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Summary

The pleuromutilin antibiotic tiamulin binds to the ribo-
somal peptidyl transferase centre. Three groups of
Brachyspira spp. isolates with reduced tiamulin sus-
ceptibility were analysed to define resistance mecha-
nisms to the drug. Mutations were identified in genes
encoding ribosomal protein L3 and 23S rRNA at posi-
tions proximal to the peptidyl transferase centre. In
two groups of laboratory-selected mutants, mutations
were found at nucleotide positions 2032, 2055, 2447,
2499, 2504 and 2572 of 23S rRNA (Escherichia coli
numbering) and at amino acid positions 148 and 149
of ribosomal protein L3 (Brachyspira pilosicoli num-
bering). In a third group of clinical B. hyodysenteriae
isolates, only a single mutation at amino acid 148 of
ribosomal protein L3 was detected. Chemical foot-
printing experiments show a reduced binding of tia-
mulin to ribosomal subunits from mutants with
decreased susceptibility to the drug. This reduction
in drug binding is likely the resistance mechanism for
these strains. Hence, the identified mutations located
near the tiamulin binding site are predicted to be
responsible for the resistance phenotype. The posi-
tions of the mutated residues relative to the bound
drug advocate a model where the mutations affect
tiamulin binding indirectly through perturbation of
nucleotide U2504.

Accepted 20 August, 2004. *For correspondence. E-mail
long@mermaid.molbio.ku.dk; Tel. (+45) 3532 20 30; Fax (+45) 35
32 20 40.

© 2004 Blackwell Publishing Ltd

Introduction

The pleuromutilins inhibit protein synthesis by targeting
the large subunit of the bacterial ribosome. This group of
antibiotics is derived from the natural compound pleuro-
mutilin, isolated originally from the basidiomycete Pleuro-
tus mutilus (now Clitopilus scyphoides) (Kavanagh et al.,
1951; Singer, 1986). Tiamulin is a semisynthetic pleu-
romutilin derivative containing an aliphatic thioether
side-chain. Chemical footprinting experiments have dem-
onstrated that tiamulin, and the related drug valnemulin,
bind at the peptidyl transferase centre in the middle of the
ribosome. Altered reactivities to base-specific modifying
chemicals in the presence of the drugs are observed in
Escherichia coli 23S rRNA, with protection effects at
U2506 and U2584-5, and enhancement effects at A2058-
9 (Poulsen et al., 2001). Puromycin-based assays have
shown that the pleuromutilins inhibit peptide bond forma-
tion directly (Hodgin and Hégenauer, 1974; Poulsen et al.,
2001). This is supported by competitive footprinting stud-
ies with macrolide antibiotics in which tiamulin and val-
nemulin bind to the ribosome concurrently with
erythromycin, but compete with carbomycin, a peptidyl
transferase inhibitor (Poulsen et al., 2001).

Swine dysentery is a severe diarrhoeal disease among
pigs with mortality up to 30%, caused by the anaerobic
spirochaete Brachyspira hyodysenteriae (Harris et al.,
1999). The disease is spread worldwide and causes dis-
tress for the pigs as well as major economic losses in
affected herds. Porcine intestinal spirochaetosis is a milder
diarrhoeal disease of growing pigs causing reduction in
growth rate. The etiologic agent is Brachyspira pilosicoli
(Trott, 1996), a species closely related to B. hyodysente-
riae. The antibiotic arsenal available to treat these dis-
eases is limited because of both the withdrawal of drugs
authorized for use in pigs and reduced susceptibility to
available drugs. Tiamulin is an important option in the
treatment and eradication of Brachyspira spp. from
infected herds. Recently, isolates of B. hyodysenteriae with
decreased susceptibility to tiamulin have been reported in
various parts of Europe, including Germany, Great Britain
and the Czech Republic (Karlsson et al., 2004; Lobova
et al., 2004). Tiamulin resistance in B. pilosicoli has been
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reported in Finland (Fossi etal, 1999) and in a recent
study, 14% of B. pilosicoliisolates from Swedish pig herds
were resistant to tiamulin (M. Pringle, unpubl.).

Little is reported about resistance mechanisms to the
pleuromutilin antibiotics. Tiamulin resistance develops in
a slow, stepwise manner in vitro (Drews et al., 1975; Béck
et al.,, 1982; Karlsson et al., 2001). In E. coli, resistance
to tiamulin has been associated with mutations in riboso-
mal proteins (Bock etal., 1982). A recent investigation
revealed that the tiamulin resistance phenotype in a single
E. coli mutant was caused by mutation of ribosomal pro-
tein L3 (Besling et al., 2003). The mutation results in an
Asn to Asp change at amino acid 149 (E. coli numbering),
a position that is in close proximity to the peptidyl trans-
ferase centre (Bosling et al., 2003).

The dearth of knowledge on tiamulin resistance is prob-
ably because the pleuromutilins have been used exclu-
sively in veterinary medicine. The alarming situation with
multiresistant bacteria in human medicine and the meager
development of new antimicrobial agents has spawned a
renewed interest in the pleuromutilins (Brooks et al., 2001;
Bacqué et al., 2002; Springer et al., 2003). They are, for
example, active against gram-positive bacteria including
staphylococci (Drews etal., 1975; Boggs and Hecker,
2002), making them a potential treatment alternative for
methicillin-resistant  Staphylococcus aureus (MRSA)
infections. Moreover, the recent major advances in ribo-
somal structure determination and computational meth-
ods for drug design have made the ribosome more
attractive as a target for the development of new drugs
(Knowles et al., 2002).

Additional information on tiamulin resistance mecha-
nisms and their development in clinically relevant organ-
isms is necessary in preventing the spread of resistant
isolates. In this work, we have searched for tiamulin resis-
tance determinants by investigation of Brachyspira spp.
isolates with reduced susceptibility to tiamulin. Portions of
the genes encoding ribosomal protein L3 and 23S rRNA
components neighbouring the peptidyl transferase centre
have been sequenced. We find that mutations clustered
near the peptidyl transferase centre are associated with
decreased susceptibility to tiamulin. Chemical footprinting
experiments show that ribosomes from B. hyodysenteriae
isolates with decreased tiamulin susceptibility have a
reduced ability to bind the drug. Taken together, the prox-
imity of the mutations relative to the tiamulin binding site
and the footprinting data explain how resistance in these
isolates can be mediated by alteration of the drug-binding
cavity.

Results
Selection of tiamulin-resistant Brachyspira spp. mutants

Acquired tiamulin resistance of clinical importance has

thus far only been reported in Brachyspira spp. The resis-
tance mechanisms that operate in this organism may be
different from those found in laboratory strains of E. coli.
In addition, resistance derived from selection in E. coli
laboratory strains may not occur in the field. Therefore, we
have chosen to investigate the pathogen itself, in spite of
the difficulties involved because of the lack of available
genetic information on Brachyspira spp. Three groups of
Brachyspira spp. strains were used in the investigation.
The first group are mutants derived in the laboratory from
a susceptible type strain (K4) and a field isolate (K2),
whose isolation via repeated passages on tiamulin agar
has been described previously (Karlsson et al., 2001).
The second group are mutants derived in the laboratory
from different field isolates with a range of tiamulin sus-
ceptibilities (P2, P4, P5, P6). They were isolated via
repeated passages on tiamulin agar for up to 10 months.
The third group of strains are clinical B. hyodysenteriae
field isolates from Great Britain (E) (Karlsson et al., 2004).
The tiamulin minimal inhibitory concentrations (MICs) for
each strain were determined using a broth dilution method
(see Experimental procedures) and the results are pre-
sented in Table 1. An interval is presented for isolates
where the MIC varied between several test rounds. As
some of the strains showed correlated changes in
chloramphenicol susceptibilities, these MICs are also pre-
sented (Table 1).

The increase in tiamulin MIC for the laboratory-derived
mutants varies from 4 to >12 twofold dilutions. The highest
tiamulin MICs (>128 ug mI™") are observed for the K4R
and K2R strains. Strain K4p16 was saved as an interme-
diate stage during preparation of K4R from passage 16
on tiamulin agar. The tiamulin and chloramphenicol MICs
increase 6 and 5 twofold dilutions, respectively, for K4p16
compared to K4S. Although the tiamulin MIC increases by
>5 twofold dilutions from K4p16 to K4R, the two strains
have the same chloramphenicol MIC. The observed
increases in tiamulin MICs for the P2, P4, P5 and P6
strains are generally lower and range between 4 and 6
twofold dilutions. The British field isolates consist of a
tiamulin-susceptible strain (E8), plus strains with interme-
diate (E7) and low tiamulin susceptibility (E1) with MICs
that differ from E8 by 3 and 9 twofold dilutions respectively.

Sequencing of genes encoding ribosomal components at
the pleuromutilin binding site

Mutations located at the pleuromutilin binding site on the
ribosome constitute one possible class of tiamulin resis-
tance mechanisms. To test this hypothesis, portions of
ribosomal protein L3 and 23S rRNA genes encoding ribo-
somal components at the peptidyl transferase centre were
amplified and sequenced. The identified mutations are
summarized in Table 1. An alignment of ribosomal protein
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Table 1. Mutations identified in laboratory-selected strains (original strains in italics) and field isolates.

23S rRNA mutation

MIC (ug mI™)
- 2032 2055 2447 2499 2504 2572 Ribosomal protein
Species® Tiamulin Cam G-A C-A G-T C-A T-G A-T L3 mutation®
Strain
K4S (B78") B.h. 0.063 4
K4p16° B.h. 4 128 X
K4R°® B.h. >128 128 X X Asn148Ser
P2S (T20) B.h. 2-4 1
P2R B.h. 64 2 Ser149lle?
P4S (174:92) B.h. 0.25 2
P4R B.h. 8 16 X Asn148Lys
P5S (2554:02) B.h. 0.5 2 Asn148Ser
P5R B.h. 32 8 X X Asn148Ser
P6S (2420:97) B.h. 0.063 4
P6R B.h. 4 16 X
K2S (497:93)F B.p. 0.031 8
K2R® B.p. >128 256 x¢ Asn148Ser
Field isolate
E1° B.h. 16-32 4 Asn148Ser
E7°¢ B.h. 0.5 2 Asn148Ser
E8°® B.h. 0.063 8

a. B.h., Brachyspira hyodysenteriae; B.p., Brachyspira pilosicoli.

b. The L3 mutations are numbered according to the B. pilosicoli sequence AF114845 (GenBank Accession No.).

c. Karlsson et al. (2001).

d. Mixed sequence, see text in the Results section.
e. Karlsson et al. (2004).

f. ATCC 27164".

Cam, chloramphenicol.

L3 sequences flanking the L3 mutations is shown in
Fig. 1A. The positions of the rRNA mutations are shown
in Fig. 1B on the B. hyodysenteriae 23S rRNA secondary
structure, together with other resistance mutations at cor-
responding positions. In this paper, all 23S rRNA nucle-
otides and ribosomal protein L3 are given according to E.
coli and B. pilosicoli numbering, respectively, unless oth-
erwise indicated. The sequencing process was compli-
cated by the fact that the complete sequences of
Brachyspira spp. rRNA and ribosomal protein genes are
not published. Primer sites on 23S rDNA were therefore
chosen by comparison of E. coli and various spirochaete
sequences. Ribosomal protein L3 gene primers were
designed using the B. pilosicoli sequence. The primers
used for PCR and sequencing reactions are summarized
in Table 2.

Table 2. Primers used for PCR and DNA sequencing in this study.

Mixed sequences are observed in the L3 and 23S rRNA
genes of the P2R and K2R isolates respectively. The
presence of mixed sequences corroborates the slow step-
wise development of tiamulin resistance in vitro, where a
large number of passages are necessary to isolate highly
resistant Brachyspira spp. mutants (Karlsson et al., 2001).
Hence, several clones with different mutations could
evolve and persist on the plates during this procedure.
Approximately 80% of the DNA is mutated in the L3 gene
sequence of the P2R strain. Although B. hyodysenteriae
(Zuerner and Stanton, 1994) and B. pilosicoli (R.L. Zue-
rner, pers. comm.) are known to contain single copies of
the rBRNA genes, the K2R 23S rDNA sequence has
approximately 80% and 50% mutated DNA at nucleotide
positions 2055 and 2504 respectively. In the case of K2R,
the mixed sequences could also be attributed to the fact

Primer Position® Sequence (5-3') Application

L3 forward 1269-1288 GGGTATGACAACAGTTTTCG PCR/sequencing, L3 gene

L3 reverse 1802-1821 GCTCCAGGTATAGAACCYTT PCR/sequencing, L3 gene

DV forward 1894-1914 CCAGTAAACGGCGGCCGTAAC sequencing, 23S rRNA gene
2058Fo forward® 1858-1879 GAGAGGTTAGCGTAAGCGAAGC PCR/sequencing, 23S rRNA gene
Spiro1 reverse 2653-2675 CCACTCCGGTCCTCTCGTACTA PCR/sequencing, 23S rRNA gene
Spiro2 reverse 2745-2767 GCTTCCCACTTAGATGCRTTCAG PCR/sequencing, 23S rRNA gene
DVpilo reverse 2656-2677 CGTTCATTTCGGTCCTCTCGTA PCR/sequencing, 23S rRNA gene

a. Numbered according to the B. pilosicoli AF114845 L3 and E. coli 23S rRNA sequences.
b. Karlsson et al. (1999).
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A

Brachyspira hyodysenteriae

Mutations: KES DI

A YHARVWKGKGMP
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Escherichia coli 139 SHRVPGSI N Q KVFKGKKMA
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Fig. 1. Mutations found in Brachyspira spp. isolates with reduced susceptibility to tiamulin.

A. Alignment of various ribosomal protein L3 sequences in the regions flanking the mutations presented in Table 1. The positions and identities
of the characterized mutations in B. hyodysenteriae, B. pilosicoli and E. coli are marked with lines. Positions of amino acid identity are boxed.
B. Secondary structure of the peptidyl transferase loop and adjacent regions of B. hyodysenteriae 23S rRNA. The secondary structure was
modified from the E. coli secondary structure models from the Comparative RNA Web Site at URL: http://www.rna.icmb.utexas.edu/. Nucleotides
that exhibit altered reactivities in the presence of tiamulin in E. coli are indicated with circles (Poulsen et al., 2001). Filled circles represent
protections whereas open circles denote enhancements. Mutations observed in Brachyspira spp. isolates with reduced susceptibility to tiamulin
(Table 1) are highlighted in broad letters. Mutations that confer resistance or decreased susceptibility to other antibiotics at the same nucleotides
are indicated with the relevant organism(s) in parentheses. Abbreviations: B.h., Brachyspira hyodysenteriae; B.p., Brachyspira pilosicoli; E.c.,
Escherichia coli; H.h., Halobacterium halobium; H.s., Homo sapiens; M.m., Mus musculus; M.s., Mycobacterium smegmatis; N.p., Nicotiana
plumbaginifolia (tobacco chloroplasts); S.c., Saccharomyces cerevisiae. The eukaryotic mutations have been characterized in chloroplast or
mitochondrial rRNAs. Literature references to the indicated mutations are as follows: G2032A (Cseplt et al., 1988; Douthwaite, 1992; Xiong et al.,
2000), G2032U and G2032C (Xiong et al., 2000), G2447A (Dujon, 1980), G2447U (Sander et al., 2002), G2447C (Hummel and Béck, 1987),
C2499U (Tan et al., 1996; Kloss et al., 1999), U2504C in H.h. (Kloss et al., 1999), H.s. (Blanc et al., 1981a; Kearsey and Craig, 1981), M.m.

(Blanc et al., 1981b) and S.c. (Weiss-Brummer et al., 1995).

that DNA was prepared from material that was subcul-
tured on agar without tiamulin (Karlsson et al., 2001),
where reversions could have occurred.

Correlation between the MICs and mutated positions

All of the laboratory-derived strains with an increased MIC
relative to the parent strain contain mutations in the
sequenced portions of either ribosomal protein L3 or
domain V of 23S rRNA. Although this is not direct proof
that the mutations cause the increase in MICs, it strongly
predicts them as resistance determinants. The isolates
selected in the laboratory contain different combinations

of mutations and none of the combinations are identical.
This illustrates that changes in susceptibility to tiamulin
can be obtained in various ways. The strains with the
highest tiamulin MICs contain three mutations, indicating
that one mutation is not sufficient to cause a high level of
resistance. The two strains with the highest tiamulin MICs
(>128 ug mi™"), K4R and K2R, plus K4p16, are the only
strains with the T2504G mutation. These strains also have
the highest chloramphenicol MICs, suggesting cross-
resistance mediated by this mutation. The U2504C muta-
tion leads to chloramphenicol resistance in Halobacterium
halobium (Kloss et al., 1999), and human (Blanc et al.,
1981a; Kearsey and Craig, 1981), mouse (Blanc et al.,

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 54, 1295—1306
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1981b) and yeast mitochondria (Weiss-Brummer et al.,
1995), thus explaining the decreased chloramphenicol
susceptibility for the 2504 mutant strains (Table 1).
Another strain containing three mutations is P5R. The
reduced tiamulin susceptibility from 0.5 (P5S) to 32 ug ml™
(P5R) is associated with mutations at nucleotides G2032
and C2499 of 23S rRNA (Table 1). The parent strain, P5S,
is less susceptible to tiamulin than K4S and K2S and this
can be explained by the presence of the Asn148Ser
change in ribosomal protein L3 in P5S. A similar trend is
also observed in the MIC value for the E7 strain containing
the same L3 mutation. Moreover, this correlates with the
reduced susceptibility observed in E. coli containing a Asn
to Asp change at the corresponding position (Besling
etal., 2003).

None of the 23S rRNA gene mutations identified in the
laboratory-derived strains are present in the field isolates.
Only the L3 Asn148Ser mutation was found in the field
isolates E7 and E1, and both of these strains have
increased tiamulin MICs (0.5 and 16-32 ug ml™"). The
absence of mutations in 23S rRNA at the peptidyl trans-
ferase centre in the field isolates could be because both
the high concentration of tiamulin and the long exposure
time for the laboratory-derived mutants in this study have
been extreme. Alternatively, the described mutations lead
to decreased strain viability, with the consequence that
such mutants cannot survive in the field and can only be
isolated under more supportive conditions in the labora-
tory. However, the extensive use of tiamulin for prolonged
periods in many pig herds could provide the environment
needed for these mutations to also appear in the field.

A set of German field isolates with reduced susceptibil-
ity to tiamulin has also been examined. These strains have
been investigated previously as to their possible relation-
ship by pulsed-field gel electrophoresis and cross-
resistance to other antimicrobials (Karlsson et al., 2004).
The domain V fragment of 23S rRNA was sequenced
for 10 of these isolates, as well as for eight tiamulin-
susceptible German field isolates. A few sequence dif-
ferences were detected, but they are in regions either
associated with avilamycin resistance or unlikely to be
significant for tiamulin binding (M. Pringle, unpubl.
results). Additionally, no mutations were identified in the
L3 fragment from 12 isolates with decreased susceptibility
(M. Pringle, unpubl. results). Although neither ribosomal
protein L3 nor 23S rRNA mutations are present in the
German field isolates, it is possible to select for a mutation
in ribosomal protein L3 in vitro (P2S and P2R, Table 1)
that correlates with reduced susceptibility to tiamulin.

Binding of tiamulin to mutant ribosomes is reduced

Chemical footprinting was used to assess and compare
tiamulin binding to ribosomes from five B. hyodysenteriae

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 54, 1295—-1306
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strains with different susceptibilities to the drug (K4S,
K4p16, K4R, E7, E1). Standard ribosome purification
methods were used as no isolation procedure has been
reported in the literature for Brachyspira ribosomes. For
B. hyodysenteriae, both the ribosome content and the
overall yield of purified ribosomal particles is significantly
reduced compared to a laboratory E. coli strain. Large
ribosomal subunits were used in footprinting experiments,
because only a minute amount of purified 70S ribosomes
was obtained. Tiamulin-50S subunit complexes were
modified with CMCT, which modifies the N3 of accessible
uridine residues. This was followed by primer extension
with reverse transcriptase to identify alterations in protec-
tion patterns induced by tiamulin. The results with three
tiamulin concentrations are shown in Fig. 2. Tiamulin pro-
tects three uridine residues (U2506, U2584, U2585) from
chemical modification when complexed with E. coli ribo-
somes (Poulsen et al., 2001). In contrast, only U2506 is
protected when tiamulin is complexed with B. hyodysen-
teriae 50S subunits isolated from the tiamulin-susceptible
strain, K4S (Fig.2, lanes 6-9). Although U2584 and
U2585 are not protected by tiamulin, these nucleotides
are accessible to CMCT modification in the absence of
drug (Fig. 2, lane 6). Comparison of K4S, K4p16 and K4R
strains shows a significantly increased CMCT reactivity at
U2584-5 in the tiamulin-resistant strain, K4R (Fig. 2, com-
pare lane 16 with lanes 6 and 11).

In the strain with the lowest tiamulin MIC (K4S), there
is nearly complete protection of U2506 at a tiamulin
concentration of 2 uM (Fig.2, lane 8). A significantly
reduced level of tiamulin binding is observed in K4p16, as
there is only a partial protection of U2506 at 10 uM tiamu-
lin (Fig. 2, lane 14). In the strain with the highest tiamulin
MIC, there is no protection of U2506 at 10 uM tiamulin
(Fig. 2, lane 19), indicating that tiamulin is not bound to
K4R ribosomes over the tested concentration range.
These data show a progressive decrease in tiamulin
binding to ribosomes from K4S, K4p16 and K4R strains,
indicating that reduced tiamulin binding to ribosomes is
the resistance mechanism in these strains. This is consis-
tent with the mutations in 23S rRNA and ribosomal pro-
tein L3 being responsible for the reduced susceptibilities
in K4p16 and K4R.

The chemical footprinting patterns obtained for the field
isolates E7 and E1 show that the protection observed at
U2506 is nearly identical for E7 and E1 (Fig. 2, compare
lanes 20—24 with 25-29), despite the difference in tiamulin
MIC between the two strains. A complete protection at
U2506 is not observed (Fig. 2, lanes 24 and 29), indicat-
ing that tiamulin binding is reduced compared to the K4S
control strain. These data suggest that an additional non-
ribosomal resistance determinant is present in E1,
together with the L3 mutation. Comparison of the tiamulin
footprints from K4p16 and E7 strains shows that mutation
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E1 Fig. 2. Gel autoradiographs of the tiamulin
footprint in domain V of 23S rRNA on B.
hyodysenteriae 50S subunits, showing CMCT
modifications detected by primer extension
analysis. Control lanes (Co) for each strain con-
tain unmodified 50S subunits. Wedges are used
to indicate the increase in tiamulin concentra-
tion in the following sample order: modified 50S
subunits in the absence of tiamulin and modi-
fied subunits in the presence of 0.5, 2 and

0-10 uM

- Y 10 uM tiamulin. The altered reactivity at U2506
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of 2504 decreases tiamulin binding more than mutation of
ribosomal protein L3 (Fig. 2, lanes 14 and 24).

Model of the resistance mechanism

In order to rationalize the resistance patterns observed for
the mutant strains (Table 1), the positions of the mutations
were examined in the high-resolution structure of a bac-
terial 50S subunit. As data for the X-ray structure of the
Deinococcus radiodurans 50S subunit soaked with tiam-
ulin was obtained (Schllinzen et al., 2004), it was possible
to directly relate the positions of the mutated nucleotides
to that of the bound drug (Fig. 3). Examination of the
structure revealed that all mutations and the drug are
placed close to the peptidyl transferase centre in the 50S
subunit. All mutated nucleotides are in close proximity to
the central core of tiamulin, that binds directly in the pep-
tidyl transferase centre, but only U2504 is close enough
for a direct contact. However, all of the mutated nucle-
otides are either in contact with or very close to nucleotide
U2504. To visualize the area with the mutations, an appro-
priate cutting plane was placed in the ribosomal subunit
(Fig. 3D). The positions of the mutations, footprints and
drug relative to the cut plane are shown in Fig. 3E, where
the view in Fig. 3D is rotated 90 degrees. This view also
shows the positions of nucleotides 2058 and 2059 that are
located in the peptide exit tunnel. These nucleotides
exhibit enhanced reactivities in a footprinting assay in the
presence of tiamulin (Poulsen et al., 2001), but their dis-

Reverse transcriptase stops one nucleotide
before the corresponding nucleotide in the
sequencing tracks. The primer extension stop
at U2506 was quantified with a phosphorimager
using the control stops at positions U2544—
U2555 as reference bands. The degree of mod-
ification for each sample is given below the gel
as a percentage relative to the sample with
modified 50S subunits in the absence of tiam-
ulin for each strain.

LU2584
U2585

lane numbei

100 9145 26

tances to the bound drug suggest that this is because of
indirect effects. Both Fig. 3D and E show that nucleotide
U2504 can play a crucial role in tiamulin binding and that
structural perturbations at this position can hinder tiamulin
binding. Hence, the most straightforward explanation for
the observed resistance mechanism is that the different
mutations alter the position of U2504, which in turn
impedes tiamulin binding.

Discussion

Tiamulin is one of the last available options for the treat-
ment of swine dysentery. As resistance to tiamulin has
been reported in B. hyodysenteriae and is potentially
spreading, we have investigated resistance mechanisms
in this organism. It is well known that resistance to many
ribosomal drugs is caused by altered drug binding. The
facts that tiamulin inhibits peptidyl transferase, footprints
at nucleotides in the peptidyl transferase region (Poulsen
etal, 2001) and that a L3 mutation in E. coli confers
reduced susceptibility to tiamulin (Besling et al., 2003)
pointed to where to search for mutations causing tiamulin
resistance. The presence of a mutation in a strain with an
altered tiamulin MIC is, by itself, not proof of a direct
causal relationship. However, this kind of correlation has
been seen with other ribosomal antibiotics such as avila-
mycin and macrolides (Vester and Douthwaite, 2001;
Kofoed and Vester, 2002). Sufficient evidence is pre-
sented in this study to associate the identified mutations

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 54, 1295—1306
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Fig. 3. The mutated positions and the tiamulin binding site at the ribosomal peptidyl transferase centre.

A. Secondary structure of the central loop region of domain V of B. hyodysenteriae 23S rRNA. Residues involved in resistance mutations are
indicated by coloured arrows and footprints are indicated with dots (protections in green and enhancements in grey).

B. The chemical structure of tiamulin.

C. The 508 subunit from D. radiodurans (modified from Harms et al., 2001; PDB Accession No. 1INKW) with the mutated positions from A (same
colouring) and L3 (purple ribbon). RNA is represented by grey spheres and proteins are shown as light blue ribbons. The subunit is rendered
transparently to show the residues and the positioning inside the subunit is indicated by the shadow.

D. Part of a sliced 50S subunit of D. radiodurans showing the tiamulin binding site. Outer RNA surface is grey and cut surface is light green.
Tiamulin is in blue and RNA residues protected by tiamulin are shown in green. RNA resistance determinants are coloured as in (A) and L3
mutations are shown as spheres on the purple ribbon. The surface of residue 2504 (E. coli numbering) is shown in transparent red. Co-ordinates
were kindly provided by Schliinzen et al. (2004).

E. As in D, but turned 90 degrees to show the cut plane.

with reduced tiamulin susceptibility. First, the mutations
are located near the tiamulin binding site (Fig. 3D and E).
In addition, none of the mutations are found in highly
susceptible strains. Furthermore, most of the mutations
occur in more than one strain. Finally, most of the RNA
mutations are at positions implicated in resistance to other
ribosomal drugs (Fig. 1B) whose binding sites overlap
with tiamulin (Schliinzen et al., 2004). The data presented
in Table 1 show multiple tiamulin resistance mechanisms
in Brachyspira spp. associated with mutations around the

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 54, 1295—-1306

tiamulin binding site. No single mutation by itself is
responsible for a high level of tiamulin resistance, but
when various combinations of two or three mutations are
present, high levels of resistance are obtained. This
explains the stepwise decrease in tiamulin susceptibility
observed in this study and by Karlsson et al. (2001).

L3 mutations and tiamulin susceptibility

The amino acid sequence around the L3 mutations char-
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acterized in Brachyspira spp. can be aligned with L3
sequences from other organisms (Fig. 1A). Using this
alignment and the X-ray structures of the 50S subunits
from D. radiodurans (Harms et al., 2001) and Haloarcula
marismortui (Ban et al., 2000), it can be seen that the two
mutated positions are situated at the tip of an extension
reaching close to the peptidyl transferase centre. As men-
tioned previously, a corresponding position in E. coli has
been identified as a tiamulin resistance determinant (Bos-
ling et al., 2003). Furthermore, the Trp255Cys mutation at
the corresponding position of ribosomal protein L3 in Sac-
charomyces cerevisiae confers both anisomycin and tri-
chodermin resistance (Schindler etal., 1974; Jimenez
et al., 1975). The same mutation also renders yeast ribo-
somes resistant to the ribosome-inactivating protein,
pokeweed antiviral protein (Hudak et al., 1999). Moreover,
mutations in this region of L3 (Trp255Cys, Pro257Ser and
lle282Thr) have been associated with decreased peptidyl
transferase activities, increased levels of (-1) pro-
grammed ribosomal frameshifting, and viral maintenance
defects in S. cerevisiae. (Peltz et al., 1999; Meskauskas
etal., 2003). These lines of evidence demonstrate that
mutations in L3 can affect the structure of the peptidyl
transferase centre and thus also tiamulin binding.

23S rRNA mutations and tiamulin susceptibility

The three-dimensional arrangement of nucleotides sur-
rounding the drug-binding cavity depicted in Fig. 3D
shows that U2504 may play an important role in tiamulin
binding. Among the mutated sites characterized in this
investigation, U2504 is the only position that is accessible
from the peptidyl transferase cavity, where it forms part of
the electron density in the wall of the cavity (Fig.3D).
Nucleotide U2504 is post-transcriptionally modified to
pseudouridine in E. coli (Bakin and Ofengand, 1993) and
it is unknown whether this is also the case in D. radiodu-
rans and Brachyspira spp. The conclusions presented
here are probably not influenced by this modification
because the pyrimidine ring at position 2504 forms a
hydrophobic patch on the wall of the binding cavity which
interacts with a hydrophobic part of tiamulin.

The other mutated 23S rRNA and L3 positions are
clustered around nucleotide 2504, but are buried inside
the 50S subunit according to the X-ray structures men-
tioned previously (Ban et al., 2000; Harms et al., 2001).
As these positions are apparently inaccessible and too
remote from the tiamulin binding pocket, it is unlikely that
these nucleotides and amino acids contact tiamulin
directly. Their close proximity to U2504 suggests that they
function indirectly by perturbing the local conformation of
the binding cavity and contribute to resistance specifically
by altering the position of U2504. This view is reinforced
by the enhanced reactivity to CMCT observed in the K4R

strain, relative to the K4S and K4p16 strains (Fig. 2, lanes
6, 11 and 16). This data suggests that there is a structural
alteration at the peptidyl transferase centre in K4R ribo-
somes that, in addition to the mutation at U2504, contain
mutations at G2032 and L3 Asn148 (Table 1).

The precise positioning of nucleotide 2504 could be
important for both direct interactions and metal binding at
the tiamulin binding site. High-resolution structures of anti-
biotic-50S subunit complexes have revealed that nucle-
otide 2504 is an important component of the anisomycin
(Hansen et al., 2003) and chloramphenicol (Schllinzen
et al., 2001) binding sites. The hydroxyl group of aniso-
mycin is hydrogen-bonded to the O1P of U2504 and
co-ordinated to a potassium ion that is chelated by nucle-
otides 2061, 2447 and 2501 (Hansen et al., 2003). In the
case of chloramphenicol, one of the oxygens of the p-nitro
group forms a hydrogen bond with the 2’-hydroxyl group
of U2504 and a bound magnesium ion mediates an inter-
action between the same oxygen atom and the carbonyl
oxygen of U2504 (Schliinzen et al., 2001).

U2504 is a highly conserved nucleotide at the peptidyl
transferase centre, emphasizing its importance for some
aspect of ribosome assembly or function. Mutations at
U2504 are considered lethal for E. coli (Triman et al.,
1998), although the in vitro viabilities of the B. hyodysen-
teriae K4R, K4p16 and K2R strains are not significantly
affected. Mutations at the corresponding position in H.
halobium and mitochondrial 23S rRNAs confer oxazolidi-
none and chloramphenicol resistance (Fig. 1B and refer-
ences therein). The binding sites of tiamulin and
chloramphenicol are partially overlapping according to
Schliinzen et al. (2004). 1t is thus not surprising that the
highest levels of tiamulin resistance are observed in
mutants containing a combination of 23S rRNA and ribo-
somal protein L3 mutations, where one of the mutated
nucleotides is U2504 and that mutation of U2504 is suffi-
cient to obtain high levels of chloramphenicol resistance
(Table 1). The combination of 23S rRNA mutations at
2032 and 2499 plus the Asn148Ser L3 mutations also
yields a relatively high resistance. The three mutations
have previously and independently been identified as
resistance determinants for chloramphenicol, lincosa-
mides, oxazolidinones, sparsomycin or tiamulin (Fig. 1
and references herein). From the model presented in this
study, lincosamide and oxazolidinone resistance may also
be mediated by disturbance of the 2504 position. Muta-
tions at nucleotide positions 2055 and 2572 of 23S rRNA
are only identified in strains with multiple mutations
(Table 1) and have not previously been associated with
drug resistance. One explanation for this is that mutation
of 2055 or 2572 alone is not enough to affect tiamulin
binding, but together they can disturb the environment of
2504. Selection of two such mutations will probably take
many generations as is typical for tiamulin resistance. The
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2447 and Asn148Ser mutations are present in strain P4R.
Nucleotide 2447 is close to the site of peptide bond for-
mation (Nissen et al., 2000) and mutations at this position
have been associated with anisomycin, chloramphenicol
and oxazolidinone resistance (Fig. 1B and references
herein). Not unexpectedly, the P4R strain has reduced
susceptibilities to both tiamulin and chloramphenicol
(Table 1). Hence, nucleotide positions in the peptidyl
transferase region where mutations lead to cross-resis-
tance to several antibiotics are strongly correlated with
overlapping drug binding sites.

B. hyodysenteriae field isolates

The reduced susceptibility to tiamulin in the British iso-
lates (E1, E7, Table 1) is correlated with mutation of ribo-
somal protein L3. The relatively high MIC and the
absence of RNA mutations in the sequenced regions for
strain E1, suggest that the L3 mutation is combined with
an unknown resistance determinant. Furthermore, the
similar protection patterns observed for E7 and E1 in
chemical footprinting experiments, despite their different
susceptibilities, also suggest that this additional resis-
tance determinant does not affect binding of tiamulin to
the ribosome. The high tiamulin MICs in the German field
isolates can be explained neither by mutations in 23S
rRNA nor ribosomal protein L3 at the peptidyl transferase
centre. The resistance mechanisms operating in these
strains appear not to function through alteration of the
tiamulin binding site. Elucidation of the undefined resis-
tance determinants in the two sets of field isolates must
await further studies.

Conclusions

Mutations identified in ribosomal protein L3 and 23S rRNA
in the peptidyl transferase region are associated with
reduced tiamulin susceptibility in laboratory-selected
Brachyspira spp. strains. In addition, mutation of riboso-
mal protein L3 contributes to tiamulin resistance in clinical
British B. hyodysenteriae field isolates. Chemical footprint-
ing experiments show that tiamulin binding to large ribo-
somal subunits with mutations in 23S rRNA or ribosomal
protein L3 is reduced, suggesting that resistance is
caused by alteration of the drug binding site. The close
proximity of the mutated residues to U2504, and the abut-
ting position of U2504 relative to bound tiamulin, suggest
a model in which the mutations alter drug binding indi-
rectly by perturbing the conformation of U2504 at the
tiamulin binding site. The presence of additional resis-
tance determinants in clinical field isolates that do not
affect tiamulin binding to the ribosome indicates that other
tiamulin resistance mechanisms function in Brachyspira

Spp.
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Experimental procedures

Strains, isolates and in vitro development of
tiamulin resistance

All bacteria were grown on fastidious anaerobe agar with
10% horse blood (National Veterinary Institute, Uppsala,
Sweden) in an anaerobic atmosphere at 37°C. The Brachys-
pira spp. strains and isolates (Table 1) are stored in liquid
nitrogen in a strain collection at the National Veterinary Insti-
tute, Uppsala, Sweden. The species differentiation was made
biochemically as described previously (Fellstrom and Gun-
narsson, 1995). Development of decreased susceptibility to
tiamulin for the B. hyodysenteriae type strain B78™(ATCC
271647) (K4S) and the B. pilosicoli field isolate 497:93 (K2S)
has been described previously (Karlsson et al., 2001). Six
field isolates of B. hyodysenteriae with different tiamulin MICs
were chosen for development of tiamulin resistant strains
(P1-P6) for this study. The method to provoke tiamulin resis-
tance in those strains differed slightly from the K-strains. After
thawing and subculturing isolates twice, a DNA preparation
and second susceptibility test were made before tiamulin
exposure. Twice a week the strains were subcultured on agar
with antibiotic disks containing tiamulin. The concentration of
tiamulin in the disks varied according to the tiamulin suscep-
tibility of each strain. The tiamulin concentration was slowly
increased and the subculturing was continued for approxi-
mately 10 months. The susceptibility was monitored during
the subculturing and at the end of the experiment the strains
were frozen and new DNA preparations were made from the
last subculture on tiamulin agar. The concentration of tiamulin
in the disks ranged from 64 ng to 3200 ug and the volume of
agar in the plates was 20 ml. The pulsed-field gel electro-
phoresis pattern of each final (R) strain was compared to that
of the original (S) strain to confirm the clonal identity of each
resistant strain after the selection. Two of the strains, P1 and
P3, were excluded from the study because the tiamulin sus-
ceptibility did not change. Of the remaining strains one orig-
inates from Germany and the other three from Sweden. A
set of three B. hyodysenteriae field isolates from the UK (E1,
E7 and E8) with varying tiamulin MICs were chosen for
sequencing. Although the ordinary interstrain variation in
growth is not insignificant, no marked differences in growth
were observed between the mutants and any other field
isolate.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was carried out using the
broth dilution method described previously (Karlsson et al.,
2003). Briefly, antimicrobial agents were dried in twofold
serial dilutions in tissue culture trays, into which a suspension
of the bacteria was dispensed (0.5 ml per well) and incu-
bated. The medium for the susceptibility tests was brain heart
infusion broth supplemented with 10% fetal calf serum. The
MIC was read as the lowest concentration of the antimicrobial
agent that prevented visible growth.

Amplification and sequencing of 23S rRNA and ribosomal
protein L3 genes

The fragments of the 23S rRNA and ribosomal protein L3
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genes were amplified with the PCR primers summarized in
Table 2. To design the 23S rRNA gene primers, Brachyspira
spp. sequences with GenBank Accession No. U72699,
U72703 and Brachyspira spp. sequences previously deter-
mined at the National Veterinary Institute, Sweden, were
used. When the reverse primers Spiro1 and Spiro2 were
designed, this part of the 23S rRNA for Brachyspira spp. was
unknown. The sequences for E. coli (JO1695) Borrelia burg-
dorferi (M88330), Treponema pallidum (AE001204) and Lep-
tospira interrogans (X14249) were used to design these
primers. The B. pilosicoli sequence AF114845 was used for
design of primers for the L3 gene. The PCR amplicons were
purified with GFX™ PCR DNA and Gel Band Purification Kit
(Amersham Biosciences, Piscataway, NJ, USA) and the
sequence was determined in an ABI Prism 3100 genetic
analyser (Applied Biosystems, Foster City, CA, USA). Internal
primers were designed for better 23S rDNA domain V
sequence quality (Table 2), whereas the L3 gene was
sequenced with the PCR primers. Labelled terminators (Big
Dye from Applied Biosystems) were used in the cycle
sequencing reactions. Contigs and alignments were created
using Vector NTI Suite (InforMax, Frederick, MD, USA). The
sequence covering position 2032 and 2055 for strains K2S
and P4S was determined as described previously (Karlsson
etal,, 1999). All mutations were confirmed by sequences
determined in both directions.

It was difficult to obtain complete sequences of the 23S
rRNA gene fragment and it was necessary to sequence many
strains repeatedly. A product was not obtained from the B.
pilosicoli strain K2S with the Spiro 1 reverse primer because
it is not the exact complement of the B. hyodysenteriae or B.
pilosicoli sequences. Therefore, the DV pilo reverse primer
was made from the K2R-strain sequence and this primer,
together with the DV forward primer, is the only combination
that yields a product for the K2S strain. The correct sequence
for a B. hyodysenteriae primer at the same location would be
5’-TCATTCCGGTCCTCTCGTACTA-3". The complementary
Brachyspira spp. sequence for the Spiro 2 reverse primer is
still not known because this was the outermost primer at the
3’-end of the 23S rRNA gene.

Growth of cells and isolation of ribosomal subunits

To obtain material for ribosome preparations the bacteria
were grown in 40 ml of BHIS broth, in flasks. The flasks were
incubated in 7.5 | anaerobic jars, with 20 flasks in each, on
a shaker for 48 h in 37°C. The cells were harvested by cen-
trifugation of the broth in a refrigerated centrifuge. The pellet
was kept on ice and washed twice in buffer (50 mM Tris-HCI,
pH 7.8, 10 mM MgCl,, 100 MM NH,CI). Immediately after
washing the cells were frozen and stored in liquid nitrogen.
Cells were resuspended in TMN buffer (20 mM Tris-Cl,
pH 7.75, 10.5 mM MgCl,, 100 mM NH,CI, 0.5 mM EDTA) and
stored at —80°C. After thawing on ice, the cells were opened
by three freeze/thaw cycles using a dry ice/ethanol bath.
Lysozyme (Sigma) and RNase-free DNase | (Roche) were
added, followed by vortexing 6 x 30 s with an equal volume
of glass beads. The lysate was recovered by centrifugation
and layered on a 40 ml 10-40% sucrose gradient prepared
in TMN buffer and centrifuged 16 h at 21 000 r.p.m. in an

SW28 rotor (Beckman, Palo Alto). The gradient was analysed
on a fraction collector (GradiFrac, Pharmacia). As only a
small absorbance peak corresponding to 70S ribosomes was
observed, the fractions corresponding to 50S ribosomal sub-
units were pooled. The subunits were recovered by precipi-
tation with 0.7 volumes of ethanol, resuspended in TMN
buffer and stored at —80°C.

Chemical modification and primer extension analysis

Large ribosomal subunits (2.5 pmoles) were incubated with
0, 0.5, 2, or 10 uM tiamulin in modification buffer (50 mM
Hepes-OH, pH 8.0, 10 mM MgCl,, 100 mM KCI, 5 mM DTT)
for 30 min at 37°C. The tiamulin-50S subunit complexes
(12.5 ul) were modified with 12.5 ul CMCT [1-cyclohexyl-3-
(2-morpholinoethyl)-carbodiimide metho-pP-toluene sulpho-
nate, 42 mg ml~' in modification buffer] for 20 min at 37°C.
The reactions were stopped by precipitating the 50S subunits
with ethanol. The 50S subunits were recovered by centrifu-
gation, resuspended in 0.3 M sodium acetate, and extracted
with phenol and chloroform. Ribosomal RNA was precipitated
with ethanol, resuspended in water, and monitored by primer
extension analysis with AMV reverse transcriptase (Life Sci-
ences) (Poulsen et al., 2001 and references therein). The 5’-
[®2P]-labelled deoxyoligonucleotide primer Bn2654 (5’-TCCG
GTCCTCTCGTACT-3’), complementary to nucleotides 2654—
2670 of B. hyodysenteriae 23S rRNA, was used. The cDNA
primer extension products were separated on 8% polyacry-
lamide sequencing gels. The positions of the stops were
visualized by autoradiography and identified by referencing
to dideoxy sequencing reactions on 23S rRNA that were
electrophoresed in parallel. The intensities of the modifica-
tions were quantified using a phosphorimager. Chemical foot-
printing experiments were performed two to three times with
reproducible results.

Visualization of the tiamulin binding cavity

Figure 3C was created in MolMol (Koradi et al., 1996) and
PovRay from the D. radiodurans crystal structure (Harms
et al., 2001; PDB code 1NKW). Figure 3D and E were cre-
ated using co-ordinates of the D. radiodurans-tiamulin com-
plex (J. Harms, pers. comm.) in Discreet Gmax/3DSmax.
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