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WETIE, ML TcAM6 AMBES IS L h HFEIC—
BEIYE L,

Chu HW, et al. Infect Immunity 71: 1520-1526, 2003
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Cytokine and M. preumoniae pneumonia; Contribution of interleukin-18

Hiroshi Tanaka', Mitsuo Narita®, Hirofumi Chiba!, Shosaku Abe!

'"Third Dept. of Internal Medicine, Sapporo Medical University School of Medicine,
South-1, West-16, Chuo-ku, Sapporo 060-8543, Japan
Tel: 011-611-2111 (ext. 3239) E-mail: tanakah@sapmed.ac.jp
*Department of Pediatrics, Sapporo Tetsudo (JR) Hospital, Sapporo
N3, E 1, Chuo-ku, Sapporo 060-0033, Japan
Tel: 011-241-4971 E-mail: naritamy @d5.dion.ne.jp

Key words . cell mediated immunity, innate immunity, IL-18,

Immunological inflammation due to Mycoplasma pneumoniae (Mp) infection is initially induced by recognition of lipoproteins
existing in the surface of Mp organism through toll-like receptor 2 and 6 on the membrane of antigen presenting cells. These reactions
may regulate innate immune reactions following acquired immune reactions, which develop pulmonary lesions. Peribronchial and
periarterial lymphocyte cuffing in the lung was increased by T-helper 1 cytokine, and reduced by T-helper 1 inhibitor in mice. Interleukin-
18 was discovered as an interferon-y inducing factor, but it acts as activator of T-helper 1 immunoreactions when IL-12 exists, on the
contrary it acts as activator of T-helper 2 immunoreactions when IL-12 is absent in vitro. We have reported that [L-18 was increased in the
lesion of Mp pneumonia, and the IL-18 levels were correlated with the degree of pneumonia. It is speculated that in case of decreased
IL-12, Mp infection may activate T-helper 2 cytokines, consequently developing asthma-like symptoms. IL-18 also induces 1L-8
production from macrophages, which may stimulate inflammation by IL-8 and fibrotic process by TGFA1. As IL-18 up-regulates IL-2

production, IL-18 may activate macrophages and contribute to NO-dependent elimination of Mp organism.
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Macrolide-resistance in patients with Mycoplasma pneumoniae pneumonia.
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Macrolide-resistant Mycoplasma pneumoniae has seldom been isolated from patients, and the clinical manifestations of infection
with resistant strains are unknown. We report here four cases of Mycoplasma pneuwmoniae pneumonia successfully treated with macrolide
therapy, despite macrolide resistance of their isolates. Minimal inhibitory concentrations were determined by a micro dilution method
based on NCCLS and 23S rRNA géne sequences were determined by direct sequencing of PCR products. We identified in three isolates a
point mutation in domain V of the 235 rRNA gene (A2063G in two isolates and A2063C in one; A2063 is equivalent to A2058 in
Escherichia coli). In addition to direct antimicrobial activity against Mycoplasma pneumoniae, immunomodulatory effects are strongly

suggested to play a role in the clinical efficacy of macrolides against Mycoplasma pneumoniae pneumonia.
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Table 1. MICs for three isolates of macrolide-resistant M. pneumoniae with or without 23S rRNA mutation.

MICs (zg/ml)

Strains Mutation Antibiotics
EM oM M SPM MDM CAM RXM AZM LCM TC MINO
50— 50— 50— 100— 6.25—  100— 0.39— 0.098—
- 3C  >2 >
N2 A206 00 ~200 100 100 100 200 200 12.5 200 0.78 0.19
3.12—-  3.12— 3.12— 12.5— 50— 0.39—-
- >
N-12 A2063G 200 >200 6.95 6.95 6.95 >200 >200 2% 100 0.78— 0.39
N-11 no 3.12— 25— 0.19 0.39— 0.39— 3.12 6.256— 0.012— 6.25— 0.39— 0.19—
mutation  6.25 50 0.39 0.78 0.78 6.25 12.5 0.024 12.5 0.78 0.39

Table 2. MIGCs for eleven isolates of macrolide-sensitive M. pneumoniae.

Antibiotics MIC range (zg/ml) Antibiotics MIC range (zg/ml)
EM 0.003—0.012 RXM 0.003—0.006
oM 0.049—0. 195 AZM 0.000012—0.00048
M 0.006—0.049 LCM 3.125—-12.5
SPM 0.024—0.195 TC 0.195—0.78
MDM 0.012—0.049 MINO 0.098—0.195
CAM 0.00038—0.0015
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Inactivation of Macrolides by Producers and Pathogens
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Abstract: Inactivation, one of the mechanisms of resistance to macrolide, lincosamide and streptogramin (MLS)
antibiotics, appears to be fairly rare in clinical isolates in comparison with target site modification or efflux. However,
inactivation is one of the major mechanisms through which macrolide-producing organisms avoid self-damage during
antibiotic biosynthesis.

The inactivation mechanisms for MLS antibiotics in pathogens are mainly hydrolysis, phosphorylation, glycosylation,
reduction, deacylation, nucleotidylation, and acetylation. The ere (erythromycin resistance esterase) and mph (macrolide
phosphotransferase) genes were originally found in Escherichia coli. Subsequently, Wondrack et al. (Wondrack, L.;
Massa, M.; Yang, B.V.; Sutcliffe, J. Antimicrob. Agents Chemother., 1996, 40, 992) reported ere-like activity in
Staphylococcus aureus. In addition, a variant of erythromycin esterase was found in Pseudomonas sp. from aquaculture
sediment by Kim et al. (Kim, Y.H.; Cha, C.J.; Cerniglia, C.E. FEMS Microbiol. Lett., 2002, 210, 239). Although the mph
genes, including mph(K), were first characterized in E. coli, a recent study revealed that S. aureus and Stenotrophomonas
maltophilia have mph(C). The mph(C) has a low G+C content, like mph(B), and has high homology with mph(B), but not
with mph({A) or mph(K). Consequently, the mph(C) and ere(B) genes seem to have originated from Gram-positive bacteria
and been transferred between Gram-positive and Gram-negative bacteria.

In this chapter, the genes and the mechanisms involved in the inactivation of MLS antibiotics by antibiotic-producing

bacteria are reviewed.

Key Words: Macrolide antibiotics, macrolide resistance, inactivation, erythromycin esterase, phosphotransferase,

glycosyltransferase, acetylation, hydrolysis.

(A) PRODUCERS

Most macrolides are produced by Streptomycete species,
and inevitably the biosynthesis of a potentially lethal
antibiotic in these microorganisms requires self-defence
mechanisms to avoid suicide. To date, three distinct self-
defence mechanisms have been reported in macrolide-
producing organisms. The first mechanism is modification of
the ribosome (the antibiotic target site) by monomethylation
or dimethylation of a single adenine residue in the 235 rRNA
gene; this results in resistance to erythromycin [1], tylosin [2,
3] and carbomycin [4]. The second mechanism is active
efflux. Some macrolide producers have ABC (ATP-binding
cassette) transporters that pump out macrolides through
ATP-dependent pathways, thereby providing resistance to
these macrolides [5-8]. The third is the existence of
antibiotic-modifying enzymes. Streptomyces antibioticus, an
oleandomycin (QL) producer, possesses a glycosyltrans-
ferase that inactivates OL by glycosylation of a hydroxyl
group of the sugar desosamine attached to the aglycone [9,
10]. It also possesses a glycosidase that converts inactive
glycosylated OL into the active antibiotic [9, 11].
Streptomyces lividans is a non-macrolide producer [12], but
can inactivate macrolides by glycosylation {13].

*Address correspondence to this author at the Department of Bacterial
Pathogenesis and Infection Control, National Institute of Infectious
Diseases, 4-7-1 Gakuen, Musashimurayama-shi, Tokyo 208-0011, Japan;
Tel: +81-42-565-0771 (ext. 563); Fax: +81-42-565-3315; E-mail:
kubomayu@nih.go.jp

1568-0053/04 $45.00+.00

The resistance mechanisms of MLS antibiotic-producing
microorganisms are summarized in Table 1.

1. Macrolide Antibiotics

The study of bacterial ability to modify or degrade
macrolide antibiotics started in 1964. The disappearance of
erythromycin (EM) in the culture media of steroid-
transforming strains of Streptomyces or Nocardia and EM-A
inactivation by Pseudomonas in soil were reported by
Feldman et al. [14] and Flickinger et al. [15], respectively.
Nakahama et al. [16-18] then reported the deacylation and
the hydroxylation of maridomycin, spiramycin, and
josamycin (16-membered macrolides).

1-1. Phosphorylation

Phosphorylation of antibiotics by microorganisms is a
well-known inactivation mechanism in vivo. Phosphorylating
enzymes are widely distributed among Streptontyces spp.
and are also found in other genera. Crude phosphorylating
enzyme of Streptomyces coelicolor in the presence of ATP
and Mg?" catalyzes the conversion of oleandomycin, tylosin,
and spiramycin to inactive 2°-O-phosphates. Under the same
conditions, erythromycin was converted to anhydroerythro-
mycin 2°-O-phosphate [19, 20]. Fig. (1) shows the structures
of the substrate antibiotics and phosphorylation products.

1-2. Glycosylation

Microbial glycosylation of erythromycin A (EM-A) was
observed in Streptomyces vendargensis [21] and the inacti-

© 2004 Bentham Science Publishers Ltd.
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Table 1. Inactivation of MLS-antibiotics by Antibiotic Producers and Other Organisms.
MLS antibiotics Organism Inactivated antibiotics Gene GenBank Reference
Resistance profile number
Macrolide

Phosphorylation Streptomyces coelicolor Muller EM-A, OL, TL, LMA;, SPM M74717 [19, 20]

Glycosylation Streptomyces lividans TK21 EM, TL, RSM, AZM, TL mgt AF055579 [12,22, 23]
Streptomyces antibioticus ATCC11891 OL, RSM, MET, LAN olel 222577 [9-11, 29, 30]
Streptomyces vendargensis UC5315 EM AJ223970 [21]
Streptomyces antibioticus OL oleD [24]
Saccharopolyspora erythraea ATCC11635 | AVE [31]
Streptomyces ambofaciens ATCC23877 RSM, OL, CHA, TL gimA 32}

Deacylation Buacillus megaterium 91277 MAR, SPM [16]
Streptomyces olivaceus 219 MAR, IM [17, 18]
Streptomyces ptistinaespiralis IFO13074 MAR [18]

N. C. Pseudomonas 56 EM-A [15]

Lincosamide

Phosphorylation Streptomyces rochei LCM [36]

Phosphorylation/ Streptomyces coelicolor Muller CLDM, LCM, PIR [37-40]

Ribonucleotidylation

Streptogramin

Hydrolysis Actinoplanes missouriensis DHS-S [42]
Streptomyces mitakaensis MKM-B {43, 44]
Streptomyces diastaticus NRRL2650 VER-A and B, PR-l and II, {45]
Streptomyces loidensis ATCC11415 OST-A and B, VM-1 and M2
Streptomyces olivaceus ATCC12019

Reduction Streptomyces virginiae VIR-M1 [41,46]

Abbreviations: EM, erythromycin; OL, oleandomycin; TL, tylosin; LMA;, leucomycin Ay, SPM, spiramycin, RSM, rosamicin; AZM, azithromycin, MET, methymycin; LAN,
lankamyein, AVE, avermectin, CHA, chalcomycin; MAR, maridomycin; JM, rosamycin; LCM, lincomycin; CLDM, clindamyein; PIR, pirlimycin; DHS, dihydrostaphylomyein;

MKM, mikamycin; VER, vernamyecin; PR, pristinamycin; OST, osteogrycin; V, vernamycin, VIR, virginiamycin. N. C., not clear.

vated product was identified as 2°~<(O-[B-D-glucopyranosyl]
EM-A (Fig. 2). This product lacked antibiotic activity when
tested against several Gram-positive pathogens, as well as S.
vendargensis (Table 2).

In 1991, Cundliffe [22, 23] reported an inducible gene,
mgt, in Streptomyces lividans, which inactivates macrolides
by UDP-glucose-dependent glycosylation at the 2°-OH of the
sugar moieties attached to C-5 of 14- and 15-membered
lactones and to C-3 of 12-membered lactones. This enzyme
(Mgt) shows a preference for monosaccharide derivatives
over disaccharide derivatives. The substrates of Mgt are 12-,
14-, and 15-membered macrolides, or 16-membered lactones
(as in methymycin, erythromycin, azithromycin, or tylosin),
although spiramycin and carbomycin were apparently not
modified. This organism expresses another gene, /rm that is
linked with mgt, encoding a 23S rRNA methyltransferase
that confers high resistance to lincomycin, together with
lower resistance to macrolides. The deduced /rm product is a
26-kDa protein with considerable similarity to other 23S
rRNA methyltransferases, such as the carB, tird and ermE
gene products. The mgt gene consists of 1257 bp and
encodes a 42-kDa protein. The /rm and mgt genes occur in
tandem in the chromosome, and their expression may be
transcriptionally and translationally coupled, since their
coding sequences overlap.

A 3.3-kb DNA fragment from the oleandomycin (OL)
producer, Streptomyces antibioticus, was found to consist of
the 3” end of a gene (ORF1) and two complete ORFs (ORF2
and OleD) [24, 25]. The deduced product of the sequenced
region of ORF1 contained transmembrane domains
characteristic of transport proteins. The ORF2 product
contained an N-terminal leader peptide region characteristic
of a secretory protein, and a lipid attachment site motif
characteristic of membrane lipoproteins synthesized with a
precursor signal peptide. The oleD gene product showed
clear similarity with several UDP-glucuronosyl and UDP-
glycosyl transferases of various origins and was especially
similar to the S. /ividans mgt gene product, which is thought
to encode a glycosyltransferase capable of inactivating
macrolides. The orfl, orf2, and oleD gene products may
participate in the intracellular glycosylation of OL and the
secretion of glycosylated OL during antibiotic production.

In the study on oleD, it was reported that cell extracts of
S. antibioticus could inactivate OL in the presence of UDP-
glucose [9-11]. This enzyme also inactivated other macrolides
(rosamicin, methymycin and lincomycin) containing a free
2’-OH group in a monosaccharide linked to the lactone ring
(except for erythromycin) (Fig. 3), but not those containing a
disaccharide (tylosin, spiramycin, carbomycin, josamycin,
and neomycin), and seems to function in the biosynthetic
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Fig. (1). Structures of substrate and product of erythromycin A, oleandomycin, tylosin, spiramycin 1, and leucomycin As.

pathway to OL. The culture supernatant of S. antibioticus
contained another enzyme activity capable of reactivating the
glycosylated OL and regenerating the biological activity with
the release of a glucose molecule. These two enzyme
activities could be an integral part of the OL biosynthetic
pathway. OL binds first to the enzyme, followed by UDP-
glucose. The ternary complex is thus formed prior to transfer
of glucose. UDP is released, followed by the glycosylated

OL, and this is the final intracellular product (Fig. 4). The
OleB transporter would be responsible for transmembrane
secretion [25-28] of this inactive molecule, which would
then be extracellularly reactivated by the product of the oleR
gene. Sequencing analysis of a 5.2-kb region from the OL
gene cluster located between the OL polyketide synthesis
gene and sugar biosynthetic gene in S. antibioticus revealed
the presence of three open reading frames (designated olel,
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H¢” TocH,

Fig. (2). Structures of erythromycin A (R =H) and 2’-(O-[8-D-
glucopyranosyl] erythromycin A (R= glucose).

oleN2 and oleR) [29]. The olel gene product resembles other
glycosyl-transferases involved in macrolide inactivation,
including the oleD gene product, a previously described
glycosyltransferase from Streptococcus antibioticus. The
oleN2 gene product showed similarity with various
aminotransferases involved in the biosynthesis of 6-
deoxyhexose, and the oleR gene product was similar to
glucosidases of several origins. The sugar moieties are
transferred to a different aglycon by glycosyltransferases
such as Olel [30]. The sugar donor was UDP-a-glucose,
though the glycosylated product showed a B-glycoside
linkage. The changes in the sugar composition of these
molecules may influence the important biological actions of
glucosylated OL on ribosomes [29].

Another glycosyltransferase, specific for macrolide
monosaccharide, generates a disaccharide linked to the
aglycon [31]. Avermectin and ivermectin, a family of
oleandrose-containing disaccharide derivatives of 16-
~membered macrolides produced by Streptomyces avermitilis,
are glycosylated at C-4” and C-4> by both growing and
resting cells of Saccharopolyspora erythraea (Fig. 5). The
specificity of the S. erythraea enzyme of the glycosyl donor
is different from that of the S. /ividans enzyme. Glycosylated
products were formed in vitro with UDP-glucose, UDP-
galactose, UDP-mannose, and UDP-glucouronic acid, but
not with UDP-xylose, UDP-N-acetylglucosamine, UDP-N-
acetylgalactosamine, or UDP-galactouronic acid. Only the
product with UDP-glucose was formed in sufficient quantity

Martsuoka and Sasaki

to permit its identification. The enzyme in Streptomyces
lividans utilized only UDP-glucose and UDP-galactose
(Table 3). The S. lividans glycosyltransferase, which confers
resistance, was induced by substrate macrolides and not by
non-substrate macrolides, though that of S. erpthraea
appeared to be constitutive.

CH:
P

N
/chm

OCH,
OH
3

e}

Fig. (3). Chemical structure of oleandomycin. The arrow indicates
the hydroxyl group considered to be a potential site for
glycosylation.

Streptomyces ambofaciens produces spiramycin, a 16-
membered macrolide, and has the gimd gene (conferring
resistance to spiramycin) downstream of the srmd gene,
which encodes an rRNA monomethylase [32]. The gimd4
gene product shows a high degree of similarity to the mgt
gene product in S. /ividans. In a cloning experiment using a
susceptible host mutant of S. lividans lacking macrolide-
inactivating glycosyltransferase activity, the cloned gimA4
gene was expressed in the presence of UDP-glucose. That is,
cell extracts from mutated S. lividans could inactivate various
macrolides by glycosylation. Spiramycin was not
inactivated, but forocidine, a spiramycin precursor, was
modified. In S. ambofaciens, gimA could confer a low level
of resistance to some macrolides even under conditions
where spiramycin was produced. The putative GTG start
codon of the gimAd gene overlapped with the srmA stop
codon (GTGA). The ORF of the gimd gene consisted of
1254 bp and encoded a 45-kDa protein. The deduced protein
showed high homology with the deduced proteins derived
from mgt of S. lividans (82%) [12] and oleD of S.
antibioticus (72%) [24]. Table 4 shows the degree of identity
of the DNA and amino acid sequences for four

Table2. MIC Values of Erythromycin A (EM-A) and 2-(O-|B-D-glucopyranosyl)EM- A for Staphylococcus and Streptococcus
Strains [21].
Organism MIC (ug/ml)
EM-A 2’«(0-[B-D-glucopyranosyl]EM-A

Staphylococcus aureus 9218 and 9271 0.5 >32
Streptococeus faecalis 9217 2 >32
Streptococcus pneumoniue 41 0.06 32
Streptococcus pyogenes 152 0.03 16

Streptococcus vendargensis 5315 50 1000
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Fig. (4). Strategy for self-protection by oleandomycin producers. Intracellular glucosylation of oleandomycin to an inactive precursor is
catalyzed by Olel, then the precursor is pumped out by OleB, and reactivated extracellularly by the glycosidase OleR [28, 29].

glycosyltransferase genes, mgt, olel, oleD, and gimA, from
different Streptomyces spp. In Streptomyces ambofaciens,
gimA was found just downstream of s¥mA, which encodes an
rRNA methyitransferase that confers macrolide resistance by
target modification [32]. As shown in Fig. (6), the
glycosyliransferase genes gimA and mgt are linked with
methyltransferase genes, srmd in S. ambofaciens and Irm in
S. lividans. For S. antibioticus, no methyltransferase gene
was found upstream of oleD or olel. This is in agreement
with the observation that ribosomes from S. antibioticus are
sensitive to OL, even during macrolide production [33].
Upstream of oleD are two ORFs, ORF1 and ORF2, which
have high degrees of similarity to those of upstream of srmA.
Thus, some deletion or insertion events may have occurred at
the corresponding loci in S. ambofaciens or in S

antibioticus. The region located upstream of lrm in S
lividans is completely different from those in the other two
strains. This observation suggests that glycosyltransferases
like that in S vendargensis are widespread among
Streptomyces spp [13].

The alignment of the deduced amino acid sequences of
three macrolide glycosyltransferases, Mgt from S. lividans
[12], GimA from S. ambofaciens [32] and OleD from S.
antibioticus [24], is shown in Fig. (7). These proteins contain
well-conserved amino acid sequences. Analysis of the amino
acid sequences of several glycosyltransferases involved in
the biosynthesis of polyketides also showed very well
conserved regions, including one of two histidine residues
[30]. The conserved histidine seems to play an important role
in the catalytic activity of the enzyme and in substrate binding
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Fig. (5). Glycosylations of evermectin disaccharide and monosaccharide by Saccharopolyspora. X, CH,-CH, in invermectin derivatives and

CH=CH in avermectin derivatives.

or transition site stabilization in some oligosaccharide-
dependent glycosyltransferases.

Table 3. Glycosyl
Streptompyces spp |31].

Donors for Glycesyltransferases of

Glycosyltransferase of

Streptomyces lividans Streptomyces erythraea

UDP-glucose
UDP-galactose

UDP-glucose
UDP-galactose
UDP-mannose

UDP-glucouronic acid

1-3. Deacylation

Deacylation of 16-membered macrolide antibiotics was
reported by Nakahama et al. [16, 18]. Maridomycin, as well
as spiramycin, was deacylated by esterase from Bacillus

megaterium, Streptomyces pristinaespiralis and Streptomyces
olivaceus. Figure (8) shows the deacylation of maridomycin
111 (MDM 1II), 9-propionylmaridomycin III (PMDM III) and

Table 4. Homology (%) of DNA and Amino Acid Sequences
of Glycosyltransferases from Streptomyces spp.
Combination of Homology (%) of
genes DNA Amino Acid
mgt - gimA 86 82
mgt - oleD 75 72
mgt - olel 60 40
gimA- oleD 75 72
_gimA- olel 62 41
oleD- olel 58 38

Accession numbers of genes used for homology analysis were the same as in Table 1.
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Fig. (6). Comparison of the genetic environments around macrolide resistance genes in various Streptomyces spp. gimA [32], oleD [24], olel
[29], and mgt [12] encode glycosyltranferase and srmA and /rm encode methyltransferase.

47-depropionyl-9-propionylmaridomycin 11I (PMDM HI-M)
to 4”-depropionylmaridomycin III (MDM III-M) by an
esterase of Streptomyces spp. In B. megaterium, MDM 111
and PMDM lII are hydrolyzed to MDM I1I-M and PMDM
II-M [16]. S. olivaceus also participates in the hydroxylation
of maridomycin I (MDM 1) to 3”’-hydroxylmaridomycin
(HMDM 1), as shown in Fig. (9) [17]. Josamycin (JM) was
also hydroxylated to 3”’-hydroxyjosamycin (HIM) by the
same strain, and hydroxylated derivatives of HMD I and
HIM exhibited weaker antimicrobial activities [17].

2. Lincosamide Antibiotics

Inactivation studies on lincosamide antibiotics, including
lincomycin and clindamycin, have been performed by
Argoudelis et al. They examined the transformation of
lincomycin to lincomycin sulfoxide and 1°-demethyithio-1-
hydroxylincomycin by Streptomyces lincolnensis [34, 35]
and the phosphorylation of lincomycin to lincomycin-3-
phosphate by Strepiomyces rochei [36] (Fig. 10). These
compounds showed loss of the antimicrobial activity during
fermentation or growth in a synthetic medium containing S.
lincolnensis or S. rochei, indicating that several Streptomyces
spp. possess an intrinsic ability to inactivate lincomycin.

Clindamycin is a clinically wuseful derivative of
lincomycin. Streptomyces coelicolor completely inactivated
clindamycin in less than 48 hr when the antibiotic was added
to 24-hr cultures of the organism grown in a complex
medium [37]. Clindamyecin could be regenerated by treatment
of the inactivated fermentation broth with either crude
alkaline phosphatase or snake venom phosphodiesterase.
This enzymatic behavior suggests that S. coelicolor converted
clindamycin to compound(s) containing a phosphodiester
bond(s). Argoudelis ef al. have proposed that clindamycin is
phosphorylated to clindamycin-3-phosphate [38] and ribo-
nucleotidylated to clindamycin 3-ribonucleotide by §.
coelicolor [37-39] (Fig. 11). Enzymic nucleotidylation of
lincosamide antibiotics [40] required Mg® and nucleoside-
5’-triphosphates when examined with crude enzyme

preparation from S. coelicolor in medium maintained at
around pH 6.

3. Streptogramin Antibiotics

Streptogramin family antibiotics consist of two groups of
components, type A and type B, exemplified by virginiamycin
M and virginiamycin S, respectively [41] (Fig. 12). To date,
very few investigations of inactivation in this family have
been reported. Hou ef al. obtained an antibiotic lactonase
with a molecular weight of 35,000 from Actinoplanes
missouriensis, and this enzyme hydrolyzed the lactone bond
of dihydrostaphylomycin S (atype B streptogramin antibiotic)
[42]. Mikamycin lactonase from Streptomyces mitakaensis, a
producer of mikamycin A and B, was purified and
characterized, and the structure of the reaction product,
mikamycin-B acid, was identified [43, 44] (Fig. 13). This
enzyme has a molecular weight of 29,000 and catalyzes the
hydrolytic degradation of mikamycin B. The reason for the
difference of molecular weight is of interest, since both
enzymes appear to hydrolyze the lactone linkage of type B
streptogramin acid.

The inactivation of streptogramins in Streptomyces spp.
other than S. mitakaensis was examined by Fernando Fierro
et al. [45]). Streptomyces diastaticus, Streptomyces loidensis,
and Streptomyces olivaceus were quite sensitive to most of
the macrolides and lincosamides examined, but resistant to
both A (or M) and B (or S) streptogramin components. This
phenotypical trait was also observed in inactivation assay
using cell-free extracts of the producers and type A and B
streptogramin antibiotics. Though the mechanism of this
inactivation is not clear, it could be lactone hydrolysis, as
mentioned above.

In contrast to the lactone ring hydrolysis by mikamycin
B-lactonase, inactivation of virginiamycin M1 from
Streptomyces virginiae involved reduction of the C-16
carbonyl group [41, 46] (Fig. 14).
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Fig. (7). Alignment of the deduced amino acid sequences of three macrolide glycosyltransferases, Mgt [12], GimA [32] and OleD [24]. The
histidine residue shown by the arrow seems to play an important role in the catalytic activity of the enzyme and in substrate binding or
transition site stabilization in some oligosaccharide-dependent glycosyltransferases.
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Fig. (8). Deacylation of maridomycin III (MDM IH), 9-propionylmaridomycin [If (PMDM [11) and 9-propionylmaridomycin i (PMDM II1-
M) by Streptomyces pristinaespiralis IFO13074 and Streptomyces olivaceus 219 [18].
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Fig. (9). Hydroxylation of MDM 1 to HMDM I by Streptomyces olivaceus 219 [17].

(B) PATHOGENS

Bacterial inactivation of antibiotics affects only
structurally related antibiotics, and is different in this respect
from target modification, such as dimethylation of 23S
rRNA (the target site of macrolide, lincosamide and
streptogramin (MLS) antibiotics). Interestingly, enzymatic

isolates compared with resistance due to target site
modification or efflux [47-52].

Hydrolysis by esterase [53-57] and phosphorylation [58,
59] by phosphotransferase were observed in Gram-negative
bacteria such as £. coli originally, and in Providencia stuartii
[56] in recent years. However, the G+C content suggests that

inactivation of macrolides appears to be unusual in clinical the phosphotransferases from Gram-negative bacteria
CH;
N s CHj
CHs !
N : (CHZ HO-— Ic- H N ICHs
//CHz HO=G=H H3CH,C CONH— CH @ HO=C~H
H;CH,C CONH— CH HO 0 HiCH,C™ Y CONH — CH
HO 0 oH HO 4= O
Lincomycin 3-phosphate:
1'-Demethyll incomycin OH Lincomycin sul foxide SCH; neomyen S-prosphate OR
SCH; HO 4 ﬁ SCH;3
OH 0 R=—P(OH), OH

Fig. (10). Structures of 1'-demethylated lincomycin [34], lincomycin sulfoxide [35], and 3-phosphorylated lincomycin [36].
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