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ABSTRACT

The first antibiotic of the ansamycin family, rifampicin (RIF), was isolated in 1959 and
was introduced into therapy in 1962; it is still a first-line agent in the treatment of
diseases such as tuberculosis, leprosy and various biofilm-related infections. The
antimicrobial activity of RIF is due to its inhibition of bacterial RNA polymerase (RNAP).
Most frequently, bacteria become resistant to RIF through mutation of the target;
however, this mechanism is not unique. Other mechanisms of resistance have been
reported, such as duplication of the target, action of RNAP-binding proteins, modification
of RIF and modification of cell permeability. We suggest that several of these alternative
resistance strategies could reflect the ecological function of RIF, such as autoregulation
and/or signalling to surrounding microorganisms. Very often, resistance mechanisms
found in the clinic have an environmental origin. One may ask whether the introduction
of the RIF analogues rifaximin, rifalazil, rifapentine and rifabutin in the therapeutic
arsenal, together with the diversification of the pathologies treated by these molecules,

will diversify the resistance mechanisms of human pathogens against ansamycins.
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1. Introduction

Ansamycin derivatives such as rifampicin (RIF) are first-line antibiotics in the treatment
of tuberculosis (TB), leprosy and a growing number of Gram-positive bacteria such as
multidrug-resistant Staphylococcus aureus. Ansamycin was isolated in 1959 by Sensi et
al. [1,2] from a strain of Amycolatopsis mediterranei (previously known as Streptomyces
mediterranei and Nocardia mediterranei) and was introduced into therapy in 1962.
Ansamycins are active against a large variety of organisms, including bacteria and
eukaryotes. They have a broad activity against Gram-positive bacteria and, to a lesser
extent, against Gram-negative bacteria. Interestingly, ansamycins are also active
against the transcription machinery of the eukaryotic parasite Plasmodium falciparum

[3.,4].

Ansamycins are structurally characterised by a planar naphthoquinone ring in which
positions 3 and 4 have been extensively modified by hemisynthesis to yield commercial
antibiotics such as RIF. Interest in these molecules has recently increased with the US
Food and Drug Administration (FDA) approval of several new ansamycin derivatives for
treatment of a broader range of infectious diseases. For now, the ansamycins currently

in therapeutic use are RIF, rifaximin, rifapentine, rifalazil and rifabutin.

The antimicrobial activity of ansamycins is due to their inhibition of bacterial RNA
polymerase (RNAP). RIF binds to conserved amino acids in the active centre of the
enzyme and blocks transcription initiation. A large proportion of the encountered

resistance to RIF is due to mutations of these amino acids. These mutations often occur

4

Page 4 of 26



with high frequency, which compels the use of RIF almost exclusively in drug
combinations, most commonly with isoniazid, as well as the restriction of its use to the

treatment of TB and to emergencies.

Resistance to RIF by mutation of the target is widespread but not unique. Other
mechanisms of resistance have been reported, such as duplication of the target, action
of RNAP-binding proteins, modification of RIF and modification of cell permeability
(Table 1). Bacteria and fungi are not isolated in nature, but exist in communities and
need to communicate to be competitive. A majority of the low molecular weight
compounds synthesised by microbes at low concentrations apparently act as cell-
signalling molecules and directly or indirectly modulate transcription to favour symbiosis
between these microorganisms [5]. As expected from a key player in the bacterial
signalling network, RNAP is targeted by a variety of antibiotics that contain similar
binding sites to RIF [6], and bacteria have developed highly diverse strategies to grow in
the presence of these antibiotics. Some of these mechanisms confer resistance to very
high levels of RIF, whilst others only protect the bacteria against lower concentrations.
These natural resistances cast light on the potential evolution of resistance to RIF and

on other new transcription inhibitors in clinical development in the future.

2. Resistance by mutation of the target

Many RIF-resistant (RIFY) strains of Escherichia coli, S. aureus, Bacillus subtilis,
Mycobacterium tuberculosis, Mycobacterium avium, Mycobacterium leprae, etc. have

been characterised, showing that resistance is most frequently conferred by mutations in

5
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the RNAP active centre. RIF interacts only with the B-subunit of RNAP encoded by rpoB
[7] and its binding site is highly conserved among bacteria (Fig. 1). Binding of the
molecule to RNAP involves 12 amino acid residues (Fig. 2). Mutagenesis of each of
these residues, except one, generates a resistant phenotype [7]. Spontaneous
resistance to RIF is mainly associated with single point mutations resulting in amino acid
substitutions and is less frequently associated with a few insertions or deletions. Ninety-
five percent of these mutations map to four regions in the N-terminal half of the B-subunit
polypeptide [8] involved in the binding of RIF. In E. coli, RIF resistance mutations are
usually located in the central region of the polypeptide, within cluster | (amino acids
507-533), cluster Il (amino acids 563-572) and cluster 1l [9,10], and they can also
occur near the N-terminus of the B-subunit [11]. In M. tuberculosis, resistance to RIF is
mainly associated with mutations in an 81-bp hot-spot region (codons 432—458 in cluster
) of rpoB [12], with 41% of resistant clinical isolates carrying a mutation of S455, 36%
with a mutation of H440 and 9% with a mutation of D430 [13]. A mutation at the
beginning of the rpoB gene, the amino terminal of cluster I, has also been reported
(V176F) [14,15]. This mutation confers high-level resistance to RIF and may account for
more than 1% of all RIF® strains [16]. RIF resistance mutations have also been found in
the N-terminus (V135F) and in cluster | (Q469K, Q469L, Q469R, H482D, H482P,
H482R, H482Y, S487F, S487L and S487Y) of B. subtilis rpoB [17] as well as in

Helicobacter pylori (V149F) [16].

In most cases, a point mutation in rpoB only confers RIF resistance, but recently a point

mutation was shown to confer resistance to and dependence on RIF [18]. The molecular
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basis of this effect is not yet understood, but the finding itself casts doubt on the
historical view that RIF acts by plugging the path of the elongating RNA as mentioned by

Campbell et al. [7].

Resistance to transcription inhibitors that arise through point mutations of the target is
not neutral for bacteria. In the case of RIF, these alterations in the target were
repeatedly involved in deregulation of gene expression [19-23], possibly due to altered
rho-dependent transcription termination [23]. A striking example is the recent report that
many alterations in substrate utilisation patterns were observed in B. subtilis RIF®
mutants [17]. The consequences of this deregulation are, in most cases, reduced
virulence [24,25] of the RIFY mutants and a reduced fitness [26,27]. More prolonged
treatment with RIF can result in strains with no fitness defect owing to compensatory
mutations, and these strains with low- or no-cost resistance mutations are also the most

frequent among clinical isolates [26].

3. Resistance by duplication of the target

Several bacterial species are naturally resistant to RIF owing to mutations in rpoB.
Nocardia sp. are Gram-positive saprophytes present in the environment, with several
species causing severe infections. Nocardia farcinica is an opportunistic pathogen that
is considered a major multidrug resistance problem that is particularly frequent in Japan
[28] and Europe [29,30]. The genome of N. farcinica IFM 10152 was recently sequenced
[31] and the presence of two different RNAP B-subunit genes, rpoB and rpoB2, was
detected. These two genes share a high degree of homology (88.8%) and careful

7
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comparison of their amino acid sequences revealed that the Nocardia rpoB2 protein
contains amino acid substitutions in RIF clusters | and Il that are likely to confer RIF
resistance [32]. The role of the altered gene in conferring resistance was confirmed by
knockout of rpoB2, shedding light on a novel resistance mechanism. Such a mechanism
may not be a rare event, as rpoB duplication is apparently widespread in Nocardia sp.
and has recently been found in another closely related actinomycete, Actinomadura sp.
strain ATCC 39727 [33]. It is not yet known whether the actinomycete A. mediterranei,
which produces RIF, uses this strategy of duplication to resist this antibiotic. RIF
mutations are known to affect gene expression and may result in an increase in
antibiotic production in Streptomyces [21] and a change in carbon source assimilation in
B. subtilis [34]. In light of these findings, the abovementioned duplications of mutated
rpoB could either reflect signalling mechanisms between N. farcinica or Actinomadura
sp. and other bacteria producing molecules sharing the same binding site as RIF, or the
presence of dormant genes coding for molecules targeting transcription in their

genomes.

4. Resistance induced by RNA polymerase-binding proteins

Although most cases of RIF resistance are due to mutations in the rpoB gene, some
bacteria use other strategies. The actinomycete Streptomyces coelicolor is intrinsically
resistant to low concentrations of RIF, and recently Newell et al. [35] showed that an
RNAP-binding protein, RbpA, confers basal levels of RIF resistance to this
microorganism. Experiments have demonstrated that rbpA expression is induced by low

concentrations of RIF and that this molecule inhibited a promoter directing the

8
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transcription of a ribosomal RNA operon. In vitro experiments confirmed that RIF
induces o"-dependent transcription of the rbpA gene and that RbpA stimulates c™"®-
dependent transcription from rrnDp3. The data presented also suggest that RbpA
confers basal levels of resistance to RIF and that it is a novel regulator of rRNA
synthesis in S. coelicolor. The authors point out that genes homologous to rbpA are
present in M. tuberculosis, M. leprae and Corynebacterium diphtheriae. These genes

could account for the transcriptional activity detected in M. tuberculosis following

treatment with RIF [36].

DnaA is another RNAP-binding protein that partially protects RNAP from the effect of
RIF. Transcription and replication are intricate mechanisms [37], since RNA is used as a
primer for replication. The RNAP located at a replication origin provides the transcription
activity necessary for initiation of replication and is protected from the action of RIF by
origin-bound DnaA. In vitro experiments showed that the DnaA protein interacts directly
with RNAP, and both the ATP-form and the ADP-form of the DnaA protein were found to
alleviate the inhibition of RNAP by RIF at the dnaA promoter, although a higher
concentration was necessary to achieve the effect when the ADP-form of DnaA was

used [38].

o factors are accessory proteins that bind to the core of RNAP to form the RNAP
holoenzyme. Binding of the o factor allows transcription initiation by directing specific
recognition of the promoter and isomerisation of the RNAP—-DNA complex. Wegrzyn et

al. [39] have reported a differential effect on the inhibition of transcription by RIF
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depending on the o factor. RIF was shown to inhibit transcription from the ¢’°-dependent
P, promoter at a significantly lower concentration than transcription from the %
dependent Pgoe promoter. These results may only reflect a selectivity of RIF according
to the nature of the o factor bound to the core of RNAP and are probably more related to

a response to stress rather than a true resistance.

5. Resistance by modification of rifampicin

Another strategy of resistance is to neutralise the antibiotic by covalent modification.
Bacteria can inactivate RIF in a variety of ways, such as glucosylation, ribosylation,
phosphorylation and decolorisation (Fig. 3). Mycobacterium smegmatis DSM 43756, a
pathogen intrinsically resistant to this drug, inactivates RIF by ribosylation [41].
Structural studies have shown that the final product is obtained by formation of 23-(O-
ADP-ribosyl)-RIF followed by removal of AMP and dephosphorylation, leading to 23-
ribosyl-RIF. The strain expresses Arr enzymes that act as mono (ADP-ribosyl)
transferases and catalyse the reaction of ADP-ribosylation of rifamycins. Arr
homologues are widely distributed in environmental bacteria and in Stenotrophomonas
maltophilia, Burkholderia cenocepacia, S. coelicolor, Corynebacterium glutamicum,
Desulfitobacterium hafniense and Rhodopseudomonas palustris. It was shown that RIF
analogues modified at position C25 generate derivatives that are resistant to inactivation
by ADP-ribosyl transferases from M. smegmatis [42]. Other species use a different
mechanism of modification. For example, Nocardia sp. modify the antibiotic by
glucosylation (23-OH group) and phosphorylation, but ribosylation is not observed.

Bacillus strains and actinomycete-related species were also found to inactivate RIF
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through phosphorylation of the 21-OH group, RIF glucosylation (23-OH group) or

decolorisation [43,44].

6. Resistance by modification of permeability

To be effective, an antibiotic has to reach its specific target in an efficient time frame and
at sufficient concentration. One strategy to impair the action of an antibiotic is to prevent
its entry to the cell. Some bacterial species that do not allow multiple antibiotics to
accumulate in the cytoplasm are called ‘intrinsically’ resistant, whilst other antibiotic-
susceptible bacteria can become resistant to multiple antibiotics. This occurs through
two mechanisms: (i) the bacteria can be resistant or acquire resistance by decreasing
the permeability of the membrane barriers; and (ii) they can also overexpress
membrane-associated energy-driven efflux pumps reminiscent of the eukaryotic

multidrug resistance pumps.

Mycobacteria are intrinsically resistant to many antibiotics and this property is often
attributed to a low permeability of the mycobacterial cell wall and its specific lipid-rich
character. Decades ago, a strain of Mycobacterium intracellulare exhibiting natural
resistance to RIF was isolated. Its RNAP was found to be susceptible to RIF and
experiments suggested that a permeability barrier against RIF was responsible for this
resistance [45]. Several efflux pumps are also suspected to contribute to mycobacteria
multidrug resistance. Siddiqgi et al. [46] have pointed out a correlation between drug
resistance and Rv1258c gene transcription levels of a clinical isolate of M. tuberculosis

resistant to multiple antibiotics (RIF, ofloxacin, isoniazid and minomycin). Reverse
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transcriptase polymerase chain reaction (RT-PCR) showed that the level of transcription
of Rv1258c increased by a factor of 10 when the bacteria are grown in the presence of
RIF or ofloxacin. These results suggest that efflux pumps can be induced in response to
antibiotic treatment in Mycobacteria, consistent with the hypothesis of the involvement of
efflux pumps in detoxification [47]. The mtr operon of Neisseria gonorrhoeae encodes an
efflux pump system composed of the proteins MtrCDE [48,49]. This pump transports
several antibiotics, and mutations in the mtrR gene, a transcriptional repressor of
mtrCDE, induce overexpression of this efflux pump. This confers resistance to several

antimicrobials, including rifamycins.

7. Conclusions

Bacteria use a variety of mechanisms to counter the actions of antibiotics, and RIF
resistance or tolerance is a perfect example of this diversity. One may wonder what
these genes are doing in these bacteria and whether they have additional functions. The
RIF-binding domain is located in the catalytic site of the bacterial RNAP and is highly
conserved among bacteria, but it has a high propensity to mutate, as observed, when

RIF selection pressure is applied. These discrepancies remain to be understood.

The existence of multiple antibiotics sharing, at least partially, the same binding site as
RIF, the presence of duplicated genes resistant and sensitive to RIF in the same
bacteria, and the involvement of several RNAP-binding proteins in adaptation to low RIF
concentrations are probably more revealing of the true function of this antibiotic.

Bacteria live in a community and they must be competitive to survive in their
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Page 12 of 26



environment. Apart from their killer function, RIF and these various other molecules at
low concentrations could also find their usefulness in regulating the genes of
surrounding bacteria to the benefit of the producer or the genes of the producer itself.
We now have strong genomic evidence that these resistance mechanisms found in the
clinic have an environmental origin. The most common soil bacteria are a reservoir of a
previously underappreciated diversity of resistance genes that can be mobilised under
selection pressure such as antibiotic therapy. This raises concerns about the future of
our antibacterial arsenal. One may ask whether the introduction of the RIF analogues
rifaximin, rifapentine, rifabutin and rifalazil to the therapeutic arsenal together with the
diversification of the pathologies treated by these molecules will diversify the resistance

mechanisms of human pathogens to ansamycins.
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Fig. 1. Location of rifampicin (RIF) resistance mutations in the RNA polymerase (RNAP)
B-subunit. The 1342-amino acid-long B-subunit is represented by the light bar, with grey
shaded areas corresponding to the highly conserved sequence segments, designated
A-I1, and with red shaded areas corresponding to RIF resistance clusters: mutations in
Mycobacterium tuberculosis (green triangle), Escherichia coli (yellow triangle) and
Bacillus subtilis (purple triangle). Important contacts between RIF and the B-subunit

(black sphere).

Fig. 2. Rifampicin (RIF)-binding site in the active site of RNA polymerase. The model
was built from the Protein Data Bank co-ordinates of the Thermus aquaticus core
complex (116V [7]) and from a Thermus thermophilus core scaffold complex (2051 [40]).
The a-subunit is represented in yellow, the B-subunit in blue, the B’-subunit in magenta,

the DNA double helix in red and green, RNA in orange and RIF in bright yellow.

Fig. 3. ADP-ribosylation of rifampicin (RIF) by Mycobacterium smegmatis. RIF is
inactivated by ADP-ribosylation in several bacteria, such as M. smegmatis DSM 43756.

The different metabolites identified are presented.
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Edited Table 1

Table 1
Summary of the different resistance mechanisms, listed together with the associated

microorganisms and the resistance level

Resistance Species Level of References

mechanism resistance

Mutation Escherichia coli, Mycobacterium High tovery  [9,10,12,13,16,17]
tuberculosis, Bacillus subtilis, high

Helicobacter pylori

Duplication of ~ Nocardia farcinica, Amycolatopsis High [32]
rpoB mediterranei, Actinomadura sp.

RNAP-binding  Streptomyces coelicolor, M. Intermediate  [35,38]
proteins tuberculosis, Mycobacterium to low

leprae, Corynebacterium

diphtheriae
Modification of Mycobacterium smegmatis DSM Intermediate  [41,43,44]
rifampicin 43756, Bacillus sp. to low
Modification of Mycobacterium sp., Neisseria Low [45,46]
permeability gonorrhoeae

RNAP, RNA polymerase.
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Edited Figures 1-3

Fig 1 : The rifampicin resistant regions of the RNAP [B-subunit
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Fig 2 : Rifampicin-binding site in the active site of RNA polymerase




Fig 3 :ADP-ribosylation of rifampicin NJI“\)
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