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ABSTRACT

Bacterial RNA polymerases (RNAPs) are targets for
antibiotics. Myxopyronin binds to the RNAP switch
regions to block structural rearrangements needed
for formation of open promoter complexes.
Bacterial RNAPs containing the major variant ¢°*
factor are activated by enhancer-binding proteins
(bEBPs) and transcribe genes whose products are
needed in pathogenicity and stress responses. We
show that (i) enhancer-dependent RNAPs help
Escherichia coli to survive in the presence of
myxopyronin, (iij) enhancer-dependent RNAPs par-
tially resist inhibition by myxopyronin and (iii) ATP
hydrolysis catalysed by bEBPs is obligatory for
functional interaction of the RNAP switch regions
with the transcription start site. We demonstrate
that enhancer-dependent promoters contain two
barriers to full DNA opening, allowing tight regula-
tion of transcription initiation. bEBPs engage in a
dual switch to (i) allow propagation of nucleated
DNA melting from an upstream DNA fork junction
and (ij) complete the formation of the transcription
bubble and downstream DNA fork junction at the
RNA synthesis start site, resulting in switch
region-dependent RNAP clamp closure and open
promoter complex formation.

INTRODUCTION

Changing environments, stresses and developmental pro-
grammes require regulated gene expression. RNA poly-
merases (RNAPs) catalyse the transcription of DNA
into RNA coordinated by the actions of a range of tran-
scription factors. Multisubunit RNAPs share a common
crab-claw shape, two catalytic magnesium ions and
flexible active centre domains that undergo structural re-
arrangements during the catalytic cycle (1,2). Bacterial
RNAPs are sufficiently distinct from eukaryotic RNAPs
to allow them to be used as targets for antibiotics.

Emerging tolerances to antibiotics (3) have reignited
interest in agents that specifically interfere with bacterial
RNAPs (4).

Bacteria use two main classes of sigma (o) factors, G’
for the transcription of many house-keeping genes and c°
as the major variant c factor that regulates genes needed
under wide-ranging stress conditions (5). These ¢ factors
associate with core RNAP to produce two classes of holo-
enzymes (Ec’” and Ec*). In both cases, Ec forms ‘closed’
promoter complexes (RPcs) where the DNA is fully
duplexed. For Ec’?, isomerization to the ‘open’ complex
(RPo) occurs often spontaneously whereas RPo formation
in o°*-dependent transcription relies on adenosine
triphosphate (ATP) hydrolysing bacterial enhancer-
binding proteins (bEBPs) (6-9). Initially, the holoenzyme
remains stalled at the upstream fork junction with the tran-
scription start site DNA positioned outside of the RNAP, a
first block to be overcome by activation (10). Upon binding
of the bEBP and prior to ATP hydrolysis, the holoenzyme
can engage with the non-template strand and capture the
template strand in the active centre (11). These properties
make the o *-dependent system particularly interesting
since it mimics key characteristics of the eukaryotic
RNAP II including ATP hydrolysis and promoters that
are regulated through enhancers and gene-specific tran-
scriptional activators (12—14) and drives tightly regulated
genes for a wide variety of functions (15,16).

RPo formation is accompanied by the structural re-
arrangements of a number of mobile RNAP clements.
These include (i) the clamp, (ii)) the jaw and (iii) the
switch regions (17,18). The clamp has been proposed to
be open in the RPc and closed in the RPo and to regulate
the entry of the DNA template (19). The jaw domain
rotates to ‘grip’ the downstream DNA duplex (20-24).
The switch regions are flexible ‘hinges’ that connect the
clamp to the body of the RNAP (Figure 1). In Ec’’, the
switch regions have been proposed to ‘sense’ the presence
of nucleic acids in the active centre and couple DNA
binding with clamp closure by undergoing conformational
changes (4,18,19,25-28). The structural rearrangements
of all these elements accommodate the requirements of
RPo formation. Evidence presented here suggests that
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Ec™* uses the mobile elements differently in a bEBP-
dependent manner: phage protein Gp2 binds the jaw
domain of both Ec classes but only inhibits Ec’® (21).
Certain 6% mutants that bypass the activator dependence
of Ec* become sensitive to Gp2 inhibition and similarly,
replacing fast hydrolysing dATP with the slower hydro-
lysing analogue dATPyS leads to inhibition (29). These
data suggest that Gp2 inhibition underlies kinetic restric-
tions that are weak in Ec’’ complexes but strong in
activator-dependent Ec>* complexes allowing Ec>* holo-
enzymes to escape Gp2 inhibition. Gp2 and the down-
stream DNA duplex form interactions with multiple
binding sites in the jaw domain that are individually
weak but in combination provide a strong interface (30).
In Ec™, these interactions probably accumulate in a com-
binatorial fashion and Gp2 binding can compete against
the interactions between the jaw domain and downstream
DNA.

The RNAP switch regions are the target of a novel
class of antibiotics such as myxopyronin and lipiarmycin
(4,31-35). Myxopyronin targets the switch regions of the
bacterial Ec’® and has been suggested to operate via a

‘hinge-jamming’ mechanism that prevents clamp closure
(36). Accordingly, the DNA template cannot be loaded
into the active centre resulting in a block to transcription
initiation. We now show that while myxopyronin effi-
ciently inhibits Ec’’-dependent transcription, Ec>* tran-
scription is less affected. The growth fitness of an
Escherichia coli strain lacking o>* decreases in the
presence of myxopyronin suggesting that E. coli E6>* con-
tributes to the natural antibiotic resistome. We provide
evidence that bEBPs kinetically facilitate the necessary
structural rearrangements of the switch regions.
Upstream and downstream fork junction barriers for
RPo formation are overcome by bEBPs, which establish
the interactions between the switch regions and transcrip-
tion start site that trigger start site melting.

MATERIALS AND METHODS
Knockout strains

ARpoN and ATolC ARpoN knockout strains were gen-
erated by P1 phage transduction of the ®ARpoN::Kan®
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(Keio collection) into pop3 or pop3 ATolC::Tn Tet®
strains [gift from E. Koronakis and V. Koronakis (37)].
The strains were routinely grown on LB agar with
200 pg/ml L-glutamine to ensure growth of the ARpoN
mutant.

Zone of inhibition assays

For zone of inhibition assays, bacteria were grown at 37°C
as day cultures in Luria-Bertani (LB) medium to similar
densities, pelleted, resuspended in minimal medium
(40mM KzHPO4, 15mM KH2PO4, 2mM Na3C6H507,
0.4mM MgSO,4+7H,O, 0.4% glucose, 15pg/ml L-
arginine, 2mg/ml L-glutamine), mixed with minimal top
agar (minimal medium, 0.75% agar) and plated on
minimal agar (minimal medium, 1.5% agar). One micro-
litre of 25mg/ml chloramphenicol (positive control),
methanol (negative control) or 10mM myxopyronin
were spotted directly onto the agar. Cells were grown at
37°C and zone of inhibition diameters were analysed after
24h. For the ATolC ARpoN strain, the zone of inhibition
was defined as a clear zone with an absence of bacterial
growth plus an outer ring where bacterial growth was sig-
nificantly reduced in comparison to the control. The
ATolC strain did not show a zone of reduced growth
and the zone of inhibition was therefore defined as the
absence of growth. The figures stated for the diameter of
the zones of inhibition represent an average of four
(myxopyronin) or three (chloramphenicol) zones (plus
and minus standard deviations).

Constructs

Single amino acid substitutions of the E. coli rpoB and
rpoC genes (plA661, plA458 and plAS545) were
introduced by site-directed mutagenesis and reconstituted
in pVS10 as described (38).

DNA probes and proteins

DNA templates representing the Sinorhizobium meliloti
nifH promoter were 5'->>P-labelled (where appropriate)
and annealed to the complementary strand as described
(39). Escherichia coli RNAP (wild-type and switch
region variants), PspF|_»;5 (Phage shock protein F) and
Klebsiella pneumoniae o™ were overexpressed in E. coli
and purified as described (11,40,41). Escherichia coli ¢™°
was a gift from S. Wigneshweraraj.

Ec¢>* formation assays

One micromolar **P-HMK-c>* (gift from N. Joly; HMK:
heart muscle kinase) was incubated with 25-100nM
RNAP (wild-type or switch variants) and 500 pg/ml
a-lactalbumin in STA buffer [25 mM Tris—acetate pH
8.0, 8mM magnesium acetate, 10mM KCI, 3.5% (w/v)
polyethylene glycol (PEG) 6000] at 37°C for 15min.
Reactions were quenched with the addition of native
buffer before products were analysed on 4.5% non-
denaturing gels. Products were visualized and quantified
using a Fuji FLA-5000 Phosphorlmager. For quantitation
purposes the photostimulated luminescence (PSL) transfer
scale was adjusted using the AIDA software and for

illustration purposes the Curves scale was adjusted using
Photoshop CS3. These image manipulations were per-
formed for all computer-generated images. All Ec™* for-
mation assays were performed as titrations with three
different RNAP concentrations (25, 50 and 100 nM).

Transcription assays

Promoter-dependent spRNA (short-primed RNA) assays
were performed as described (11) in a 10-pl reaction
volume containing 25-100nM o°*/RNAP or ¢’°/RNAP
(reconstituted using 40 puM of ¢ and 25-100nM RNAP)
and 25nM promoter DNA probe. ADP+AIF (adenosine
diphosphate - aluminium fluoride) trapped and open
promoter complexes were formed as described (11) in
the presence of 7uM PspF;_,75. All transcription assays
were performed as titrations with three different RNAP
concentrations (25, 50 and 100 nM).

Specific promoter-independent transcription assays
(‘minimal scaffold assays’) were performed as described
(38). These assays permit determination of the catalytic
activity of the RNAP variants in the absence of any re-
quirements for promoter recognition or interaction with
factors. All minimal scaffold assays were performed as
titrations with three different RNAP concentrations
(25, 50 and 100 nM).

Gp2 or myxopyronin inhibition

Transcription reactions were carried out as described
but in the presence of 100nM Gp2 (gift from
S. Wigneshweraraj) or 1uM myxopyronin (Ascenion
GmbH) for 10 min prior to adding the promoter DNA.
To analyse the effect of myxopyronin on the switch
variants, reactions were carried out in triplicates with
100nM RNAP.

Inorganic pyrophosphate assay

In a post-extension state, RNAPs were capable of
catalysing the cleavage of the terminal nucleotide from a
transcript upon addition of inorganic pyrophosphate
(PPi). This activity is pyrophosphorolysis and is one of
the proofreading mechanisms of RNAP (42). Pyropho-
sphatase assays were performed as described (38) as titra-
tions with three different RNAP concentrations (25, 50
and 100 nM).

Binding assays

Minimal scaffold and promoter binding assays were con-
ducted as described (11,38,43). All reactions were per-
formed as titrations with three different RNAP
concentrations (25, 50 and 100 nM).

RESULTS

A ¢>* knockout strain is more sensitive to myxopyronin
than the parental strain

bEBPs trigger Ec>* transcription in situations such as
membrane stress, pathogenicity and nitrogen starvation.
Recently, one signalling cascade has been shown to help
bacteria to survive in the presence of antibiotics, the phage



shock protein (psp) response that uses bEBP PspF to
manage inner membrane stress (44). This prompted us
to consider the potential role of Ec>* in activating down-
stream mechanisms that result in increased tolerance
towards antibiotics. Gram-negative bacteria can escape
the toxic effects of certain antibiotics as the membrane
transporter TolC pumps them out of the cell, thus
depleting them intracellularly (37). In order to use
E. coli to study the effect of myxopyronin on the Ec>*
system, the intracellular drug concentration had to be suf-
ficiently maintained. We therefore generated an RpoN
knockout in a AT0/C background (gift from V. Koronakis
and E. Koronakis). In zone of inhibition assays, a strain
lacking 6°* (4TolC ARpoN, 28 + 1.5 mm) was sensitive to
chloramphenicol to a similar degree as the parental strain
(ATolC, 29 £ 1.1 mm). On minimal media agar, the 4ATolC
ARpoN strain showed a larger zone of inhibition around
myxopyronin (29 £ 1.5 mm) in comparison to the parental
ATolC strain (21 £ 1.4mm) thus indicating a greater
degree of acquired drug sensitivity (Figure 2A). In vitro,
Eo*-dependent promoter-specific transcription initiation
was inhibited by ~4-fold higher myxopyronin concentra-
tions than Ec’’-dependent initiation (50% of maximum
activity was reached with ~3puM (Ec™*) and ~0.7 pM
(Ec’®), Supplementary Figure S1). We conclude that
Ec>* may contribute to natural E. coli resistomes.

Myxopyronin binds to residues in or very close to all
five switch regions (36). A 5potential explanation for the
decreased sensitivity of Ec>* towards myxopyronin thus
was that Ec’ and Ec>* may use the switch regions in
different ways. To investigate the roles of the RNAP
switch regions in the enhancer-dependent transcription
system, we generated seven RNAPs with substitutions at
residues of which the potentially relevant biological func-
tions had previously been established (45). These residues
had been identified within the switch 1, 2 and 3 regions or
in close proximity to the switch 1, 4 and 5 regions and are
likely to interact with the switches (45) (Figure 1). The
switch mutants we selected had been identified as DksA
suppressor mutants (45). DksA is a transcriptional regu-
lator that binds in the secondary channel of RNAP and is
a well-recognized inhibitor of rRNA gene transcription.
Depending on the promoter sequence, DksA can also
activate the transcription of certain genes of which the
products predominantly serve a metabolic function. In a
ADKksA background, suppressor mutants are those which
restore the transcription of DksA activated genes to wild-
type levels and repress the transcription of DksA repressed
promoters. In vitro, they shift the RPc <-> RPo equilib-
rium in the direction of dissociation (45).

Switch 3 mutants are defective in minimal scaffold binding

The mutant RNAPs were generated by site-directed mu-
tagenesis, overexpression and affinity purification. The
biochemical integrity of their active centres was confirmed
by performing minimal scaffold assays measuring the ex-
tension of a short RNA species hybridized to a DNA
template by a single nucleotide (Figure 2B). This
minimal scaffold lacks o-mediated promoter recognition
sequences and supports RNA-primed transcription from a
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single-stranded DNA template. The switch 1 and 2
mutants, as well as those which have been proposed to
interact with the switch 1, 4 and 5 regions (hereafter
referred to as switch 1 or switch 4 and 5 mutants, respect-
ively), showed a catalytic activity that was greater or equal
to wild-type levels. The switch 3 mutants, by contrast,
only reached 40-50% of the activity levels of the wild-
type (Figure 2B and C and Supplementary Figure S2A
and B). These observations were mirrored by a
pyrophosphorolysis assay (an alternative to test the cata-
lytic activity of the active site) where the switch 3 mutants
displayed 40-70% of wild-type activity and the switch 1, 2,
4 and 5 mutants were at least wild-type-like activity
(Figure 2B and C). Finally, gel mobility shift assays
illustrated that the binding of the switch 3 mutants to
the minimal scaffold was reduced to 15-35% in compari-
son to wild-type RNAP, thus explaining their apparent
defects in catalytic activity (Figure 2B and C).

Switch 3 mutants are defective in holoenzyme formation

Next, we turned to investigating the requirements of
promoter-directed transcription and assessed the capabil-
ity of the RNAP variants to form Ec>*. Again, the switch
1,2, 4 and 5 mutants showed at least wild-type-like activity
in forming Ec>* whereas the switch 3 mutants only formed
30-40% Ec>* compared to the wild-type (Figure 3A). We
infer that the switch 3 mutants represent a population of
RNAPs that exclude both the DNA template and 6> from
their active centre, presumably due to the closed clamp
conformation. Our results also suggest that the DNA
template and o>* normally interact with the same feature
of the RNAP active centre and or DNA-binding clefts and
so might compete with each other for binding at some
point during transcription initiation.

Defects in the switch 1, 2, 4 and 5 regions interfere with
open complex formation

We next looked at the ability of the RNAP variants to
support activator-dependent transcription initiation in
spRNA assays. In these assays, a specific dinucleotide
primer hybridizes at the start site of a known promoter
sequence and is extended by one or two radiolabelled nu-
cleotides (depending on the primer and the promoter
sequence) to form a short RNA (11). We used a linear
template representing the nifH promoter. The non-
template strand was mismatched from —10 to —1
(—=10—1/WT template) to create a pre-formed transcrip-
tion bubble that favours transcription, thereby resulting in
higher nucleotide incorporation compared to a fully
duplexed template (Figure 3B, Supplementary Figure
S3A). Transcription from this template still relies on
activator-driven initiation (Supplementary Figure S4A).
We measured the accumulation of the tetramer to evaluate
the capacity of the holoenzymes to initiate from the nifH
promoter. As expected, the switch 3 mutants are impaired
in this assay and only produced 15-20% of the wild-type
activity. The activity of the remaining mutants was dras-
tically reduced as well, reaching 20-50% of the wild-type
activity (Figure 3B). We reasoned that these mutants
failed in one or more of the following steps: (i) interaction
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Figure 2. Myxopyronin sensitivity in vivo and switch 3 mutants have reduced DNA template affinity. (A) Zone of inhibition assays. The loss
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titrations at three concentrations (25, 50 and 100nM RNAP) and activity was calculated relative to the wild-type (wt) at the respective concentrations
(100%). The numbers reflect the activity obtained as an average from the three concentrations and the error bars are standard deviations.

with the —10—1/WT template, (ii) interaction with the ac-
tivator or (iii) formation of open promoter complexes.
These three possibilities were addressed by analysing the
ability of the Ec>* to form RPcs, the trapped transition
state (RPi) and RPos. When we incubated the Ec>* with
the promoter template in the absence of PspF activation,
the switch 1, 2, 4 and 5 mutants formed a similar number

of RPcs as wild-type Ec>*. As expected, the efficiency of
the switch 3 mutants in RPc formation was lower reaching
only ~70% in comparison to wild-type Ec>*. We there-
fore concluded that the switch 1, 2, 4 and 5 mutants are
not affected in their ability to interact with the —10—1/WT
template and to form RPcs [we define RPc as the
promoter complex in which the start site is closed and
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outside of the RNAP (10,46)]. Next, PspF and ADP«AIF
were added to drive the reaction into the ‘trapped state’
(RP1). ADP+AIF has been suggested to mimic the con-
formation of ATP immediately prior to hydrolysis (47).
Hence, the Eo™*-PspF-ADP:AIF-DNA complex is
believed to assume a conformation that represents an
intermediate en route to open complex formation (10).

To analyse the ability of the RNAP variants to reach
the RPi, we measured the proportion of complexes that
succeeded in progressing from the RPc to the RPi. The
proportion was constant across all the variants with
~50% of all RPcs reaching the RPi state, suggesting
that in each mutant tested interactions with the bEBP
occur in a wild-type-like fashion and are unlikely to be
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affected by any of the switch mutations studied. However,
adding PspF and hydrolysable dATP revealed that all the
mutants were impaired in forming RPos. Surprisingly, in
comparison with the switch 1, 2, 4 and 5 mutants, the
switch 3 mutants seemed less affected in their ability to
form RPos despite their defects in allowing DNA and ¢°*
to access their active centre, suggesting that the switch 3
region is not greatly impaired in the later steps of the path-
way from RPi to RPo (Figure 3C and Supplementary
Figure S3B and C).

Precise start site pre-opening suppresses defects in
transcription initiation

RPo formation comprises two steps: (i) melting of the
DNA template to form the transcription bubble and (ii)
closing of the RNAP clamp. Essentially, melting of the
DNA template must include the opening of the start site
for the incoming +1 nucleotide. To determine which of
these steps is predominantly affected by the mutations in
the switch regions, we bypassed the start site melting re-
quirement of the RNAP by extending the artificial tran-
scription bubble to include the start site (—10+1/WT) and
the second nucleotide (—10+2/WT) as unpaired DNA
bases (Figure 4A). Strikingly, the switch mutants partially
recovered from their defects in spRNA assays when these
templates were used and their activity approximately
doubled as soon as the +1 site became available.
Activity did not further increase when the +2 site was
melted as well (Figure 4B). The melting of the start site
did not bypass the requirement of the bEBP and the
activity observed in the absence of PspF was negligible
(Supplementary Figure S4B and C). Also, melting out of
the base pairs around the start site alone resulted in a
similar recovery effect (Figure 4A and B) confirming
that start site melting specifically and not the overall size
of the transcription bubble was the crucial parameter that
led to the recovery of the mutants. These observations
showed that the active start site melting requirement is
bypassed and a transcriptionally productive state is
reached by shifting the equilibrium towards the RPo.
We therefore propose that start site melting is a crucial
step in the formation of the RPo and dependent on the
conformation of the switch 1, 2, 4 and 5 regions. To es-
tablish if (i) the switch mutants still contain an intact
binding pocket for myxopyronin and if (ii) the start site
melting step can still be bypassed when myxopyronin is
bound to Ec>*, 1M myxopyronin was added to Ec>*
prior to adding the DNA template and PspF. The capabil-
ity of wild-type Ec>* to support transcription from the
—10—1/WT template was to reduced ~60% in compari-
son with the Ec> uninhibited by myxopyronin. The
switch mutants did not show any activity on this
template. A similar outcome was observed when the
WT/WT template was used. Using the —10+1/WT
template we discovered that none of the mutants re-
covered (Supplementary Figure S5). This established
that, despite the mutations, myxopyronin is still capable
of binding and inhibiting Es>*. Since myxopyronin inter-
acts with RNAP via a number of residues in the switch
regions, it is conceivable that the binding pocket may

remain largely intact if only single residues are mutated
(36). Also, start site pre-opening fails to compensate for
the inhibitory effect of myxopyronin. This is in contrast to
observations predicting that myxopyronin interferes with
start site melting (35,48). Presumably, myxopyronin acts
at a step prior to start site opening in the enhancer-de-
pendent  system, consistent with the proposed
hinge-jamming mechanism (36).

Bypassing start site melting restores inhibition by Gp2

We next asked how start site melting relates to clamp
closure. Phage protein Gp2 is a transcriptional regulator
that interacts with the RNAP jaw domain, competing with
the downstream DNA duplex for interaction sites in the
jaw domain (21). In Ec>* complexes, the reaction equilib-
rium is predicted to be in favour of the formation of inter-
actions between the jaw domain and DNA when the bEBP
is present driving RPo formation (11,12,49) and excluding
Gp2 from forming interactions with the jaw domain.
Using the —10—1/WT template, we confirmed that wild-
type Ec>* could not be inhibited by Gp2. The switch
mutants, on the other hand, were inhibited by Gp2
indicating that their structural defects hinder the
normally fast transition into the RPo that would
preclude inhibitory Gp2 interactions with the jaw
domain (Figure 5 and Supplementary Figure S6). When
templates including the pre-melted start site were used, the
switch mutants were unable to recover their activity in the
presence of Gp2. Additionally, the activity of the wild-
type was reduced to ~50%. We reasoned that templates
with a pre-melted start site bypassed the formation of
interactions required for start site melting. Albeit suffi-
cient to partially restore the activity of the switch
mutants, start site opening did not compensate for a
mechanism that establishes interactions with the down-
stream duplex before Gp2 can inhibit.

Positioning of the downstream duplex DNA is not affected
by mutations in the switch regions

An alternative explanation for the inhibition effect
observed in the presence of Gp2 is that in Ec>* mutants
the downstream DINA might fail to establish contacts with
the downstream DNA-binding channel (dwDBC) that
forms with the clamp, the jaw domain and other down-
stream mobile elements (22-24). Both, the correct position-
ing of the downstream DNA and the presence of a specific
length of DNA for interaction with the jaw domain are
crucial for the formation of productive open complexes
(50). Defects in the switch regions, however, might lead
to an altered configuration of the DNA in the active
centre where it (i) cannot interact with the dwDBC in its
usual way and/or (ii) might interfere with the position of
the dwDBC in the RPo. Shortening the downstream DNA
might remove any interfering effects or, in the case of mis-
alignment of the jaw domain, would at least not increase
the suppression effect observed with the switch mutants.
The —10—1/WT template represents the nifH promoter
from —60 to +28. Shortening the downstream end of
both DNA strands to +15, +10 and +5 (Figure 6A) and
comparing these templates in spRNA assays using wild-
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the —10—1/WT transcription bubble to include the +1 or the +1 and +2 sites led to partial recovery of the mutants. Opening of the start site alone

produced a similar recovery.

type Ec>* showed that they are less favoured with hardly
any transcription occurring from the shortest template
(Figure 6B). This loss of activity strongly indicates that
the presence and appropriate length of downstream
DNA are both essential factors for the jaw domain to
interact and to stabilize the open complex. The switch
mutants displayed an additive effect on these templates,
reflecting both the defects of the mutants in supporting
transcription from the nifH promoter as well as the down-
stream DNA requirements and resulted in an almost total
loss of transcription (Figure 6C). Clearly, the switch
mutants still depend on a sufficient length of downstream
DNA to retain some activity. We inferred that the config-
uration of the downstream DNA duplex in the active
centre of these mutants is still intact and next investigated
whether the template or the non-template strands are
required for the interactions with the jaw domain, each
being shortened to +15 (Figure 6A). These two templates
performed similarly to the template with two shortened

strands, indicating that both DNA strands are required
to maintain the stability of the complex (Figure 6B and
C). To stabilize the contacts between the jaw and the
DNA, the DNA duplex must be ‘sandwiched” between
the closed clamp and the jaw (48). Clamp closure seems
to be delayed in those switch mutants that are defective for
RPo formation. Taken together, our results suggest that
the switch regions act in a relay mechanism that is triggered
by interactions with the start site, leads to template melting
and is further propagated to the clamp which results in
clamp closure.

bEBP ATP hydrolysis elicits start site melting

o>*-R336A is referred to as the ‘activator bypass mutant’
because it forms an Ec>* which requires neither the
bEBP nor dATP in order to form transcriptionally
competent RPos. Ec™*-R336A probably assumes a con-
formation that mimics that of a post-hydrolysis state of
Ec>*. When forming holoenzymes with o>*-R336A, the
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switch mutants failed to support transcription from the
—10—1/WT template (Figure 7A). They did, however,
recover when the —10+1/WT template was used
illustrating that ATP hydrolysis catalysed by bEBP is
the key trigger for start site melting (Figure 7B), support-
ing the proposal that the start site opening contributes a
thermodynamic barrier.

When the UpG dinucleotide primer was utilized in
spRNA assays, base-pairing interactions occurred with
the —1 and +1 bases (A,C). Nucleotides that extend this
primer recognize the +2 (C) and +3 (C) sites. In order to
investigate the accessibility of the start site in the
open complex, we performed spRNA assays on the
—10—1/WT template using the dinucleotide primer
GpG, which interacts with the +1+2 (CC) site and is
extended by a single guanosine triphosphate (GTP) to
form a labelled trimer. Dependent on the accessibility of
the +2 site, this reaction can be predicted to become more
or less productive. Overall, the signals obtained with GpG
were substantially weaker than those with UpG, probably
reflecting both the requirements for primer base pairing in

the absence of at least one unpaired base binding site and
the necessity to melt the site for the incoming dinucleotide
primer. However, the signal intensities increased if tem-
plates with the pre-melted start site (—10+1/WT or
—10+2/WT) were used (Figure 8B, Supplementary
Figure S7). Again, the mutants partially recovered from
their defects when the +1 site was pre-melted. The activity
did not significantly increase when the +2 site was exposed
as well (Figure 8B). This suggests that in the RPo the
accessibility of the +1 site is the crucial determinant to
allow further melting and transcription to occur, a
proposal explored below.

Assuming that template melting follows °* activation
by PspF, we predicted that in the RPi, the accessibility of
the binding site for the dinucleotide primer should be an
important and dominant determinant of transcription
levels. Evaluating the extension of the UpG or GpG di-
nucleotide primer, respectively, from the RPi, we observed
an overall increase in activity when templates with the
pre-melted start site were used. All the switch mutants
gained activity as soon as the +1 site became exposed,
with no further increase, and in some cases (B-Q1264P,
B-G1267V and P'-F1325L) even a decline in activity,
when the +2 site was opened (Figure 8C and D). With
GpG instead of UpG, the mutants became gradually
more active in correlation with template opening.
Exceptions were B-Q1264P, which experienced a mild
decline in activity suggesting a saturation effect, and -
G1267V and B’-R337S, which displayed an initial drop
of activity when the —10+1/WT template was used and
an increase in activity when the —10+2/WT template was
used (Figure 8C and E). The necessity for the GpG di-
nucleotide to establish base-pairing interactions was in
line with our expectations. It demonstrated that prior to
the start site melting step, the accessibility of the primer
binding site in RPi is sufficiently high to allow primer ex-
tension to then occur. In the RPo, on the other hand, the
capacity to melt the template overcomes the thermo-
dynamic requirements and base-pairing interactions with
a single nucleotide are sufficient (Figure 8A). The switch 3
mutants are more active under trapping conditions when
compared to the remaining mutants. Their performance
was similar or better than that of other switch mutants
and even reached wild-type levels when GpG was used.

DISCUSSION

Ec™*-dependent transcription contributes to the bacterial
resistome

Effective antibiotics target processes that are essential for
the survival of a bacterial cell. Signalling cascades trigger-
ing persister cell formation (44) act via the Ec>*-depend-
ent transcription system, suggesting it has a key role in
contributing to the natural bacterial resistome. Ec™* is
tolerant to myxopyronin and we propose that this is due
to the action of the bEBP, which kinetically facilitates the
transition from the RPc to the RPo and thereby shortens
the time-window during which the switch regions are in
the appropriate conformation for the antibiotic to bind
and act.
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intrinsic defects of the mutants.

The switch regions act in a pathway that controls start
site melting and clamp closure

The switch regions control the same key steps during both
Ec’ and the Ec**-dependent transcription initiation i.e.
template melting and clamp closure. However, the
pathway by which DNA is delivered into Ec>* to form
the RPo is so far unknown. Our experimental system

provided us with a toolset to shed new light on the
impacts of the switch region movements and the domain
movements they control in relation to the enhancer-
dependent system. We were able to follow the importance
of the switch regions through steps leading to RPo forma-
tion from RPi and RPc. We propose that the switch 1, 2, 4
and 5 regions act in a step that is distinct from that
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controlled by the switch 3 regions and that all five switch
regions together may cooperate in a relay mechanism
(Figure 9). Our data were consistent with observations
made by others and give novel insight into the sequence
of events and kinetic relationships. We are now able to
propose an extended view on the mechanism of
bEBP-dependent transcription that relies on a dual
switch whereby the kinetic restrictions preventing switch
region refolding are lifted and, by inference, start site
melting and clamp closure occur.

Two promoter checkpoints control Ec>*-dependent
initiation via a dual switch

We suggest that the two DNA fork junctions at the
upstream (—12) and downstream (—1) end of the tran-
scription bubble are targets for control of Ec** RPo for-
mation by the ATPase of bEBPs and form two
checkpoints that act as kinetic barriers to Ec>*-dependent
transcription. These barriers are overcome in a dual switch
consisting of (i) binding of the activator to allow the
nucleated transcription bubble to spread from —12 and
(i) ATP hydrolysis to complete the transcription bubble
by melting the start site. For Ec’’, the upstream fork
junction does not completely stall RNAP (51). Ec’®
binding to a downstream fork junction positioned
around +2 is much stronger than to a fork junction at
—1 (50). The propagation of the fork junction to the +2

site is predicted to be coupled to a shift in the equilibrium
between the duplexed and melted conformations of the
DNA segment around the start site, allowing the tran-
scription bubble to stabilize (50). In Ec>*-dependent initi-
ation, on the other hand, the DNA duplex upstream of the
start site is not destabilized because the +1 site is kept in
check by a lack of interactions with the switch regions
prior to ATP hydrolysis. Given the prior absence of the
tools required to study the impacts of the switch mutants
on any form of RPi with major or variant RNAP holoen-
zymes, it was not possible to establish a link between ac-
tivation pathways (e.g. with ATP hydrolysis), interaction
of the switch regions with the transcription start site and
start site melting. With the use of specific switch region
mutants, a range of promoter templates representing dif-
ferent DNA states en route to RPi and RPo formation and
nucleotide analogues we have finally been able to bridge
this gap. Our results show that upon ATP hydrolysis,
interactions between the start site and the switch 1, 2, 4
and 5 regions are established, which allow the holoenzyme
to overcome a second block in activation. As a conse-
quence of interacting with the start site, the switch 1, 2,
4 and 5 regions are refolded and achieve start site melting.
As a result, the second block is lifted and the downstream
fork junction progresses along the template to the +2 site
where binding interactions are stronger and shift the equi-
librium towards a stable melted state of the DNA duplex.

The switch 1, 2, 4 and 5 regions control start site melting
at the downstream fork junction

The switch 2 region is suggested to control the fitting of
the template DNA into the active centre (34). Residue
’-R339 has been shown to directly contact the —1 to +2
phosphate backbone of the DNA template strands via
electrostatic interactions (17,52,53) and mutation of this
residue blocks DNA melting upstream of +1 (26).
Substitution of R337 by serine has been demonstrated to
change the contacts with the DNA template (35,54) and
the switch 2 region has been proposed to undergo con-
formational changes during which contacts with the
template DNA change to stabilize a conformation where
melting around the start site can occur. All these observa-
tions are in line with our results showing that the switch 2
mutant is severely impaired in RPo formation due to its
defects in melting the start site. The fact that
promoter-directed transcription initiation can be partially
restored if the start site melting requirement is bypassed
confirms the key contribution of the switch 2 region to this
particular step. Additionally, our results indicate that the
switch 1, 4 and 5 regions cooperate with the switch 2
region in controlling start site melting. All these mutants
are rescued in a very similar manner in the presence of the
template with a pre-melted start site.

The switch 3 region controls clamp closure

The switch 3 region has been predicted to form a hydro-
phobic cleft for the first unpaired RNA base (—12), after it
separates from the RNA-DNA hybrid, and subsequently
bind to each RNA base in a nascent transcript as it dis-
sociates from the DNA template (54,55) and seems to
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Figure 8. The dinucleotide binding requirements differ in the trapped and open complex. (A) Schematic of the start site requirements in the RPo
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effect when the +2 site becomes available.

predominantly function in a clamp opening and closing
mechanism. We observe that the switch 3 mutants have
defects distinct from the switch 1, 2, 4 and 5 mutants,
although we cannot exclude a contribution of the switch
3 region to the start site melting mechanism. Indeed, the
switch 3 mutants show enhanced activity in the presence

of a pre-melted start site. Both mutations in the switch 3
region generated RNAPs that are dysfunctional in both
interacting with a DNA template and binding . Ec forms
an open clamp state where the DNA duplex can be loaded
into the active centre and a closed clamp state. Mutations
in the switch 3 region may then shift RNAP towards
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not stabilized in the active centre.

clamp closure and prevent access of the DNA template
and the sigma factor to the active centre. We further
argue that this state is not irreversible. The enzymes re-
covered their activity when they were trapped with a bEBP
suggesting an equilibrium shift towards a more open
clamp state by creating a longer time window for the
clamp to swing from the closed to the open conformation.
X-ray structures show the switch 3 region as a particularly
long and flexible loop (56) and its mutation might lock it
in a conformation that is predominant in a closed clamp
state. We therefore propose that apart from its function in
dissociating the transcript, the switch 3 region is key in
coupling start site melting to clamp closure by undergoing
conformational changes. The switch 3 regions seem to act
at the end of the pathway that is initiated by the switch 1,
2, 4 and 5 regions. The mechanism of open complex for-
mation is triggered by contacts between the switch 1, 2, 4
and 5 regions and the start site that lead to conformational
changes of the switch 1, 2, 4 and 5 regions that, in turn,
facilitate start site melting. The structural rearrangements
are then relayed to the switch 3 domain, which also
undergoes conformational changes that lead to clamp
closure and RPo formation (Figure 9). One of the muta-
tions in the switch 3 region, B-G1267V, was not only
identified as a DksA suppressor mutant but was also
shown to escape inhibition by DksA. For this reason,
B-G1267 was postulated to act at the end of the signal
transmission pathway that leads to inhibition by DksA
(45). This view is consistent with our observations and
supports the view that DksA interferes with the transmis-
sion of the structural rearrangements that the switch
regions undergo en route to RPo formation.
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