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ABSTRACT

Among transcription factors that bind to bacterial RNA polymerase (RNAP) and
modulate its activity, a number of small molecules irreversibly inhibit RNAP thereby causing
cell death. To be of clinical significance such inhibitors must (1) inhibit a broad range of
bacterial RNAPs but not affect human cells, (2) penetrate bacterial cell walls and (3)
circumvent bacterial resistance mechanisms. Rifamycins, the only class of RNAP inhibitors
that have found their way into clinical practice, are widely used in the treatment of tuber-
culosis and leprosy. However, the practical value of this class of antibiotics is limited by
a rapid rise in resistant bacterial isolates. In this review we focus on recent advances in
studies of prokaryotic transcription that allow a detailed structural and functional
characterization of a number of RNAP/rifamycins complexes, thereby opening new
opportunities for the design of superior antibacterial agents.

INTRODUCTION

The mechanism of RNA synthesis from a DNA template is highly conserved in all
living cells and can be roughly divided into three distinct phases: initiation, elongation,
and termination. To initiate transcription in a promoter-specific fashion in bacteria, the
RNAP core enzyme (a complex of five subunits; o, B, B' and ®) binds an additional
subunit, initiation factor G, to form a holoenzyme (molecular mass of ~450 kDa). Upon
binding to the promoter, the holoenzyme unwinds ~13-15 base pairs (bp) of the DNA
template immediately upstream of and including the start site, to form an open complex!
and initiates RNA synthesis de novo using nucleoside triphosphates (NTPs) as both the
primer and the substrate (in contrast, DNA polymerases extend a preexisting primer). The
nucleotide addition reaction is thought to conform to a universal two-metal mechanism of
catalysis,” wherein one of the catalytic Mg?* ions remains tightly bound to RNAP while
the other is delivered by the triphosphate moiety of each incoming NTP.

During initiation the transcription complex is unstable, and the RNAP is involved in
“abortive cycling” in which it repeatedly synthesizes and releases short (3—12 nt) RNA
products.? Once the transcript reaches the length of ~13—15 nt (of which 8-9 nt are base
paired with the DNA template, forming an RNA/DNA hybrid within the RNAP catalytic
cavity;» the complex undergoes a transition to a stable, highly processive elongation
phase. This is accompanied by the loss of promoter contacts and (at least in some complexes)
o-factor release.>® During elongation, RNAP carries out thousands of nucleotide addition
cycles while maintaining stable contacts with the template and the nascent transcript. The
formation of a nascent RNA hairpin or the helicase activity of the termination factor Rho
triggers dissociation of the transcription complex,” demarcating transcription termination
and allowing the released core RNAP to bind a G specificity factor and initiate a new
round of RNA synthesis.

As it is an essential enzyme, RNAP provides an attractive target for drug design, and
considerable efforts have been expended to obtain and characterize the mechanism of
action of bacterial RNAP inhibitors. Among these inhibitors, only rifamycins (Rifs),
which display a broad spectrum of antibiotic activity against Gram-negative and Gram-
positive bacteria, are widely used in clinical practice, where they retain the leading position
in the treatment of tuberculosis. Rifs bind to RNAP with high affinity and block RNA
synthesis beyond 3-4 nt during initiation,® but have no effect on elongation complexes.
All Rifs contain an aromatic moiety bridged by an aliphatic chain (ansa ring) and differ
from each other by the configuration of the “tails” attached to the ansa ring at either the

C3 or C3/C4 positions (Fig. 1). Based on the type of the tail attachment Rifs can be divided
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in the two classes, as the C3 and C3/C4 compounds demonstrate
essentially distinct functional (Fig. 1A and see below) and structural
(Fig. 1B) characteristics.

Since their discovery in 1959 as fermentation products of actino-
mycetes and the introduction of rifamycin SV into clinical use in
1960’s, Rifs have been a subject of numerous studies, and hundreds
of synthetic and semi-synthetic derivatives were made in the pursuit
of an “ideal antibiotic” (see ref. 9). Early on it was discovered that
most alterations in the ansa ring result in the loss of Rif activity, and
efforts were therefore diverted to the modification of the tail
component.'? The latter modifications improved the antibacterial
properties but failed to address the major problem of resistance to
Rifs, which arises from point mutations in 7poB, the gene that
encodes the B subunit of RNAP!! Moreover, a wealth of information
yielded by combinatorial chemistry failed to produce any robust
rules for rifamycin design. The latest Rif compound that was hailed
as a new “wonder drug,” rifalazil,'? exhibited severe side-effects in
clinical trials and was abandoned.!? Thus, in spite of numerous
efforts, the classic combinatorial approach failed to produce the
“perfect” Rif, underscoring the urgent need for unraveling the
molecular mechanisms of Rif action and the bacterial resistance to
these drugs at the atomic level.

Toward this goal, determination of the crystal structures of the
bacterial RNAP core and holoenzymes complexed with three clini-
cally important Rifs'%!> pave the way for the structure-guided
design of new Rifs that will be immune to the bacterial resistance
mechanisms. These studies not only shed light on the molecular
mechanisms of Rif action providing a basis for medical applications,
they also suggest that the certain elements of the Rif inhibitory
mechanism might be a common theme in transcription regulation.
In this article we review the recent studies of the RNAP/Rifs com-
plexes focusing on those mechanistic aspects that open up new
opportunities for drug design and allow for better understanding of
the general principles of transcription.

MECHANISM OF THE RIFAMYCINS’ ACTION

The structure of the Thermus aquaticus RNAP core enzyme in
complex with rifampicin (RFP) revealed that RFP binds in the path
of the nascent RNA/DNA hybrid exclusively through the interactions
of the ansa ring with the cluster of the B-subunit residues, whereas
the tail moiety lacks contacts with the protein.!> These structural
considerations led to the proposal of an attractively simple, steric
mechanism of action, in which the Rif backbone and tails clash with
and intercalate into the upstream base pair of the 3—4 bp long
RNA/DNA hybrid thereby facilitating its dissociation (Fig. 2). The
steric model, however, did not account for several experimental
observations, the most striking of which was the existence of B-sub-
unit amino acid substitutions in and near the binding cavity for the
ansa ring (common for all Rifs) and far away from the “variable” tail
moieties that conferred resistance to REP (belonging to the C3-class)
but remained sensitive to the C3/C4 compounds (Wichelhaus et al.,
2001; Williams et al., 1998) (Fig. 1A). Together with other experi-
mental data,!® these observations suggested that the actual mecha-
nism of the Rif action might be more complex.

Indeed, further structural and functional studies of two other
clinically important Rifs, rifapentin and rifabutin (representing C3
and C3/4 Rif classes; Fig. 1), bound to their natural target, a bacterial
RNAP holoenzyme, suggested that an allosteric modulation of the
RNAP active center constitutes an essential component of the Rif

400

Cell Cycle

A Ansa Tails Target
hosphodiests
backbone (P ostg)or?d)les er
Y
=, C3/14  First
C3 Second

C3

Figure 1. Two classes of rifamycins. (A) Rifs can be divided into two classes
based on their structures and effects on transcription. The invariant ansa
backbone (naphtohydroquinonic chromophore spanned by an aliphatic
bridge, left) contains tails attached to either C3 (blue: RFP, rifampicin; RPN,
rifapentin) or C3/C4 (green: RFB, rifabutin; RMX, rifamexyl) positions. The
mode of tail attachment apparently determines the target of Rif action: the
C3 Rifs inhibit the second phosphodiester bond formation, whereas the
C3/4 compounds inhibit even the first bond formation. (B) The schematic
representation of Rifs. The backbone is shown in black with four oxygen
atoms (red circles) that make crucial contacts to B subunit residues, and tails
attached to C3 and C3/4 positions.

inhibitory mechanism.'# The results demonstrated that binding of
Rif induces an allosteric signal that propagates over 19A from the
Rif-binding pocket to the enzyme’s active site, where it decreases
affinity of the RNAP to the major catalytic Mg?* ion, thereby slowing
down the catalytic reaction and subsequently facilitating the dissoci-
ation of short, unstable RNA/DNA hybrids. Two independent signal
transduction pathways were identified (B and o, Fig. 3). The B-path-
way targets the second (if transcription is initiated in vitro from a
di-nucleotide) phosphodiester bond formation and is likely activated
by the interactions of the ansa-ring with B-subunit residues (Fig.
3A). These interactions are identical among all Rifs, and the 3-path-
way is independent of the tail configuration. By contrast, the
o-pathway affects the formation of the first phosphodiester bond
and relies largely on the contacts between the Rif tail and the 6-sub-
unit (more specifically with the tip of the ¢ hairpin loop, cHL),
which are made only by C3/C4-substituted Rifs (Fig. 3B). The
G-pathway is thus a unique characteristic of the C3/C4 compounds
and likely accounts for the functional differences between the two
classes of the antibiotics. In particular, it explains the differential
resistance of the B-subunit substitutions which, while disrupting the
B-pathway and conferring resistance to C3 Rifs, leave the G-pathway
intact, thereby retaining sensitivity to C3/C4 Rifs. The two-pathway
allosteric mechanism is in good agreement with the bulk of the exper-
imental data accumulated over nearly half a century and thus repre-
sents a good starting point for the design of novel, more effective
Rif-like antibiotics.

OVERCOMING BACTERIAL RESISTANCE TO Rifs

Based on structural, genetic and biochemical analyses, the
numerous substitutions in RNAP that confer resistance to Rifs can
be divided into three categories: (1) the “steric,” bulky substitutions
that reduce the space in the Rif binding site and preclude antibiotic
binding through steric hindrance, (2) the “affinity” substitutions,
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Figure 2. The steric model for Rif action. The transcription initiation complex
is composed of core RNAP (light gray, with the catalytic bridge helix shown
in dark gray), initiation factor ¢ (magenta, with the flexible hairpin loop, cHL
that extends toward the RNA/DNA hybrid), promoter DNA (with the template
strand in red and the nontemplate strand in dark blue), and the nascent RNA
(yellow, paired to the template DNA to form the RNA/DNA hybrid) with the
triphosphate at the 5' end and the 3' OH positioned in the enzyme’s active
site (marked with the high-affinity catalytic Mg2* ion, magenta circle). Upon
binding, Rif clashes with the upstream base pair of the 3-bp long RNA/DNA
hybrid thereby facilitating its dissociation!® through the RNAP secondary
channel. The catalytic Mg2* ion remains bound in the active site.

which in many cases create more space in the binding cavity but lead
to a loss of the crucial polar and van der Waals interactions with the
Rif backbone, thereby dramatically decreasing its binding affinity;
and (iii) the “allosteric” substitutions, which do not significantly
reduce Rif binding, but likely disrupt transmission of the allosteric
signal'® (Fig. 4). Single substitutions of three residues (BSer456,
BHis451, and PAsp441) that together account for more than 85%
of the Rif-resistant clinical isolates of Mycobacterium tuberculosis rep-
resent all three categories, underscoring the importance of each resis-
tance mechanism for the in vivo response of bacteria to antibiotic
treatment. Improved, more efficient Rif analogs should therefore
possess structural and chemical properties that would allow them to
neutralize the effects of all types of resistant substitutions.

Most of the “steric” RNAP substitutions target the rigid portion
of the Rif ansa backbone which consists of the three consecutive pla-
nar rings (Fig. 4A, left). Any bulky substitution in ansa ring binding
site would clash with this highly inflexible Rif substructure and dra-
matically reduce overall Rif affinity, since this group contains sever-
al important binding determinants. One obvious possibility to
weaken Rif resistance of the “steric” variants would be the design of
a “rubber” compound through the replacement of the planar rings
with a more flexible backbone, which would allow conformational
alterations in Rif to circumvent the bulky RNAP substitutions with-
out substantial repositioning of the other Rif binding determinants
(Fig. 4A, right). Indeed, the structural and biochemical analysis of
sorangicin, which interacts with RNAP similarly to Rif but is miss-
ing the three planar rings in its backbone, demonstrated that clini-
cally relevant “steric” Rif-resistant RNAP variants remained sensitive
to sorangicin due to the higher flexibility of its backbone.!”
However, some other “steric,” as well as nearly all of the “affinity and
“allosteric” RNAP mutants (including substitutions of the PHis451
and PAsp441 residues), remained resistant to both antibiotics, indi-
cating that more flexibility in the Rif-like inhibitors is required to
overcome the effect of the “steric” mutations on one hand, and that
the increased flexibility alone would not suffice to overcome Rif
resistance in bacterial populations on the other.

Rifs are tightly bound to RNAP through an extensive network of
polar and van der Waals interactions. The “affinity” substitutions in
RNAP not only directly disrupt the crucial contacts with the respec-

Figure 3. Two-pathway mechanism of Rif action. (A) The B pathway (blue) is
activated by interactions between the ansa ring and the B subunit residues.
An dllosteric signal (blue lightning bolt) generated through this pathway is
transmitted through the B subunit to the active site, where it inhibits the
second phosphodiester bond formation. (B) The o pathway (magenta lightning
bolt), which is activated through contacts between the C3/4 tail and the tip
of the oHL, acts at an earlier step inhibiting the formation of the first phospho-
diester bond. Both pathways trigger release of the catalytic Mg2* ion (bent
magenta arrow) and dissociation of the short, unstably bound RNAs from the
initiation complex.
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tive Rif-binding determinants, but may also alter the shape of the
binding cavity and conformations of other Rif-interacting side
chains, thereby disturbing the entire network of RNAP/RIf contacts
and weakening antibiotic binding (Fig. 4B, left). To overcome the
effects of these substitutions, new Rif derivatives equipped with
additional functional groups that will establish new contacts with
RNAP in place of the lost ones need to be designed (Fig. 4B, right).
An analysis of the high-resolution RNAP/Rifs complex structures
suggests several possible Rif modifications involving the addition of
groups targeting the RNAP grooves adjacent to the Rif binding site
lined with either the main chain atoms or hydrophobic side chains.
These interactions would be largely independent of the side chain
configurations, thereby circumventing the potential “affinity”
RNAP substitutions. The Rif binding cavity constitutes a portion of
the binding site for the RNA/DNA hybrid, a critical determinant for
elongation complex stability and processivity,'®!? and substitutions
in this region have been shown to confer various transcriptional
defects. 2923 Moreover, substitutions of the critical residues would
likely be lethal; introducing interaction counterparts of these deter-
minants into the Rif structure would minimize the emergence of the
viable Rif-resistant mutants.

At a first glance, resistance due to “allosteric” substitutions, which
do not significantly decrease Rif binding affinity but rather disrupt
transmission of an allosteric signal, should prove difficult to amelio-
rate through modifications of the Rif structure (Fig. 4C, left).
However, identification of the two independent (B and ©) signal
transduction pathways and the subsequent analysis of their effects on
transcription suggest a few promising possibilities. The B-pathway
encompasses many residues in the B-subunit core that extensively
interact with each other and with the Rif backbone. Therefore a
substitution that even slightly disturbs the optimal interaction
network may obstruct the propagation of the allosteric signal. Such
mutations are practically impossible to predict and to avoid (Fig. 4C,
left). In contrast, the G-pathway is likely activated in response to
only a few, not highly specific contacts of the Rif tails with the GHL,
which itself has no interactions with the rest of the protein.
Assuming that the activation of the 6-pathway does not rely heavily
on the sequence composition of the GHL, and given that there are
several distinct indispensable G-subunits in each bacteria (in which
Rif-resistant mutations are unlikely to emerge simultaneously), the
o-mediated allosteric signal appears well protected against
“allosteric” RNAP substitutions. In excellent agreement with this
conclusion, no Rif resistant mutations have so far been isolated in
the genes that encode G-subunits. In contrast, all isolated “allosteric”
mutations in RNAP cluster in the B-subunit interface and target
exclusively the B-pathway, as revealed by their differential sensitivity
to the C3 and C3/C4 inhibitors. Thus, Rif analogs with tails
attached to the C3/C4 positions of the ansa-ring that would
strengthen the contacts with the GHL may not only increase the
antibiotic binding but might also afford better protection against
resistance mechanisms (Fig. 4C, right).

RIFAMYCINS AND ABORTIVE CYCLING

The abortive multi-round RNA synthesis during which the DNA
template slides back and forth on RNAP that repeatedly synthesizes
and releases the short RNA fragments remains one of the biggest
mysteries of transcription. It is not immediately clear why RNAP
spends time and wastes substrates on this seemingly futile process.
Rifs stimulate abortive cycling, locking the enzyme in this initial
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Figure 4. Approaches to circumvent resistance to Rifs through alterations of
the antibiotic structure. (A) Left, steric substitutions (dark gray) hinder binding
of the rigid Rif backbone to the core RNAP. Right, a modified “rubber” back-
bone allows for an elastic deformation of the Rif-RNAP contact network and
restores the antibiotic affinity for the enzyme. (B) Left, affinity substitutions
(dark gray) remove the crucial contacts between RNAP and Rif. Right,
addition of a new functional group to the Rif backbone (in dark blue) would
not only establish a set of new, sidechain independent contacts but also will
strengthen the interactions weakened by substitutions. (C) Left, allosteric
substitutions (dark gray) interrupt the B pathway. Right, a tail (in green)
attached to the C3/C4 positions of the ansa-ring strengthens the contacts
with the oHL thereby increasing Rif binding and possibly augmenting the o
pathway, while getting around the B pathway.

phase of transcription suggesting that the mechanisms of Rif action
and those of the abortive cycling may have a common origin.

Whereas the mechanism of abortive transcription does not appear
to have anything in common with the previously proposed “steric”
model of Rif action, a parallel could be drawn with the “allosteric”
model: Rifs may simply amplify the inherent allosteric signals that
occur during initiation in response to the interactions of the nascent
RNA transcript with the corresponding structural RNAP elements,
thereby slowing down catalysis and resulting in a spontaneous release
of short abortive products.

An analysis of the patterns of abortive transcription obtained on
different promoters reveals existence of three major classes of
abortive products (namely 3, 6-8 and 13-15 nt long).?42¢ The
13-15 nt long abortive transcripts are detected at a subset of
promoters, where they likely arise from specific interactions of the
5'-terminus of RNA with RNAP and/or promoter DNA elements,?4
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Figure 5. Hypothetical pathways of abortive initiation. (A) Interactions of the
phosphates of the 5'-terminal RNA nt in the Rif binding pocket “switch on”
the B-pathway even in the absence of Rif, leading to abortive synthesis of 3
nt products. (B) Once the transcript reaches 6-8 nt in length, the RNA/DNA
interacts with the oHL similarly to the C3/C4 Rif tails, thereby activating the
o-mediated allosteric signal and favoring release of the RNA products. (C)
Particular promoter sequences may favor interactions between the 5' ferminus
of the 13-15 ntlong RNA and the DNA or the enzyme, triggering an allosteric
signal (such as a o-mediated pathway shown or an alternative pathway) that
ultimately leads to release of the abortive RNAs.

far away from the Rif binding site. The excessive production of the
other, 3 and 6-8 nt long, products are in excellent agreement with
activation of the B- and G-mediated signal transduction pathways
proposed on the basis of Rif studies. Indeed, the putative interactions

of the phosphates of the 5'-terminal RNA nt in the Rif binding

www.landesbioscience.com

Cell Cycle

pocket that likely occur prior to formation of the second phosphodiester
bond (3 nt long RNA), were proposed to “switch on” the B-pathway;'4
to a lesser extent, the same effect might be achieved in the absence
of the inhibitor, producing abundant 3 nt products (Fig. 5A). On
the other hand, molecular modeling shows that at a length of -6-8
nt (but not shorter) the RNA/DNA hybrid would interact with the
OHL, thereby mimicking the contacts of the C3/C4 Rif tails and
presumably activating the O-mediated allosteric signal (Fig. 5B).
Following this line of argument, one might anticipate that the 5'
terminus of the 13—15 nt long RNA transcript interacting with the
enzyme and/or upstream promoter DNA may close the circuit of a
third, yet unknown allosteric signal (Fig. 5C).

What is the functional role of the abortive RNA synthesis? RNAP
readily dissociates from the nucleic acids in the transcription
complexes only during initiation (open complexes) or in response to
a termination signals culminating the transcription cycle, whereas
the elongation complexes, once formed, are remarkably stable.
However, the high stability of the elongation complexes is advanta-
geous only if coupled with high processivity, allowing for rapid
completion of the RNA synthesis; stable but stalled elongation
complexes would block the progression of other macromolecular
machines (such as DNA polymerases) along the DNA and thus kill
the cell. For example, transcription-coupled DNA repair depends on
the accessory proteins that destabilize halted transcription complexes
and thus remove them from the site of a DNA lesion to provide
access for the repair machinery.?”-28

The high processivity of the transcription complex likely relies on
the optimal configuration of the RNAP main (active site) cavity
accommodating the nucleic acid chains; this state might not be
achieved immediately upon the formation of the apo-holoenzyme
(given the apparent flexibility of its multi-subunit and multi-domain
architecture) and may require a “minimal” fragment of the nascent
RNA. We speculate that abortive cycling might serve to exclude
inactive RNAP conformers that form perpetually abortive, or
“moribund,” complexes? on one hand, and for the “polishing” of the
interior of promising, potentially active RNAP molecules on the
other. The optimal, highly processive RNAP state could presumably
be achieved through iteratively induced gradual alterations in the
protein structure, rather than through an abrupt, one-step transition.
In this scenario, the moving nucleic acids would play an active,
chaperone-like role in changing the enzyme conformation through
dynamic interactions with the protein segments lying in the way of
the growing RNA chain. The allosteric signals arising from these
interactions at different stages of transcription initiation would serve
to monitor the progress and provide feedback in the optimization of
the RNAP structure. In fact, transcription initiation carried out by a
single-subunit phage T7 RNAP (which is also characterized by
abortive synthesis) provides a brilliant illustration of such a “chaper-
oning” function of the nucleic acids; transition to a stable elongation
complex results in unprecedented rearrangement of the RNAP active
cavity (involving a major refolding of the protein structure) from an
initial state, in which the RNAP may accommodate only a 3 bp
RNA/DNA hybrid®® to a final processive conformation that buries
8-9 bp of the hybrid.31:3? Interestingly, the nucleotide-induced
refolding of the T7 enzyme has been also proposed to be a gradual,
multi-step process, with possibly several structural intermediates
whose conformations should be likely optimized during initiation to
achieve high processivity of the eclongation complex. Thus the
abortive products in T7 RNAP transcription might also originate
from an allosteric signaling, rather than from a steric competition
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between the RNA and protein playing essentially the same role as we
hypothesized for multi-subunit RNADs.

CONCLUDING REMARKS

Structural studies of the multi-subunit RNAPs from bacterial and
eukaryotic cells?® have illuminated the presence of large, solvent-
accessible surfaces with numerous functionally crucial cavities and
channels, the blocking of which would likely inhibit transcription.
In spite of the relatively high overall sequence and structural homology
between the bacterial and eukaryotic enzymes, many of these
structural elements differ substantially in shape and amino acid
composition, thereby allowing for the development of a wide spectrum
of inhibitors that would specifically target bacterial but not the host
RNAP. However, no new RNAP inhibitors have been introduced
into clinical practice during the last decade. In the past few years, the
growing demand for novel antibiotics has led to several studies of
transcriptional inhibitors that revealed the distinct binding sites on
RNAP and a great variety of the inhibitory mechanisms,!41517,34-40
Although none of these compounds meets all three criteria of the
“ideal” antibiotic marked in the abstract of this article, those
compounds for which the high-resolution structures of their
complexes with RNAP have been solved (Rifs, sorangicin, streptoly-
digin, and tagetitoxin) are of special interest since a structurebased
analysis might suggest their specific modifications to allow the
creation of new inhibitors with the improved anti-bacterial properties
in a relatively short time.

Another important conclusion that could be drawn from recent
studies of the RNAP inhibitors is that although most of them possess
unique mechanisms of action, they share one important functional
feature: they are unable to stop RNAP (a powerful molecular motor
capable of transcribing against a large (-25 pN) applied force),?!
directly through steric hindrance of the moving parts of the “motor”
(the nucleic acids), but rather utilize an indirect approach, limiting
the access of the “fuel” (the Mg?* ions and substrates) to the “engine”
(the RNAP active site). Such indirect modulation of the RNAP
catalytic center may in fact represent a common theme in transcription
regulation.
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