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In order to study the mechanism of insusceptibility of Spiroplasma citri to rifampin, we have cloned and se-
quenced its rpoB gene, which encodes the (3 subunit of RNA polymerase. By comparison of the deduced amino
acid sequence with sequences of 3 subunits from susceptible and resistant bacteria, it was possible to identify
several differences in the so-called Rif region (encompassing rpoB codons 500 to 575 in the Escherichia coli
sequence). We constructed a chimeric rpoB gene made of the E. coli rpoB gene in which the Rif region was
replaced by the equivalent region from S. citri. E. coli cells harboring this chimeric gene were resistant to
rifampin. Subsequent experiments involving site-directed mutagenesis demonstrated that a single amino acid
substitution (asparagine at position 526) was able to provide high-level rifampin resistance in E. coli.

Organisms belonging to the class Mollicutes are wall-less
prokaryotes characterized by a small genome with a low gua-
nine-plus-cytosine (G+C) content. They are phylogenetically
related to gram-positive bacteria with low G+C contents (45,
46). All Mollicutes species tested so far, as well as some of their
walled relatives (Clostridium innocuum, Clostridium ramosum,
and Clostridium acidiurici), are insusceptible to rifampin (14,
31, 38), an RNA polymerase inhibitor (15, 43). It has been
demonstrated that purified RNA polymerases of two spiroplas-
mas (mollicutes with helical morphology and motility), Spiro-
plasma melliferum and Spiroplasma apis, were insusceptible to
rifampin in vitro (14).

Rifampin resistance in Escherichia coli results from muta-
tions (Rif") in the rpoB gene encoding the 1,342-amino-acid 8
subunit of RNA polymerase (47), with most of the mutations
occurring in the so-called Rif region, encompassing amino
acids 500 to 575 (19, 30, 36). Two additional strong Rif* point
mutations were found outside of the Rif region, at positions
146 and 687 (19, 25), and several weak Rif® mutations were
also isolated around position 146 (37). In Mycobacterium tu-
berculosis, Mycobacterium leprae, Mycobacterium smegmatis,
and Neisseria meningitidis, rifampin resistance was also associ-
ated with mutations within 7poB, and most of these mutations
were found in the Rif region (3, 8, 10, 16, 17, 22, 24, 41).

In order to investigate further the mechanism of insuscep-
tibility of mollicutes to rifampin, we cloned and sequenced a
6.6-kb DNA fragment from the mollicute Spiroplasma citri
harboring the entire rpoB gene (23). Here we report the con-
struction of a chimeric rpoB gene and the use of site-directed
mutagenesis to demonstrate which amino acids may be in-
volved in rifampin insusceptibility.
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MATERIALS AND METHODS

Bacteria, plasmids, and antibiotics. E. coli XL1-Blue (Stratagene, La Jolla,
Calif.) was used for plasmid propagation, vector constructions, and expression
experiments. XL1-Blue cells were grown in LB medium or on LB plates con-
taining 12.5 wg of tetracycline (Sigma Chemical Co., St. Louis, Mo.) per ml and
50 pg of ampicillin (Sigma) per ml when they were transformed by a plasmid
vector.

Plasmids pMKSe2 and pS531Y were kindly provided by K. Severinov (Institute
of Molecular Genetics, Russian Academy of Sciences, Moscow, Russia). Plasmid
pMKSe?2 is an inducible B-subunit expression plasmid with the wild-type rpoB
gene of E. coli driven by the lac promoter of pUC19 (36). Plasmid pS531Y is a
derivative of pMKSe?2 harboring a point mutation in the rpoB gene, which results
in the substitution of a serine at position 531 (S531) by a tyrosine (Y). This
plasmid provides a high level of rifampin resistance in E. coli cells (36). MICs
were determined in liquid medium as recommended by the National Committee
for Clinical Laboratory Standards (28) by using a microplate with twofold dilu-
tions of rifampin, from 500 to 0.5 pwg/ml, in LB medium containing 12.5 ug of
tetracycline per ml and 50 ug of ampicillin per ml, with or without 1 mM
isopropyl-B-p-thiogalactopyranoside (IPTG). The medium was inoculated with
10° cells per ml.

Plasmid pSCRPOB contains a 6.0-kb HindIIl fragment of S. citri R8A2
(ATCC 27556) cloned into pBS+ vector (Stratagene). This DNA fragment
harbors the rpoB gene of S. citri and has been totally sequenced (23).

Site-specific mutagenesis and plasmid derivative constructions. For plasmid
transformation, preparation of E. coli XL1-Blue competent cells and electropo-
rations were performed as described previously in a Gene Pulser (Bio-Rad
Laboratories, Hercules, Calif.) (11).

A unique Apal site between positions 533 and 535 (amino acids numbering) of
rpoB was engineered in pMKSe2 by oligonucleotide-directed mutagenesis with-
out modification of the protein sequence. A 32-mer oligonucleotide (5'-CGTT
CACGGGTCAGACCGCCTGGGCCCCAGTGC-3'), corresponding to amino
acids 532 to 542 of the rpoB gene, was used as a mutagenic primer to alter one
base (boldface) and to create a unique Apal site (underlined). It was used in
combination with an upstream primer (5'-GTCATCGATATCCGTAACGG-3"),
corresponding to amino acids 430 to 438 and containing the unique natural Clal
site of rpoB (underlined), in a PCR amplification with 1 ng of pMKSe?2 in a 40-p.l
reaction mixture containing 20 mM Tris (pH 8.5), 10 mM (NH,),SO,, 2 mM
MgCl,, 100 pg of bovine serum albumin per ml, 0.1% Triton X-100, 200 wM
(each) deoxynucleoside triphosphate, 0.5 wM (each) primer, and 2.5 U of Pfu
DNA polymerase (Stratagene), to increase the fidelity of amplification. Thirty
cycles were performed by using three steps, each of 1 min, at 92, 55, and 72°C,
in a Thermojet thermocycler (Eurogentec, Seraing, Belgium). The resulting
314-bp DNA fragment carrying the mutation was used as a primer in a second
PCR in combination with a downstream primer (5'-GACTTCGTTAACTTTG-
3"), corresponding to amino acids 730 to 736 and containing the unique natural
Hpal site of rpoB (underlined). The 30 cycles were performed in three steps, each
of 2 min, at 92, 45, and 72°C. The resulting DNA fragment of 910 bp was cleaved
with Clal and Hpal (MBI Fermentas, Vilnius, Lithuania) and was cloned into
pMKSe2, which was previously treated with the same restriction enzymes. The
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resulting plasmid, pMKSe2Apa, possesses an unique Apal site and has a func-
tional rpoB gene, as verified by sequence analysis. It was used for the generation
of a chimeric rpoB gene and site-directed mutagenesis.

The chimeric rpoB gene was constructed by replacing the region containing
cluster I of the E. coli rpoB gene (amino acids 435 to 534) by the corresponding
region from S. citri rpoB gene (amino acids 470 to 569 in the S. citri sequence).
Two primers were used in a PCR amplification by using 1 ng of pPSCRPOB as the
template, and 30 cycles were performed in three steps, each of 1 min, at 92, 45,
and 72°C. The first primer (5'-TAATCGATTTAACAGATGGAATTGGGG-
3"), corresponding to amino acids 467 to 477 in S. citri, contains three mismatches
(boldface), allowing the creation of a Clal site (underlined). The second primer
(5'-CCTGGGCCCAGGGCTGTTAATCG-3'), corresponding to amino acids
563 to 571 in S. citri, contains two mismatches (boldface), allowing the creation
of an Apal site. The 313-bp amplified DNA fragment was cleaved with Clal and
Apal (MBI Fermentas) and was cloned into pMKSe2Apa, which was cleaved by
the same restriction enzymes. The resulting plasmid was named pMKCG, and it
was verified by sequence analysis that the chimeric 7poB gene was functional.

Two additional plasmids were derived from pMKSe2Apa. One, pH526N,
harbors the E. coli rpoB gene, in which codon 526 specifying a histidine (H526)
has been mutated to code for an asparagine (N). In the second plasmid, pS531T,
codon 531, specifying a serine (S531), has been mutated to code for a threonine
(T). They were obtained by using two mutagenic primers, 5'-CCTGGGCCCAG
TGCGGAGATACGACGTTTGTTCG-3' (for pH526N) and 5'-CCTGGGCCC
AGTGCGGTGATACG-3' (for pS531T), corresponding to amino acids 525 to
536 and 529 to 536, respectively, and carrying an Apal site (underlined) and one
mismatch (boldface), allowing the introduction of the mutation. They were used
in combination with an upstream primer containing the natural Clal site in a
PCR experiment by using 30 cycles of three steps, each of 1 min, at 92, 55, and
72°C, and 1 ng of pMKSe2Apa as the template. The amplified fragments of 310
bp were cleaved with Clal and Apal and were cloned into pMKSe2Apa, which
was treated with the same restriction enzymes. The constructions were verified by
sequence analysis.

Sequence analysis. DNA sequencing was performed with the T7 sequencing
kit (Pharmacia, Uppsala, Sweden), [**S|dATP, and appropriate primers. Align-
ments were done with the GAP and PILEUP modules of the GCG package (9),
and searches for similar sequences in GenBank were performed by using the
BLAST program (2).

Nucleotide sequence accession number. The nucleotide sequence has been
deposited in GenBank/EMBL under accession number U25815.

RESULTS

Identification of the amino acids of S. citri rpoB gene poten-
tially involved in rifampin insusceptibility. The amino acid
sequence deduced from the S. citri rpoB gene was aligned with
those of E. coli (29) and M. tuberculosis (26) (Fig. 1). It is 1,302
amino acids long and has a predicted molecular mass of 146
kDa. It shows 51.2% identity and 71.1% similarity to the E. coli
sequence. The alignment reveals several strongly conserved
motifs interspersed with less conserved regions, as already de-
scribed for RNA polymerases from various sources (40). The
majority of the differences between the sequences were found
in the NH, and COOH termini and in two regions around
amino acids 300 and 1000 (in the E. coli sequence), which have
been shown to be nonessential for RNA polymerase function
(6, 33, 34). 1t is unlikely that these regions are involved in the
insusceptibility of S. citri RNA polymerase to rifampin. In
contrast, the regions where Rif" mutations have been found are
fairly conserved: the V at position 146 as well as the amino
acids around position 146, cluster I (amino acids 507 to 534),
cluster II (amino acids 563 to 574), and the R at position 687
(19, 25, 30, 36). For convenience, amino acid positions will be
given according to the E. coli rpoB numbering. In cluster I,
eight amino acids are different between E. coli and S. citri
(amino acids 507, 508, 518, 522, 524, 526, 530, and 531). Two
of these differences (L524 and L530) are also found in M.
tuberculosis, and two other differences (T518 and AS522) are
shared by Chlamydia trachomatis, Bacillus subtilis, and Staph-
ylococcus aureus rpoB genes (1, 4, 12). Thus, these four amino
acids are unlikely to be involved in rifampin insusceptibility.
Positions 507 and 508 in E. coli rpoB have been found to be
associated with the Rif" phenotype only if they are deleted
together with positions 509 to 511 and replaced by a V (19).
Consequently, it is unlikely that these two substitutions con-
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tribute insusceptibility to rifampin. The N at position 526 and
the T at position 531 have not been found in any rpoB amino
acid sequences of rifampin-susceptible bacteria. Mutations
leading to the substitution of H526 by an N have been de-
scribed in Rif" N. meningitidis strains, but their role in resis-
tance was not clearly established since strains having the same
mutation displayed different levels of resistance (8). Because
mutations at positions 526 and 531 have been associated with
numerous Rif" phenotypes in several bacterial species, they are
good candidates for explaining S. citri insusceptibility to ri-
fampin.

In cluster II, only one amino acid was different between S.
citri and E. coli. In S. citri, S574 is replaced by an N, which
corresponds to the replacement of a tiny polar amino acid by
a small polar amino acid. A similar substitution (T) was found
in the sequence of the rifampin-susceptible bacterium Campy-
lobacter jejuni (7). Thus, this position is unlikely to play a role
in S. citri insusceptibility to rifampin.

Replacement of E. coli cluster I by S. citri cluster L. In order
to test the possible role of S. citri cluster I in rifampin insus-
ceptibility, we constructed a chimeric rpoB gene in which clus-
ter I has been replaced by the equivalent region of the S. citri
rpoB gene. For this purpose, we used a plasmid, pMKSe2,
carrying the wild-type E. coli rpoB gene under the control of
the lac promoter and inducible by IPTG. This plasmid was
modified by the introduction of a unique Apal site which does
not affect the coding capacity of the rpoB gene. It was named
pMKSe2Apa. Cells carrying pMKSe2 or pMKSe2Apa had the
same high level of susceptibility to rifampin (Table 1), indicat-
ing that these plasmids had no significant effect on the natural
susceptibility of E. coli cells to the antibiotic.

The region corresponding to amino acids 433 to 533 and
containing cluster I in the E. coli rpoB gene harbored by
pMKSe2Apa was replaced by the equivalent region of S. citri.
This was possible because the DNA fragment from S. citri does
not possess any UGA codons, which specify tryptophan (W) in
S. citri but which are stop codons in E. coli (32). The resulting
plasmid, harboring a chimeric rpoB gene, was named pMKCG
and was used to transform E. coli XL1-Blue host cells.

The level of in vivo resistance to rifampin was evaluated by
MIC determinations in liquid medium (Table 1) and on ri-
fampin gradient plates (data not shown). Plasmid pMKCG was
able to induce a moderate, but significant (40 to 62.5 pg/ml)
level of rifampin resistance in E. coli. It was noticed that in the
presence of IPTG and in the absence of rifampin, the growth
of E. coli cells carrying pMKCG was at least two times slower
than that of cells harboring pMKSe2Apa (data not shown). In
the absence of IPTG, cells carrying pMKCG had normal
growth. Thus, IPTG-induced overexpression of the chimeric
rpoB gene altered the growth properties of host cells.

The level of resistance induced by the chimeric gene was
three to four times higher than that induced by the wild-type
rpoB gene (pMKSe2 or pMKSe2Apa), suggesting that the
presence of the cluster I from the S. citri rpoB gene may be
responsible for that phenomenon.

Site-directed mutagenesis in cluster I of the E. coli rpoB
gene. As mentioned before, two amino acids found in cluster I
of S. citri, N526 and T531, may be involved in rifampin insus-
ceptibility. These substitutions have never been observed or
tested in E. coli. We engineered these substitutions in cluster I
of the E. coli rpoB gene using the unique Apal site of
pMKSe2Apa and appropriate PCR primers. H526 was re-
placed by an N and S531 was replaced by a T, leading to
plasmids pH526N and pS531T, respectively. The in vivo levels
of resistance induced by these plasmids were measured (Table
1). E. coli cells transformed with pS531T were not resistant to
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FIG. 1. Alignment of amino acids sequences deduced from the rpoB genes of E. coli (Ec) (29), M. tuberculosis (Mt) (26), and S. citri (Sc). Asterisks indicate identical
amino acids in all sequences, and gaps are marked by dashed lines. Positions known to be involved in the Rif" phenotype in E. coli are indicated by vertical arrows,
and the locations of clusters I and II are shown. The region involved in the construction of the chimeric 7poB gene is underlined with plus signs.
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TABLE 1. Level of rifampin resistance induced in E. coli
XL1-Blue cells by different expression plasmids

Plasmid MIC ml) in
name 7poB gene product liquicg‘ingé:dh)xm
pMKSe2 E. coli wild-type B subunit 15.6
pMKSe2Apa  E. coli wild-type 3 subunit 15.6
pS531Y E. coli mutant B subunit (S531 >500.0
replaced by Y)
pMKCG Chimeric B subunit (E. coli cluster 1 62.5
replaced by S. citri cluster I)
pS531T E. coli mutant B subunit (S531 15.6
replaced by T)
pH526N E. coli mutant B subunit (H526 500.0

replaced by N)

rifampin, while those harboring pH526N exhibited a high level
of resistance (=500 pg/ml). Thus, the substitution of H526 by
N, corresponding to a single point mutation (CAC — AAC), is
sufficient to induce a high level of resistance to rifampin in E.
coli cells.

DISCUSSION

We have demonstrated that substitution of cluster I of the E.
coli rpoB gene by cluster I of the S. citri rpoB gene induces
rifampin resistance in E. coli cells expressing the chimeric
gene. The level of resistance was approximately four times that
of susceptible cells. This level is rather low when compared
with that in cells harboring plasmid pS531Y, but cells express-
ing the chimeric gene were affected in their growth. This phe-
nomenon was due to the overexpression of sequences of S. citri
origin, since in the absence of IPTG the cells exhibited normal
growth (data not shown). In our construction, the DNA frag-
ment from S. citri rpoB which was substituted in E. coli rpoB
was not limited to cluster I but corresponded to 100 amino
acids, 41 of which were different between the S. citri and the E.
coli sequences. In cluster I itself, eight amino acids are differ-
ent between S. citri and E. coli. It is possible that the changes
in the protein altered the structure and/or the assembly of the
enzyme, and the pleiotropic effects of mutations in the Rif
region have been well documented (18, 20, 21).

Among the eight amino acid differences found between clus-
ters I of S. citri and E. coli, two were good candidates for
explaining the insusceptibility of S. citri RNA polymerase to
rifampin, N and T replacing H526 and S531, respectively. A
number of substitutions involving these positions have been
associated with rifampin resistance not only in E. coli (19, 30,

Wl L
Ec SAAVKEFFGS SQLSQFMDON NPLSEITHKR RISALGPGGL TRERAGFEVR 548
Sc ..IIG...NL ....... L.T ...A.L.N.. .LT....... S..... L...
Mge QIVI.D..NT H..T..L.HQ ..... LSN.. .... M....I S..DPNLDI.
Mga QIVI.D..NT H..T..L..0 .....L.N.. ....M....I S..DPNLDI.

<-cluster II->

Ec DVHPTHYGRV CPIETPEGPN IGLINSLSVY 588

SC  .ea¥S.eeeT tiiinnenne eans N.AT.
Mge ...¥SQ...I ........ M. ..., M..ASF
Mga ...¥S....I coconn. M. ... M..AF.

FIG. 2. Amino acid sequence comparisons within the Rif regions (clusters I
and II) of E. coli (Ec), S. citri (Sc), M. genitalium (Mge), and M. gallisepticum
(Mga). Numbering is according to the E. coli sequence. Dots indicate identity to
the E. coli sequence, and the positions involved in the Rif" phenotype in E. coli
are marked by vertical arrows.
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37) but also in M. tuberculosis (3, 10, 17, 22, 41), M. leprae (16),
and N. meningitidis (8). These two substitutions were engi-
neered in the E. coli rpoB gene by site-directed mutagenesis.
Replacement of S531 by a T did not induce any resistance to
rifampin. This was not surprising since T and S are similar
amino acids. In contrast, substitution of H526 by an N resulted
in a significantly higher level of resistance (=500 pg/ml) in cells
carrying the mutated rpoB gene. This suggests that this amino
acid of cluster I is responsible for the rifampin insusceptibility
of S. citri and prevents the binding of rifampin to RNA poly-
merase. Indeed, it has been shown that in E. coli, residues 516
to 540 are part of the target of rifampin and participate with
residues 1065 and 1237 in the formation of the initiation site
when the B subunit is assembled in the RNA polymerase com-
plex (27, 34, 35).

Recently, the complete nucleotide sequence of the rpoB
genes of Mycoplasma gallisepticum and Mycoplasma genitalium
became available in GenBank (13, 39). Fragments of rpoB
from Mycoplasma capricolum have also been sequenced (5).
Alignments of the deduced amino acid sequences indicated
that in cluster I, H526 was replaced by an N in S. citri, M.
gallisepticum, and M. genitalium, while S531 was conserved in
M. gallisepticum and M. genitalium (Fig. 2). No data were
available for M. capricolum in this region. This strengthens the
role of N526 in the rifampin insusceptibility of Mollicutes spe-
cies. The other differences observed between sequences were
either not shared by the differente mollicutes tested, found in
the sequences of susceptible RNA polymerases, or located in
positions which have never been shown to be involved in ri-
fampin resistance. In addition, two other positions outside of
the Rif region, V146 and R687, are also conserved.

It seems that a single amino acid, N526, explains the insus-
ceptibility of mollicutes to rifampin. This substitution corre-
sponds to a single mutation, CAC—AAC. Rifampin insuscep-
tibility has been demonstrated in vivo for all mollicutes species
tested: S. citri, S. melliferum, S. apis, Acholeplasma laidlawii,
Mycoplasma mycoides, Mycoplasma orale, Mycoplasma pneu-
moniae, and Ureaplasma urealyticum (14, 31, 38). These organ-
isms are members of three of the four orders of mollicutes (42)
and are representatives of the four phylogenetic groups of the
class Mollicutes (44). In addition, three walled bacterial spe-
cies, C. ramosum, C. innocuum, and C. acidiurici, which are
phylogenetically related to mollicutes (44), were shown to be
insusceptible to rifampin (31), suggesting that this property has
been acquired from their common ancestor. Since a single
point mutation seems to be responsible for that phenotype, it
remains to be understood why it occurred. Maybe it is in
relation to the low G+C contents of their DNAs or is a con-
sequence of selection by natural rifamycins.
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