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Abstract

Escherichia coli DksA and GreB bind to RNA polymerase, reaching inside the secondary channel,
with similar affinities but have different cellular functions. DksA destabilizes promoter complexes
whereas GreB facilitates RNA cleavage in arrested elongation complexes. Although the less
abundant GreB may not interfere with DksA regulation during initiation, reports that DksA acts
during elongation and termination suggest that it may exclude GreB from arrested complexes,
potentially triggering genome instability. Here we show that GreB does not compete with DksA
during termination whereas DksA, even when present in several hundred-fold molar excess, does
not inhibit GreB-mediated cleavage of the nascent RNA. Our findings that DksA does not bind to
backtracked or active elongation complexes provide an explanation for the lack of DksA activity
on most elongation complexes that we reported previously, raising a question of what makes a
transcription complex susceptible to DksA. Structural modeling suggests that i6, an insertion in
the catalytic trigger loop, hinders DksA access into the channel, restricting DksA action to a subset
of transcription complexes. In support of this hypothesis, we demonstrate that deletion of i6
permits DksA binding to elongation complexes and that the distribution of DksA and i6 in
bacterial genomes is strongly concordant. We hypothesize that DksA binds to transcription
complexes in which i6 becomes mobile, for example as a consequence of weakened RNA
polymerase interactions with the downstream duplex DNA.
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Introduction

In multi-subunit RNA polymerases (RNAPS), the active site is accessible from the outside
via the secondary channel (SC; also called the pore in pol I1). Regulatory proteins that bind
within this channel control transcription through altering properties of RNAP. These proteins
consist of an extended domain, which binds within the SC, and a globular domain, which
binds to the RNAP surface outside of the SC. The sequences and even structures of these
proteins can be very different, and so are their effects on transcription. In Escherichia coli,
five different SC regulators, DksA, GreA, GreB, Rnk and TraR 1: 2:3: 4.5 have been
characterized and other candidates are suggested by genome analysis.

E. coli GreA, GreB and DksA share the basic two-domain architecture — an extended coiled-
coil (CC) domain and a globular domain (Fig. 1a), but play very different roles in the cell.
DksA functions predominantly during initiation to tune rRNA synthesis to cellular cues ©.
Gre factors rescue elongation complexes (ECs) that become arrested when RNAP makes an
error or runs into a roadblock /. However, the effects of GreB and DksA are not limited to a
single step in the transcription cycle; recent studies demonstrate that both factors affect
initiation and elongation & 9 and could play partially overlapping roles in DNA

repair 101112 GreB and DksA are thought to interact with the same RNAP region, the p’
rim helices (RH) domain 8, and bind to free RNAP with similar affinities 2, but do not
interact with nucleic acids. It is therefore unclear how they recognize their cellular targets
and avoid competition with each other.

GreB and DKsA are present at constant levels in the cell, but DksA is ten times more
abundant®. Thus, GreB would not be expected to interfere with DksA during transcription
initiation but, when overexpressed, can substitute for some (negative control of rRNA
synthesis) but not other (activation of aminoacid biosynthetic genes) activities of DksA °.
Conversely, since DksA affects RNA chain elongation but lacks the ability of GreB to
enhance the nascent RNA cleavage 8, DksA could, in principle, inhibit GreB function by
blocking GreB binding to arrested ECs. This hypothetical competition would be avoided if
DksA and GreB recognized different subsets of ECs; indeed, GreB action appears to be
restricted to ECs in which the B’ trigger loop (TL) is unfolded’.

We recently reported that £. coli DksA, and especially its hyperactive variant DksAN88I
that increases affinity for free RNAP 13, decreased the rate of elongation and increased
termination 8. However, we could not detect any DksA effect on isolated ECs, leaving an
identity of its target unknown. Interestingly, DksA activity during elongation was strongly
augmented by a deletion of a species-specific insertion in the TL (called i6 or SI3; £. coli B’
residues 943-1130), in sharp contrast to the resistance of the Ai6 RNAP to GreB-mediated
cleavage 4. We hypothesized that DksA and GreB bind to different subsets of ECs, and that
i6 plays a key role in this discrimination, either directly, by modulating the transcription
factor binding, or indirectly, through a coupled conformational change in the TL.

Here, we present evidence for a direct effect of i6 on DksA recruitment. Structural modeling
suggests a mechanism where i6 physically hinders DksA access into the channel, and we
show that the deletion of i6 increases DksA affinity for the ECs but not for core RNAP.
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Consistent with the key role of i6 in selective DksA recruitment, we find that i6 is present in
every bacterial genome that has DksA. Based on these observations, we hypothesize that the
DksA effect on elongation and termination reported by us previously & is mediated through
targeting of a transient intermediate in which the i6 position is altered, e.g., due to changes
in RNAP/DNA interactions or conformational transitions of the TL.

DksA and GreB bind to the same target on RNAP

E. coli DksA and GreB have no sequence homology but share strikingly similar architecture
(Fig. 1a) and interact with the same sites on RNAP. Structurally similar CC domains bind
inside the SC, positioning the two acidic residues near the RNAP active site; *OH radicals
generated by the Fe2* ion bound in place of the catalytic MgZ* ion induce cleavage at the tip
of the CC of GreB and DksA (Fig. 1b). Structurally different globular domains are thought
to interact with the B> RH domain that lies at the entrance into the SC. For £. coli GreB, this
mode of binding is supported by extensive biochemical data and structural

modeling 3 % 1516 a5 well as the structure of its 7hermus thermophilus homolog Gfh1l
bound to EC 17. Partially overlapping effects of DksA and GreB on initiation 9, inhibition of
their binding to RNAP by substitutions of Leu672 and Val673 at the RH tip % 8, and a report
that a single residue substitution at the CC tip of GreA is sufficient to confer DksA-specific
regulatory effects at rRNA and amino acid biosynthesis promoters 18 argue for the common
binding site.

Consistently, GreB efficiently competed with DksA for binding to the wild-type (WT)
RNAP, whereas the deletion of the entire i6 domain reduced the competition between the
two factors (Fig. 1b). This observation is consistent with previous reports that Ai6 RNAP is
insensitive to GreB 14 but hypersensitive to DksA 8. NusG, which binds to a distant B’ clamp
helices domain, had no effect on DksA binding. Similar results were obtained with GreA
(Supplementary Fig. 1).

DksA and GreB do not functionally compete during elongation

GreB does not affect elongation or termination, but reactivates arrested, backtracked ECs
through cleavage of the nascent RNA 3. In contrast, DksA inhibits elongation and increases
termination but has no effect on RNA cleavage 8. Exclusion of GreB by the more abundant
DksA could lead to increased RNAP stalling /n vivo. To test whether GreB and DksA would
functionally compete /in vitro, we used RNA cleavage and termination assays.

RNAP possesses intrinsic hydrolytic activity which allows successive removal of the 3’
RNA fragments in a stalled EC: this activity is dramatically enhanced by GreB 3. We used
halted A26 ECs which are sensitive to RNA hydrolysis (Fig. 2a) to test DksA effect on this
reaction. In this study and in our previous work, we took advantage of a “hyperactive”
DksAN88! variant 13 to increase DksA occupancy on RNAP. The available evidence indicates
that the only effect of this substitution is to increase DksA affinity for RNAP & 13;
nonetheless, to exclude potential artifacts, we repeated all the key experiments with a higher
concentrations of WT DksA. RNAP alone cleaved the nascent RNA very slowly, whereas
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the addition of GreB led to rapid shortening of RNA,; note that the cleavage products in the
absence and in the presence of GreB were different. DksAN88! did not induce RNA cleavage
and did not interfere with the stimulatory effect of GreB when present at a 100-fold molar
excess (Fig. 2a). Similarly, WT DksA, which binds to RNAP with a five-fold lower affinity
than DksANS8! does, failed to block GreB-enhanced cleavage when present at 300-fold
excess (Supplementary Fig. 2). GreB, when present in a 10-fold molar excess, did not affect
termination at /778 T1 and did not interfere with DksA effect therein (Fig. 2b).

We conclude that, although GreB and DksA have similar affinities for core RNAP 9, they
recognize different ECs. GreB, which targets backtracked ECs 7, bound to free core RNAP
and backtracked EC much better than to active ECs (Supplementary Fig. 3). In contrast,
DksA interactions with both backtracked and active EC were much weaker than with the
core enzyme (Fig. 2c), suggesting that DksA may be excluded from most ECs. In the
absence of a known mechanistic target for DksA, we turned to structural modeling for an
answer.

A model for DksA-EC suggests restricted access to the SC

The published model of an RNAP-DksA complex, which is comprised of 7. thermophilus
RNAP and £. coli DksA 4, is consistent with some experimental data, such as competition
with GreB for binding to RNAP, but it does not explain other results, such as the effects of
changes at the RH tip on DksA binding 8. This model was built on the assumption that in the
DksA-RH complex the interactions between the CC domain of DksA and RH closely
resemble the packing contacts between the CC domains of two DksA molecules in the
crystal.

Using a recently published hybrid EM/X-ray model of an £. co/i EC 19, we constructed a
model of DksA bound to EC (Fig. 3); see Methods for details. This model explains the
observed effects of DksA Asn88lle 13 and RH Leu672/Val673 substitutions 8 on DksA/
RNAP interactions and reveals two minor clashes between DksA and RNAP. The N-terminal
helix of DksA (residues 12-18) clashes with RH; this clash can be removed by repositioning
of the N-terminus, which may be flexible. We also observe a clash between the base of the
DksA CC domain and i6, which could in principle be removed by a pivoting movement of i6
relative to the body of RNAP. This clash is consistent with the stimulation of DksA activity
by the i6 deletion & and may also explain why DksA binds with high affinity to free RNAP
but not to open complexes 20 or most ECs where the i6 position may be constrained (see
Discussion).

We do not have experimental evidence for conformational changes in RNAP upon DksA
binding but we note that a small shift in i6 would be sufficient to accommodate DksA in the
SC. In contrast, binding of other SC regulators may be accompanied by dramatic structural
changes, e.g., “ratcheting” observed with Gfh117. A model of GreB bound to the £, coliEC
suggests that GreB would severely clash with i6 (Supplementary Fig. 4), unless i6 undergoes
a large-scale movement, for example, upon unfolding of the TL 7. However, dramatic
changes in the GreB-bound EC remain to be demonstrated, whereas the inhibition of RNA
chain elongation by a cleavage-deficient GreB variant 2 and the ability of GreB to bind to the
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active EC (Supplementary Fig. 3) suggest that such changes may not be absolutely
necessary.

A potential limitation of our model lies in the assumption that DksA is rigid, whereas even
minor rotations and translations would affect individual contacts between RNAP and DksA.
Therefore, this model is cannot predict specific interactions between the two proteins.
Consequently, in our analysis we use gross features of the model, the relative dispositions of
the contacting regions of DksA and RNAP.

We next tested several predictions of this model using deletion variants of DksA and RNAP.
First, since B” RH interacts with the C-terminal helix of DksA, deletion of this helix would
be expected to compromise DksA binding. We found that deletions of five and ten C-
terminal residues in DksA compromised its effect on transcription (Fig. 4a) and the deletion
variants failed to compete with the WT DksA for binding to core RNAP (Supplementary
Fig. 5). Although we cannot exclude a possibility that these truncations may alter DksA
structure, observations that (i) this region makes no contacts to the rest of the protein 4; (ii)
the truncated proteins exhibit similar to the WT DksA expression levels, solubility,
chromatographic behavior, and differential scanning fluorescence profiles (RF and 1A,
unpublished data); and (iii) a DksA variant containing a stop codon at Glu146 (a 6-residue
deletion) is stable in vivo 21 argue against dramatic structural changes.

Second, since the N-terminal helix of DksA clashes with RH, removing this clash may favor
DksA entry into the SC. Consistently, a deletion of N-terminal 18 residues potentiated DksA
effect on initiation (Supplementary Fig. 6) and termination (Fig. 4a). Interestingly, a
substitution of Leu15 for Phe increased DksA affinity for RNAP 13; we hypothesize that this
substitution destabilizes interactions between the N- and C-terminal parts of DksA, thereby
relieving the clash between N-terminal helix and RH.

Third, since i6 movements are not constrained in the absence of the nucleic acids, DksA
should bind to core RNAP with higher affinity than to ECs. Using Fe-mediated cleavage
assay 20, we found that DksA affinity for the active EC was reduced 14 fold (Fig. 4c). DksA
affinity for the backtracked EC could not be measured accurately at attainable EC-2
concentrations; we estimate at least 20-fold reduction in affinity. The SC regulators may
bind to RNAP in two steps, first docking on the RH and then entering the SC ad hoc 22.
Similar Kd values obtained by Fe-mediated «OH cleavage assay, which detects only the
second step, and fluorescence anisotropy &, which measures total binding, are consistent
with a single binding mode for DksA, at least with the core RNAP.

The extent of DksA cleavage was significantly reduced in the EC as compared to the core
enzyme. Similar effects were observed by Gourse and colleagues in DksA-RPo complex 20
and with DksA variants 8, These authors concluded that the efficiency of cleavage by «OH
generated at the RNAP active site is an indicator of the local conformation of the CC tip
region, rather than a quantitative measure of DksA affinity, the lifetime of the DksA-RNAP
complex, or its functional state. The reduced DksA cleavage in the EC may be due to an
increased distance between the CC tip and the active site or to the quenching action of the
TL that may become folded upon interactions with DksA (see Discussion).
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Fourth, removal of i6 would allow unimpeded DksA access into the SC in the EC. Indeed,
an apparent affinity of WT DksA to the EC formed with the Ai6 RNAP was more than five-
fold higher than to the WT EC. In contrast, in the absence of a nucleic acid scaffold DksA
interacted with both the WT and the Ai6 RNAPs similarly (Fig. 4b, c), consistent with i6
flexibility in core RNAP.

Finally, we reasoned that the deletion of the jaw, which interacts with i6 and likely with the
downstream DNA 23 and reduces lifetimes of open promoter complexes similarly to

Ai6 24 25 may also favor the action of DksA. We found that a deletion in the jaw (B’
residues 1149-1190) makes RNAP hypersensitive to DksA (Fig. 4a and Supplementary Fig.
6) and allows DksA binding to the EC formed by the Ajaw RNAP, although the effect was
less dramatic than that conferred by the deletion of i6 (Fig. 4c). In combination, these results
support the proposed mode of DksA interactions with the EC (Fig. 3).

Genome analysis reveals concordant distribution of i6 and DksA

Our model suggests that the B’ i6 domain restricts DksA entry into the SC to ensure that
DksA does not bind to EC indiscriminately. If this hypothetical role of i6 were important, i6
would be expected to be present in genomes that encode DksA. To ask whether this were
true, we analyzed DksA and i6 distribution in microbial genomes. To reduce the effects of
the sampling bias, we carried out this analysis using 572 genomes representing their genera
from the set of 1515 completely sequenced genomes (see Supplementary Data for details).

We first needed to define i6 and DksA. The i6 domain is located at positions 943-1130 of £.
coli B’ and is flanked by relatively conserved segments of TL, but is variable among
different species (Supplementary Fig. 7). Here, we labeled all proteins with insertions
exceeding 60 residues at this position as i6 positive.

DksA belongs to a diverse group of DksA/TraR regulators that constitute COG1734 28, £,
coli DksA has two characteristic features, a Cys4 Zn finger proposed to determine the
orientation of the two domains 4, and a long CC with two Asp residues at its tip (Fig. 1).
Interestingly, neither the Zn finger nor the CC domain is indispensable. Pseudomonas
aeruginosa DksA2 has a full-length CC but carries substitutions in the Zn finger (Fig. 5a)
which eliminate zinc binding 27 but do not dramatically alter the structure (RF et al., in
preparation), whereas £. coli TraR contains a Cys4 Zn finger but lacks the N-terminal helix
of the CC motif. Both proteins act similarly to £. coli DksA in vitro and partially
compensate for its absence 7 vivo 1 27; however, a shorter TraR would not be expected to
clash with i6. For the purpose of this analysis, we define two features of an “active” DksA:
(1) along CC domain and (2) a DxxDxA motif at the tip of an extended domain (CC in
DksA and DksA2 or a single helix in TraR; Fig. 5). Substitutions in this motif compromise
function of DksA 18, DksA2 (RF et al., in preparation), and TraR L. Interestingly, although
the first Asp residue is dispensable for £. coli DksA function 18, this residue is highly
conserved in the DxxDxA motif.

We reconstructed an approximate maximum likelihood phylogenetic tree of 965 DksA-like
proteins that have an N-terminal extension using the FastTree program 28. The intact
DxxDxA motif was found in 677 sequences that we here tentatively define as functional
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DksAs (Fig. 5b). 227 sequences contained a variation of this motif where the first Asp is
replaced by His and/or Ala by Gly. While the wide distribution of this class suggests a
potential function, it may be distinct from that of DksA where the Ala residue is critical for
activity 18,

Among 572 genomes, 230 have both functional DksA and i6, whereas 223 have neither. 119
genomes encode i6 but not DksA (Fig. 5c¢); in these bacteria, a non-homologous regulator
may play a similar to DksA role. Thus, the distribution of DksA and i6 is strongly
concordant: compared to the random expectation, the discordant patterns (DksA~i6* and
DksA*i67) are underrepresented by a factor of 2.5 (XZ test p-value of 8x107°4). Most
strikingly, not a single genome has DksA unaccompanied by i6.

If the only role of i6 were to control access of DksA into the SC, the deletion of dksA could
suppress the overexpression toxicity of Ai6 RNAP in £. coli . However, since removal of i6
compromises binding of GreA and GreB to RNAP, and greA aksA 2° and greA greB dksA°
strains exhibit severe growth defects, we would expect to see a phenotype that resembles the
greA greB dksA mutant upon deleting dksA in the Ai6 RNAP background. Indeed, we found
that deletion of dksA in two different strain backgrounds exacerbated inhibitory effects of
Ai6 RNAP (IA, unpublished data). We reason that an intricate interplay between different
SC binding proteins in the cell% 29 precludes straightforward analysis of the DksA effect on
A6 toxicity /n vivo.

Discussion

Here, we show that although DksA and GreB compete for binding to free RNAP, they do not
interfere with each other’s activities during elongation. We suggest that these and other SC
factors bind to different conformations of the EC, which are in turn dictated by TL and
adjacent p’ domains. Most importantly, we show that the i6 insertion in the B” subunit
controls DksA binding to the EC.

Balanced action of the SC regulators

To maintain proper control of gene expression, the cell must keep a balance among all,
known and putative, SC regulators. Synthesis of some of these proteins may be triggered in
response to a particular signal, such as zinc limitation 27. However, £. coli GreA, GreB and
DksA are present at constant levels throughout the cell cycle 9, in part due to feedback
inhibition 2% 30 of their promoters, and an artificial increase in levels of one protein leads to
pleiotropic effects on expression of many genes 2% 31, While some of these changes are
consistent with similar effects of all three factors on gene expression, others are not. Many
of these overexpression phenotypes are not altered by substitutions of the “catalytic” acidic
residues in GreA and DksA 29, suggesting that they are due to competition for RNAP rather
than to modification of transcription complexes. /n vitro studies also paint a complex picture
of similar and different effects on transcription. It is currently unknown which in vivo effects
are direct and at what step of the transcription cycle they are exerted. We argue that RNAP
controls which SC regulator binds to it depending on the context, directly affecting
competition among them.
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Direct and indirect control by i6 and TL

The available data support a model in which the TL/i6 module plays a key role in regulation
through the SC. Removal of the £. co/i i6 inhibits activity of GreB 14 but increases activity
of DksA during elongation 8. These effects may be direct, mediated by (favorable or
unfavorable) interactions between the i6 domain and the regulator, or indirect, mediated by
conformational changes in TL. Zenkin and colleagues showed that TL is dispensable for the
action of 7. aquaticus Gre and proposed that Gre factors take place of TL in backtracked
ECs, thereby enacting a switch from polymerization to nuclease activity 7. i6 could mediate
Gre activity indirectly, by influencing TL movement out of the SC; a putative change in TL
is consistent with observations that Ai6 RNAP is resistant to pausing 24, which is
accompanied by TL misfolding 32.

In the case of DksA, the main effect of i6 is likely direct - our modeling suggests that i6
hinders the entry of the CC domain into the SC (Fig. 3). Consistently, removal of i6
enhances DksA effects on elongation 8 and binding to ECs (Fig. 4). Small deletions in i6
(A1045-1053 and A1040-1048::1) that should not eliminate a hypothetical clash with DksA
had no effect on destabilization of promoter complexes by DksA, but conferred strong
defects in pausing, and thus presumably altered TL in a similar way 33, arguing against the
indirect, TL-mediated effect of i6 on DksA activity. Nevertheless, we cannot exclude a
possibility that removal of i6 also favors DksA activity by altering TL conformation. DksA
effects on initiation are mediated in part through TL 34 and while completely folded TL is
likely incompatible with DksA binding (OT, unpublished observations), it is possible that
DksA and TL may undergo concerted changes in the SC. A putative interaction with DksA
may “trap” a particular TL state, a common mechanism of bacterial RNAP inhibitors 35: 36,
For example, DksA may act similarly to tagetitoxin, which we hypothesized stabilizes a
folded state of TL 35; consistently, tagetitoxin and DksA/ppGpp are competitive 37 and a
R933A substitution in TL confers resistance to both tagetitoxin 3% and DksA
(Supplementary Fig. 6). In contrast to tagetitoxin, the tip of DksA CC could be mobile (Fig.
3) and may undergo induced-fit changes upon binding to TL to establish productive
interactions. We note, however, that TL is not required for DksA binding to RNAP &

In summary, although GreB and DksA share the binding site on RNAP and some effects on
transcription (Fig. 6), they differ dramatically in interactions with TL and i6. Gre proteins
compete with TL, and their entry into the SC necessitates TL displacement, which occurs
upon backtracking 7. Although our data suggest that £. co/i GreB may bind to i6 in these
complexes, these interactions are not universally conserved but rather are a result of co-
evolution in those species that have i6. In contrast, DksA likely establishes a functional
contact with TL 34 and its binding to EC is hindered by i6. Differential contacts with i6
likely ensure that DksA, which outnumbers GreB 10:1 in the cell 2, does not exclude GreB
from arrested complexes: DksA affinity for backtracked ECs is more than 20 times lower
than to core RNAP (Fig. 4c) whereas GreB binds backtracked ECs as tightly
(Supplementary Fig. 3c) as the core enzyme 38,
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What transcription complexes does DksA target?

Methods

Reagents

Proteins

Termination

We hypothesize that i6 serves as a sensor of RNAP state, thereby directing GreB and DksA
action to a subset of transcription complexes. i6 is thought to move when TL unfolds 19, e.g.,
during backtracking; this movement may favor i6/GreB interactions or facilitate GreB entry
into the SC, explaining why GreB binds to WT EC-2 ~10-fold better than to complexes
lacking i6 (Supplementary Fig. 3). In contrast, while DksA binds to ECs with at least 14-
fold lower affinity than to the core enzyme when i6 is present, this difference is reduced to
~2.5 fold when i6 is deleted (Fig. 4). We suggest that i6 mobility may explain these
differences: in EC (and RPo, which also binds to DksA poorly 29), position of the jaw, which
makes extensive contacts with i6, is constrained by the duplex DNA downstream from the
active site, whereas in the core enzyme both i6 and jaw can be mobile. However, in vitro®
and /n vivo 11 data show that DKsA is able to act during elongation by WT RNAP. What
makes an EC a target for DksA?

We propose that weakened RNAP interactions with the downstream DNA may trigger the i6
release, allowing for DksA binding. At rrnB P1, DksA acts upon a promoter complex
intermediate in which these contacts are not yet established, but not on RPo 34. During
elongation, RNAP contacts with the downstream DNA may be altered by the presence of a
roadblock or a lesion; however, our observations that DksA alters elongation /n vitroin the
absence of roadblocks & suggest that DksA may bind to a transient intermediate in which i6
is repositioned, perhaps due to changes in TL. The effect of DksA on termination suggests
that these interactions may also be altered when RNAP encounters a terminator.

Oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA), NTPs —
from GE Healthcare (Piscataway, NJ), 32P-NTPs — from Perkin Elmer (Waltham, MA),
restriction and modification enzymes — from NEB (Ipswich, MA), PCR reagents — from
Roche (Indianapolis, IN), other chemicals — from Sigma (St. Louis, MO) and Fisher
(Pittsburgh, PA). Plasmid DNAs and PCR products were purified using spin kits from
Qiagen (Valencia, CA) and Promega (Madison, WI). All plasmids are listed in Table 1.

DksA 4, GreB, and RNAP 5 were purified as described previously. DksAA35C was labeled
with Atto 488 maleimide (Sigma); an excess dye was removed using G50 columns (GE
Health). Labeling efficiency ranged between 60 and 100%. HMK-tagged DksA and GreB
were labeled with 32P-[yATP] using cyclic AMP protein kinase as described in °.

assays

Templates for /n vitro transcription were generated by PCR amplification. Halted C105 ECs
were formed in TGA14 (20 mM Tris-acetate, 20 mM Na acetate, 14 mM Mg acetate, 14
mM 2-mercaptoethanol, 0.1 mM EDTA, 5% glycerol, pH 7.9) with the starting substrates
(150 pM ApU, 5 M ATP and GTP, 2 uM CTP, 2 uCi of 32P-[a.CTP]; 3000 Ci/mmol) during
15 min incubation at 37 °C. Elongation was restarted by the addition of NTPs (to 250 uM)
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and heparin (to 10 pg/ml). The reactions were incubated for 10 min at 37 °C and quenched
by addition of an equal volume of STOP buffer (10 M urea, 50 mM EDTA, 45 mM Tris-
borate; pH 8.3, 0.1% bromophenol blue, 0.1% xylene cyanol).

RNA cleavage assays

Halted complexes (A26) were prepared on plA226 template in TGA2 buffer (same as
TGAL14 above but with 2 mM Mg?2* to minimize intrinsic cleavage) supplemented with ApU
at 150 uM, ATP and UTP at 2.5 uM, GTP at 1 uM, and 5 uCi of 32P [aGTP] (3000 Ci/
mmol) during 15 min incubation at 37 °C and purified through G50 spin columns (GE
Health). DksA (or storage buffer) was added followed by 3 min incubation at 37 °C.
Cleavage reactions were initiated by the addition of GreB and quenched at selected times.

Sample analysis

Samples were heated for 2 min at 90 °C and loaded on denaturing acrylamide (19:1) gels (7
M Urea, 0.5X TBE). RNA products were visualized and quantified using a Phosphorimager
Storm 820 System (GE Healthcare), ImageQuant Software, and Microsoft Excel.

Binding assays
Fe cleavage assays were performed as described in 20 using Atto 488-labeled
DksAA3SC 32p[y ATP]-labeled HMK-DksA or HMK-GreB. See Supplementary Fig. 1 for
additional details. Active ECO and backtracked EC-2 complexes were assembled on
oligonucleotide scaffolds (see Supplementary Table 1) at a 2:1 ratio of scaffold to RNAP to
minimize the fraction of free RNAP. ECs were tested for nucleotide addition and Gre
cleavage to ascertain the correct assembly. Activity assays and cleavage assays indicate that
under these conditions core RNAP is completely bound to the scaffold. Titrations were done
using increasing concentrations of ECs or free RNAP, with 10 nM DksA for ECs and 1 nM
for RNAP (or 1 nM 32P[-yATP]-labeled GreB). Gels were analyzed using Typhoon 900 (GE
Healthcare); see also Supplementary Data. An apparent Kd was calculated using the
Scientist software (MicroMath) from at least three independent experiments.

Competition assays

100 nM of fluorescently labeled DksA was incubated with RNAP and 2 uM of a competitor
protein for 15 minutes at 300C. Fe-mediated cleavage was induced as described in 20,
Details are provided in the figure legends.

Construction of the DksA/EC model

In building of the complex, DksA and the EC model were treated as rigid bodies. DksA CC
was initially positioned on the enzyme similarly to GreB, for which a low-resolution EM
model 16 and a large body of biochemical data 3 5 13 are available. Partially overlapping
effects of GreB and DksA % 18 argue that this approach is justified. The position and
orientation of DksA were then adjusted to avoid steric clashes and satisfy several
experimental observations, as follows. First, the DksA CC tip is located within 10 A of the
active site Mg2* ion, consistent with the observed cleavage by *OH radicals generated in the
active site (Fig. 1b). With its tip fixed, the orientation of the DksA CC still needed to be
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determined. Steric constraints of the SC leave two rotational degrees of freedom, one in the
plane parallel to RH and another around the axis along the helices of the CC domain. These
rotations were determined, respectively, from two observations: (i) The RH tip interacts with
DksA, explaining effects of Leu672/Val673 substitutions for Ala, Arg or Asp on DksA
activity and binding 8. In order to satisfy this observation, the C-terminal helix of DksA
needed to be brought into contact with RH by a minor rotation of DksA. RH tip substitutions
for Ala abolished DksA & but not GreB ° function, indicating that these substitutions do not
alter the RH structure. Indeed, while the RH structure is conserved, its sequence, including
the tip residues, is variable. (ii) DksA Asn88 faces RH, consistent with an increase of DksA
affinity for RNAP as a result of an Asn88 substitution for Ile 13,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
DksA and GreB bind to the same site on free RNA polymerase.
DksA does not bind to elongation complexes and cannot compete with GreB.
The i6 domain prevents DksA binding to transcription complexes.
All bacterial genomes that have DksA also have i6.

DksA may target transcription complexes in which i6 becomes mobile.
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Fig. 1.
DksA and GreB share a similar structural organization and compete for binding to RNAP.

(a) Structures of £. coli DksA * and GreB °. Both proteins contain functionally critical
acidic residues (indicated by red spheres) at the tips of their CC domains. A zinc atom bound
to the Cys4 Zn-finger in DksA is shown as a green sphere. (b) Competition between
fluorescently labeled DksA”35C (100 nM) and unlabeled factors (Comp, 2 uM) for binding
to core RNAPs (400 nM) by Fe-mediated cleavage; FL - full length DksA, CL - cleaved
DksA.
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Fig. 2.

DksA and GreB target different ECs. (a) Transcript cleavage assays. Halted 32P-[aGTP]
labeled A26 ECs were formed on plA226 template. DksAN88! was added at 10 pM where
indicated. Cleavage reactions were started by addition of GreB (to 100 nM); aliquots were
quenched at the indicated times. The fraction of uncleaved A26 RNA after 1 min incubation
is shown below the gel. The assay was repeated at least three times for each combination of
factors; the differences between independent measurements were within 10%. (b)
Termination assays were carried out on plA1088 (rrnB8 T1) template with 2 pM DksAN8é!
and 20 uM GreB. The data represent the average + standard deviation for three independent
experiments. (c) DksA binds poorly to active (EC0) and backtracked (EC-2) complexes
assembled on scaffolds; 32P [yATP] -labeled DksA (at 10 nM) was incubated with
increasing concentrations RNAP or EC (up to 1.2 uM) for 15 minutes at 37°C. Following
Fe-mediated cleavage for 15 minutes at 37°C, the reactions were analyzed on denaturing
SDS gels.
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Fig. 3.

The B’ i6 domain controls DksA access into the SC. A model of DksA bound to £. coli EC.
RNAP is shown as transparent surface, B’ is in light cyan, p — in wheat, a and w — in grey.
DNA is in black and RNA — in red. The active site Mg is shown as a magenta sphere. The B’
regions discussed in the text, RH (green), jaw (dark purple), and i6 (cyan), are shown as
strings. DksA is shown as a cartoon and colored as in Figure 1; Asn88 in DksA (yellow) and
the RH tip residues (green) are shown as spheres. Two regions are colored red to indicate
their conformational flexibility: (1) TL, which is known to change conformation during the
nucleotide addition cycle and upon binding of inhibitors, and (2) the tip of DksA CC and its
flanking helical regions that are flexible, as evidenced by our recent structural data (Furman
et al., in preparation).
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Functional tests of the EC/DksA model. (a) DksA ability to stimulate termination at Atr2 /in
vitrois altered by changes in RNAP and DksA. The data represent the average + standard
deviation of three independent experiments. (b) Deletion of i6 facilitates DksA binding to
EC. 32P[yATP]-labeled DksA (10 nM) was incubated with increasing concentrations of
core, an active EC, or a backtracked EC formed with different RNAP variants. The cleaved
fraction of DksA was plotted against RNAP concentration and the apparent affinity was
calculated from an average (+standard deviation) of at least three independent repeats. The
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maximum cleavage of DksA in the presence of EC was lower as compared to free RNAP
(10% compared to 30% respectively). (c) The deletion of i6 and a partial deletion of the jaw
domain increase the affinity of DksA to the EC. We could not determine the affinity of DksA
to EC-2 in the concentrations range tested.

J Mol Biol. Author manuscript; available in PMC 2017 July 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Furman et al. Page 20
(a) Globular Coiled-coil Domain
[ ———————————— e
E.coli Dkalh  MOBGONRETSSLEILAIAGVESYQEKPGEE TMURAQLANFTALL VT ANTPO mcnz. x1 TEKT RSCGVEIGIRAL TOCET
V.chol DkaA MIRS  KEKTLOILAIASVESYQERPGEETMSPGOITHITEILEANMNOLAREVORTVIIQOEAANTID  IVERASCETErSLEL IEXTLONY 168 LLIDCKTIAK
P.sere DksA  MSTX ¥ TAIL VORY ANFID . PABRASCEXEYSLEL IKKIDETLOLIED CVEICIRALEARPTATLC IDCKTLAR IRERGLGS
P.aeru_DksAZ wrEQ ELLAQ - PDAA r LLRQROEL SDLER ,.u_ ALLERERNLLOK I DEALERL oR: SALLLAPTATLE [ EAKERQEIRERHVIHN
E.coli_Rnk MIRP TIIINDLDAERIDI LLEQPATAGLE TADALNARLORAQM. S VEEMPRDVYT RN L VY ") ALLGLIVGDS [ BWEL LXVLELETQPE « « «
E.coli_Trak nﬂ'{tmmnma INRIRQEINAHGIPVY LCEACGNP T PRARRXI FFGVTLOVECQAY CRRQRIHYA
T.teng 7 MONT oM mmxm:muw L QN RERALEATI PYTTLOSSCAXENDLELXDLIONS
D xxDxA CxxC Cxxt
HIDxxDxA/G |/

(b) 4 W C

| + ¥/,

[ ' ZnF /e

ZnF"

f /
DxxDXA ¢ Y, , /

i6 i6

] r J
/ XxxXxX <
ZnF

DksA’ 223 119

DksA* 230

Fig. 5.
Distribution of DksA and i6 in bacterial genomes. (a) Alignment of the £. co/i DksA, TraR

and Rnk and DksA-like proteins from Vibrio cholerae, P. aeruginosa, and
Thermoanaerobacter tengcongensis. The CC tip DxxDxA motif is highlighted in green, the
Cys4 Zn finger - in yellow. (b) A phylogenetic tree of DksA-like proteins. Colors of the
branches correspond to different COG1734 families: black, canonical Zn-finger DksAs; dark
blue, DksA2-like proteins lacking the Zn-finger; green, Zn-finger proteins that contain
(potentially inactivating) substitutions in the CC tip; blue, proteins that lack both the Zn-
finger and a “functional” CC tip; magenta and red, variants with or without the Zn-finger,
respectively, that lack the DxxDxA motif. (c) Distribution of DksA and i6 in representative
genomes.
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Gre factors DksA

Transcription initiation
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RNA cleavage activity
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Fig. 6.

Similarities between DksA and GreB activities and interactions with RNAP domains. See
text for detailed discussion and references.
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Table 1
Plasmids.
Name Description Source/reference
plA226 | APg promoter-A26- hisP 39
pIA247 | Py, promoter —nusGHise 40
plA536 B P1 promoter 27
pIA576 | P, promoter \[HMK]greB Hist 5
PIA578 | P; promoter —greA His6 This work
PIAS79 [ Py promoter ~CBP[HMK]aksA 4
PIAGBO | p; promoter ~CBP aksA[A147-151] This work
pIAG8L | Py; promoter ~CBPgksA/N142-151] This work
PIAB40 | Pr; promoter —CBD gksA[NSSI] 8
pIA1024 | P, promoter—rpoA-rpoB-rpoCA 1149-1190]H%6—rpoz | This work
pIA1047 | Py, promoter-CBP gksA[A35C] 8
plA1088 | T7Al promoter—-C105- rrnB T1 terminator 8
plA1116 | T7A1 promoter-C105-Atr2 terminator This work
pIA1152 | P, promoter —°dgksA[A1-18] This work
pVS10 P+7 promoter—rpoA—rpoB—rpoCist-rpoz 4
pVvsil P+ promoter —*BPaksA 4
pVS14 P17 promoter—rmoA-rpoB —rpoC[A943-1130]His6-rpoz | 42
pVSs50 P+7 promoter—rpoA-rpoB-rpoCl672,673DD]"6-poz | 5

JCBD = Chitin-binding domain - intein fusion from pTYB12 (NEB); HMK = heart muscle kinase recognition motif, RRASV.
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