequence of ere(A) on plasmid
pl1100, a self-transferable plasmid, revealed that the gene
consists of 1032 bp, corresponding to a product with a
molecular weight of 37,765, and has a G+C content of
50.5%. Since the G+C content of Gram-positive bacteria is
32-36%, this gene should be indigenous to E. coli. E. coli
BM2570 was isolated from a clinical specimen in France,
like E. coli BM2195, and was resistant to high levels of EM
(MIC >2000 pg/ml) through two different mechanisms.
Plasmid pl1527, a 150-kb self-transferable plasmid, in E.
coli BM2570 carried two genes, erx4 and ereB. The erxA
gene, which is closely related to the ermAM gene encoding
the rRNA-methylating enzyme in Streptococci, and encodes
a single polypeptide with a molecular weight of 27,000,
confers high resistance to MLS antibiotics due to
dimethylation of 23S rRNA. The ere(B) gene product, an

VM, Reductase
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enzyme with a molecular weight of 51,000, inactivated EM
and oleandomycin (OL) similarly to the enzyme encoded by
ere(A) and had a G+C content of 35.9%. The low G+C
content of ere(B) might be due to a specific codon usage in
E. coli, suggesting an exogenous origin of ere(B).
Inactivation products of EM generated by enzymic
hydrolysis of the lactone ring due to both the ere(A) and
ere(B) gene products are shown in Fig. (15). The two genes,
erxA and ere(B), provide different resistance mechanisms to
macrolide antibiotics, i.e., dimethylation of 23S rRNA and
inactivation. These genes appear similar to srmA-gimA in
Streptomyces ambofaciens [32], and lrm-mgt in Streptomyces
lividans [12].

In recent years, the ere(A2) gene, a variant of ered
located in an integron cassette has been found in several
bacteria [77-80]. Kim et al. [81] characterized EM esterase
from Pseudomonas sp. and the gene encoding this enzyme

Table 5. Inactivation of MLS Antibiotics by Clinically Isolated Microorganisms.
MLS antibiotics /Resistance Plasmid Gene' Gene? Size (bp) Protein GenBank | Antibiotics’ | Reference
Profile/Organisms (size’)
Macrolide
Hydrolysis
E. coli BM2195 pIP1100 ered ere(A) 1032bp  [Ere(A)(344aa) MI11277 EM [53-55, 82]
E. coli ereA2 ere(A2) [77]
Pseudomonas sp. GD100 ered2 ere(A2) [81]
E. coli BM2570 pIP1527 ereB ere(B) 1257bp  [Ere(B)(419aa)  X03988 EM, OL [57, 61,
82]
Phosphorylation
I. coli T481A mphA mph(A) 903bp Mph(A) D16251 OL,EM, | [58,63, 64]
(301aa) SPCM
MDM, JM,
LCM
. coli 209K pSK66 mphK mph(A) 918bp Mph(A) U36578 14-, 16- [83]
(306aa) mac
L. coli BM2506 mphB mph(B) 906bp Mph(B) D85892 14-, 16- [59, 65-72,
(202aa) mac 84]
S. aureus pMS97 mphBM mph(C) 897bp MphBM AB013298 14-, 15-,
(299aa) 16-mac EM [60, 73]
S. aureus 01A1032 pSR1 mphBM mph(C) 897bp AF167161
Stenotrophomonas maltophilia mphBM mph(C) 897bp AJ251015 [74]
D457
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MLS antibiotics /Resistance Plasmid Gene' Gené? Size (bp) Protein GenBank | Antibiotics | Reference
Profile/Organisms (size®) s
Phosphorylation, Glycosylation, Reduction, Deacylation
Nocardia sp. EM, RKM, {75, 76}
MDM
CHA, TL
Lincosamide
Nucleotidylation
S. haemolyticus BM4610 plP855 linA4 Inu(A) 483bp LNT(3)(4) M14039 LCM [85, 86, 88]
(161aa) LCM,
S. aureus BM4611 lind’ Inu(A) 483bp LNT(3)(4) J03497 CLDM [87, 88]
(161aa) LCM,
L. fuecium HM1025 linB Inu(B) 801bp LinB AF110130 CLDM [89]
(267aa)
Streptogramin
Hydrolysis
S. aureus STE PHIA PRI-1 [90]
S. aureus BM3041 pIP630 vgh vgb(A) 897bp Vgb(A) M20129 VIR-B [91, 1051
(298aa)
S. cohnii BM1071 plP1714 vgbhB vgh(B) 885bp Vgb(B) AF015628 STG-B [92]
(295aa)
Acetylation
S aureus 71 VIR-M [95]
S. aureus STE PAC (IIA) PRITI-A [96]
S. aureus pl680 vat vat(A) 657bp VAT (219aa) L07778 VER-A [97]
S. aureus BM3385 pIP1633 vatB vat(B) 636bp VatB (212aa) L38809 STG-A [98]
S. cohnii BM10711 pIP1714 vatC vat(C) 636bp VatC (212aa) | AF015628 STG-A [92]
E. faecium BM4145 satA vat(D) 627bp SatA (209aa) L12033 STG-A (99, 105]
F. fuecium UW1965 satG vat(E) 642bp SatG (214aa) | AF139725 STG-A [101, 102]
5. faecium vat(E 1-8)° 642bp AF139735 QD [103]

The gene name is based on the original name.
2 The gene name follows the nomenclature by Roberts M. C. et al. [48]
* Number of amino acid (aa) is shown in parentheses.

1 E. faecium generates a series of vat genes, va((E-1), vat(E-2), vai(E-3), val(E-4), vai(E-5); vat(E-6), val(E-7), and vat(E-8), and they were deposited as accession numbers
AF153312, AY008284, AY043211, AY43209, AY043210, AY043212, and AY043213, respectively.
% See Table 1 for abbreviations other than SPCM, spectinomycin; MDM, midecamycin, CHA, charcomycin; STG, streptogramin; Q-D, quinupristin-dalfopristin, mac, macrolide

antibiotics.

was similar to the ere(A2) gene from Providencia stuartii
plasmid PLQ1723 [80]. A comparison of EM esterase genes,
including ere(A), ere(A2) and ere(B), is shown in Fig. (16)
and Table 6. As expected, ere(A) and ere(A2) showed a high
degree of identity in terms of both DNA and amino acid
sequences, but ere(A) and ere(A2) showed relatively low
similarity to ere(B). EM esterases include ere(A) and ere(B)
appear to be disseminating independently among Fscherichia
sp. Staphylococcus sp. and Pseudomonas sp. although they
are also found together [82].

1-2. Phosphorylation

Inactivation due to phosphorylation of macrolide,
lincosamide, and streptogramin (MLS) antibiotics in clinical
pathogens was first found by O’Hara et al. [63] in E. coli
with high-level resistance to erythromycin (EM) (MIC

>3200 pg/ml), and was similar to the phosphorylation at the
2’-OH group of 14- and 16-membered macrolides in
Streptomyces coelicolor [19, 20]. Two years later, a similar
phosphotransferase gene was discovered in a Gram-positive
bacterium, Staphylococcus aureus; it was located between
two other genes conferring resistance to MLS antibiotics,
i.e., msr(A), which is related to antibiotic efflux, and erm(Y),
which is related to methylation of 23S rRNA [73].

To date, three phosphotransferase genes, mph(A),
mph(B), and mph(C), have been reported. The mph(A) gene,
encoding macrolide 2°-OH phosphotransferase 1, was found
in E. coli Tf481. It consists of 903 bp [58] and encodes the
inducible enzyme MPH(2’)l, which inactivates 14-
membered macrolides in the presence of ATP and Mg [63,
64] to 2°-OH phosphoryl macrolide antibiotics, as seen in
Streptomyces coelicolor(Table 1). E. coli 209K harboring the
plasmid pSK66 was isolated in Korea [83] and was highly
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Fig. (15). Reaction catatyzed by erythromycin esterase A and B.
Enzymatic hydrolysis of the lactone ring of erythromycin is
followed by the formation of an hemiketal by internal condensation
and dehydration. Compound 4 is the major end product of
detoxification of erythromycin by resting cells at pH 7.0 [57].

resistant to EM (MIC >2000 pg/ml). The mph(K) gene on
this plasmid is 918 bp long and encodes a protein of 306
amino acids; it is very similar to mph(A) (98% identity in
DNA and 97% identity in amino acid sequence). The mph(B)
gene, encoding macrolide 2’-phosphotransferase II (MPH
(27)11; 302 amino acids) in £. coli BM2506, consists of 906
bp. This enzyme showed potent inactivating activity against
14- and 16-membered macrolides, different from MPH(2’)],
which inactivated only 14-membered macrolides {59, 65].
The observation of low similarity between mph(A) and
mph(B) (40% identity in DNA and 37% identity in amino
acid sequence) seems to be related to the very different G+C
contents of mph(A) (65.6%) and mph(B) (38.3%). This
dissimilarity between the two genes is consistent with the
fact that the mph(B) gene is only expressed in the Gram-
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positive bacterium, .S. aureus [67]. Much work has been
done on the mph(B) gene [66, 68-72, 84]. The mph(C)
(formerly mphBM) gene, encoding a phosphotransferase,
was obtained from S. aureus [60] and subsequently from
Stenotrophomonas maltophilia [74]. The mph(C) gene of S.
aureus is located on plasmid pMS97 in the sequence 5°-
msr(A)-mph(C)-erm(Y)-3> and an ATG initiation codon is
present 342 bp downstream of the msr(A) gene, encoding an
ABC-family efflux transporter, while a TAG termination
codon is present 414 bp upstream of the erm(Y) gene, the
product of which dimethylates 23S rRNA [60, 73]. The
mph(C) gene consists of 897 bp and encodes a deduced
protein of 299 amino acids. Furthermore, DNA sequence
analysis of mph(C) revealed a G+C content of 37.1%, and
62% identity with mph(B), despite the 45% identity with
mph(A). Constructed plasmids pND502, pND5012,
pND5013, and pND50A, including the mph(C) gene (Fig.
17), were introduced into the susceptible strain S. aureus
RN4220, which was then assayed for the inactivation of EM
by measurement of the residual activity towards
Micrococcus luteus ATCC9341. As shown in Fig. (18), S.
aureus RN4220 (pND502) containing only the mph(C) gene
formed an inhibition zone, although other constructs formed
no inhibition zone, suggesting that the expression of mph(C)
gene is required for the activation of msr(A) gene and/or its
promoter. Inactivation activity of the mph(C) genec was
compared with that of the ere(A) gene encoding EM-esterase
by radioautography and bioautography using [ “C]JEM and E.
coli BM694/pAT63 harboring the ere(A) gene or S. aureus
8325(pMS97) harboring the mph(C) gene. Both strains
exhibited complete resistance (Fig. 19). However, the
radioautograms showed different peak patterns, indicating
that the inactivation mechanism of the mph(C) gene product
is different from that of the ere(A) gene product. The mph(C)
genes from Stenotrophomonas maltophilia D457 [74] and
from S aureus harboring plasmid pSR1 showed high
similarity to that of pMS97 (more than 98% identity in
amino acids) (Fig. 20). The mph(C) gene of S. maltophilia
D457 was located in a cluster of genes including mph(C) and
cadmium efflux determinant (cadd), together with the gene
cadC coding for its transcriptional regulator. Nucleotide
sequences of plasmid pMS97 (accession number AB179623)
resembled those of plasmid pl258, a typical plasmid
conferring resistance to macrolides and B-lactam antibiotics
(Fig. 21). Three plasmids, pI258 containing erm(B)
(dimethylation of 23S rRNA), pEP2104 containing msr(A)
(ABC efflux transporter) , and pMS97 containing msr(A)-
mph(C)-erm(Y), had the same nucleotide sequences over 20
kb, except for a Sall-Pstl fragment including genes
conferring macrolide resistance. These observations suggest
that genes such as msr(A), mph(C), and erm(Y) have
disseminated among bacterial species by providing a growth
advantage in the environment.

The range of MLS antibiotics inactivated by the mph(C)-
encoded phosphotransferase was compared with that
inactivated by ere(A)-encoded EM esterase (Table 7). Both
inactivated all 14-membered macrolides other than
telithromycin, which is one of the new ketolide antibiotics.
The activity of this ketolide was lost upon phosphorylation,
but not upon esterase cleavage of the macrolactone ring (Fig.
22). Inactivation activity of azithromycin mediated by
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Fig. (16). Comparison of the deduced amino acid sequences of erythromycin esterase Ere(A) from £. coli (accession number M11277) and
Ere(A2) from Providensia stuartii (accession number AF099140). Identical residues are indicated by asterisks.

mph(C) was lower that by ere(A), and 16-membered
macrolide was more strongly inactivated by mph(C) than by
ere(A).

Table 6. Homology (%) of DNA and Amino Acid Sequences
for Erythromycin Esterase.
Homol %) of
Combination of genes omology (%) o
DNA Amino Acid

ere(A) - ere(A2) 80 78

ere(A2) - ere(B) 49 26

ere(A) - ere(B) 47 24

Accession numbers of genes used for homology analysis were the same as in Table 5.

2. Lincosamide Antibiotics

Phosphorylation and nucleotidylation of the hydroxyl
group at position 3 of lincosamide have been observed in
several species of Streptomyces [19, 39]. Among clinical
isolates, Staphylococcus aureus BM4611 and Staphylococcus
haemolyticus BM4610 were highly resistant to lincomycin
(MIC 64 pg/ml), but susceptible to clindamycin (MIC 0.12

ug/ml). Lincosamide O-nucleotidyltransferases coded by two
closely related genes, /ind (lincosamide inactivation
nucleotidylation) from S. haemolyticus and lind’ from S.
aureus, provide resistance to lincosamide [85-88] by
inactivation to afford lincomycin 3-(5’-adenylate) and
clindamycin 4-(5’-adenylate) (Fig. 23). Both /in4 and lind’
encode 3-lincomycin, 4-clindamycin O-nucleotidyltrans-
ferase, and the two 161-amino acids isozymes differ by only
14 amino acids (Fig. 24) [88]. A nucleotidy] donor and Mg*"
as a cofactor are required for inactivation of lincomycin, as
in the case of Streptomyces coelicolor [37-40]. Recently, a
new resistance gene, /inB, was identified in Enterococcus
Jaecium 1025 [89]. This gene encodes a lincosamide
nucleotidyltransferase (267 amino acids) that catalyzes 3-(5°-
adenylation) of lincomycin and clindamycin, different from
linA and lin4 "’ that catalyze 4-(5’-adenylation) of clindamycin
(Fig. 25). Comparison of nucleotide sequences and deduced
amino acid sequences revealed no significant homology with
linA and lind ' (Table 8).

3. Streptogramin Antibiotics
3-1. Hydrolysis

Plasmid-mediated pristinamycin 1A (PH 1A, belonging to
the streptogramin type B category) resistance involving
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Fig. (17). Schematic representation of constructs containing fragments of genes coding for resistance to macrolides. The constructs pND502,
pND3012, pNDS013 and pNDSOA contain mph(C), msr(A)-mph(C), msr(A)-mph(C)-ern(Y), and msr(A)-mph(C)-erm(Y) including the
extra region, respectively. The amino acid sequence deduced from the DNA sequence of fragment A (12563 bp) gives eight putative proteins
((a) to (h)) in addition to three macrolide resitance gene products. The constructed fragment is shown by black bars. Arrows show orientation
of cloning (5° to 3°) and approximate size of the genes of the constructs. Black arrows show the macrolide resistance genes: msr(A), mph(C),
and erm(Y). ORFs of (a), (b), (), (d), (¢), (f), (), and (h) were homologious with reblication-associated protein of Staphylococcus aureus
plasmid pI9789 with 100%, two-component response regulator of Clostridium acetoutylicum with 55%, ABC-type multidrug transport
system of Clostridium acetobutylicum with 46%, transmembrane protein of Clostridium acetobutylicum with 30%, sensory transduction
histidine kinase of Clostridium acetobutylicum with 36%, hypothetical protein of Enferococcus faecium with 61%, transcriptional regulator,
ActR family, of Clostridium acetobutylicum with 42%, and ABC transporter ATP-binding protein of Oceanobacillus iheyensis with 77%

homology, respectively [73].

PHIA hydrolase was first reported in Staphylococcus aureus
[90]. Thereafter, two genes encoding hydrolases of
streptogramin type B antibiotics, vgb(A) (formerly vgb) from
S. aureus BM3041 [91] and vgh(B) (formerly vghB) from
plasmid pl1714 in Staphylococcus cohnii subsp. cohnii strain
were reported [92]. The vgb(A) gene consists of 894 bp with
a G+C content of 37.5%, and the enzyme (33 kDa) encoded
by this gene is similar in molecular weight to an enzyme
from Actinoplanes missouriensis (35 kDa) inactivating the B
component of virginiamycin antibiotics by cleavage of the
lactone ring [42]. The vgh(B) is linked with va#(C), encoding

Fig. (18). Inactivation assay of erythromycin (EM) with several
Staphylococcus aureus strains. EM activity after 24 h incubation
with S. aureus in the presence of the drug was assayed by the disk
plate method using Micrococcus luteus ATCC9341 as an indicator
microorganism. The residual EM activity was determined in the
supernatant (80 ul) of the mixtures incubated with the following
bacteria. The supernatants applied to the paper disks were follows:
a, 800 ng of EM as a blank; b, S. aureus RN4220; c, E. coli
BM694(pAT63) encoding ere(A) gene; d, S. aureus 4220(pMS97);
e, S aureus 4220(pNDS50A); f, S aureus 4220(pND502); g, S
aureus 4220(pND3012); h, S. aureus 4220(pND5013).

an acetyltransferase that inactivates streptogramin B on
plasmid pIP1714 from S. cohnii, and consists of 855
nucleotides encoding a 295-amino acid lactonase. These
enzymes, Vgb(A) and Vgv(B), exhibits 67% amino acid
identity as shown in Fig. (26). A recent study showed that
vgh from S. aureus inactivated streptogramin B antibiotics
by elimination, not by hydrolysis of the ester bond [93, 94].
Because the streptogramin B of hexadepsipeptide is linearized
through an elimination reaction across the ester bond with
generation of an N-terminal dehydrobutyrine group (Fig. 27),
it was suggested that vgb is not a hydrolase, but a lyase.

3-2. Acetylation

Acetylation of streptogramin antibiotics is a specific
reaction for type A component, whereas hydrolysis reaction
is specific for type B Staphylococcus aureus, isolated in the
virginiamycin production plant from a workman in conti-
nuous contact with this antibiotic, inactivated virginiamycin
M to the O-acetyl derivative [95]. Other strains of S. aureus
isolated from skin burns inactivated pristinamycin [IA to the
O-acetylate, as shown in Fig. (28) [96].

To date, five different vat genes encoding acetyltrans-
ferase and eight variations of vat(E) from Enterococcus
faecium have been reported (Table 5). The genes var(A) [97],
vat(B) [98], and vat(C) [92] (formerly vat, vatB, and vatC,
respectively) were isolated from pl680 and pIP1633 on S.
aureus and from pIP1714 on Staphylococcus cohnii. The
vat(A) gene on plasmid pl680 is linked with vgh(A)
immediately upstream and with vga(A) (formerly vga; an
ABC—transporter gene) more distantly downstream, while
the vat(C) gene on plasmid pIP1714 is linked closely
downstream of vgh(B). The vay(D) [99, 100] and vat(E)
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Fig. (19). Radioautogram and bioautogram of [“*CJerythromycin (EM). [*C] EM was incubated for 63 h at 37°C with . coli BM694(pAT63)
(closed square and [B]) or Staphylococcus aureus 8325(pMS97) (closed triangle and [C]). The arrow indicates the direction of development
with a solvent system of chloroform-methyanol-34.2% aqueous ammonia (9:1:0.1) [73].
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GLEQLITAYGKAGGETWPRMKEHT IELNAVEPMFIAEFAMESCESAYETMALKELGMKE
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Fig. (20). Comparision of the deduced amino acid sequences of Mph(C) conferring erythromycin resistance by plasmid pMS97 (accession
number AB013298) and pSR1 (accession number AF167161) from Staphylococcus aureus and by Stenotrophomonas maltophillia DA57

(accession number AJ251015).
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Fig. (21). Genetic maps of macrolide resistance plasmids, pMS97 (accession number AB179623), pI258 [112] and pEP2104 (accession
numberAB016613) from Staphylococcus aureus. Genes are indicated by the following numbers: (1), merB, (2), merd; (3), merT; (4), merR,
(5). cadA; (6), blaZ, (7) blaRl; (8), blal, (9), binR; (10), bin3, (11), erm(Y), (12), mph(C); (13), msr(A), replication associated protein; (15),
replication initiation protein; (16), arsC; (17), arsB: (18), arsR; (19), erm(B); (0), transposase; (21), stp(A); (22) smp(A).

Fig. (22). Inactivation assay for telithromycin. Disks contained incubation supernatant of bacteria and telithromycin as follows:
Staphylococcus aureus 8325(pMS97) encoding mph(C) (disk 1), S. aureus 8325(pM597) induced by EM (disk 2), E. coli BM694/pATG63
encoding ere(A) (disk 3), and 800 ng of telithromycin as a blank (disk 4).

{101, 102] genes (former sat4 and sarG, respectively) were
isolated from E. faecium. The vat(D) is homologous with a
family of chloramphenicol acetyltransferases present in
Agrobacterium tumefaciens, E. coli, Pseudomonas aerginosa,
and S. aureus. Another Enterococcal gene, vaf(E) were
isolated from quinupristin-dalfopristin-resistant E. faecium
UW1965 at a sewage treatment plant in Germany [101]. The

DNA and amino acid sequences of five vat genes were
compared (Table 9, Fig. 29), and the amino acid sequences
of eight variants of the var(E) gene product of E. faecium
isolated from retail poultry samples [103, 104], vai(E-1) to
vat(E-8), were also compared (Fig. 30). The prevalence of
streptogramin resistance gene in Enferococci found in retail
poultry [105] might be due to the use of virginiamycin in
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Table 7. Comparison of the Inactivation Spectra of Macrolide, Lincosamide, and Streptogramin B Antibiotics for S. aureus
8325(pM$97) Containing mph(C) and E. coli BM694(pAT63) Containing ere (A) Gene [73].

Antibiotics Group Inactivation (%)’
S. aureus 8325(pMS97) E. coli BM694(pAT63)
Erythromycin 14-membered 100 100
Oleandomycin 14-membered 100 100
Roxithromycin 14-membered 100 100
Clarithromycin 14-membered 100 100
Telithromycin 14-membered 100 4
Azithromycin 15-membered 54 100
Rokitamycin 16-membered 6 13
Mycinamicin 16-membered 53 6
Spiramycin 16-membered 8 17
Tylosin 16-membered 12 4
Rosamicin 16-membered 100 0
YM133 16-membered 63 8
Clindamycin lincosamide 6 3
Lincomycin lincosamide 5 4
Mikamycin-B streptograminB ] 0

Extent of inactivation (%) is expressed as the ratio of decrease in amount of drug activity (i.e. difference between initial drug activity and residual drug activity after incubation) to
the initial amount of drug before incubation with bacteria.

CHa
?H3 NH,
- N
He C—R
/ CH, 7] k\ | /|| s 9 9 o
3CH2 CONH=—— CH N N7 HC-0- r|> 0- 1|>-o 1|> OH
' ' OH OH od
R= OH Lincomycin
R=Cl Clindamycin
CH,
CH
CH3 I!I ] 3
oCH3
H== CH
o
/ H= ? ¢l H;CH,C CONH== CH
6
HgCHzC CONH—

NH» ONH (6]
N7 | N o !
O S SCH;

N N H)C=O=P 2

fo) 1 OH
1 4 OH
> 3
OH OH
OH OH
Clindamycin 4-(5-adenylate) Lincomycin 3-(5'-adenylate)

Fig. (23). Adenylation of lincosamides by Staphylococcus haemolyticus BM4610 and Staphylococcus aureus BM4611. LNT (3)(4); 3-
lincomycin, 4-clindamycin nucleotidyl transferase [88].
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LNT (3} (4)/1inaA 1 MENNNVTEKELFYILDLFEHMRVTYWLDGGWGVDVLTGKOQOREHRDIDIDFDAQHTQRVI 60
LNT(3) (4)/1inA’ 1 MKIDNVTERDLFYILDLFEKMEVIHWLDGGWGVDVLIGKQORERRDIDIDFDAQHTOKVI 60
KE KEANE RHRAARRAE & W AR AR A TR AT E AR TR AN G AR IR RA TR RN TG AR
LNT(3) (4)/1inA 61 QKLEDIGYKIEVHWMPSRMELKHEEYGYLDIHPINLNDDGS ITQANPEGGNYVFONDWEFS 120
LNT(3) (4} /1inA’ 61 KKLEDIGYKIEVDWMPSRMELKHKEYGYLDIHPINLNDDGS ITQANPEGGNY IFONEWFS 120
ARAKRAKNRKAES AKRLRARANAE AAATERANFAANAEARYEARARANA IS Rhv kW
LNT(3) {4)/1inA 121 ETNYKDRKIPCISKEAQLLFHSGYDLTETDHFDIKNLKSIT 16l
LNT(3) (4)/1inA”’ 121 ETNYKGRKIPCISKEAQLLFHSGYELTEKDHFDIKNLKSIT 161

HRHUE RARAT AR A RAAAT R ERAT K hx KA X AN A hhdw

Fig. (24). Comparision of amino acid sequences of LNT(3)(4), 3-lincomycin, 4-clindamycin O-nucleotidyl transferase encoded by lin4

(accession number M14039) or /ind’ (accession number J03497).

o
?H3 N g(l?Hz
CH —_C—
—C= . NH=C
CH, H 7(|2 R ppi H3CH2C | Cco A H
Vg - HO 0
H3CH,C CONH—CH M NH, i
o Ty i/ s
] s 3131 SCH3
I\\N N) HZC_O""P OH
R=0OH lincomycin 0 |
R=Cl clindamycin 1 4 OH
2 3
OH oH

Lincomycin (R=OH) or clindamycin (R=Cl) 3-(5'-adenylate)

Fig. (25). Adenylation of lincomycin and clindamycin by l/inB gene product of Enterococcus faecium HM1025 [89].

Table 8. Homology (%) of DNA and Amino Acid Sequences for the Lincosamide Nucleotidyl Transferase.
Homol %) of
Combination of genes mology (%) 0
DNA Amino Acid
lind - lind"' 93 91
lind’ - linB 43 19
lind - linB 42 7

Accession numbers of genes used for homology analysis were the same as in Table 5.

many countries for many years as a feed additive to enhance
growth of food animals. Consequently, large numbers of
virginiamycin-resistant £. faecium have been isolated from
the feces of food animals, and these were also resistant to
quinupristin-dalfopristin, indicating the presence of cross-
resistance  between  virginiamycin and  quinupristin-
dalfopristin. Many instances of resistance to MLS antibiotics
originating from animals have been reported, as shown in
Lactobacillus  [106-108],  Staphylococci  {109], and
Clostridium perfringens [110].

As MLS antibiotics are widely used as human and
veterinary medicines [111], human and veterinary bacteria
may acquire resistance genes against MLS antibiotics. In

considering the resistance mechanisms of human pathogens,
it is always important to ask “Where did the resistance gene
come from?” Clinical isolates resistant to MLS antibiotics
possess similar resistance mechanisms to those of antibiotic-
producing bacteria, except for the hydrolytic inactivation of
14-, 15- and 16-membered macrolides and acetylation of
streptogramin A. Resistance genes of antibiotic-producing
bacteria might have been transferred into human bacteria
through any of the pathways shown in Fig. (31). Pathway [I]
shows resistance gene transfer to human bacteria mediated
by soil bacteria, animal bacteria, and so on [106, 107, 109,
111]. Pathway [Il] shows gene transfer involving human
bacteria found in hospitals where antibiotics are used as
chemotherapeutic agents [92]. Pathway [IlI] shows transfer
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Vgb (A} 1 MEFKLOELNLTNQDTGPYGITVSDKGKVWITOHKANMISCINLDGKITEYPLPTPDARVM 60

Vgb (B} 1 MNFYLEEFNLSIPDSGPYGITSSEDGKVWFTOHKANKISSLDOSGRIKEFEVPTPDAKVM 60
* % Kk k%% WoORKRRRA K KEER NRFERA Wk * k& I L;

vgh (A} 61 CLTISSDGEVWFTENABNKIGRITKRGIIKEYTLPNPDSAPYCITECPNGDIWF TEMNGN 120

Vgb {8} 61 CLIVSSLGDIWFTENGANKIGKLSKKGGFTEYPLPQPDEGPYCITECLNGDIWFTQLNGD 120
Hk Kk E hkARKY HRERAE "k R wR KRR RERRAER WKAFRAE kK

Vgb (A} 121 RIGRITDDGKIREYELPNKGSYPSFITLGSDNALWFTENQNNATGRITESGDITEFKIPTY i8¢
Vgb (B) 121 RIGKLTADGTIYEYDLPNRGSYPAFITLGSDNALWFTENQNNSIGRITNTGKLEEYPLPT 180

* W HE ORK K R AAREAERREY A UAWXARAUARLNERARAY SRR N * * * &

Vgb (A) 18) PASBGPVGITKCONDDALWFVEITGNKIGRITPLGEITEFKIPIPNARPHALTAGAGTDLWS 240
vgh (B} 181 NAAAPVGITSGNDGALWFVEIMGNKIGRITTTGEISEYDIPTPNARPHATITAGKNSEIWF 240

* Fhthkk HEE KXEFRRE HHAKETRAD LS RN 3 UBRERENERER T HHR %

vgb{A} 241 TEWGANKIGRLTSNNIIEEYPIQIKSAEPHGICFDGETIWFA-MECDKIGKLT-LIKDNM 298
vgb (B} 241 TEWGANQIGRITNDRTIIQEYQLOTENAEPHGITFGKDGSVWFALKCKIG-KINLNE -~~~ 285

kv kww W * k¥ % wRRTERY w wH

Vgb (A} 298 B
Vab (B) 286 ~

Fig. (26). Comparision of amino acid sequences of Vgb(A) [91] and Vgb(B) [92], which hydrolyze mikamycin B antibiotics.

o
TS

o 5

Pristinamycin IA 0

N(CH3),
3 i o .

Elimination generates

drolysis generates . .
gytenn)i/nal ﬁueom’ne N(CH; ) N-terminal dehydrobutyrine N(CH;),

z

Fig. (27). Structures of possible products of lactone cleavage of pristinamycin 1A [93].
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Pristinamycin ITA Acetylpristinamycin 1A
Fig. (28). Acetylation of pristinamycin ITA [96].
Vat (A) 1 MNLNNDHCP--DPENILPIKGNRNLOFIKPTITNENILYGEYSY-YDSKRGESFEDQVLY &7

Vat (B) 1 eenmne MKYGPDPNSIYPHEEIKSVCRIKNTITNPN T IVGDYTYYSOVNGAEKREEHVIH 54
Vat {0} 1 MKWONQQGP - -NPEE TYPIEGNKHVQF IKPSITKPNILVGEYSY - YDSKDGESFESQVLY 57
Vat (D} 1 svemne NGP- -NPHEMYP I ECNRSVQFIKPTLEKLENVEVGEYSYYDSKNGETFDRQILY 52
Vat.(E} b =enn--MTTP-DANA [YPNSAIKEWFI KNVIKSPRI EIGDYTYYDDPVNPTBFEKHVTH 53

*‘8

....................

Vat(A) 58 HYEVIGDKLIIGRFCSIGPGTTFIANGANRRUDCSTYPF - HLERMGWEKYMPSLKDLPLK 116
Vat.(B) 55 HYBFRODKLVIGKRCALAEGIEF TMNGANHRUNS VTTYPFNIMGNGWEKATPSLEDLPFK 114
Vat (C) 58 HYBLIGDKLILGKFCSIGPGTTFIMRGANHRMDCSTFPF -NLEGNGWEKHTPTLEDLPYK 116
Vat (D) 53 HYPILNDKLKIGKFCSICPGVTI IMEGANRRUDGSTYPE-NLEGNGWEKHMPKLDQLPIK 11}
Vat (E) 54 HYEFLCDKLIIGKFCS[ASG!EFIHHGAHHVHKGIS’WPFNILCGDWQQ‘{’P?’EL’E‘DLPLK 113

** #*# * tt * # t*ﬁ*'ﬂ‘ ‘ t %* i* L4

Vat{A) 117 GDIEIGNDVWIGRDVTIMPGVKIGDGAL IAAEAVVTKNVAPYSIVGGNPLKFIRKRESDG 176
Vat{B) 115 GDTVVGNDVWIGQNVIVMPGIQIGDGATVAANSYVTKDVPPYRIIGCNPSRIIKKRFEDE 174
Vat(C) 117 GNTEIGHDVWIGRDVTIMPGVKIGNGAT IAAKSVVTKNVDPYSVVGGNPSRLIKIRFSKE 176
Vat(D) 112 GDTIIGNDVWIGKDVVIMPGVKIGDGAIVAANSVVVKDIAPYMLAGGNPANETKQREDOD 171
Vat{E) 114 GDTVVGNDVWFGQNVTVLPGYKIGDGAL IGAHSVWKDVAPYFWGGNPIQLIGPRFEPE 173

& *‘K#* % ﬁ# &i #i‘ k] #ﬁ I ti ***i L3
5 e e oas e . . .

Vat{A) 177 VIEEWLALQWWNLDMKIINENLPFIING-~eouvuommmmmmmnnnmcnnn DIEMLKRKR 213
Vat(B) 175 LIDYLLQIKWWDWSAQKIFSNLET----vvvomminnn- LCSSDEEKIKSIRD -~ v v emw 212
Vat{C) 177 KIAALLKVRWWDLEIETTNENIDCHNG -« cvmvmmmmmemiwmin DIKKVKRS» 212
Var{D) 172 TINQLLDIKWWNWPIDIINENIDKELDN -~ v msmomnivwsmcee SIIREVI¥K 208
Vat(E) 174 VIQALENLAWWNKDIEWITANVPKIMOTTPTLELINSIMEK-~-nvmemomennnon-n 214
& BH x &
Vat{A) 214 KLLDDT 218
Var(®) 213 -~ren- 218
Vac(C) 213 ------ 218
Vat(D) 209 Keowe- 214
Vat () 215 ------ 220

Fig. (29). Alignment of amino acid sequences of acetyltransferases Vat(A) [97], Vat(B) [98], Vat(C) [92], Vat(D) [99], and Vat(E) [101] from
Staphylococci and Enterococci, conferring resistance to streptogramin A antibiotics. Identical residues are indicated by asterisks. Highly
conserved regions are blodfaced.

Vat(E-1) 1 MTIPDANATYPNSAIKEVVFIKNVIKSPNIEIGDYTYYDDPVNPTDFEKHVTHHYEFLGD 60

Vat (B-2) L ..o....... e oo e e 60
Vat(E-3) 1 .oooooiinn.. ST 60
Vat(E-4) 1 .ooiiiniii., ) SRR 60
Vat(B-5) 1 .oooiviin.. L e e e e e 60
Vat(E-6) 1 ............ L e 60
Vat (B-7) 1 oeeevneinin, PP 60
Vat(E-8) 1 ........ Vo LILIID. oo 60

Aok W Kk sk e s ok o sk s s ol o afe o o 8 SR o e o ol ok Ao 3R sfe ke ol ol o ok R e sk ok o ok ok e ok
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(Fig. (30). Contd....)

Vat (E-1) 61 KLIIGKFCSTASGIEFIMNGANHVMKGISTYPFNILGGDWQQYTPELTDLPLKGDTVVGN

Vat(E-2) 61 ......... L
Vat (E-3) Bl Koo,
Vat (E-4) Bl e e
Vat (E-5) 2
Vat (E-6) L
Vat (E-7) - S
Vat (E-8) -

A ktdoded  wadopdaop ok Rk R ok E Rl RaorRRRIOK B R ER R K R kR R

Vat(E-1) 121 DVWFGQNVTVLPGVKIGDGAIIGANSYVIKDVAPYTIVGGNPIQLIGPRFEPEVIQALEN

VAt(E-2) 121 oottt e e
VAat(B-3) 120 oottt
Vat(Be4d) 120 oottt e
VAat(B-5) 121 ..ottt e
Vat{B-6) 121 .0ttt St
Vat(B-7) 121 oottt e e e
VAat(B-B) 121 ...ttt e

o ok e e e ek ek O Ok Qe R ek kROl gl o kel ek kR Rk Rl ol Rk kb

Vat(B-1) 181 LAWWNKDIEWITANVPKIMQTTPTLELINSLMEK

Vat (B-2) 181 et
Vat(E-3) 181 ....... VooV Voo
Vat (B-4) 181 ..oirri e
Vat (B-5) 181 ... ont i e
Vat (B-6) 181 ...t
Vat (B-7)  IB1 oo e
Vat (B-8) 181 ...ttt

Begderdd dRek wRFwkwskkdd  sdokduiogRofn

Matsuoka and Sasaki

120
120
120
120
120
126
126
120

180
180
180
180
180
180
180
180

214
214
214
214
214
214
214
214

Fig. (30). Amino acid sequences variations of Vat(E) alleles encoded by streptogramin A acetyltransferase gene found in Enterococcus
faecium from retail samples of poultry. GenBank accession numbers of vat(E-1), vat (E-2), vat (E-3), vaf(E-4), vai(E-5), vat(E-6), vat(E-7),
and var(E-8) are AF242872, AF153312, AY008284, AY043211, AY0430209, AY043210, AY043212, and AY043213, respectively.

Table 9. Homology (%) of DNA and Amino Acid Sequences for Virginiamycin Acetyltransferase.

Combination of genes Homology (%) of
DNA Amino Acid
val(A) - vat(B) 63 52
vat(A) - vat(C) 70 69
vat(A) - vai(D) 64 59
vat(A) - vat(E) 59 49
vat(B) - vat(C) 63 57
vaf(B) - va(D) 63 51
vat(B) - va(E) 62 ‘61
vai(C) - vat{D) 64 64
vat(C) - var(E) 60 50
vat(D) - vat(E) 59 49

Accession numbers of genes used for homology analysis were the same as in Table 5.
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of a resistance gene into human bacteria directly from
antibiotic-producing bacteria, as found in a workman who
had continuous exposure to the antibiotic at the
virginiamycin production plant; however, this route may
occur only rarely [95].

Producer

m

Soil

Environment {11} Animal

\ Food
Human
Fig. (31). Proposed pathway [I] 106, 107, 109, 111], pathway [H]

[92], and pathway [III] [95] of transfer of resistance genes from
producers to humans.

Factory {1}

ABBREVIATIONS

ABC

transporter =  ATP-binding cassette transporter
DNA = Deoxyribonucleic acid

EM = Erythromycin

ere = Erythromycin resistance esterase
G+C content= GC content

HIM = 3””’-hydroxyjosamycin

HMDM1 = 3 ’-hydroxylmaridomycin

M = Josamycin

kDa = Kilo Dalton

MDM I =  Hydroxyl maridomycin [

MDM 1II-M = 4”’-depropionylmaridomycin III

MDMIIl = Maridomycin Il

MLS = Macrolide, lincosamide and streptogramin

mph = Macrolide phosphotransferase

OL = Oleandomycin

ORF = Open reading frame

PH IA = Pristinamycin IA

PMDM Il =  9-propionylmaridomycin IIl

PMDM IlI-M = 4’’-depropionyl-9-
propionylmaridomycin I11

rRNA = Ribosomal ribonucleic acid
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sp. = Species
UDP = Uridine 5’-diphosphate
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Abstract

Major antigens of M. penetrans were identified by proteomics analysis. Since the antigenicity of lipid-associated membrane proteins

(LAMPs) that have been used as antigens for serological diagnosis is predicted to be changeable based on p35 paralog gene family for

lipoproteins, major antigens except lipoproteins were identified. Major proteins reacted with anti-M. penetrans sera were components of

pyruvate dehydrogenase (PDH). An ELISA system using a recombinant protein for partial. pdh-c, that encodes PDH-E2, clearly

distinguished sera of M. penetrans-LAMPs positive individuals from that of healthy donors by its OD value. With no significant cross

reactivity of the recombinant PDH-E2 antigen to hyperimmunized rabbit: sera for several human-related mycoplasma species, this

recombinant protein could be a useful tool for serological diagnosis of M. penetrans infection.

Introduction

M. penetrans has been isolated from both genital and
respiratory tracts in humans (1-4). A systemic illness with
respiratory distress requiring intensive care caused by M.
penetrans infection in previously healthy young woman has also
reported. In that case, rapid diagnosis for M. penetrans infection
made a suitable selection of antibiotics, and the patient was
cured (5). In diagnosis of M. penetrans infection, lipid-
associated membrane proteins (LAMPs) are used as antigens for
serological test. In the M. penetrans genome we analyzed, there
is a paralog gene family, the p35 gene family consisting from 38
genes, encoding antigenic lipoproteins that are major
components of the LAMPs (6). Of the 38, only two genes are
expressed as lipoproteins at one time in some condition (7), and
the expression of the p35 paralog genes is thought to be random.
The antigenicity of the 38 genes is probably different because of
low homology of amino acid sequence from 34 to 70%. From
this genomic construction, it is predicted that M. penetrans has a
sophisticated antigenic variation system for lipoproteins, and
antigenicity of the LAMPs is not constant. In this study, in order
to establish a new serological diagnostic tool instead of LAMPs,

we analyzed major antigens of M. penetrans.

Materials and methods

M. penetrans HF-2 strain isolated from the patient with

severe respiratory distress was used. M. penetrans HF-2 strain
was cultivated in PPLO broth (Becton Dickinson Microbiology
Systems) supplemented with 10% (v/v) heat-inactivated horse
serum (GIBCO/BRL), 0.5% glucose, 0.002% of phenol red and
100 U/ml of penicillin G (Meiji Seika Kaisya, Japan). Harvested
mycoplasma cells by centrifugation (8000 x g for 20 minutes)
were washed with phosphate buffered saline (PBS) three times
and suspended in Destreak Rehydration Solution ™ (Amersham
Biosciences) after demineralization. Mycoplasma proteins
developed by both SDS-PAGE and two-dimensional
electrophoresis were visualized by staining with either cumassie
brilliant blue (CBB) or silver for proteomics analysis
(Invitrogen). Protein spots digested as peptides by trypsin were
separated on a MAGIC 2002 system. The elutant was analyzed
by an ion trap mass spectrometer, LCQ deca XP (Thermo
Electron Bioresources). To identify peptides from MS/MS scans,
data files were generated by program Bioworks, version 3.0
using the SEQUEST afgorithm (Thermo Electron corp), and
searched against the complete M. penetrans amino acid database
derived from its genome database. Mycoplasma cell proteins
developed by electrophoresis were also transferred to
nitrocellulose membrane, then the membrane was reacted with
anti-M. penetrans mouse sera by the method of the Western
blotting.

In order to producing a recombinant protein for pdh-c, a
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partial region of the gene amplified by PCR, including non
conserved region in the genes of M. penetrans, M. pnewmoniae
and Ureaplasma parvum, was cloned into pDONR™, Then, the
vector was changed to pDEST17™ expression vector which has
His-tag at its N-terminal (Gateway system, Invitrogen). After
transformation, induced product with alabinose in Eschericia
coli was purified by His-tag column under the existence of urea.

Antibody against both M. penetrans whole cells and the
recombinant protein were obtained from BALB/c mice after
immunization. Hyperimmunized rabbit sera for several
mycoplasma species were previously prepared in our laboratory,
Sera from M. penetrans LAMPs-positive individuals were
kindly provided from Dr. A. Blanchard, INRA, France. Human
sera were performed to enzyme-linked immunosorvent assay
(ELISA) with 1:100 difution.

Results and discussion
1) Analysis of major antigens of M. penetrans except
lipoproteins by proteomics

In SDS-PAGE and immuno blotting analysis of M.
penetrans whole cell lysates, adding to P35 family lipoproteins,
about 53 kDa protein strongly reacted with anti-M. penetrans
sera. Among 60 major protein spots stained by CBB in two-
dimensional electrophoresis and identified by LC-MS/MS,
several protein spots were identified as antigens reacted with anti
-M. penetrans sera in Western blotting analyzed of the
transferred  membrane from gel in  two-dimensional
electrophoresis. These major antigens were components for
pyruvate dehydrogenase (PDH) E 1-alpha, El beta, E2 and E3,
ana especially PDH-E2 was the largest spot reacted. The
identification of the major antigenic spot as PDH-E2 component
was also analyzed by Edman-degradation for its amino acid
sequences at the N-terminal.

2) Confirmation of the results from LC-MS/MS by producing a
recombinant protein for partial pdh-c encoding PDH-E2
component ‘

Then, we made a reconbinant protein for pdh-c that is
encoding the PDH-E2. Mouse antisera for the recombinant pdh-c
clearly reacted with about 53kDa protein of M. penetrans whole
cell lysates (Fig. 1, lane 2-4). The reacted protein band was most
likely the same molecular weight with that reacted with anti-M.
penetrans sera (Fig. 1, lane 1). This data suggested that one of
the major antigens detected by SDS-PAGE and Western blotting,
53kDa protein, might be PDH-E2 component.

3) Utlity of recombinant pdh-c encoding PDH-E2 for
serological diagnosis

The recombinant protein for pdh-c encoding PDH-E2 did

not react with hyperimmunized rabbit sera for some human-
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Fig. 1 Immuno biotting image of M. penetrans
whole cell lysates reacted with sera for
both anti-M. penetrans and anti-rPDH-E2.
M. penetrans whole cell lysates reacted
with anti-M. penetrans whole cells (lane 1)
and with anti-recombinant PDH-E2 protein
from three different mice (lane 2-4).
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Fig.2 The results of an ELISA system using
rPDH-E2 as antigen.
Sera were diluted at 1:100

related Mycoplasma species in 1:100-dilution by Western
blotting. In addition, antibody against the recombinant protein
did not react with whole cell lysates of Ureaplasma urealyticum
serobar 3 by Western blotting. In ELISA system using the
recombinant protein as antigen, OD value of all three sera from
M. penetrans LAMPs-positive individuals showed two times
higher than that of sera from healthy donors (Fig. 2). These data
suggested the utility of recombinant pdh-c encoding PDH-E2 as
a serological diagnostic tool.

In literatures, a surface-exposing membrane protein of M.
gallisepticum, P52, that is PDH-E2 has been reported as a
remarkable antigen and its antigenicity is species-specific to M.
gallisepticum (8). A membrane-bound antigen P64 K of
Neisseria meningitides is also PbH-E2/3, it has both lipoyl
domains of the dihydrolipoyl acyltransferase (E2) and
dihydrolipoyl dehydrogenase (E3) for PDH (9). This unusual
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multidomain form was previously found in M. capricolum, PDH
-E3 of M.
corresponding to a lipoy! domain (E2) (10). Even though PDH-E

capricolum has an aminoterminal extension
2 of M. penetrans has no multidomain form, the PDH complex
of M. penetrans is probably membrane associated since E3
component is predicted as an integral membrane protein, and E2

has an E3-binding domain.
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Abstract

Mycoplasma penetrans frequently changes its surface antigenicity by changing expression patterns of the P35 family lipoproteins.

The genes of P35 family lipoproteins are called as mpl genes and present as a large gene cluster in the genome. Most of mpl genes (31

out of 38 genes) possess a promoter-like sequence independently and inversions of theses sequences are thought to be responsible for

phase variable expression. In this study, we have developed a PCR-based method to detect the promoter inversions and demonstrated that

at least 9 promoters were reversibly inverted in the genome. In addition, we identified the gene coding for recombinase that catalyze these

inversions. We designated this recombinase as MipR (Recombinase for Multiple Invertible promoters).

Introduction

P35 family lipoproteins are major surface antigens of M.
penetrans and undergo independent phase variations. We
previously reported that M. penetrans HF-2 genome contains 38
genes of P35 family lipoprotein (mp! genes) and 30 of them are
present as a large gene cluster in the genome (1). Most of the
‘mpl genes (30 genes) have invertible promoter-like sequences
that are thought to be responsible for phase variations of P35
family lipoproteins. However, direct evidence for the inversion
events of these promoters had not been obtained except for one
promoter (p42 promoter). In this study, to detect the promoter
inversion events of the mp! genes, we designed a PCR-based
assay system. In addition, we also searched the genes that
encode DNA recombinase responsible for the promoter

inversions of mp! genes

Materials and Methods

M. penetrans HF-2 and GTU strains were used to analyze
promoter inversion. The PCR-based assay systems to detect the
promoter inversions were designed by using the primers that are
specific to the three regions of each mpl genes (1.2 kb upstream
and 2 kb downstream regions of the promoter and the promoter
sequence itself). The direction of each mp! promoter sequences
of HF-2 and GTU strains was assessed by the PCR with
combinations of these primers. To analyze DNA recombinase
activities of MYPE2900 and MYPE8180, p42 promoter

sequence was introduced into M. pneumoniae M129 and E. coli
DH5o. with the Tn400Imod vector and pENTR/D-TOPO
plasmids, respectively. The MYPE2900 and MYPE8180 were
introduced into M. preumoniae also by Tn400Imod vector. pSC
101 plasmid was used for this purpose in E. coli The M.
preumoniae tuf and E. coli lac promoters were used to express
MYPE2900 and MYPES8180 in respective organisms. The
inversion of p42 promoter was assessed by PCR-based assay

system.

Result and Discussion

We analyzed 9 promoters out of 31 predicted promoters of
mpl genes by PCR-based inversion assay. PCR amplification
results showed that all of these promoter sequences were actually
inverted in M. penetrans cells. This result suggested that the
inversions of all of 31 mpl promoter may occur in M. penetrans
cells because the structural motif of these promoters were very
similar each other. To further investigate this inversion system,
we cloned p42 promoter region and introduced this sequence
into E. coli and M. pneumoniae. The PCR assay clearly showed
that p42 promoter sequence was not inverted in E, coli and M.
pneumoniae. We then cloned two ORFs (MYPE2900 and MYPE
8180) of M. penetrans. These ORFs show homology to the
genes for the site-specific recombinase XerC/D of lambda
integrase family. In some other Mycoplasma species, it has been

reported that these kind of recombinase protein catalyze DNA
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inversions that are involved in the control of lipoprotein
expression, (2, 3, 4, 5). MYPE2900 or MYPEBIB0 were
introduced and expressed in M. preumoniae and E. coli carrying
the p42 promoter sequence. In the both of M. preumoniae and E.
coli cells, the inversion of p42 promoter sequence occurred in
the presence of MYPE2900 but not in the presence of MYPE
8180. These MYPE2900 is the

recombinase involved in the promoter inversions of P35 family

results indicated that
lipoprotein genes. We designated MYPE2900 as a MipR

(Recombinase for Multiple Invertible Promoters).
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