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Insights into lllicit Transport and Transcription Regulation from a

Chemical-Genomic Screen in Escherichia coli.

Anthony Shiver

Abstract

Living organisms are comprised of crowded and highly interconnected networks of biological
molecules and metabolites. The scale and complexity of these networks makes them difficult to
completely characterize, even for relatively streamlined organisms like the bacterium
Escherichia coli K-12. After decades of work, many aspects of the growth and physiology of E.
coli remain poorly understood. Its regulatory pathways remain only partially mapped.
Functional-genomic approaches hold the promise of speeding discovery and characterization of

the molecular networks underpinning life.

In this work, a chemical-genomic screen was conducted for two purposes. First, we were
interested in the genetic-networks that make up an E. coli cell. Could we build on previous work
to expand our knowledge of gene function in this model bacterium? Second, we were interested
in pushing the resolution of functional genomics, not to characterize the relationship between
genes in an organism but to characterize the relationships of amino acids and structural features

of a single enzyme; RNA polymerase (RNAP).

To accomplish these tasks, we first used oligo-mediated recombineering to build a library of over
150 mutants in RNAP. We then screened this library of mutant strains, along with the KEIO
deletion library of E. coli, for growth across more than 100 unique chemical stresses using
colony array technology. This generated a map that expanded the chemical-sensitivity landscape

of E. coli.
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From features within this landscape, we identified a unique mechanism of illicit transport
wherein the translation inhibitors kasugamycin and blasticidin S gain access to the cytoplasm of
E. coli by hijacking the peptide ABC-importers Dpp and Opp. We used genetic analysis, in vivo
translation assays, and in vitro binding assays to show that the peptide ABC-importers directly

import the two drugs.

Next, we identified a new binding interface within RNAP that allows for the binding and
function of the critical transcription regulator DksA. We used genetic analysis, in vitro site-
specific crosslinking, molecular modeling, and functional assays of transcription both in vivo and
in in vitro. We found that the lineage specific insertion SI1 directly binds DksA and is critical for

the effects of DksA on transcription.
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Introduction

"It is interesting to contemplate a tangled bank, clothed with many plants of many kinds,
with birds singing on the bushes, with various insects flitting about, and with worms
crawling through the damp earth, and to reflect that these elaborately constructed
forms, so different from each other, and dependent upon each other in so complex a

manner, have all been produced by laws acting around us.”

-Charles Darwin, On the Origin of Species, 6™ ed

Citations:

Parshin A*, Shiver AL*, Lee J, Ozerova M, Schneidman-Duhovny D, Gross CA, Borukhov S.
DksA regulates RNA polymerase in Escherichia coli through a network of interactions in the
secondary channel that includes Sequence Insertion 1. Proc Natl Acad Sci U S A. 2015 Dec

15;112(50):E6862-71.
*These authors contributed equally to this work.

Shiver AL, Osadnik H, Kritikos G, Li B, Krogan NJ, Typas A, Gross CA lllicit transport of
antibacterial compounds revealed by an expanded chemical-genomic dataset of E. coli (in
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The metaphor of a tangled bank encapsulates the wonder that most feel when thinking of the
complex networks that connect and govern organisms. The driving forces of life are all found on
a small bank, inhabited by a myriad of individuals, all competing for space and resources, all
striving to reproduce. There was another world on this bank that Darwin never saw. A world
lurking just behind, right below, and within the world he described. Moving down to the
microscopic scale, it becomes immediately apparent that other forms of life, completely foreign
to us, are dominant on this planet. Indeed, a single gram of the damp earth trodden by Darwin’s
creatures contains tens of thousands of unique microbial species and more than one million

individual organisms (1). Earth is the domain of microbial life.

The miniature bank that these microorganisms inhabit hosts the same evolutionary forces: feast,
famine, competition, cooperation, and extinction. It has also produced the same complexity, the
same diversity, and the same interdependencies. There are bacteria that have specialized in fixing
nitrogen and those that denitrify, bacteria that produce methane and those that use it for energy.
While the force of natural selection has shaped these microbial communities, the microscopic
world is too wild to be limited to Darwin’s hypotheses on inheritance and evolution. Horizontal
gene transfer via self-replicating systems like bacteriophage and plasmids breaks the law of
vertical inheritance, complicating our concept of a species, and the bacterial systems that fight
these self-replicating systems often operate through a decidedly Lamarckian mechanism of

inheritance.

Microbial life has much to teach us, and we have only begun to learn its secrets. Despite many
differences, there are a few key traits shared by all forms of life. One of the fundamental
similarities between all forms of life is the DNA code, another the mechanism by which this

DNA code is read. A recent push in microbiology has been to interpret the information contained



within the genome of an organism and predict what it means for the capabilities and lifestyle of
an organism. This is critical to begin to unravel the complex interdependencies and behaviors of
a microbial ecosystem, especially for those species that have yet to be cultured. However, our
ability to interpret the information in these genomes is limited. Many of the genes that we find
have an unknown function, getting us no closer to better characterizing a microbial species. Is
there a way to quickly characterize gene function? If so what extra can we learn about the

lifestyle and behaviors of a microbe?

In answering these questions for a single bacterial organism, Escherichia coli K-12, we made
new connections that brought us back to the tangled bank and the diversity of bacterial life. We
found a new molecular detail in the ancient chemical warfare that has been waged between
microbial species. A critical antibiotic for agriculture, kasugamycin, uses a Trojan-horse
mechanism to enter bacterial cells and kill them. We also identified a new molecular handle used
to control transcription, the mechanism by which the DNA code is first read. This handle is a
molecular marker that can be used to identify transcription regulatory mechanisms in a diverse

set of bacteria.
A Parts-List of Escherichia coli Using Chemical Genomics

With the burgeoning field of genomics an ever-increasing number of bacterial species have had
their genome sequenced and assembled. These sequenced genomes contain all of the information
necessary for the growth and reproduction of an organism under a wide variety of environmental
conditions. However, our ability to understand this information is still lacking. By analogy, a
sequenced genome contains a “parts-list” of an organism. While we can find and list the genes
found within a genome, we often have little information on the function of these individual

genes. That is, we have a parts-list of an organism, but no notes on the purpose of many of the



parts. The list of genes of unknown function in bacteria is considerable. Even well studied

organisms like Escherichia coli have no known function for ~20% of the ~4500 genes present.

The field of functional genomics has arisen in the attempt to use genome-wide approaches to
characterize gene function on a global scale. One methodology, chemical genomics, has made
important strides towards characterizing gene function in bacteria. Chemical-genomic
approaches use large mutant libraries and large set of growth conditions to search for a
connection between genotype and phenotype that can lead to unraveling the function of a gene.
The discovery of a phenotype for a particular mutant in a specific condition, termed a conditional
phenotype, is a powerful tool to associate gene function with the biological processes that are
associated with growth in a particular condition. Growth without nutrients can identify
auxotrophs, growth after exposure to UV irradiation can identify genes involved in the SOS
response and DNA repair, etc. Testing a comprehensive mutant library of an organism against a
comprehensive set of growth conditions thus has the potential to identify the function of every

gene in an organism, completely annotating its parts-list.

Nichols et al. used a large-scale deletion library of E. coli and screened for growth across more
than 100 unique chemical stresses and growth conditions (2). Despite the discovery a large
number of conditional phenotypes, roughly half of the library was “unresponsive” to the test set
of growth conditions. This indicated that many conditional-phenotypes remained to be
discovered. Motivated both by a desire to characterize new conditions and discover novel gene
functions, we sought to expand the chemical-genomic dataset of E. coli K-12. We screened the
same large-scale mutant library against more than 50 conditions, split equally between those that
overlapped the large-scale chemical-genomics dataset of Nichols er al. and entirely new

perturbations designed to broaden the scope of chemical stresses used against E. coli K-12. We



successfully integrated the current screen with the Nichols ef al. dataset, creating a resource that
contained new conditional phenotypes while taking full advantage of previous experimental
efforts. The integrated dataset provides an expanded global snapshot of drug action and stress
response in E. coli K-12. We highlight expanded views of the genetic determinants of stress
responses, conditional-sensitivities that differentiate antibiotic families according to mechanism,

and new correlative leads for gene function.
lllicit Transport in Escherichia coli and Beyond

Many bacterial genes are devoted to the acquisition and use of different nutrients. ABC-
importers recognize beneficial compounds and import them into the cytoplasm. The inner
membrane is impermeable to hydrophilic compounds, preventing their entry. To circumvent this
issue, bacteria express inner membrane transport complexes that recognize solutes and transport
them into the cytoplasm. Often individual compounds have devoted ABC-importers, as is the
case for many amino acids. In addition to beneficial compounds, the inner membrane is a barrier
to hydrophilic antibiotics. Antibiotics with cytoplasmic targets must overcome this barrier to
exert their effects. To accomplish this, many antibiotics mimic beneficial compounds to be
recognized and imported by the devoted import complexes. The process of a harmful antibiotic
being transported through an import complex devoted to another beneficial compound is known
as illicit transport. The antibiotics that use this mechanism for import are also referred to as

Trojan-horse compounds.

The peptide permeases, a diverse class of bacterial ABC-importers, recognize and import
peptides for metabolism and signaling. Many of the peptide ABC-importers investigated so far
can recognize a wide range of peptide primary sequences. This sequence non-specificity is

important for being able to recognize the N* possible peptides of length N. The peptide ABC-



importers illicitly transport multiple antibiotics. These include compounds that are peptides (3),
antibiotics with peptide moieties (4), and others (5). Because of these relaxed recognition
requirements, the peptide ABC-importers were recognized early on as a tempting target for the
import of designer molecules, and successfully used to import impermeable amino acid

analogues (6).

In the middle of the 20™ century there was a concerted effort to find antifungal compounds that
were effective against Magnaporthe oryzae, the causative agent of rice blast. In the 1950s,
blasticidin S was discovered and developed as a treatment for rice blast. In the 1960s,
kasugamycin was discovered and found to be superior to blasticidin S in many aspects. While
both compounds are translation inhibitors with a significant overlap in sensitive organisms,

including Escherichia coli, they are chemically dissimilar and were though to be unrelated.

By investigating a new feature in the integrated dataset, we discovered and characterized an
illicit transport mechanism for kasugamycin and blasticidin S. The compounds are illicitly
transported through two prominent peptide ABC-importers in Escherichia coli. Blasticidin S is
imported through oligopeptide permease (Opp) and Kasugamycin is imported through both Opp
and dipeptide permease (Dpp). Kasugamycin has recently been for treatement of Erwinia
amylovora, a bacterial phytopathogen that causes fire blight, in the U.S. Loss of peptide ABC-
importer function may be the first resistance mechanism to treatment and the identification of
this mechanism may allow for rapid assessment of drug resistance and better antibiotic

stewardship.
A Molecular Handle for Controlling Transcription

In bacteria, all transcription is performed by a single, essential, enzyme-complex: RNA

polymerase (RNAP). In addition to being the target of a number of antibiotics, RNAP is a model



system for studying regulation, protein-DNA interactions, and structure-function relationships.
Structure-function studies have focused on critical features of the active site region whereas
peripheral regions the enzyme complex have received little or no effort. Furthermore,
biochemical approaches have by necessity been limited to a small subset of promoters and DNA
sequences, leaving the larger context of transcription in the cell unexplored. Braberg et al (7)
demonstrated that functional genomic approaches like genetic-interaction analysis could be
leveraged as an in vivo approach for structure-function analysis. In this way the cellular context
of transcription is preserved. Also, due to the high-throughput nature of functional genomics, a
wider set of features of RNAP can be queried at once. This opens the possibility of discovering
function for a much wider set of the features of RNAP. Motivated by these goals, we sought to
leverage the power of chemical-genomics to study the structure-function relationships of E. coli

RNAP.

We generated a library of over 100 hypomorphic mutations of RNAP at the endogenous loci in
an isogenic background of Escherichia coli. We mutated residues in multiple features of E. coli
RNAP, including deletions of two lineage-specific insertions (LSI). Lineage-specific insertions
are folded domains inserted into the large subunits of RNAP that have been inherited in specific
lineages of bacteria (8, 9). In Escherichia coli and other proteobacteria, RNAP carries four
lineage-specific insertions (10, 11). One insertion, Sequence Insertion 1 (SI1), is in the B-lobe.
Another, Sequence Insertion 2 (SI2), is in the B-flap. The third, B-insertion 11 (Bill) is in the B-
protrusion. The fourth and final lineage-specific insertion is Sequence Insertion 3 (SI3) in the
trigger loop. SI3 is essential for viability in Escherichia coli and intimately connected to the
transcription cycle as well as regulation by the transcription factor DksA (12, 13). Conversely,

the function of SI1, SI2, and Bill remain unknown. We were capable of deleting both SI1 and



SI2 on the chromosome for the first time and included these deletions in the chemical-genomic
screen. After screening the LSI deletions for conditional-phenotypes across more than 100
unique conditions, we discovered a unique signature for SI1. This led us to the discovery that

SI1, much like SI3, is critical for the regulation of transcription by the transcription factor DksA.

In Escherichia coli, the global regulatory response to amino acid starvation is orchestrated by the
second messenger guanosine-3',5"-bisdiphosphate (ppGpp), which is a widely conserved master
regulator (14). Accumulation of ppGpp during amino acid scarcity triggers the stringent
response, which down-regulates expression of rRNA and tRNA while increasing expression of
amino acid biosynthetic enzymes. In E. coli, ppGpp works synergistically with the transcription
factor DksA to initiate the stringent response (15, 16). Both ppGpp and DksA are critical for

virulence and growth under duress in many pathogenic proteobacteria (17).

DksA is a relatively small protein with a prominent N-terminal coiled-coil domain and a globular
C-terminal domain consistingof a Zn2+-binding region and a C-terminal a-helix (16). It belongs
to a class of regulators that bind directly to RNA polymerase (RNAP) without contacting DNA
(18). DksA modulates RNAP activity by preventing formation of or destabilizing the
intermediate complex (RPi) on the pathway to the open complex (RPo), which is competent for
initiation. For promoters with intrinsically unstable open complexes, such as rRNA promoters,

DksA binding leads to decreased transcription (15).

Using both chemical-genomic and high-resolution mapping of site-specific cross-links, we
identify B subunit Sequence Insertion 1 ($-SI1) as a binding site for DksA and describe evidence
for a bipartite binding site comprised of B-SI1 and the conserved B’ rim helices. We also show
that the tip of DksA interacts with the highly conserved substrate-binding region of the B subunit

active site. This work advances our mechanistic understanding of DksA activity in E. coli and



expands our knowledge of the evolutionary conservation of transcription regulation by DksA and
ppGpp, connecting direct regulation of RNAP by ppGpp and DksA to the presence, in RNAP, of

both SI1 and SI3.
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Chapter 1

A Parts-List of Escherichia coli Using Chemical Genomics

Contributing Authors:

Hendrik Osadnik, George Kritikos, Bo Li, Nevan Krogan, Athanasios Typas, Carol Gross

Citations:
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Large-scale chemical-genomic screens of the model organism E. coli K-12 (1-6) have provided a
critical resource for the bacterial research community. Investigation of the conditional-
phenotypes of a particular mutant or condition from these screens has contributed to insights that
catalyzed the mechanistic characterization of multiple molecular systems (7-9). As these screens
continue to be used to generate new biological insights, updated methodologies and data mining
techniques hold the promise of opening new avenues of investigation into these large-scale
datasets (10). It is critical to update and maintain chemical-genomic resources to take advantage
of new techniques, interrogate the biology of new antibacterial compounds, and discover new

functional connections between genes.

Motivated both by a desire to characterize new conditions and discover novel gene functions, we
sought to expand the chemical-genomic dataset of E. coli K-12. We screened the same large-
scale mutant library of deletions and hypo-morphs used previously (4, 5) against more than 50
conditions, split equally between those that overlapped the large-scale chemical-genomics
dataset of Nichols et al. (2011 dataset) and entirely new perturbations designed to broaden the
scope of chemical stresses used against E. coli K-12. We successfully integrated the current
screen with the 2011 dataset, creating a resource that contained new conditional phenotypes

correlative connections while taking full advantage of previous experimental efforts.

The integrated dataset provides an expanded global snapshot of drug action and stress response
in E. coli K-12. We highlight expanded views of the genetic determinants of stress responses,
conditional-sensitivities that differentiate antibiotic families according to mechanism, and new

correlative leads for gene function.
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Figure 1: A new screen expands the phenotypic landscape of E. coli. (a) Colony opacity
is reproducible in the current screen. Normalized colony opacity, relative to the plate median,
is plotted for biological replicates from individual images. (b) Fitness-score is reproducible
between screens. The statistical fitness-score for individual chemical-genetic interactions was
compared for equivalent conditions between the current screen and reanalyzed images from the
2011 dataset. The scatter plots in (a-b) are colored according to local density using same log-10
scale color mapping. (c) Integration improves data quality. (fop panel) The number of pairwise
correlations whose value exceeds the statistically significant cutoff are plotted for the current,
reanalyzed 2011, and integrated datasets (botfom panel) ROC curve analysis was used to
compare the predictive power of pairwise correlations from the datasets using operon co-
membership and high-confidence experimental associations as a gold standard. The low-fallout
portion of the ROC curve is shown. (d) The integrated dataset captures meaningful biology.
Fitness scores from the integrated dataset are shown as a heat-map after two-dimensional
hierarchical clustering. Gene clusters and relevant conditional phenotypes from the 2011
dataset are shown as blow-ups. Tree diagrams for the blown-up clusters are omitted for clarity.
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A new screen expands the set of conditional-phenotypes in E. coli K-12.

We tested the sensitivities of 3994 mutants of E. coli K-12 to more than 50 unique stresses. The
new stresses tested included many toxic chemicals not used as antibiotics, with the intention of
detecting a wider set of conditional-phenotypes (Supplementary Table 1). Arrayed strains were
pinned onto an agar plate containing a compound of interest and grown to a defined average
colony size. Plates were imaged, colony opacity was quantified using Iris (Kritikos ef al. in
preparation) opacity measurements were filtered and normalized, and a modified t-statistic was
assigned to each of the >200,00 gene-condition interactions (4, 11). Normalized colony opacity
measurements in the current screen were reproducible between biological replicates (Figure 1A)

(r=0.76) indicating that the screen captured reproducible conditional-phenotypes.

To integrate data from the current screen into the larger 2011 dataset, we reanalyzed the original
images in the 2011 screen with the current analysis pipeline. Fitness-scores for conditions in both
screens were well correlated (r=0.58, Pearson’s correlation) (Figure 1B). The extent of
agreement between the common conditions was also clearly associated with the number of
phenotypes detected (s=0.83, Spearman’s rank correlation) (Supplemental Figure 1). We found
that the current screen could be integrated with an existing resource, that higher signal for a
particular condition improved its reproducibility between these experiments, and that careful

treatment to eliminate differences in analysis improved the extent of integration.

Integration with a larger dataset was critical for interpreting correlative associations from the
current, smaller-scale, screen (Figure 1C). When only the 50 conditions from the current screen
were used to calculate gene-gene correlations, the distribution of pairwise correlations was
widened (IQR=0.26) compared to the larger dataset (IQR=0.17) (Supplementary Figure 2). A

statistically significant cutoff for gene-gene correlations also required a much higher cutoff
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(r=0.95, Pearson’s correlation), passed by only 139 gene-pairs. Integration with the 2011 dataset
reduced the width of the distribution of correlations (IQR=0.16), reduced the cutoff for
significance (1=0.75, Pearson’s correlation) and increased the number of significant gene pairs by

an order of magnitude.

We also used a hybrid gold standard test-set to benchmark the power of gene-gene correlations
from the integrated dataset to predict known biological associations. Our test-set combined high-
confidence experimental associations (12) with operon membership (13). The integrated dataset
performed similarly to both the current and 2011 screen (Figure 1C). Finally, clustering of the
integrated dataset revealed that, despite using a unique analysis pipeline, we recapitulated each
of the novel biological associations reported in the 2011 screen (Figure 1D). Dataset integration
thus allowed us to collect new information from a limited set of conditions while benefiting from

the more robust statistical features and broader scope of a much larger dataset.
New conditional-phenotypes in the integrated dataset

The integrated dataset also revealed new conditional-phenotypes and gene-gene correlations
from data collected in the current screen, and we highlight here some of these features.
Rescreening of the MreB inhibitor A22 identified a wide set of sensitivities from the Rcs
pathway and its regulon, resulting in co-clustering of genes from the Rcs pathway and colanic
acid biosynthesis (Figure 2A). A22 is an MreB inhibitor and a known activator of Rcs (14, 15)
and a broadened signal from the new data lends further support to a model in which Rcs-
dependent activation of colanic acid biosynthesis is an adaptive response to this drug. The
current screen also identified new genes not previously associated with survival of A22, like fisP,

a stress-specific cell division gene associated with survival of low-osmolarity conditions (16).

Cold shock at 10°C also resulted in a particularly rich profile, with 3-fold more conditional-
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sensitivities than the next lowest temperature (16°C) (Supplementary Table 2). Ribosome
assembly is especially defective at 10°C and below and many cold-sensitive mutants have
ribosome assembly defects (17). Indeed, 20% of the conditional-sensitivities in the current screen
come from genes with translation-related GO annotations (p=10", Fisher's exact
test)(Supplementary Table 2). Many of these genes have been previously associated with either
ribosome assembly or cold-shock and hits from the screen also identify new functionally
important cold-shock genes. These include the ribosome binding protein YjgA (18) and the cold-
shock induced protein YmcE (19). Despite a high level of redundancy between the RNA-binding
cold-shock proteins, AcspB was defective for growth at 10°C. CspB is preferentially induced at
lower temperatures (20) and this may reflect a specialization of CspB for 10°C, either in

expression or function.

Multiple families of antibiotics target the ribosome and inhibit translation but differ in binding
site and molecular mechanism, reviewed in (21). In the screen, deletions in different translation
stress pathways had differential sensitivities that distinguished these drug families (Figure 2B).
The trans-translation complex (Assr4/AsmpB) was sensitized to aminoglycosides (gentamicin)
and macrolides (clarythromycin) while the alternative rescue factor (Aarf4) was specifically
sensitized to the tetracycline family (tetracycline). The ribosome-bound ppGpp synthase (ArelA)
was uniquely sensitized to tRNA synthetase inhibitors from the current screen (serine
hydroxamate, pseudomonic acid A). Treatment with the aminonucleoside blasticidin S revealed
strong sensitivities from the cytoplasmic protease HslUV as well as adaptors to the inner
membrane protease FtsH (AAfIC,K), a set of sensitivities shared with the aminoglycosides. These
differential effects may represent adaptive responses that are specific for the effects of individual

drugs, e.g. recognition of uncharged tRNAs in the A-site by RelA (22).
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The current screen also added new informative gene-gene correlations. To visualize this, we built
a network model that used correlation across all conditions to associate genes. We filtered the
network to exclude lower correlations (r<0.5) and highlighted new connections identified from
data in the current screen using red edges. Though the information added from the current screen
only accounts for 16% of the overall conditions, the integrated dataset revealed a number of new
high-value correlations representing meaningful biology. New information from A22 (Figure
2C), cold shock (Figure 2D), and blasticidin S (Figure 2E) all resulted in new connections in the
gene network. New conditional-phenotypes also drove clustering of peptide permease complex

members and their regulators (Figure 2F). We explore this feature further in the next chapter.
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Figure 2: New conditional phenotypes in the integrated dataset

(a) Heat-map of fithess-scores for the colanic acid hierarchical cluster in the integrated dataset.
A22 treatment from the current screen expands the set of sensitized colanic acid biosynthesis
genes within the screen. The current screen also identifies ftsP as a deletion sensitized to A22.
(b) Heat-map of fithess-scores highlighting differential sensitivities to translation inhibitors.
Double asterisk (**) indicates conditions introduced by the current screen. (c-f) Networks built
using pairwise correlations from the integrated dataset. Correlations above r=0.5 are plotted as
connections between genes, line thickness is proportional to the strength of correlation.
Correlations that increased more than 50% in the integrated dataset due to information from the
current screen and resulted in new hierarchical clusters are highlighted in red.
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Methods

Media, growth conditions, strains, plasmids, and oligos

Chemical sensitivity screens used LB Lennox agar plates (1% (w/v) tryptone, 0.5% (w/v) yeast
extract, 90 mM sodium chloride, 2% (w/v) bacto agar) unless otherwise specified. M9 minimal
plates used in the screen contained M9 salts, 0.2% (w/v) glucose, and 2% (w/v) bacto agar.
Ordered libraries grown during the chemical-genomics screens were incubated at 37°C until
colonies reached a defined size (8 hours - 1.5 week) then a photograph was taken of the plate.

The KEIO deletion library is derived from BW25113.
Data collection and processing

The chemical genomics screen was conducted using the same methodology as reported
previously (4) with few modifications. Ordered libraries were arrayed on rectangular agar plates,
grown in the presence of antibiotic or other stress until the colonies reached a defined average
size, and then imaged. One condition, 4°C survival, entailed growth of colonies on LB plates at
37°C for 6 hours, followed by incubation of the colony array at 4°C for 5 weeks. Colonies were
pinned to a fresh plate, surviving cells were allowed to grow for 6 hours at 37°C, and a

photograph was taken.

Plate photographs were taken with a Canon Powershot G10, using an in-house assembly
to control plate illumination. Images were analyzed using in-house software (Iris) (Kritikos et al.
in preparation) that segments images and measures the total intensity of pixels within the colony
to calculate an opacity metric. Data filtering, normalization, and calculation of the fitness-score
(11) are similar to the steps performed by Nichols et al. The original photographic images from

Nichols et al. were reanalyzed using Iris and subjected to the
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same filtering and normalization steps before integration with data from the current screen.

Clustering, significant phenotypes and correlations, and network analysis

Unreliable measurements were removed from the dataset at multiple points in the analysis and
each condition had a different number of measurements (fitness-scores) that passed analysis.
Before data integration, clustering, and network analysis were performed, conditions and strains
with less than 75% reliable measurements were removed from analysis. Hierarchical clustering
was performed using the Cluster 3.0 command line interface, using uncentered correlation and

pairwise complete-linkage. Data was visualized using Java Treeview.

To predict reliable phenotypes, we used the method described by Nichols et al. to
determine the false-discovery rate and set a cut-off for the fitness-score that reflected an FDR of
5%. Using this method, 95% of the cutoff values for negative (sensitization) fitness-scores fell in
the range (-2.7, -1.5) while 95% of the cutoff values for positive (resistance) fitness-scores fell in

the range (1.6, 2.8).

To predict reliable pairwise correlations, a non-parametric estimate was used as described
in Nichols et al. We randomized the elements of mutant fitness-score profiles individually,
creating a dataset where each mutant retained its distribution of fitness-scores but randomly
shuffled across all conditions. We then calculated all pairwise correlations from this randomized
dataset and saved the highest correlation. This process was repeated for 1000 randomized
datasets, and the 95th percentile was calculated for the distribution of maximum correlations.
This value, the cutoff at which 95% of randomized matrices do not produce a higher correlation,
was used as the high confidence cutoff for reliable correlations. Missing values were imputed

with 0 before running the randomized correlations to reduce computational cost.
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For the network analysis, pairwise correlations above 0.5 were exported into Cytoscape

and clustered. Subnetworks were chosen that correspond to genes mentioned in the text.

Connections were highlighted in red for correlations that 1) improved by more than 50% in the

integrated dataset, ii) included signal from conditional-phenotypes introduced by the current

screen, and iii) corresponded to genes that co-clustered in the hierarchical clustering of the

integrated dataset but not the 2011 dataset alone.
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Supplementary Information

Supplementary Figure 1
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Supplementary Figure 1 Between-screen correlation is associated with the number of
conditional-phenotypes.

Number of phenotypes for a repeated condition (lesser between the current and 2011 dataset)
is plotted against the correlation between the two screens.



26

Supplementary Figure 2
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Supplementary Figure 2: The smaller dataset suffers from a wider distribution of pairwise
correlations.

Histograms of the distributions of pairwise correlations for the current, 2011, and integrated
datasets. Bin size is 0.01.
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Supplementary Table 1: Conditions included in the current library

New conditions tested against the E. coli K-12 KEIO library
Measurements | Phenotype Rate
Condition [Concentration] (3994) (FDR 1%)
Toxic analogues
M9 minimal glucose 5-fluorouridine [250 ng/mL] 3950 5.8%
M9 minimal glucose 5-methylanthranilic acid [20 pg/mL] 3877 6.4%
M9 minimal glucose 5-methyltryptophan [20 pg/mL] 3961 5.5%
M9 minimal glucose 7-azatryptophan [5 ug/mL] 3152 5.6%
M9 minimal glucose 7-azatryptophan [14 pyg/mL] 1893 6.3%
tRNA Synthetase Inhibitors
D,L-serine hydroxamate [600 ug/mL] 3991 3.4%
pseudomonic acid A [36 pg/mL] 3868 1.8%
Organic Solvents and Chaotropes
DMSO [9.5% (v/v)] 3927 1.6%
guanidine hydrochloride [30 mM] 3883 1.4%
urea [320 mM] 3783 1.0%
urea [750 mM] 3230 1.6%
Bisguanates
chlorhexidine [5 pg/mL] | 3781 | 1.4%
Dicarboxylic acids
azelaic acid [1 mg/mL] | 2561 | 2.9%
Thiopyrrolones
gliotoxin [10 pg/mL] 3928 2.9%
gliotoxin [10 pg/mL] 3953 3.2%
holomycin [2.5 pg/mL] 3887 2.9%
thiolutin [7 pg/mL] 3970 2.3%
Commercial Disinfectants
iodine [0.75% (v/v)] 3716 3.8%
bleach [1% (v/v)] 3868 2.1%
Alcohols
isopropanol [5% (v/v)] 1877 2.9%
n-butanol [1% (v/v)] 2529 3.0%
t-butanol [5% (v/Vv)] 3809 1.7%
isopentanol [0.5% (v/v)] 3198 1.5%
phenol [0.1% (v/v)] 3813 3.0%
Translation Inhibitors
kasugamycin [20 pg/mL] 3982 2.3%
blasticidin S [33 pyg/mL] 3992 1.6%
clindamycin [64 pg/mL] 3804 2.7%
Toxic lons
silver(ll) [1 uyM] 3910 1.7%
sodium fluoride [100 mM] 3735 1.6%
Cold Shock
cold [10° C] 3339 2.3%
cold [25° C] 3881 2.2%
4° C survival [5 wk] 2629 3.9%
heat [39° C] 687 0.7%
Nutrient Source
M9 minimal glucose + casamino acids
[0.2% (w/v)+0.4% (w/v)] 3936 5.1%
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Gyrase Inhibitor

cinoxacin [3 pyg/mL] 2019 2.6%
cinoxacin [6 pyg/mL] 1912 2.6%
Combination Treatment

cold+UV [10° C+12 sec] 3145 2.5%
M9 minimal glucose+UV [0.2% (w/v)+12 sec] 3901 5.6%

Conditions That Overlap with the 2011 Screen

Measurements | Phenotype Rate

Condition [Concentration] (3994) (FDR 1%)
MreB inhibitor
A22 [5 pg/mL] | 3951 | 3.4%
B-lactam
amoxicillin [1.5 pyg/mL] 3954 2.7%
ampicillin [4 pg/mL] 3297 3.5%
ampicillin [4 pg/mL] 3813 21%
Envelope Stress
SDS [1% (w/v)] 3979 2.8%
SDS [1% (w/v)] 3847 1.9%
bile salts [2% (w/v)] 3937 3.4%
deoxycholate [1% (w/v)] 3786 2.7%
EDTA [1 mM] 3903 3.0%
EDTA [1 mM] 3863 3.2%
SDS+EDTA [0.5% (w/v)+500 uM] 3962 3.6%
Nutrient Source
M9min glucose [0.2% (w/v)] 3991 5.6%
M9min glucose [0.2% (w/v)] 3954 5.5%
M9min glucose [0.2% (w/v)] 3922 4.6%
M9min acetate [0.6% (w/V)] 1997 5.2%
Transcription Inhibitor
rifampicin [4 pyg/mL] 3986 4.8%
bicyclomycin [20 pg/mL] 3308 4.0%
DNA Damage
pyocyanin [10 pg/mL] 3280 4.1%
acriflavine [10 pg/mL] 705 3.1%
UV [12 sec] 3904 1.2%
Gyrase Inhibitor
ciprofloxacin [1 ng/mL] | 3912 | 1.6%
Translation Inhibitors
spectinomycin [4 ug/mL] 3744 1.3%
streptomycin [50 ng/mL] 3874 0.6%
tetracycline [500 ng/mL] 3928 3.0%
theophylline [500 pg/mL] 3819 1.8%
Toxic lons
copper(ll) [2 mM] | 3746 | 1.7%

Measurements: Number of deletion-strain colony sizes measured in a particular condition (out
of 3994 possible). Conditions that had more than 75% of strains measured are bolded.

Phenotype Rate: The percentage of measured colony sizes that were determined to have a
phenotype, at an FDR rate of 1%.
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Supplementary Table 2: Cold-shock phenotypes at 10°C
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istR-1 ECK5002 | GO:0006417 | - YES | 12.9 [33% | NO | NaN | NaN
ymcE ECK0981 (1) | YES |90 |43% |NO |-1.0 | 87%
pheT-SPA ECK1711_| GO:0006412 | - YES |75 [50% |NO | NaN | NaN
crr ECK2412 - YES | -7.2 | 50% NO |-0.9 | 83%
smpB ECK2616 | GO:0006414 | - YES | -6.9 | 45% NO |-1.8 | 80%
rbfA ECK3156 (2) | YES|-68 [25% |NO |NaN |NaN
dnaB-SPA ECK4044 - YES | -6.7 [60% | NO | NaN | NaN
dcrB ECK3456 - YES | -6.4 | 63% NO |-1.0 | 92%
dnaA-SPA ECK3694 (3) |YES|-6.1 [69% |NO |NaN |NaN
ihfB ECKO0903 | GO:0006417 | - YES | -6.0 | 53% NO 0.2 100%

G0:0006412,

fusA-SPA ECK3327 | GO:0006414 | - YES | -55 [60% | NO | NaN | NaN
ihfA ECK1710 | GO:0006417 | - YES | -5.,5 | 53% NO |-0.7 | 88%
dnaJ ECKO0015 - YES | -5.1 | 63% NO |-1.8 | 85%
spr ECK2169 - YES | -5.1 | 65% NO |-0.4 | 99%
cbrC ECK3710 YES |49 [67% |NO [0.4 |110%
sdhA ECK0712 - YES |49 [52% |NO |01 [99%
nfuA ECK3401 - YES | 47 [62% |NO |-1.4 |83%
lipB ECK0623 - YES | 43 [63% |NO |NaN | NaN
ahpC ECK0599 - YES | 4.0 | 67% NO |-1.6 | 86%
rpsF ECK4196 | GO:0006412 | (4) |YES |-40 [41% |NO |-05 |79%
aroK ECK3377 - YES [ -39 [62% |NO | NaN | NaN
racC ECK1348 - YES | -3.9 | 73% NO |-0.6 | 93%
mhA ECK0214 (5) | YES |38 |69% |NO |-1.1 | 84%
yigZ ECK4267 - YES [-35 [78% |NO [1.6 | 116%
rluD ECK2592 6) | YES |35 |70% |NO |-15 | 74%
fliQ ECK1947 - YES | -83.5 | 75% NO |-0.3 |97%
fliF ECK1936 - YES [-34 [77% |NO [0.1 | 102%
yhbJ ECK3194 - YES | -34 | 75% NO |-0.4 | 99%
bamA{dup(218-219)} | ECK0176 - YES | -33 [48% |NO |NaN | NaN
frr-SPA ECKO0171_| GO:0006412 | - YES [-31 [71% |NO | NaN | NaN
der-SPA ECK2507 (7) | YES |-31 [70% | NO |NaN | NaN
rpmG ECK3626 | GO:0006412 | - YES [-31 [72% |NO |-1.3 |84%
rpiR ECK4082 - YES | -3.1 | 78% NO |-0.5 | 94%
malT ECK3405 - YES |29 [82% |NO [0.4 |104%
fepE ECK0580 - YES | -2.9 | 80% NO | 0.1 103%
gapA-SPA ECK1777 - YES [ -29 [83% |NO |NaN | NaN
apaH ECKO0050 - YES | -2.9 | 79% NO |-0.3 | 98%
rffM ECK3787 - YES [ 2.9 [78% |NO |-1.1 [89%
dam ECK3374 - YES [ -29 [82% |NO |[NaN | NaN
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mukE-SPA ECK0914 - YES [ 29 [32% |NO |NaN | NaN
gImS-SPA ECK3722 - YES | 29 |63% |NO | NaN | NaN
yigH ECK4242 - YES |28 [79% |NO |-06 | 97%
cspB ECK1551 (8) |YES |28 [79% |NO |-04 |97%
yqeB ECK2871 - YES |28 [79% |NO |0.0 |99%
glgB ECK3418 - YES | 28 |73% |NO |-1.1 | 84%
yhcO ECK3228 - YES [ 2.8 [82% |NO |-04 |97%
hipA ECK1500 - YES |27 [77% | NO |-04 |99%
cpxA ECK3904 - YES |27 [77% | NO |-0.7 | 95%
pstS ECK3721 - YES |27 [75% |NO |0.7 |105%
surA ECKO0054 - YES |27 [57% | NO |01 | 84%
kgtP ECK2585 - YES | 2.7 | 84% |NO | NaN | NaN
rfe ECK3776 - YES [-2.7 [80% |NO |-1.1 | 90%
yggX ECK2957 - YES | 27 |79% |NO |-1.1 |87%
murD-SPA ECKO0089 - YES | 26 |85% |NO | NaN | NaN
fabF ECK1081 - YES |26 [82% |NO |-14 |83%
G0:0006412,
G0:0006415,
prfC ECK4366 | GO:0006417 | - YES | 26 |77% | NO | NaN | NaN
sixA ECK2334 - YES |25 [80% |NO |-0.3 | 94%
tam ECK1512 - YES |25 [82% |NO |-05 |97%
dadA ECK1177 - YES |25 [83% |NO |-0.6 | 95%
typA ECK3864 | GO:0006412 | (9) | YES | 11.7 | 30% | YES | -4.8 | 62%
deaD ECK3150 | GO:0006417 | (10) | YES | 6.4 | 51% | YES | -5.3 | 48%
ptsN ECK3193 - YES [ -6.0 | 58% | YES |-1.9 | 75%
yigA ECK4229 (12) | YES | -59 |52% | YES |-3.2 | 66%
rsmA ECK0052 (11) | YES | -41 |72% | YES | -2.5 | 68%
rpmE ECK3928 | GO:0006412 | - YES [-3.0 | 78% | YES |-24 | 70%
gmm ECK2045 - NO |-21 |85% | YES |-21 | 84%
miB ECK2627 - NO [-09 |91% |YES |-34 |63%
for ECK3916 - NO [-0.7 |93% |YES |-20 |79%
yaiS ECK0361 - NO |-05 |94% | YES |21 |71%
yifY ECK4195 - NO |[-0.1 | 100% | YES | 2.3 | 77%
cpsG ECK2042 - NO [0.0 |94% |YES |-28 |67%
fis ECK3248 - NO [0.2 |106% | YES |-2.3 | 70%
yfdG ECK2344 - NO |[NaN |NaN | YES | 2.6 | 76%
yfcA ECK2321 - NO |[NaN |NaN | YES | -3.1 | 34%
ycbC ECK0911 - NO |[NaN |NaN | YES |-1.8 | 77%
dinJ ECK0227 - NO |[NaN |NaN | YES |21 | 71%
dedD ECK2308 - NO |[NaN |NaN | YES | 2.1 | 54%
secB ECK3599 - NO |[NaN |NaN | YES | 56 | 47%
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By investigating new features in the integrated dataset, we discovered and characterized
an illicit transport mechanism for kasugamycin and blasticidin S. The compounds are
illicitly transported through two prominent peptide ABC-importers in Escherichia coli.
Blasticidin S is imported through oligopeptide permease (Opp) and Kasugamycin is
imported through both Opp and dipeptide permease (Dpp). Kasugamycin has recently been
approved by the EPA for treatment of Erwinia amylovora, a bacterial phytopathogen that
causes fire blight. Loss of peptide ABC-importer function may be the first resistance
mechanism to treatment and the identification of this mechanism may allow for rapid

assessment of drug resistance and better antibiotic stewardship.

Two peptide permeases determine the susceptibility of E. coli K-12 to kasugamycin and

blasticidin S.

Kasugamycin (Ksg), an aminoglycoside, and blasticidin S (BcS), an aminonucleoside, are
translation inhibitors. Ksg has an amidine group within the kasugamycin-tail and Bcs has a
guanidine group in its blastidic acid moiety (Figure 1A, features highlighted). Oligopeptide
permease (Opp) and Dipeptide permease (Dpp) are two of the major import machineries for
peptides in E. coli and S. typhimurium (1-3). Dpp is specific for dipeptides (4) while Opp can
import peptides less than 5 amino acids in length (5). Opp and Dpp share a similar protein
complex and operon structure that is generally conserved among the peptide permeases of gram
negative bacteria, reviewed in (6) (Figure 1B). A periplasmic binding protein (PBP) freely
diffuses in the periplasm (gened). The PBP binds peptides and delivers them to the
transmembrane domains (TMD) of its cognate pore, encoded by geneB and geneC. The
cytoplasmic nucleotide-binding domain (NBD) subunits then energize transport into the

cytoplasm (geneD, geneF).
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Figure 1
a. y 7 . b. A: periplasmic substrate-binding protein (PBP)
kasugamycin (Ksg) " 0 B,C: transmembrane domains (TMD)
. D, F: nucleotide-binding domains (NBD)
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Figure 1: Peptide permeases determine kasugamycin and blasticidin S susceptibility in
E. coli K-12.

(a) Structures of kasugamycin and blasticidin S. Imine containing groups are highlighted for
each drug. (b) Generalized operon and complex structure of Opp and Dpp. Operon (left) and
complex (right) structures of the peptide permeases. The letter reflects the gene/protein name
for either operon (A: oppA/dppA OppA/DppA). P: periplasm, IM: inner membrane, C: cytoplasm.
(c) Peptide permease deletions are resistant to kasugamycin and blasticidin S in the screen.
Heat-map of fitness scores for hierarchical clusters of Dpp, Opp, and the negative regulators
GcvA,B. Kasugamycin (Ksg) and blasticidin S (BcS) are highlighted. (d) Peptide permease
deletions show an increase in MIC to Ksg and Bc¢S. 10-fold spot dilutions are shown for operon
deletions Aopp, Adpp and the double mutant AoppAdpp. (e) Overexpression of Opp results in a
decrease in the MIC of Ksg and BcS. 10-fold spot dilutions are shown for the opp operon cloned
into pTrc99a (pOpp) and an empty vector control (vector). Basal expression of opp from
pTrc99A (no induction) is sufficient to decrease the MIC to both Ksg and BcS.
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Data from our current screen revealed a potential connection between Ksg, BcS, and the two
peptide permeases Opp and Dpp (Figure 1C). Single gene deletions of the four Dpp genes
encoding the pore and ABC-subunits (AdppB,C,D,F) clustered due to shared resistance to Ksg.
Likewise, deletions of three Opp subunits clustered (AoppB,D,F) with a clear resistance to BcS.
Negative regulators of Opp and Dpp expression (AgcvB, Ahfg, and AgcvA) shared sensitivities to
Ksg and BcS. These results implied a proportional relationship between peptide permease
expression and sensitivity to Ksg and BcS. This was particularly interesting because of a
recurring and similar association between expression of OppA (the PBP of the Opp complex)

and aminoglycoside sensitivity in E. coli K-12 (7-9).

We investigated these phenotypes further using clean deletion mutants of each operon (Aopp and
Adpp) constructed in an independent background. Given the original observations of drug
efficacy for both kasugamycin and blasticidin S (10, 11), we moved from rich media, as used in
the screen, to minimal media buffered at a neutral pH of 7.5. Spot dilutions revealed that the
deletion strains grew equivalently to the WT strain in minimal media, but were resistant to Ksg
and BcS (Figure 1C). Both Aopp and Adpp were more resistant to Ksg than the WT strain. The
effect of the two deletions were additive, as the Adpp Aopp double mutant was more resistant
than either single mutant alone. For BcS, Aopp alone was sufficient to confer high-level
resistance. Finally, we confirmed that overexpression of the entire Opp operon from a plasmid

(pOpp), was sufficient to confer sensitivity to both drugs (Figure 1D).

We hypothesized that Opp directly imported BcS, while both Dpp and Opp together directly
imported Ksg. This model explained the observed mutant susceptibilities as well as the increased
potency of the drugs in defined media, due to increased expression of both Opp and Dpp (12,

13). In contrast to these encouraging observations, expression of oligopeptide permease has
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repeatedly been associated with resistance to the larger aminoglycoside family in which Ksg
resides (7-9, 14) but tests for a direct effect of the Opp system on aminoglycoside import have
been negative (15). Furthermore, while these systems are known for non-selective uptake,
neither Ksg nor BcS is structurally similar to verified substrates of these two permeases. We
therefore experimentally tested whether Ksg and BcS were directly imported by the peptide

permeases Opp and Dpp.
Opp and Dpp directly import kasugamycin and blasticidin S.

Both Ksg and BcS bind the ribosome and inhibit translation. Assuming that entry into the
cytoplasm is the rate-limiting step for drug action, we reasoned that an in vivo assay quantifying
the shutdown rate of translation after drug treatment would serve as an acceptable proxy for the
kinetics of drug import. We quantified translation rate by measuring *°S-methionine (*°S-Met)
incorporation into a TCA insoluble fraction and followed the decreasing rate of incorporation
after addition of the drugs. When treated with saturating concentrations of either Ksg (Figure
2A) or BcS (Figure 2B), WT E. coli K-12 exhibited a rapid decrease in >°S-Met incorporation on
the scale of minutes. The decay rate of *>S-Met incorporation in the presence of Ksg was best fit
with a double exponential (Figure 2A). Ksg specifically inhibits translation initiation (16) and
the slow term may be a result of translation runoff. Importantly, the rate of translation shutdown
for both drugs was 7 to 10-fold slower in the permease deletion strains as compared to WT
(Figure 2A, B). Conversely, although less striking in magnitude, the rate of translation shutdown
by kasugamycin was significantly faster when the opp operon was overexpressed (p=0.02
Student’s t-test) (Supplementary Figure 1). These results connected the observed drug
sensitivities with a clear uptake phenotype. Deleting the Dpp and Opp pemeases decreases the

rate of import of the drugs, whereas overexpressing the opp operon has the converse effect.
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Figure 2
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Figure 2: Opp and Dpp directly import kasugamycin and blasticidin S

(a-c) Prolonged shutdown kinetics of 35S-methionine incorporation reflect reduced uptake rates.
Error bars represent standard deviation of technical replicates (n=3). Each experiment was
repeated with at least one biological replicate, with similar results. Data fit with double
exponential (a) and single exponential (b) decay functions. (d) PFK binding to OppA induces an
increase in intrinsic tryptophan fluorescence, as measured at 343nm. Kasugamycin [1mM]
increases the effective concentration of PFK required to reach half-maximal fluorescence shift.
(*) Reported concentrations do not take into account the active fraction.
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We further tested if the peptide permeases were directly importing Ksg using two independent
approaches. First, we used an in vivo substrate competition assay (Figure 2C) to to test for the
ability of Ksg to compete for uptake with high affinity substrates of Opp and Dpp. Indeed, when
Ksg was co-administered with both Pro-Phe-Lys (PFK, a preferred Opp substrate) and Ala-Ala
(AA, a prefered Dpp substrate), the rate of translation inhibition by Ksg was slowed
dramatically, approximating that of the AdppAopp double mutant strain. In contrast, the uptake
rate in a AdppAopp strain was insensitive to the addition of competitors. This is consistent with

Ksg being directly imported by Opp and Dpp in vivo.

Second, we used an in vitro binding assay to show that Ksg bound competitively to purified
OppA. We expressed and purified OppA-6XHis and tested for Ksg binding using intrinsic
tryptophan fluorescence. The OppA binding site contains multiple tryptophan residues and
changes in fluorescence signal have been used for binding measurements of many peptide
substrates of OppA. Addition of 1 mM Ksg markedly increased the apparent Kp of OppA for its
high-affinity substrate PFK (Figure 2D). This is consistent with competitive binding between
Ksg and PFK. While Ksg did not directly alter the intrinsic tryptophan fluorescence of OppA,
this is likely due to different binding modes for peptides as compared to the antibiotic. A
different, less specific mode of binding is also in agreement with the lower affinity of Ksg
compared to peptide substrates in our in vivo and in vitro assays. Taken together, these
experiments provide strong support for a model in which Opp and Dpp directly import Ksg and

BceS in E. coli K-12.
Opp and Dpp work independently to import Ksg

There are multiple demonstrations of distinct PBPs delivering substrates to the same pore for

import (17). This includes MppA, a PBP that interacts with both the Opp and Dpp pores to
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deliver different substrates (18, 19), a phenomenon we refer to as PBP-crosstalk. Given the
apparent cooperation of the Opp and Dpp systems during Ksg import, we were interested in
testing whether PBP-crosstalk played a role in this process. We used MIC changes to examine
genetic interactions within and between the two ABC-importers. There were two possible results.
If PBP-crosstalk did occur (more than 1 PBP delivers the antibiotic to the same pore) deleting the
TMDs would have had a stronger effect than deleting the PBPs, as the PBP functions would have
been redundant. If no PBP-crosstalk occurred, deleting the PBP, the pore, or both would have
given an equivalent resistance change (an epistatic interaction). As an example, deletion of the
Opp PBP (AoppA), TMD (AoppB), or entire complex (Aopp) conferred the same high level of
resistance to BcS, an epistatic interaction between the PBP and pore of Opp (Figure 3A). This
allows us to conclude that import through OppA/OppBCDF is the major entry point of BeS into

E. coli K-12 in defined media (Figure 3B).

For Ksg, both Opp and Dpp must be inactivated for higher-level resistance. Double mutants of
both PBPs (AoppAAdppA) and both TMDs (AoppBAdppB) resulted in an equivalent 4-fold
increase in MIC to the entire operon double mutants (AoppAdpp), indicating that only OppA and
DppA were involved in transport for these two complexes (Figure 3A). Similar to BeS import,
an epistatic interaction between the PBP and TMD of Opp for Ksg sensitivity indicated that only
OppA interacts with the Opp pore during Ksg import. The MIC changes of Dpp mutants were
less than 2-fold in these broth-dilution assays. However, the epistatic interactions of Dpp mutants
in an opp- background indicate that PBP-crosstalk does not occur at the Dpp complex, and we
conclude that Dpp and Opp work without PBP-crosstalk to independently import Ksg in E. coli

K-12 (Figure 3B).
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Figure 3
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Figure 3: OppA and DppA work with their cognate pores

(a) Genetic interactions of permease complex subunits. MICs of kasugamycin and blasticidin S
were determined with a 2-fold broth dilution method. Bold font indicates resistance to the drug
treatment. (b) Import model. OppA delivers both kasugamycin and blasticidin S to the Opp pore
for import, DppA delivers kasugamycin to the Dpp pore.
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Opp is indirectly associated with aminoglycoside resistance in E. coli K-12

Despite the clear association of OppA levels with aminoglycoside resistance, direct tests of
AoppA found no change in resistance (9), contradicting a model in which aminoglycosides are
illicitly transported through oligopeptide permease. Given our clear results that MIC changes of
Ksg and BcS were more pronounced in defined media than rich, and that the reported effects of
AoppA were measured in rich media, we sought to revisit the direct connection between Opp and

aminoglycoside import.

We first confirmed that, like Ksg, aminoglycosides were much more effective against E. coli K-
12 in defined media. To our surprise, we also found a clear though small increase in the MIC of
Aopp for multiple members of the aminoglycoside family (Figure 4A). However, we found that
the double mutant AoppAdpp lost the small resistance gained by Aopp alone (Figure 4A).
Further deletion of any of the remaining peptide permeases Yej, Ddp, and Sap did not restore
resistance (Figure 4B). Finally, neither AoppA4 nor AoppB recapitulated the resistance of the full
operon deletion (Figure 4C). We note that in the construction of Aopp we also removed DNA
upstream of oppA, including an uncharacterized sSRNA RNAO0-359 (20) that resided within the
deletion boundaries. One early study that identified aminoglycoside resistance in a strain
carrying a nonsense mutation in OppA also reported a transition mutation within GO-10697 in
the same strain (8) and earlier attempts to replace OppA with a kan® cassette used imprecise
boundaries that could conceivably have also removed GO-10697 (7). This may explain the

discrepant results from the precise deletions of oppA (9).
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While we discuss one possible explanation for these results, they directly support the conclusion
of Nakamatsu ef al. While mutations in the opp operon can have an effect on susceptibility to a
wide range of aminoglycosides, this phenomenon is indirect. Opp and Dpp illicitly transport BcS

and Ksg, but do not import the wider family of aminoglycosides.
Discussion

The rational design of antibiotics that use illicit transport for drug entry was demonstrated soon
after the discovery and characterization of oligopeptide permease (21), and has remained an
interesting possibility for multiple import complexes (22, 23). The discovery of illicit transport
of kasugamycin through the peptide permeases could facilitate further efforts to design trojan
horse compounds that hijack Dpp and Opp for import. Together with heme (19) and blasticidin

S, structure-function studies on these non-canonical substrates may identify a common motif
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Figure 4

a. Aopp aminoglycoside resistance is dpp-dependent  b. Additional deletions don't restore resistance
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Figure 4: Opp indirectly affects aminoglycoside resistance.

(a-c) 10-fold spot dilutions on minimal media with drug after 24 hours of growth. At least one
biological replicate was run for each interaction, with similar results. (a) Aopp is resistant to the
family of aminoglycosides, but AoppAdpp is not. (b) Additional deletions of peptide ABC-
importers do not restore resistance to a AoppAdpp mutant. (¢) Aminoglycoside resistance is
specific to the full operon deletion allele.

that can provide the affinity necessary for illicit transport through the peptide permeases. While
kasugamycin and blasticidin S both show a wide variation in susceptibility between species, this
specificity could prove useful for targeted therapies against susceptible pathogens, like

Pseudomonas aeruginosa(24)

The characterization of illicit transport pathways for kasugamycin and blasticidin S also
highlight how little is known about the diversity of substrates, systems-level connections, and
evolutionary conservation of the ABC-import systems of bacteria. In E. coli K-12 the Opp
system alone imports BcS, while in P. aeruginosa PA14 the Npp and Dpp systems appear to

cooperate in importing BcS (25). Further understanding of both the sequence determinants of
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substrate binding and the functional connections between import systems will clearly be critical
for dissecting these illicit transport pathways and predicting possible mechanisms of resistance in
different species. It is especially interesting that, while ABC-importers are not present in
eukaryota, kasugamycin and blasticidin S share activity against the fungus Magneporthe oryzae
(10, 11). The common import pathway we demonstrated for these two drugs in E. coli may have
non-homologous equivalents, or may have been horizontally transferred, across the domains of

life.
Methods
Media, growth conditions, strains, plasmids, and oligos

Media for kasugamycin and blasticidin S sensitivity was M9 minimal supplemented with metal
cations and buffered at pH 7.5 (M9 salts, 0.4% (w/v) glucose, 100 pM magnesium sulfate, 100
uM calcium chloride, 5 pM iron(Ill) chloride, 20 mM Tris-HCI, pH 7.5). To promote high
translation rates, media used for *>>S-methionine incorporation was MOPS EZ rich (-Met), 0.4%
(w/v) glucose (Teknova M2101,M2102,M2103,M2109,G0520). All experiments subsequent to

the chemical-genomics screen were conducted using strains of MG1655.
MIC determination

A liquid broth-dilution method was used to determine MIC values for the antibiotics. Fresh
colonies were picked, resuspended in minimal media, and diluted to a final O.D.450 of .0005.
Antibiotics were added in a 1:2 dilution series spanning a 64-fold dilution range. After 24 hours
of growth, 150uL of culture was transferred to a 96-well spectrophotometer plate, and the
0.D.sso was measured using a Varioskan spectrophotometer (Thermo electron corporation).

After blank subtraction, culture densities were normalized to a no drug control, and the first
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concentration at which normalized density fell below 10% was defined as the MIC of the drug.
This quantitative measure corresponded well with a qualitative metric based on spinning down

the cells and visually inspecting the size of cell pellet.
3S-Methionine incorporation

Overnight cultures of relevant strains were grown inoculated into MOPS rich defined methionine
dropout media (MOPS RDM-Met) at a starting O.D.450 of .005 and grown to an O.D.450 of 0.2.
To quantify translation rate, 900 uL of culture was added to 30 uL of labeling mix (10 pCi L->"S-
methionine, 50 uM cold L-methionine, in MOPS RDM-Met) (Easytag L->>S-Methionine, Perkin
Elmer Corp.), incubated for 1 min in the water bath, then quenched with 100 pL of 50%(w/v)
trichloroacetate (TCA) and stored on ice. A 100 pL aliquot of the quenched reaction mixture was
deposited on a glass fiber filter (Merck Millipore Ltd. APFC02500) and washed with 10% (w/v)
TCA followed by 95% (v/v) ethanol. *’S-methionine incorporation into the TCA-insoluble
fraction was quantified with Beckman Coulter LS6500 multipurpose scintillation counter. To
follow translation shutdown, saturating concentrations of translation inhibitors were added to
growing cultures.Translation rate was quantified following addition of drug and normalized to a

timepoint taken 2 minutes prior to drug treatment.
OppA purification and binding assays

The oppA gene from E. coli MG1655 was amplified and cloned into pBAD22 using Ncol and
HindlIII restriction enzymes. E. coli BW25113 was then transformed with the resulting plasmid,
and over-production was induced in an exponentially growing culture at OD(260nm) of 0.6 by
addition of 0.05% (w/v) arabinose. The purification, including partial unfolding of the protein to
remove bound substrates, as well as the binding assays followed the protocol in (26). The

changes made were clearing of the lysate for 1h at 140.000 g (Beckman L8-M ultracentrifuge),
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using urea instead of guanidinium hydrochloride for partial unfolding of OppA, as well as

adjusting the MES buffer pH to 6.7 instead of 6.0 during purification, as we found the protein to

be more stable at this pH. OppA was highly concentrated and free of visible protein

contaminations after Ni-IMAC as judged by SDS-PAGE and staining with Coomassie Blue, and

was thus used in binding assays after extensive buffer exchange to remove the imidazole

(Milipore Amicon Ultra centrifugation filters, 10,000 MWCO). The spectral characteristics of

our purified OppA were identical to those reported previously. All Fluorescence assays

(Fluoromax-3, Jobin Yvon Horiba) were performed in 20mM 4-morpholineethanesulfonic acid

(pH 6.0) and 150mM NaCl, as described (26).
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Supplementary Figure 1: Opp overexpression increases the rate of kasugamycin uptake
(a) Time course of 35S-methionine incorporation after drug treatment. Error bars represent
standard deviation from biological replicates (n=2). (b) Comparison of 35S-met incorporation
rate at 60 seconds post treatment with kasugamycin. The reported p-value was calculated using
a paired-value two-tailed student's t-test.
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A molecular handle for controlling transcription.
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Sensing and responding to nutritional status is one of the major challenges of microbial life. In
Escherichia coli, the global regulatory response to amino acid starvation is orchestrated by the
second messenger guanosine-3',5"-bisdiphosphate (ppGpp), which is a widely conserved master
regulator [1]. Accumulation of ppGpp during amino acid scarcity triggers the stringent response,
which down-regulates expression of rRNA and tRNA while increasing expression of amino acid
biosynthetic enzymes. In E. coli, ppGpp works synergistically with transcription factor DksA to
initiate the stringent response [2, 3]. Both ppGpp and DksA are critical for survival of stress and

virulence in many pathogenic proteobacteria [4].

DksA is a relatively small protein with a prominent N-terminal coiled-coil domain and a globular
C-terminal domain consisting of a Zn2+-binding region and a C-terminal a-helix [3]. It belongs
to a class of regulators that bind directly to RNA polymerase (RNAP) without contacting DNA
[5]. DksA modulates RNAP activity by preventing formation of or destabilizing the intermediate
complex (RPi) on the pathway to the open complex (RPo), which is competent for initiation. For
promoters with intrinsically unstable open complexes, such as rRNA promoters, DksA binding
leads to decreased transcription [2]. DksA is a critical determinant of the stringent response and a
model system for an important class of transcription regulators, making it essential to understand

how DksA interacts with RN AP at the molecular level.

High-resolution structural information of the DksA/RNAP interaction is currently unavailable.
Current models agree that the coiled-coil domain of DksA inserts into the secondary channel of
RNAP, the channel used by NTPs to access the active site; that the secondary channel rim
helices of B’ subunit are critical for DksA binding; and that residues at the tip of the coiled-coil
of DksA are important for its activity. However, the precise placement of DksA is unknown.

With the number of critical features that can be accessed through the secondary channel, even
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small changes in the model can significantly change the details of the interaction and mechanistic

interpretation, making it imperative to determine the DksA position more precisely.

Using both chemical-genomic and high-resolution mapping of site-specific cross-links, we have
discovered new features of RNAP that are essential for DksA binding and activity. Motivated by
these novel findings, we have integrated information from cross-link mapping and extensive
mutagenesis coupled to functional assays to revisit the model of DksA bound to RNAP, resulting

in the highest resolution model of DksA binding to

date. We identify B subunit Sequence Insertion 1 (B-SI1) as a binding site for DksA and describe
evidence for a bipartite binding site comprised of B-SI1 and the conserved B’ rim helices.We also
show that the tip of DksA interacts with the highly conserved substrate-binding region of the 3
subunit active site. This work advances our mechanistic understanding of DksA activity in E.
coli and expands our knowledge of the evolutionary conservation of transcription regulation by

DksA and ppGpp.

A chemical-genomic screen illuminates a connection between 3 Sequence Insertion 1

(B-SI1) and DksA.

A chemical-genomic screen of a large library of chromosomal RNAP mutants against many
chemical conditions found that an RNAP mutant lacking the B-SI1 insertion, rpoB(ASII), had a
clear growth defect during amino acid starvation. This defect was manifested both when amino
acids were omitted from the media and when starvation was mimicked with serine hydroxamate

(SHX-), which prevents amino-acylation of seryl-tRNA (Fig. 1A). This phenotype is similar to
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Figure 1
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Figure 1. B-Sl1 is critical for growth during amino acid limitation.

(A) Quantification of colony sizes of the wild type (WT) and mutant E. coli strains (rpoB(ASI1)
and AdksA) grown under indicated conditions. Colony sizes are normalized to the wild type
strain (WT) for each condition. Error bars represent standard deviations (n>3). CAA: casamino
acids (B) Growth phenotypes of rpoB(ASI/1) during amino acid limitation. The Z-set of amino
acids is comprised of D, Q, I, L, V, F, H, S, and T. (C) Spontaneous suppressors of rpoB(ASI1),
rpoC(A215-220) and rpoB(P153L), restore growth during amino acid limitation.
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Figure 2
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Figure 2. Probing of DksA-RNAP spatial organization by Bpa crosslinking.

(A) Ribbon structure of E. coli DksA (PDB: 1TJL) indicating its structural features, and the
positions of the 24 residues substituted with Bpa (red sticks). (B) Autoradiograms of photo-
crosslinked DksA-Bpa variants to RNAP core having either radiolabeled (' (top panel) or B
(bottom panel). Position of crosslinked variants and free subunits is indicated by arrows. (C)
Crosslinking yield of each DksA-Bpa variant to §’ (cyan bars) and B (orange bars) with standard
deviation (n=3) indicated. (D) Summary of the mapped crosslinked sites, color-coded to match
the RNAP regions shown in (E). Structural elements listed are described in [65] (E) Structural
model of the DksA-RNAP complex. Left panel, secondary channel surface view of E. coli RNAP
holoenzyme (PDB: 4LK1) (al, light grey; all, grey; B, orange; ' cyan; w, slate grey; o is omitted
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for clarity) in complex with E. coli DksA (PDB: 1TJL), which is shown as a red ribbon with
structural features indicated by arrows. The view emphasizes position of DksA relative to three
secondary channel domains: 3-SI1 (light green), B'-SI3 (light yellow) and B' rim helices (blue).
Right panel, rotation by ~45° with B' surface removed to reveal the position of DksA coiled-coil
tip relative to B subunit active site region. The -1/-3 RNA-binding helix (3D675-M681) and the

NTP-binding loop (3S1105-N1108) are colored magenta; the catalytic Mg?*-ion is a dark purple
ball.
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that of AdksA, which led us to further compare their phenotypes.

The amino acid requirements of Adks4 and rpoB(ASI1) are equivalent. Both strains grew slowly
when deprived of amino acids, but were not true auxotrophs as colonies became visible after two
days of growth (Fig. 1B). Moreover, the same set of amino acids (the X-set: DQILVFHST) [6] is
sufficient to complement the amino acid requirements of both Adks4 and rpoB(ASI1) (Fig. 1B).
Finally, sequencing of suppressors that restored prototrophy to rpoB(ASII) identified two
mutations in RNAP already known to suppress the amino acid requirements of Adks4 and
ppGpp": rpoB(P153L) and rpoC (A215-220) (Fig. 1C) [7-9]. The similarity of rpoB(ASI1) and
AdksA across a battery of tests suggested the two mutations may have similar effects on
transcription. This led us to speculate that B-SI1, located near DksA in models of the

RNAP/DksA complex, is a previously unappreciated DksA binding site.
Bpa crosslinking probes reveal the proximity of DksA to 3 in the complex.

To map RNAP sites in close proximity to DksA, we incorporated p-benzoyl-p-phenylalanine
(Bpa) into 24 surface—exposed residues of DksA, covering all of its structural features (Fig. 2A).
UV-light activates Bpa to crosslink nearby alkyl carbons with a preference for aliphatic residues
[10]. Bpa substitutions provide highly specific crosslinking information that can resolve unique
binding partners in nearby features [11]. We tested each purified, radiolabeled variant for
crosslinking to RNAP holoenzyme in vitro, identifying 18 variants that crosslinked to one of the
two large subunits in RNAP (Fig. S1A,S1B). We distinguished crosslinking to B or B’ by
crosslinking unlabeled DksA-Bpa variants to RNAP radiolabeled in either the § or ' subunit
(Fig. 2B). Thirteen DksA-Bpa variants preferentially crosslinked to f’, as expected from earlier
results that identified B’ as a crosslinking partner of DksA [12], and five preferentially

crosslinked to B (Fig. 2B, 2C). To our knowledge this was the first evidence that § contributes to



59

DksA binding.

We mapped the crosslink sites in § and ' to greater resolution, using limited cyanogen bromide
(BrCN) cleavage, which cleaves after methionine residues. The BrCN cleavage patterns of
RNAP subunits are well-established [13,14], allowing for clear assignment of crosslink adducts
to fragments of the large subunits (Fig. S2A). In some cases, we further refined the crosslinking
region by enzymatically cleaving the crosslinked products with trypsin under single-hit
conditions. In total, we located crosslink sites on B and B' for 11 DksA-Bpa variants to a
precision of 10-50 residues (Fig. S2B-K). The results, summarized in Figure 2D and
Supplementary Figure S3A-D, identified eight new crosslinking sites and increased the precision
of three previously identified sites (DksA F69, E79, and E146) by an order of magnitude [12].
DksA-Bpa crosslinks mapped to two new regions in [ that weren't predicted by current models; a
region overlapping B-SI1 and one that included a substrate-binding region from . This

motivated us to revisit the structural model of DksA bound to RNAP.
A new evidence-based model for the DksA-RNAP complex.

We first sought to understand the general constraints on possible models of DksA and RNAP
imposed by our new crosslinking data. For this purpose, we used computational docking with
PatchDock [15] to generate nearly 130,000 different models of DksA bound to RNAP using two
constraints: we required that the interface between the two structures satisfied shape
complementarity rules and that at least one of the mapped crosslink regions contacted DksA
directly (distance in structure <20A). This set was then filtered using distance constraints from
the crosslinks. Simultaneous satisfaction of 7 crosslink constraints filtered the set to just three
similar docking solutions (RMSD:<11 A) sharing two prominent features. First, the tip of DksA

inserted deep into the secondary channel and approached the substrate-binding site in B subunit.
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Second, the C-terminal a-helix of DksA extended out towards B-SI1 in the secondary channel.
Of the three docking positions, two positions placed the globular domain of DksA closer to the f'
jaw domain ('1147-1245) while only one positioned the globular domain of DksA closer to the
tip of the B' rim helices, a known binding determinant of DksA [12,16]. We used this solution for
further refinement of the structural model. Notably, the best docking solution was still limited by
a steric clash between the rim helices and the N-terminus of DksA, a structural feature that has

been demonstrated to be dispensable for DksA function [16].

To create a refined model of DksA bound to RNAP that reflected residue-level information on
the interaction, we used additional experimental information based on the functional
characterization of >30 point mutants and several partial deletions. (Fig. 2C, S4B, S4C,
Methods). We positioned DksA within the secondary channel so that functionally relevant
residues made reasonable contacts in the interface. Importantly, only minor changes in the
orientation and position of DksA in the automated model (RMSD: 7A) were necessary (Fig.
S3E). The final model (Fig. 2E, model 3 in Fig. S3E) suggests four likely interaction sites
between DksA and RNAP: the DksA C-terminal a-helix and B-SI1 (Fig. 3A); the DksA Zn>"
binding domain and adjacent C-terminal o-helix with the tip of the B' rim helices (Fig. 3B);
DksA residue D74 with residues in the B substrate binding region (Fig. 3C); and the middle of

the DksA coiled-coil domain with the 3’ N-terminal rim helix (Fig. 3D).
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Figure 3
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Figure 3. Detailed views of the structural model of the DksA-RNAP complex. (A) Structural
view of possible interactions between the DksA C-terminal a-helix and p-SI1. Residues with Bpa
substitutions in B-SI1 loop 1, 2 and 3 are depicted as sticks. (B) DksA Zn**-binding region and B'
rim helices tip; in this and the following panels, critical contacts are depicted as sticks. (C) DksA
coiled-coil tip residue D74 and B active-site region NTP-binding loop/RNA (-1/-3)-binding helix;
and (D) DksA coiled-coil residue R91 and B' rim helix residues encompassing D684; DksA-A76
and B' bridge helix residues G782/L783. Color-coded as in Figure 2E, except B' bridge helix
(green) and B' trigger loop (dark blue; open conformation as in PDB: 3LUO) (E) Autoradiogram
of photo-crosslinking between wt DksA and RNAPs carrying six different Bpa substitutions in 3-
Si1.
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B-SI1 interacts with DksA.

Consistent with the functional connection between -SI1 and DksA discovered in our chemical-
genomic screen, two DksA-Bpa adducts, DksA-V119Bpa and DksA-T140Bpa, mapped to a
region of § overlapping with SI1 (Fig. 2D). We independently confirmed the physical proximity
of DksA and B-SI1 in the bound complex using a "reciprocal” crosslinking experiment, showing
that two B-SI1-Bpa derivatives, B-L341Bpa and B-K247Bpa, crosslinked to DksA with high

efficiency (Fig. 3E). These reciprocal crosslinks are strong evidence of the proximity of B-SI1

and DksA in the complex.

The B-SI1-1.2 (B-240-284) sub-domain of B-SI1 faces the secondary channel and is oriented
towards DksA in the model; with loops 2 (B-E244-S252) and 3 (B-G266-R272) positioned as
possible interfaces with DksA (Fig. 3A). Consistent with this prediction, both RNAPASII and
RNAPASI1-1.2 mutant polymerases had dramatically decreased DksA-dependent inhibition of
transcription from rrnBPI (Fig. 4A) and DksA binding in vitro (Fig. 4B). Moreover, multiple-
alanine substitutions in both loop 2 and loop 3 of B-SI1-1.2 significantly decreased DksA binding
and inhibitory activity in vitro (Table S1, Fig. S9A, Fig. S9B). Additionally, both rpoB(ASII)
and rpoB(AS 11-1.1) exhibited a phenotype in vivo, failing to repress transcription from a
reporter construct driven from an rrnBP1 promoter during stationary phase growth. Loss of
repression was similar in magnitude to that of AdksA and rpoC(E677C), a mutant in the B' rim
helices that mimics the in vivo phenotypes of AdksA (Fig. 4C) [17]. Importantly, this effect was
not due to a general transcriptional defect of rpoB(ASI1) or rpoB(ASII-1.2): both deletion strains
showed less than a two-fold increase in expression of lacUVS5-lacZ, comparable to that described

for AdksA [7] (Fig. 4C).

The defect of RNAPASII-1.2 in repressing transcription either in vivo or in vitro was only
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slightly less than that of rpoB(ASII). However, rpoB(ASII-1.2) was less defective than
rpoB(ASII) during growth without amino acids, as the strain suffered no lag and showed only a
small (~30%) reduction in colony size relative to WT (Fig. 4D, Fig. S8). The discrepancy in the
severity of phenotypes detected by these assays could be explained by their relative sensitivities
or by differences in conditions. The binding defect of rpoB(ASII-1.2) may not be sufficient to
disrupt growth without amino acids, or the elevated ppGpp levels during amino acid starvation

could complement any partial defects through synergy with DksA [2].

The model predicted that the C-terminal a-helix of DksA spanned the junction from the ' rim
helices to B-SI1, with residues that could be reasonably expected to interact with either feature,
motivating us to identify any DksA residues that could contribute to these interfaces. As
previously reported [16], DksA was completely inactive when its C-terminal a-helix (140-152)
was removed. DksA(1-139) lacked both RNAP binding and functional activity in vitro (Fig.
5A,B, Fig. S4A, Fig. S5A) and activity in vivo (Fig. 5C, Fig. S6, Fig. S7). Serial C-terminal
truncations displayed a progressive loss of function in vitro and in vivo (Fig. S4A, Fig. S5A, Fig.
S6, Fig. S7), which suggested multiple contacts between RNAP and this a-helix. We found two
point mutants in the C-terminal a-helix that exhibited functional defects. DksA-E143A
significantly reduced the binding and activity of DksA in vitro and DksA-K147A had smaller,
but similar, effects (Fig. 5B, Fig. S4B, and Fig. S5B). Of these two point mutants, only DksA-
E143A was defective in inhibiting transcription from rrnBP1 in vivo (Fig. 5C) and both strains
grew on minimal medium (Fig. S7 and Table S2). The smaller effects seen with single
substitutions are consistent with multiple sites across the C-terminal a-helix additively
contributing to binding. In our model, DksA-E143 is positioned to interact with the tip of the j'

rim helices (Fig. 3B), whereas DksA-K147 is distal to the B' rim helices.
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Figure 4. Comparison of the phenotypes of RNAP AB-SI1 and AB-SI1-1.2.

(A) Multiround transcription assays [2] comparing the concentration dependence of DksA
inhibition of rrnBP1 transcription initiated by wt RNAP (left), B-ASI1 RNAP (center) or 3-ASI1-1.2
RNAP (right). The percentage of terminated rrnBP1 transcripts made with DksA relative to that
without DksA is indicated below each lane of the gel autoradiogram. (B) Autoradiograms of 6%-
12% SDS PAGE of different DksA-Bpa photo-crosslinked to wt or mutant RNAP (B-ASI1 (left
panel) and to B-ASI1-1.2 (right panel). Crosslinking yield indicated below each lane. (C)
Stationary phase inhibitory activity of DksA in strains with B-ASI1 and B-ASI1-1.2 mutations
(derivatives of RLG5920, RLG4764, and RLG5022, see Table S6). Left Panel: fold inhibition of
rrnB-P1 activity relative to that in a strain lacking DksA, assayed using an rrnBP1-3-gal fusion
reporter strain and measured 24 hrs after inoculation. Right panel: activity of wt and B-SI1
variants on a lacUV5-B-gal fusion reporter measured 24 hrs after inoculation. (D) The fitness
defect of rpoB(ASI1) on minimal media is partially suppressed by dksA(N88I) (derivatives of
BW25113, see Table S6). Colonies were pinned onto minimal media and colony size was
quantified and normalized to wt. Error bars reflect standard deviation (n>3). (E) Left panel: same
as in (A) except that reactions used the hyperactive DksA mutant, DksA-N88I; Right panel:
quantification of the concentration dependence of DksA inhibitory activity in various strains from
which k; is calculated.
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We also used genetic tests to characterize the interaction between -SI1 and DksA. We first used
a hyperactive DksA mutant (DksA-N88I) that has both higher affinity for and activity on RNAP,
allowing it to suppress the auxotrophy of a ppGpp"® strain [18]. We reasoned that DksA-N88I
would also be sufficient to restore binding and activity to mutants in the proposed DksA/B-SI1
interface. As predicted, DksA-N88I partially suppressed the in vivo growth defects of
rpoB(ASI1), rpoB(ASII-1.2) (Fig. 4D), and dksA(1-139) (Fig. S7). DksA-N88I also suppressed
the in vitro defect in activity for RNAPASI1-1.2 (Fig. 4E, Table S1). We next used epistasis
analysis to test whether DksA binding was the sole function of B-SI1. If so, an rpoB(ASII)AdksA
double mutant phenotype should have been equivalent to either single mutant alone. This
epistatic relationship held for a positive control, rpoC(E677G), known to interfere with DksA
binding [17] (Fig. S8). In contrast, both rpoB(ASI1)AdksA and rpoB(ASII-1.2)AdksA were
synthetic sick in combination, showing an extended lag before any growth in minimal medium
(Fig. S8). These results further support the conclusion that mutations in the DksA/B-SI1 interface
reduce binding and activity of DksA and, unexpectedly, show that 3-SI1 contributes to growth

on minimal media even in the absence of DkKsA.

In summary, multiple lines of evidence indicate that DksA and B-SII interact and that this
interaction is critical for recruiting DksA to the initiation complex. This includes reciprocal
crosslinking between DksA and -SI1, the position of the C-terminal a-helix of DksA near -SI1

in our model, and genetic validation of both sides of this interface.

The tip of the B' rim helices binds the Zn?*-binding domain and adjacent C-terminal a-

helix.

The model predicted that the Zn*"-binding domain of DksA (G112-K139) contacted the tip of the

B' rim helices (B’670-674) (Fig. 3B), a feature of RNAP that is known to be critical for DksA
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binding [19]. Multiple mutations in both sides of the proposed interface identify key residues that

contribute DksA binding affinity.

DksA-R125A (Fig. 5A) was the most defective point mutant in DksA. The mutant lacked both
binding and activity in vitro (Fig. 5B,D,E), was unable to inhibit »#nBP] transcription in vivo,
and did not support growth on minimal media (Fig. 5C,F). Even the more conservative
substitution, DksA-R125K, resulted in a nearly complete loss of RNAP binding (>20-fold
decrease; Fig. SE). Loss of activity was suppressed in a DksA-R125A/N88I double mutant

strain, consistent with the phenotype being due to a lack of binding (Fig. SF).

Two other residues in the Zn*"-binding domain (A128 and 1136) were also important for DksA
function. DksA-A128N and DksA-1136S were defective for both binding and activity in vitro
(Fig. 5B, Fig. S4B, Fig. S5B) and inhibited expression from rrnB P1 very poorly in vivo (Fig.
5C). However, like the partially defective mutants of the B-SI1/DksA interface, they were able to
support growth without added amino acids (Fig. S7). A combination of DksA-E143A with these
partially defective mutants (DksA-I1136S/E143A and DksA-A128N/I136S/E143A) could not
support growth without amino acids (Fig. S7), suggesting that combining these weaker mutations

can have a synergistic effect on DksA binding.

In the model, DksA-R125 is positioned to interact with B’-E677 (Fig. 3B), DksA-A128 and
DksA-I136 are positioned to interact with the two aliphatic side chains in the tip of the rim
helices (Fig. 3B), and DksA-E143 is positioned to interact with tip residue ' T674. While the
atomic-level resolution of this interaction remains to be determined, we note that structural
modeling and mutagenesis together implicate a direct interaction between the Zn®'-binding
region of DksA and the tip of the B' rim helices. Functional analysis indicates that DksA-R125 is

a major contributor to binding energy of this interface. It is interesting to note that while the
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Figure 5. Phenotypes of selected single-point DksA mutants with significant functional
impairment.

(A) Ribbon structure of E. coli DksA showing the position of critical residues (sticks). (B) Effect
of mutations of critical residues in DksA on its binding affinity and ability to inhibit transcription
from rrnB-P1 in vitro. Data is plotted relative to activity of wt DksA; error bars represent
standard deviation (n=3). In panels B and C, mutations resulting in significant reduction of DksA
activity, but not binding affinity, are shown in bold typeface and underlined (C) In vivo
transcriptional inhibitory activity of these same mutants measured as fold-inhibition of an rrnB
P1-lacZ fusion reporter during stationary phase in E. coli AdksA cells expressing either plasmid-
born wt or mutant DksA (upon induction with 1 mM IPTG). Data is plotted relative to that of
AdksA cells (strain RLG7241) carrying empty vector. (D) Multiround run-off transcription assays
(as in Figure 4A) comparing the concentration dependence of wt and R125 DksA for inhibition of
rrnB-P1 transcription. (E) Analysis of the binding affinity of DksA-R125 to RNAP with a
competition-crosslinking assay. Autoradiogram of 6%-12% SDS PAGE of RNAP-BL341Bpa
photo-crosslinked to radioactive wt DksA in the presence of various amounts of competitor
DksA (wt or mutant) as indicated (left panel). Radiolabeled protein kinase A present in the
reaction mix is indicated by asterisk. Right Panel: quantification of the effect of mutant DksA
concentration on the yield of RNAP-DksA crosslinking from which k., is calculated (F) Growth
complementation assay showing that upon IPTG induction, plasmid-expressed DksA-
R125A/N88I, but not DksA-R125A, rescues the auxotrophy of E. coli AdksA cells (strain CF9240
) during 24h growth on M9 minimal agar plates at 30° C. Serial dilution factor is indicated above.



68

The coiled-coil tip of DksA interacts with residues in the substrate binding region of the

active site.

Identifying the position of the coiled-coil tip of DksA within the active-site region of RNAP is
critical for understanding the mode of action of DksA. In our model, tip residue D74, one of the
first to be identified as essential for DksA activity [3], is positioned to contact two residues of the
substrate-binding site in B subunit, B-R678 and B-R1106 (Fig. 2E, Fig. 3C). This assignment is
supported by crosslinking between DksA-V73 and the overlapping region (f653-681), as well as

functional analysis of mutants in D74, -R678, and B-R1106.

We found that DksA-D74 substitutions D74N, D74S, and D74E all altered DksA activity
without affecting binding, consistent with previous studies [3,12,20] (Fig. 5B, Fig. S5B). D74N
was most defective of the substitutions (Fig. SC, Fig. S7, and Table S1). This suggested that
proper positioning and electrostatic charge of the aspartic acid carboxyl group is critical for D74
function.

The two residues in B (R678 and R1106) proposed to interact with DksA-D74 each play
important roles in catalytic function during elongation. -R678 binds to the nascent RNA 3'-end
and orients it for nucleotide addition and $-R1106 stabilizes the incoming NTP [21, 22]. RNAP
complexes with alanine-substitutions at either residue retained DksA affinity (Fig. S9B), but
were refractory to DksA inhibition in in vitro transcription assays, even at the concentrations 10-
fold higher than that required for wt RNAP (Fig. 6A). A complementary assay based on
destabilization of RPo by DksA at the model promoter lacUV5 DNA [23] also indicated that

these mutants were refractory to DksA action: although RNAP-BR678A and RNAP-fR1106A
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Figure 6. Susceptibility of the RNAP B active-site region mutants, 3-R678A and 3-R1106A,

to DksA inhibition

(A) Multiround transcription assays comparing the concentration dependence of DksA inhibition
of rrnB-P1 for wt (left), B-R678A (middle), or B-R1106A (right) RNAP, with quantification and the
calculated k; shown below. (B) Effect of 5 yM DksA on the lifetime of lacUV5 open promoter
complexes formed by wt, 3-R678A and B-R1106A RNAPs, measured by DNA filter binding [30].
The decay curves show the fraction of complexes remaining at the indicated times after heparin
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exhibited shorter half-lives than wt they were insensitive to DksA-mediated destabilization (Fig.
6B). Substitution of the neighboring residues, B-N677A and B-S1105A, did not affect RNAP
sensitivity to DksA (Fig. S9A) indicating that the effects observed with B-R678A and B-R1106A

were specific.

The observations that DksA-D74 exhibits charge complementarity with f-R678 and B-R1106,
that mutation of these residues abrogates DksA function, and that all three residues are highly
conserved among different bacterial phyla (Table S5), together suggests that DksA-D74 forms a
salt bridge with B-R678 and B-R1106 that is essential for DksA activity. We note that the
proposed interaction of DksA-D74 with the substrate binding region of the active site places
DksA-A76 tightly against B'G782/L783 from the bridge helix. This provides an alternative
explanation for the functional defects discovered for DksA-A76T, in that a steric clash from the
bulky substitution would prevent DksA from inserting into the substrate binding region of the

active site [20].

A novel DksA coiled-coil/B' rim helix functional interaction

Interestingly, we found that substitutions in DksA-R91 eliminate the activity of DksA and
reduce, but do not eliminate, DksA binding (Fig. 5B,C, Fig. S4B, Fig. S4C, Fig. S5B, Fig. S7
and Table S2). This indicated that DksA-R91 is essential for DksA activity independent of
binding, similar to the phenotype of the tip residue D74. The model positions DksA-R91 near B'-
D684 (Fig. 3D) and substitution of f’-D684 also reduced the sensitivity of mutant RNAP to
DksA in vitro (Table S1). Compared to other proposed interaction interfaces, both DksA-R91
and the residues centered at f'-D684 are less conserved between phyla (Table S5). We propose
that an interaction between DksA-R91 with the ' rim helix stabilizes the orientation of the DksA

coiled-coil that allows an interaction between DksA-D74 and the substrate binding region of the
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active site.
Discussion

We present a new evidence-based model of the DksA-RNAP complex that highlights a dispersed
network of mutually dependent interactions required for both binding and activity of DksA.
High-affinity binding requires an interaction between B-SII and the C-terminal a-helix of DksA
as well as between the tip of the B’ rim helices and the Zn**-binding region of DksA. Eliminating
either interaction alone abolished binding, showing that both the B’ rim helices and B-SI1 are

necessary binding determinants of DksA.

DksA and B-SI1 are too distant to physically interact in our model, which is based on DksA and
RNAP crystallized independently. The DksA C-terminal o-helix and B-SI1 both display
conformational flexibility (by 7-15A) based on the reported crystal structures of DksA (PDB:
1TJL; 41JJ) and RNAP (PDB: 4LK1, 4YLN, 4JKR). The movement of the two domains towards
each other by 5-10A and 10-15A, respectively, could easily bring B-SI1 close enough to interact
with DksA. DksA binding could thus capture an alternative conformation to that found in the
crystal structure of E. coli RNAP [25-27] and compete with any function of B-SI1 associated
with this original conformation. Although we have clearly demonstrated that -SI1 recruits DksA
to RNAP, further efforts both to dissect this novel binding interface and to characterize the
DksA-independent functions of B-SI1 will be critical for completing the picture of how the

interaction between -SI1 and DksA alters transcription.

Our work has revealed that the residues in the B substrate binding region of the active site, are
required for sensitivity to DksA during initiation. We propose that DksA-D74 functions during
initiation by neutralizing the positive charges of B-R678/R1106 and altering the dense network of

polar/electrostatic interactions in the immediate vicinity of the active center [25,27-29]. This
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could alter the conformation of two neighboring mobile elements of B, fork loop-1 and fork loop-
2, destabilizing the intermediate on the pathway to open complex formation. Alternatively, The
B’ trigger loop (B’ TL) has been previously demonstrated to be essential for sensitivity to DksA
[7,19]. Our model predicts a steric clash between a folded B’ TL and the coiled-coil of DksA, and
an alternative mechanistic role of both DksA-D74 and DksA-91 could be to lock the coiled-coil
in the appropriate orientation to mediate this interaction. Regardless of exact conformational
changes that destabilize RPi, we have provided strong evidence that an interaction between the
substrate binding region of the active site and DksA-D74 is a critical feature of DksA regulation

during initiation.

DksA is known to alter the elongation properties of RNAP [3,19,37], and we note that DksA
statically bound to RNAP as found in our model would preclude elongation by preventing
folding of the B’ TL. Our experimental efforts focused on the effects of DksA during initiation,
but the position of the DksA coiled-coil in the channel may be dynamic and vary with RNAP
conformation, the stage of transcription cycle, and the presence of additional factors such as
ppGpp. Indeed, Fe*-mediated cleavage of DksA is reduced in the paused complex compared to
free RNAP [19] and for mutants in the tip that inactivate DksA [20], which has been interpreted
as representing a more distal position of the coiled-coil in the these complexes [19]. One
alternative model positions DksA so that binding would not clash with a folded B’ TL and may

represent a more relevant mode of binding during elongation [12].

For E. coli RNAP, DksA binding is modulated by two lineage specific insertions: B-SI1 and j’-
SI3. While B’-SI3 antagonizes DksA binding and is hypothesized to contribute to the steric clash
between DksA and a folded B’ trigger loop [16], B-SI1 is essential for recruiting DksA to RNAP.

This discovery has interesting implications for the conservation of DksA regulation among
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diverse bacteria. Like ’-SI3 [16], B-SI1 co-occurs with DksA, present in 22/25 of the bacterial
phyla with DksA homologues (Table S3). In most DksA-containing phyla, B-SI1 is present
either as a full-length domain (containing all three proposed interacting loops), or as a short
insertion containing only loop 1. In phyla with a truncated B-SI1, features of DksA may have
evolved to compensate for this loss and maintain a high binding affinity. For example, 5 phyla
that carry a truncated B-SI1 also have an extended C-terminal a-helix in DksA (Table S3).
Comparing the regulatory capabilities of DksA in these bacteria to those of E. coli, would
indicate the diversity of mechanisms that have evolved to allow for control of transcription by

DksA.

Methods

Strains, oligos, and growth conditions

E. coli strains and plasmids are listed in the Supplemental Material (Table S6). Primers used in
all PCR-based cloning were obtained from IDT; their sequences are available upon request.
Deletions, single and multiple point mutations, and UAG-amber codon substitutions were
introduced at various positions within the dksA, rpoB and rpoC genes using QuickChange site-
directed mutagenesis kit (Agilent). Chromosomal mutants in 7poB and dksA were generated by
oligo-mediated recombineering using the A-red system and standard protocols [31]. Colony size
estimations were made on arrayed colonies on agar plates using the same methodology as

previously described for large-scale chemical-genomic screens [32].

Expression and purification of mutant DksA and RNAP proteins

Bpa substituted variants of DksA and RNAP were prepared using E.coli BL21(DE3) and

CAG316 cells, respectively. Strains were co-transformed with a Bpa-specific evolved
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tRNA/tRNA synthetase pPEVOL-BpF vector [33] and the appropriate expression plasmid (Table
S6). Transformants were grown to ODggo ~ 0.5-0.6 at 30°C in liquid LB media supplemented
with ampicillin (100 pg/ml) and chloramphenicol (30 pg/ml). Protein expression was induced
by addition of 1 mM Bpa, 1 mM IPTG and 0.02% arabinose to the growth media, and the
induced cells were grown for ~ 20 hours at 30°C. DksA-Bpa and RNAP-Bpa proteins were
purified under reduced light at 4°C by Ni*"-chelating NTA-agarose (Qiagen) followed by size-
exclusion chromatography on Superdex 75 and Superose 6 (GE Healthcare Life Sciences),
respectively [34]. Other mutant DksA and RNAP proteins were expressed using same strains

(without co-tranformation with pEVOI-BpF) and purified as described above.
Protein crosslinking and mapping

Purified RNAP core enzyme carrying either N- or C-terminal PKA- and 6XHis-tag (NPH or
CPH, respectively) on B’ or B subunits were radiolabeled using [y-"*P]-ATP (3000Ci/mmol, MP
Biomedicals) and protein kinase A (PKA, New England Biolabs) as described previously [34].
Crosslinking reactions were initiated by mixing 0.5 pM [a->*P]-RNAP with 0.5-2 uM DksA-Bpa
in 15 pl reaction buffer (40 mM Tris-HCI pH 7.9, 50 mM NaCl, 10 mM MgCl,, 0.2 mg/ml BSA)
followed by irradiation by 365 nm UV-lamp for 20 min at 4°C. The reaction was terminated by
addition of 3 pul of 5X SDS sample loading buffer containing B-mercaptoethanol. The crosslinked
products were separated by 6% Tris-glycine SDS polyacrylamide gel electrophoresis (SDS-
PAGE), visualized by autoradiography and quantified by Phosphorimager (GE Healthcare Life
Sciences). The results of crosslinking experiments were essentially the same when RNAP 670-
holoenzyme was used instead of the core enzyme (data not shown). The free radiolabeled B and

B’ and their covalent adducts carrying DksA-Bpa were excised from the gel and eluted with three
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volumes of 0.2% SDS at room temperature for one hour. The eluate was precipitated by acetone

and re-dissolved in 20 pl of 0.1% SDS, and then directly used in cleavage reactions.

Mapping of the crosslinked sites on B and B' was performed by limited chemical or
enzymatic hydrolysis under single-hit conditions. Chemical hydrolysis was initiated by mixing
the eluted radioactive material with 40 mM HCI and 40 mM BrCN in 10 pl of 0.2% SDS
followed by incubation at 30 °C for 5-30 min. The reaction was terminated by addition of 0.5 pl
of 1 M Tris-OH. Enzymatic cleavage was performed by mixing the eluted radioactive material
with 1 pug unlabeled RNAP and 1-10 ng trypsin (Thermo Fisher Scientific Inc) in 15 pl of buffer
(100 mM Na-phosphate pH 7.0, 0.05 % SDS) followed by incubation at 37 °C for 5-30 min.
Reaction was terminated as described above, the products of cleavage reactions were resolved by
7% or 10% SDS-PAGE and visualized by Phospholmager. Protein cleavages at Met and
Arg/Lys residues was carried out as described [34,35] using BrCN and trypsin, respectively.
Since the PKA sites are located at f and B' polypeptide termini, the single-hit hydrolysis

generates a pattern of nested, easily identifiable fragments.
Modeling of the DksA-RNAP complex

Atomic-resolution representations of the structures of RNAP (PDB 4LK1) and DksA (PDB
ITJIL-A) and the experimental crosslinking data were used as starting points for automated
modeling. To account for ambiguous crosslinking data, our scoring function required that at least
one possible crosslink criteria was satisfied (Ca-Ca distance < 20A) for each Bpa-replaced
residue of DksA (57, 69, 73, 79, 84, 119, 140, 144, and 148) that had a corresponding RNAP
fragment in the structural model (Fig. 2E, Fig. S3). Because B'-SI3 domain is highly flexible as
found in several RNAP crystal structures (PDB: 4LKI1, 4LKO0, 4JKR, 4IQZ, 4YLN), the

crosslink from DksA-E146Bpa was excluded from this initial analysis. Sampling of models with
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good shape complementarity using the PatchDock method, generated ~130,000 docking models.
This set was then filtered using a crosslinking scoring function. Preliminary analysis revealed
that none of the ~130,000 docking models satisfied all 10 crosslinks. However, exclusion of
DksA-V119 and satisfaction of the remaining 9 crosslinks filtered the set to a single cluster of 2
models (model 1, yellow ribbons; and model 2, blue ribbons Fig S3E). The model that had the
most favorable shape complementarity score and also satisfied the distance interaction criteria

between DksA and the tip of the B' rim helices (model 2) was used for further refinement.

First, for the refined modeling, predicted positions of '-SI3 in the RNAP structure (PDB 4JKR,
PDB 4YLN, PDB 4LJZ) were used to put an additional constraint to possible positions of DksA
in the secondary channel. At the same time, the potential steric clash that may occur between the
N-terminal partially unstructured region of DksA (residues 1-13) and ' rim helices was allowed.
Second, only the crosslinks from DksA-Bpa residues 57, 69, 73 and 84 to stationary § and f'
structural elements [36] were used, because they allowed a more unambiguous placement of
DksA. The crosslinking data from other DksA-Bpa residues were excluded from the analysis
since the crosslinks were mapped to mobile structural elements (f'-trigger loop, p'-SI3, B-SI1 and
B-lobe 1). Third, we used additional experimental data resulting from the functional analysis of
>30 DksA mutants (Fig. S4-S7). Among these were the N- and C-terminal deletions (Fig. S4A,
S5A, S6), and point mutations at or near the 6 residues for which Bpa- substitutions did not
appreciably crosslink to RNAP (Fig. 2C). We reasoned that these surface exposed substitutions
were unlikely to alter folding, and may identify critical binding interfaces that are unable to
tolerate the bulky Bpa adduct. The latter group of mutants proved to be the most informative for
the refined modeling, since substitutions of R91, R125, A128, 1136, E143 and K147 were most

detrimental for binding and/or activity (Fig. 5, S4B, S4C, S5B). In the final DksA model (Fig.
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S3E; model 3, red ribbons) the coiled-coil and Zn*"-binding domains are positioned closer to B'
rim helices than that observed in model 2. As a result, the side chains of possible crosslinked

residues (of DksA and RNAP) are located at interacting distances of <4 A.
DNA filter binding assay

The lifetimes of a competitor-resistant RNAP-promoter complex were measured in a DNA filter-
binding assay, as described [23]. The fraction of competitor-resistant RNAP-promoter complex
remaining in either the absence or presence of DksA was measured by a DNA filter-binding
assay using a 242 bp-long end-radiolabeled DNA fragment containing the /acUV5 promoter
(endpoints -60 to +40) prepared by filling in the ends of Xhol-digested pRLG4264 plasmid with
[a-*P] TTP (MP Biomedicals) and Sequenase (USB). For the assay, 10-30 nM RNAP was
mixed with 0.5 nM radiolabeled /acUV5 DNA and 5 pM DksA in binding buffer (40 mM Tris-Cl
pH 7.9, 100 mM NaCl, 10 mM MgCl,, 1 mM DTT and 0.1 mg/ml BSA), and incubated at 30 °C
for 20 min. After addition of heparin (Sigma) to 10 pg/ml, 20 pl aliquots were removed from the
mixture at indicated time intervals and filtered through nitrocellulose discs (Protran BA-8S5,
Whatman). The discs were washed (2x200 ul) with 10 mM Tris-HCI buffer pH 8.0 containing
100 mM NaCl and 0.5 mM EDTA, air-dried, and quantified by scintillation counter (Beckman).
RNAP-promoter complex half-lives were determined from semi-log linear regression plots of the
fraction of filter-retained complex at each time point. Time zero was defined as 15 sec after

heparin addition in the absence of DksA.

B-galactosidase activity assay
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B-galactosidase activity was measured for WT and mutant E.coli strains containing chromosomal
a rrnB P1 promoter-lacZ fusion reporter, as described [23], after growth to stationary phase in

MO rich defined media (M9-RDM) to ODy4sp of 1.0-2.2 or in LB to ODgg of ~5.5.

To measure the B-galactosidase activity of chromosomally-expressed mutant RNAPs,
cells from fresh single colonies were grown in M9 rich defined media (M9-RDM) into stationary
phase for 24 h at 30°C (to ODyso of 1.0-2.2). Cultures were placed on ice for 30 min, and diluted
1:10 in ice-cold Z-buffer (60 mM sodium phosphate buffer pH 7.0, 13 mM NaCl, 1 mM
Mg»S0s). Reaction mixtures were prepared by mixing 500 pl of the culture dilution, 500 pl lysis
buffer (Z-buffer containing 0.006% (w/v) SDS, 38 mM B-mercaptoethanol), 50 pl of chloroform,
and vortexing for 10 s. Reactions were initiated by addition of 200 pl of 4 mg/ml o-nitrophenyl-
B-galactoside (ONPG), incubated for 7-30 min at 25°C and quenched with 500 pl of 1M

NaHCO3.

To measure the B-galactosidase activity in cells expressing mutant DksA, E. coli AgreA:AdksA
double mutant strain (RLG7241) carrying chromosomal rrnB P1 promoter-lacZ fusion was
transformed with pTRC99A-derived vectors expressing the wt or mutant DksA. The double
deletion strain was used to minimize the interference effect of competitor GreA on DksA activity
[43]. Cells were grown in triplicates in LB media in the presence of ImM IPTG and 100 mg/ml
ampicillin for 24 h at 30 °C to an ODgg of ~5.5 (stationary phase). 50 ul of cell aliquots were
centrifuged and placed on ice for ~20 min. Cell were resuspended in 100 pl of lysis buffer (100
mM Na,HPOj,, 20 mM KCI, 2 mM MgSO,, 0.8 mg/ml CTAB, 0.4 mg/ml Na-deoxycholate, 80
mM B-mercaptoethanol and 100 pg/ml chloramphenicol) and lysed by sonication. 300 pl of
substrate solution (60 mM Na,HPO4, 40 mM NaH,POs, 1 mg/ml ONPG, 13 mM p-

mercaptoethanol) was added to the lysate and incubated for 15-30 min at 37 °C. Reaction was
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quenched as above and the OD4yy was measured. The -galactosidase activity was calculated in
Miller Units using the following equation: (1000xODa420)/(ODgoox0.1xt); where OD4yg - optical
density of the supernatant at 420 nm; OD600 - optical density of the cell suspension before lysis,

at 600 nm; t - reaction time in min.
In vitro transcription assays

To measure the inhibitory effect of DksA on RNAP transcription from ribosomal rrnB Pl
promoter DNA, a multiround in vitro transcription assay was performed as described [2] using
40 ng of supercoiled plasmid pRLG862 (carrying rrnB P1 promoter with endpoints -88 to +50
relative to the transcription start site) mixed with 30 nM RNAP incubated in 10 pl of
transcription buffer (40 mM Tris-HCI pH 7.9, 140 mM NacCl, 10 mM MgCl,, 1| mM DTT, 0.1
mg/ml BSA) in the presence or absence of 0.2-35 uM of wild type (wt) or mutant DksA at 30°C
for 5 min. Reactions were initiated by addition of NTPs (200 uM each of ATP, GTP, CTP; 10
uM UTP and 1 pCi [a-"*P]JUTP) followed by incubation at 30°C for 10 min. Reactions were
terminated with 15 pl of RNA gel loading buffer (95% formamide, 20 mM EDTA, 0.05%
bromophenol blue, and 0.05% xylene cyanol), the RNA products were separated on denaturing

8% PAGE in the presence of 7M urea and quantified by Phosphorimager with ImageQuant.
DksA-RNAP binding assays

To assess the binding affinities of mutant RNAPs towards the wt DksA, a direct
photocrosslinking (DksA-Bpa.RNAP) assay was used. A mixture of 10-30 nM of radiolabeled
DksA-L84Bpa (or DksA-R87Bpa) and 30-900 nM RNAP in 15 pl of transcription buffer was
UV-irradiated at 365 nm for 5 min at 4°C. Reaction was terminated by addition of 4 pl of 5X

SDS sample loading buffer, the crosslinked products were separated by 12% Tris-glycine SDS-
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PAGE, visualized by autoradiography and quantified by Phosphorimager (GE Healthcare Life
Sciences). The apparent dissociation constant (K4) was calculated from the graphs as the
concentration of RNAP that yields half-maximum efficiency of crosslinking to DksA-Bpa. To
determine the binding affinities of mutant DksA towards the wt RNAP, an indirect competition-
crosslinking (DksA-Bpa/mutant DksA/RNAP) assay was used. An equimolar mixture of 50 nM
radiolabeled DksA-L87Bpa and wt RNAP (or radiolabeled wt DksA and RNAP-B-L341Bpa)
was incubated in the presence of 0-30 pM of unlabeled wt or mutant DksA used as a competitor
in 15 pl of transcription buffer for 15 min at 4°C. Reactions were UV-irradiated, analyzed by
SDS-PAGE and quantified as described above. The apparent relative dissociation constant (Kgpp)
was calculated from the graphs as the concentration of competitor DksA that causes 50%

decrease in the crosslinking efficiency between radiolabeled DksA and RNAP.
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Supplementary Information

Supplementary Figure S1
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Supplementary Figure S1. Site-specific DksA-Bpa crosslinking to RNAP 8 and B’
subunits.

(A, B) Autoradiogram of a 6-15% SDS-gel electrophoresis of photo-crosslinking

reactions. (A) Radiolabeled wt DksA (lanes 1, 2) or DksA-E79Bpa (lanes 3, 4) were

incubated in the presence of unlabeled RNAP core with (lanes 2, 4) or without (lanes 1, 3)
UV-irradiation. Specific photo-crosslinking to RNAP [(/B' is observed only with DksA-E79Bpa
after exposure to UV light (lane 4). (B) Screening of different radiolabeled DksA-Bpa variants for
their ability to crosslink to RNAP core. Identity of each DksA-Bpa variant is indicated above the
top panel. Positions of free DksA, B, B' and the crosslinked radiolabeled DksA-Bpa-p/B' species
are indicated by arrows. Note that the electrophoretic mobility of the crosslink species varies
depending on B/B' subunit identity and the position of a crosslink site within each protein.
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Supplementary Figure S2. Mapping of the crosslink sites on 3 and B' for DksA-Bpa
variants.
(A) The single-hit mapping strategy. Schematic diagram depicting positions of the
DksA crosslink site (small blue coil) and methionines (short black vertical bars) on N- or C-
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terminally radiolabeled ' and B subunits (horizontal bars: ', blue and B, green). Asterisk
denotes position of radioactive phosphate. The N- and C-terminal Met-cleavage fragments

that do not carry crosslinked DksA are colored in red.

(B-K) Autoradiograms of 7% (B-G, I, J) and 12% (H, K) SDS-gel electrophoresis of radiolabeled
N- and C-terminal BrCN and trypsin cleavage products of § and B' crosslinked to DksA-Bpa
variants and free B and B'. Positions of BrCN- and trypsin- cleavage sites in 3 and B' are
indicated under Met and Arg/Lys, respectively. Fragments found in the crosslinked samples that
had the same electrophoretic mobility as fragments in free p/B' (indicated by residue numbers
shown in red) do not carry the crosslink. Fragments carrying the crosslink are indicated by
residue numbers in blue (B') and green (B). DksA-Bpa variants used for crosslinking are
indicated on top of each pane. The radiolabeled subunit used in crosslinking is indicated below
each panel.
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Supplementary Figure S3. Visualization of the DksA-Bpa crosslink sites in the 3D model

of DksA-RNAP complex

(A-D) Zoomed-in views showing the location of the mapped crosslink sites in 8 and ' (colored
ribbons) relative to the modeled position of DksA (PDB:1TJL, [9], red ribbon) in the crystal
structure of E. coli RNAP (PDB: 4LK1, [26], grey ribbons). DksA-Bpa and their likely crosslinked
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residues in 3 and B' are shown with the CPK spacefill balls of the same color and indicated by
arrows. Shown are detailed views of DksA-Bpa/B/B' proximity interfaces of: (A) R57Bpa/p' rim
helices and F69Bpa/B' helix-loop-helix (HLH) element of Clip 1. (B) E79Bpa/p' trigger loop,
L84Bpa/F-loop and E146Bpa/B-loop of B'-SI3. (C) V119Bpa/T140Bpa/B-SI1 loop-1 and
V73Bpal/P active site,. (D) DksA-1144Bpa/Q148Bpa/p lobe-1. (E) The secondary channel view of
the three model structures of DksA-RNAP complex: generated by automated docking of DksA
(model 1, yellow ribbons; and model 2, blue ribbons) and by refined modeling (model 3, red
ribbons). Position of the catalytic Mg** (magenta sphere), B' rim helices and B-SI1 is indicated.
B'-SI3 domain is omitted for clarity.
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Supplementary Figure S4
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Supplementary Figure S4. RNAP-binding assay of mutant DksAs

(A, B) Competition (DksA-Bpa/mutant DksA/RNAP) crosslinking assay of DksA C-terminal
truncation variants (A) and point mutations (B). Autoradiograms of a 6-15% SDS-gel
electrophoresis show the effect of wt and mutant DksA proteins, used as competitors, on the
efficiency of [*?P]DksA-R87Bpa crosslinking to RNAP. The identity and concentration of each
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competitor is shown above the panels. Mobility of free DksA and DksA-B/B' crosslinks is
indicated by arrows. Fraction of the crosslink as a function of competitor concentration plotted
from multiple experiments is shown in graphs below the autoradiograms. The apparent binding
affinity (kapp) values for wt and mutant DksA shown in tables on the right is determined as the
ability of mutant protein to reduce the fraction of [*?P]DksA-R87Bpa crosslink to RNAP by two.
(C) Screening for functionally defective DksA-Bpa mutants. A bar graph shows relative inhibitory
activity of each Bpa variant (except for D74N which is used as a reference) analyzed by in vitro
transcription assay on rrnB P1 promoter. Residues that are critical for binding or inhibitory
function are colored in orange or red, respectively.
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Supplementary Figure S5. Inhibitory activity of mutant DksAs.
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(A, B) Multiround transcription assays [8] comparing the ability of DksA C-terminal truncation
variants (A) and point mutations (B) to inhibit rrnBP1 transcription by wt RNAP. Left panels,
autoradiograms of denaturing 10% urea-gel electrophoresis showing the terminated transcripts
formed on plasmid DNA containing the rrnB P1 test-promoter and RNA1 control-promoter in the
absence and presence of wt and mutant DksAs. Concentrations of DksA used in the assay are
shown above each lane. DksA inhibitory activity (ki) is quantified from plots on the right showing
the dependence of relative rrnB P1 transcription on concentration of mutant DksAs.
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Supplementary Figure S6
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Supplementary Figure S6. In vivo inhibitory activity of DksA C-terminal truncation
mutants.

Fold inhibition of B-gal activity from rrnB P1-lacZ fusion reporter assayed in AdksA strain
expressing plasmid-born mutant DksAs relative to that carrying empty vector. Activity (in Miller
units) was measured after growing cells for 24 hrs to stationary phase.

Supplementary Figure S7. Growth phenotypes of AdksA cells expressing mutant DksAs

during amino acid limitation. E. coli AdksA cells (CF9240) carrying an empty vector or a

plasmid expressing wt or mutant DksA were grown in LB broth to a mid-log phase. Cells,
washed once with M9 salts containing 10 mM MgSO4, were then serially diluted in M9 medium
and plated on M9 agar or LB agar supplemented with antibiotics and/or IPTG, and grown for 24
and 38 hours at 30°C.
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Supplementary Figure S7
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Supplementary Figure S7. Growth phenotypes of AdksA cells expressing mutant DksAs
during amino acid limitation.

E. coli AdksA cells (CF9240) carrying an empty vector or a plasmid expressing wt or mutant
DksA were grown in LB broth to a mid-log phase. Cells, washed once with M9 salts containing
10 mM MgSO4, were then serially diluted in M9 medium and plated on M9 agar or LB agar
supplemented with antibiotics and/or IPTG, and grown for 24 and 38 hours at 30°C.
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Supplementary Figure S8
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Supplementary Figure S$8. Mutations in 3-SI1 display synthetic genetic interaction with
AdksA.

RNAP mutations with either dksA"" (+) or AdksA (-) genetic backgrounds are grown

on minimal media plates over the course of 120 hours. The phenotype of AdksA,

rpoB(ASI1), and rpoC(E677G) is colony formation after a delay; 48 h of growth on minimal
media. The double mutant rpoC(E677G)AdksA has the same delay in growth as either

single mutation, indicating an epistatic genetic interaction. Conversely, combination of either
rpoB(ASI1) or rpoB(ASI1-1.2) with AdksA leads to significant delays in growth of up to 100
hours; indicating a synthetic genetic interaction for either double mutant. These growth delays

are specific to conditions of amino acid deprivation, as growth on rich media is not impaired any
of the strains.
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Supplementary Figure S9
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Supplementary Figure S9. Effect of mutations in RNAP 3 and ' on the inhibitory
activity and binding affinity of DksA.
(A) Multiround transcription assays (same as in Supplementary Figure 5) comparing the ability
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of wt DksA used at indicated concentrations to inhibit rrnBP1 transcription by wt and mutant
RNAPs. The percentage of rrnBP1 transcripts made with DksA relative to that without DksA is
indicated below each lane on the autoradiograms of 10% denaturing urea-gel electrophoresis.
(B) Direct DksA-Bpa/RNAP binding assay comparing the ability of wt and mutant RNAPs used
at indicated concentrations to crosslink to radiolabeled photoactive probe [32P]DksA-L84Bpa.
Autoradiograms of 6-12% SDS gel-electrophoresis show the products of crosslinking reactions
with wt, B-SI1 loop-2 and loop-3 mutant RNAPs (top panel), or with wt and B-active site mutants
R678R and R1106A (bottom panel), with crosslinking yield indicated below each lane. The
crosslinking yield (top right) or the fraction of crosslink (bottom right) were plotted as a function
of RNAP concentration shown on the graphs.
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Supplementary Table S1: RNA polymerase mutants with altered DksA function

Structural element of RNAP Relative DksA binding Relative DksA
the secondary channel' B’ or p mutants affinity’ inhibitory activity’
WT 1 1
1664D 1 1
Q667A 1 1
y . . Q665A/F668D 0.3 0.3
P’ rim helices D634A nd 0.25
Y679A 0.75 0.75
G6718 1 1
SLVT->4A" <0.1 <0.05
B’ clip 1 G732V 1 1
B’ clip 2 G1245D 0.3 0.3
B’ F-loop A F-loop5 1 1
y S942A 1 1
B’ trigger loop ROA3A 1 1
B SI3 A1051-1054 3 3
G1055V 1 1
ASI1® <0.1 <0.05
ASI1-1.27 <0.1 <0.05
pSH B SI1-loop 2° 0.3 0.2
B SI1-loop 3° 0.2 0.15
B active site (-1/-3 RNA- R678A 1 <0.05
binding helix) N677A 1 0.5
B active site (NTP- RI1106A 1 0.1
binding loop) S1105A 1 0.8

"The secondary channel elements are described in (Borukhov, 2013). *“Measured by localized
Fe*"-mediated protein cleavage assay, or by photo-crosslinking, and expressed relative to the
binding affinity of DksA towards wt RNAP (Kd~250 nM). *Measured by runoff transcription
assay at ribosomal 77nB P promoter. 100% of inhibitory activity is the concentration of DksA
(1.5-2uM) that decreases the amount of runoff transcript by 2-fold. *SLVT>4A, four-Ala
substitutions of B’ residues: S670A, L672A, V673A, T674A. SAF -loop, deletion of ' residues
L746-P758 replaced by a Gly. °ASI1, deletion of B residues E226-L350 replaced by five Ala.
"ASI1-1.2, deletion of B residues E240-L284 replaced by three Ala. *SI1-loop 2, four-Ala
substitution of B residues E244, R245, 1246 and R247. *SI1-loop 3, substitution of five
residues: R268A, T270A, A271T, R272 and R275A
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Supplementary Table S2: Growth effects of AdksA mutants

0.1 mM
dksA mutant ol | PTG,
24h/ 48h

empty vector —/- —/—

WT ++/++ ++/++

1-149 ++/++ ++/++

1-146 +H+ +H++

C-terminal 1-143 —/— —/++
deletions 1-140 —— ——
1-139 —/— —/—

1-139/N88I —[++ —/++
R125A —/— /-

R125A/Q88lI —/— —/++

A128N ++/++ ++/++

1136S ++/++ ++/++

pOi["t E143A +/++ F+++
mutations E143A/I1136S —/— —/+
E143A/1136S/A128N —/— —/—

D74E ++/++ ++/++

D74S ++/++ ++/++

D74N —/— —/++

R91A —/— —/++
R91Q —/nd nd
R91K +/nd nd
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Supplementary Table S3: Evolutionary conservation of SI1

Armatimonadetes
Deinococcus-Thermus
Cyanobacteria
Tenericutes

SI1 (Q55 aa 214-215)
No SI1 (A117 aa)

No SI1 (A117 aa)
Small SI1 (Aloop-2, -3)

DksA -SI1 '-SI3
Phylum (M1-G151) (E2£6-P345) (R9£3-T1131)

Proteobacteria DksA S SI3
Chrysiogenetes DksA S SI3
Deferribacteres DksA S SI3
Elusimicrobia DksA (A5-C-term) Si1 SI3
Acidobacteria DksA S SI3
Nitrospirae DksA Si1 SI3
Nitrospinae DksA S SI3
Thermodesulfobacteria |DksA Si1 SI3
Planctomycetes DksA (Q10-17 aa C-ter) Small SI1 (Aloop-2, -3) SI3
Fibrobacteres DksA (Q20 aa C-ter) Small SI1 (Aloop-3) SI3
Verrucomicrobia DksA (Q22-25 aa C-ter) Small SI1 (Aloop-2, -3) SI3
Lentisphaerae DksA (Q9 aa C-ter) Small SI1 (Aloop-2, -3) SI3
Firmicutes DksA (Q36-108 aa C-ter) |No SI1 (A117 aa); Q70-100 aa at 414 No SI3
Gemmatimonadetes DksA (A14-C-ter) SI1; Q35 aa at 292 SI3
Aquificae DksA Small SI1 (Aloop-3); Q30 aa at 414 SI3
Unclassified bacteria  |DksA (A5 aa C-ter) Small SI1 (Aloop-2, -3) SI3
Spirochaetes DksA Small SI1 (Aloop-2, -3) SI3
Synergistetes DksA (A4-C-ter) Small SI1 (Aloop-2, -3) No SI3
Chlamydia DksA Small SI1 (Aloop-2, -3) SI3
Chloroflexi DksA No SI1 (A110 aa)/Small SI1 (Aloop-2,-3) No SI3
Chlorobi DksA (A6 aa C-ter) Small SI1 (Aloop-2, -3) SI3
Ignavibacteriae DksA Small SI1 (Aloop-2, -3) SI3
Bacteroidetes DksA Small SI1 (Aloop-2, -3) SI3
Marinimicrobia DksA Small SI1 (Aloop-2, -3) SI3
Actinobacteria DksA (A5-8 aa C-ter) No SI1 (A117 aa) No SI3
Caldiserica - Small SI1 (Aloop-2, -3) No SI3
Dictyoglomi - No SI1 (A117 aa) SI3
Fusobacteria - Small SI1 (Aloop-2, -3) SI3
Thermotogae - Small SI1 (Aloop-2, -3) Small SI3 (20 aa)

Small SI3 (51 aa)
No SI3

SI3 (Q70-100 aa)
No SI3




102

4TWLA I'A LA LIS ON (B-gv)¥ysda| L ¥'S©Id3 T 51 WTA AV | 3 o eLI8}0BqOURIY
I 7 I E| (g-‘g-doo|v)-1Is vsaa| L M 1A A3 3 bS] eiqodlwiuLe
] &7 I A (g-‘z-doojv)-11s vsia| L 3 (| A Y 3 S| sajeploisjoeg
] &7 I A (e-‘z-dooyv)-11s vsia| L 3 I A 1V 3 bS] aeuajoeqireub|
I 7 A E| (g-‘z-doojv)-11s (ov)vsda| 1L M T Al |V 3 S| 1goio|yo
7 LI'A I'N‘A |(e-‘g-doojvLIS) LIS ON vsia| L v '‘a‘3 & AN Y 3 bS] Ixayolo|yo
I 1 I A (g-‘z-doojv)-11s vsia| L 3 [ A Y 3 S| eipAwejyd
INES 3 am (g-‘z-dooiv)-1I1S (vv) vsaa| L a‘s 1 T AY 3 bS] sajo)sibisuig
I 7 A 1 (g-‘z-doojv)-11s vsia| L 3 | ‘H | 'Y 3 S| sajoeyoo0idg
I 11 I 4 (e-‘z-doofv)-L1s (sv)vsia, 1 S [ 4V 3 b eLg)oeq payisseoun
4 I I (0€0) ‘(g-doo|v)-LIS vsia| L 3 0 &7 | 'Y 3 S| aeoyinby
] &7 I I (Ge0) ‘LIS (V) vsya, 1L = I ‘N Al 3 b SsajopeuowjEWWIL)
I 1 S AT (001-0£0) ‘LISON | (80L-9€D) VS| S‘'L  s‘a‘3 |47 MITA dY| 3 b sanoluLyg
7 I A (g-‘z-doojv)-L1s (60) vaa| L 3 I A A Y 3 bS] aesseydsnuaT]
I 1 I TN (e-‘z-doov)-LI1s| (Sz-zeo)vsda| 1L 3 I A A'Y Y 3 S| ©1g0JO|WOdNLIDA
AN I 1 (g-doojv)-11S (ozo) vsda| 1L | I A A Y 3 bS] saiajoeqo.qldy
I 1 1 TN (e-‘z-doov)-LI1s| (ZL-0L0)vsda| 1L 3 W N 3 S| sajeoAwojoueld
I A I LIS vsaa| L 3 1 57 |V 3 d | ewsjoeqoynsepoway )
7 I 1 LIS vsia| L 3 1 &7 AN 3 bS] aeuidsoIN
7 I 1 LIS vsaa| L 3 1 &7 | 'Y 3 S| sesdsoIN
7 I (o} LIS vsia| L 3 R | 'Y 3 bS] eLI8joRqOPIOY
7 I (o} LIS (ev)vsia| 1L 3 [ AV 3 S| eiqosiwisn|g
7 I S| LIS vsia| L 3 1 LA 3 bS] saiajoeqLIjeQ
I 1 I N LIS vsia| L 3 S A 3 S| sajauaboishiyo
7 Al YITLSN LIS vsia| L 3 A NI 3 bS] eLI8)0B(03}0.d
¥SL1:9¥.7 €891 88N Sved-622l 6VLN-PPLI | ¥291  evia | €L9AT/91 9ELI‘8ZLV (293 SZIY
K vsia Lisd vsia 9 vsia 9 vsia g vsia wnjAyd
dool-4 g - [102-paj109-ysya LISg- x119y-0 JeulwId}-O-ysya saolay wi g - utewop Buipuig-, uz-ysya
sjoeju09 Asejjixny S)ORJUOD Ul

aoeLI9ul YSY 9y} JO uoljeAlasuo) ;S ajqel Aiejuswajddng




103

Supplementary Table S5: Conservation within the DksA coiled-coil

Main contacts

Auxiliary contacts

DksA DksA . DksA .

coilcteit:)-coil giizlli):;rz:fe coilctait:,coil F-bridge cmﬁ:{:"" rimielix
Phylum D74 R678; R1106] _A76 G782 RO1 D684
Proteobacteria D R; R AT G R, H D
Chrysiogenetes D R;R A G R G
Deferribacteres D R;R A G T D
Elusimicrobia D R;R A G N D
Acidobacteria D R;R A G N S
Nitrospirae D R;R A G R D
Nitrospinae D R;R A G K D
Thermodesulfobacteria D R;R A G R D
Planctomycetes D, E R;R A G V, I, L D
Fibrobacteres D R;R A G R D
Verrucomicrobia D R;R G G A S D
Lentisphaerae D R;R G G D D
Firmicutes D R;R G G N,H,T,M,I S,Q,D,E
Gemmatimonadetes D R;R G G R D
Aquificae D R;R A G R D
Unclassified bacteria D R;R G G R D
Spirochaetes D R; R A G K E
Synergistetes D, E R;R A G S T, L
Chlamydia D R;R G G K S
Chloroflexi D, E R;R A G R,K,N E,T,RN
Chlorobi D R;R G G R D
Ignavibacteriae E R;R G G R D
Bacteroidetes D R;R G G K D
Marinimicrobia D R;R G G R D
Actinobacteria D, E R; R G,A S G R,S,Q,N EKTA
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Supplementary Table S6. Bacterial strains and plasmids

NAME DESCRIPTION [ SOURCE
Bacterial strains
RLG7241 dksA::tet,greA::tet VH1000 A system 1 rrnB P1(-61+1)-lacZ Paul et al., 2005; Rutherford et
al., 2007
APR14 BL21DE3 dksA::tet This work
CF9240 MG1655 dksA::tet Tn10 a gift from M. Cashel (Brown et
al., 2002)
CF15369 ppGppORrrnB P1-lacZ Kn® (MG1655: ArelA AspoT AlacZ rrB P1-a gift from M. Cashel
lacZ Kn"™)
APR2 CF15369 dksA::tet Tn10 This work
RLG5950 \VH1000 A system-1 rrnB P1(-61+1)-lacZ Paul et al. 2005
RLG4764 I\VH1000 A system-1 polylinker-lacZ Paul et al. 2005
RLG5022 H1000 A system-1 lacUV5 -46+1 Rutherford et al. 2007
CAG67766  |RLG5950 rpoBC::cat this work
CAG67745 |RLG4764 rpoBC::cat this work
CAG67767 |RLG5022 rpoBC::cat this work
CAG67768 |RLG5950 rpoBC::cat rpoB(ASI1) this work
CAG67749 |RLG4764 rpoBC::cat rpoB(ASI1) this work
CAG67769 |RLG5022 rpoBC::cat rpoB(ASI1) this work
CAG67770  |RLG5950 rpoBC::cat rpoB(ASI1-1.2) this work
CAG67753 |RLG4764 rpoBC::cat rpoB(ASI1-1.2) this work
CAG67771  |RLG5022 rpoBC::cat rpoB(ASI1-1.2) this work
CAG67772  |RLG5950 AdksA::aph this work
CAG67741 RLG4764 AdksA::aph this work
CAG67773  |RLG5950 rpoC(E677G) AyjaZ::aph this work
CAG67756  |RLG4764 poC(E677G) AyjaZ::aph this work
CAG67202 | BW25113 rpoBC::cat this work
CAG68251 | BW25113 rpoBC::cat rpoB(ASI1) this work
CAG68369 | BW25113 rpoBC::cat rpoB(ASI1-1.2) this work
CAG68368  |BW25113 rpoC(E677G) AyjaZ::aph this work
CAG67649 |BW25113 rpoBC::cat AdksA::aph this work
CAG68510  |BW25113 rpoBC::cat rpoB(ASI1);rpoC(A215-220) this work
CAG68502  |BW25113 rpoBC::cat rpoB(ASI1;P153L) this work
CAG67645 | BW25113 rpoBC::cat dksA(N88I) yadL.::tetAR this work
CAG67646 | BW25113 rpoBC::cat rpoB(ASI1) dksA(N88I) yadL::tetAR this work
CAG67647 | BW25113 rpoBC::cat rpoB(ASI1-1.2) dksA(N88I) yadL::tetAR  [this work
CAG67648 | BW25113 rpoC(E677G) AyjaZ::aph dksA(N88I) yadL::tetAR this work
CAG67650 |BW25113 rpoBC::cat rpoB(ASI1) AdksA::aph this work
CAG67651 | BW25113 rpoBC::cat rpoB(ASI1-1.2) AdksA::aph this work
CAG67652 | BW25113 rpoC(E677G) AyjaZ::aph AdksA::cat this work
Plasmids
pRLG862 | pRLG770 containing rrmB P1 (-88+1) Barker et al., 2001
pRLG4264 | pSL6 containing lacUV5 (-59+38) a gift from R. Gourse
pEVOL-pBpF | pBR322-derivative (M. jannaschii Bpa-tRNA synthetase/tRNA, | Provided by P. Schultz (Chin et
Cm, araBAD/araC) al., 2002; Young et al, 2010)
pET-AP01 | pET33b+ carrying dksA with N-terminal 6xHis and PKA tags This work
pET-AP02 | pET-APO1 carrying dksA-R48TAG This work
pET-AP03 | pET-APO01 carrying dksA-R52TAG This work
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Supplementary Table S6. Bacterial strains and plasmids (continuation)

pET-AP04 | pET-APO1 carrying dksA-R57TAG This work
pET-AP05 | pET-APO01 carrying dksA-D64TAG This work
pET-AP06 | pET-APO1 carrying dksA-AG6TAG This work
pET-APQ7 | pET-APO1 carrying dksA-FE9TAG This work
pET-AP08 | pET-APO1 carrying dksA-V73TAG This work
pET-AP09 | pET-APO01 carrying dksA-R75TAG This work
pET-AP10 | pET-APO1 carrying dksA-A77TAG This work
pET-AP11 | pET-APO1 carrying dksA-E79TAG This work
pET-AP12 | pET-APO1 carrying dksA-F82TAG This work
pET-AP13 | pET-APO1 carrying dksA-L84TAG This work
pET-AP14 | pET-APO1 carrying dksA-R87TAG This work
pET-AP15 | pET-AP01 carrying dksA-R89TAG This work
pET-AP16 | pET-AP01 carrying dksA-R91TAG This work
pET-AP17 | pET-APO1 carrying dksA-V119TAG This work
pET-AP18 | pET-APO1 carrying dksA-R124TAG This work
pET-AP19 | pET-APO1 carrying dksA-R129TAG This work
pET-AP20 | pET-APO1 carrying dksA-1136TAG This work
pET-AP21 | pET-APO1 carrying dksA-T140TAG This work
pET-AP22 | pET-APO1carrying dksA-E143TAG This work
pET-AP23 | pET-APO1 carrying dksA-1144TAG This work
pET-AP24 | pET-APO1 carrying dksA-E146TAG This work
pET-AP25 | pET-APO1 carrying dksA-Q148TAG This work
pET-AP26 | pET-APO1 carrying dksA-D74N This work
pET-AP27 | pET-APO1 carrying dksA-D74E This work
pET-AP28 | pET-APO1 carrying dksA-D74S This work
pET-AP29 | pET-APO1 carrying dksA-N88I This work
pET-AP30 | pET-APO1 carrying dksA-R91A This work
pET-AP31 | pET-APO1 carrying dksA-R91K This work
pET-AP32 | pET-APO1 carrying dksA-R91Q This work
pET-AP33 | pET-APO1 carrying dksA-R125A This work
pET-AP34 | pET-APO1 carrying dksA-A128N This work
pET-AP35 | pET-APO1 carrying dksA-R129A This work
pET-AP36 | pET-APO1 carrying dksA-1136S This work
pET-AP37 | pET-APO1 carrying dksA-E143A This work
pET-AP38 | pET-APO1 carrying dksA-E146A This work
pET-AP39 | pET-APO1 carrying dksA-K147A This work
pET-AP40 | pET-APO1 carrying dksA-Q148A This work
pET-AP41 | pET-APO1 carrying dksA 28-139 This work
pET-AP42 | pET-APO1 carrying dksA 28-151 This work
pET-AP43 | pET-APO1 carrying dksA 1-139 This work
pET-AP44 | pET-APO1 carrying dksA 1-143 This work
pET-AP45 | pET-APO1 carrying dksA 1-145 This work
pET-AP46 | pET-APO1 carrying dksA 1-147 This work
pET-AP47 | pET-APO1 carrying dksA 1-149 This work
pTRC-DksA- | pTrc99A carrying dksA with N-terminal 6xHis and PKA tags This work
NPH
pTRC-AP49 | pTRC-DksA-NPH with dksA-D74N This work
pTRC-AP50 | pTRC-DksA-NPH with dksA-D74E This work
pTRC-AP51 | pTRC-DksA-NPH with dksA-D74S This work
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pTRC-AP52 | pTRC-DksA-NPH with dksA-N88I This work
pTRC-AP53 | pTRC-DksA-NPH with dksA-R91A This work
pTRC-AP54 | pTRC-DksA-NPH with dksA-R91K This work
pTRC-AP55 | pTRC-DksA-NPH with dksA-R91Q This work
pTRC-DksA- | pTRC-DksA-NPH with dksA-R125A This work
R125A
pTRC-DksA- | pTRC-AP48 with dksA-(R125A;N88I) This work
R125A/N88I
pTRC-AP58 | pTRC-AP48 with dksA-A128N This work
pTRC-AP59 | pTRC-AP48 with dksA-1136S This work
pTRC-AP60 | pTRC-AP48 with dksA-E143A This work
pTRC-AP61 | pTRC-AP48 with dksA-(E143A;1136S) This work
pTRC-AP62 | pTRC-AP48 with dksA-(E143A;1136S;A128N) This work
pTRC-AP63 | pTRC-AP48 with dksA 1-139 This work
pTRC-AP64 | pTRC-AP48 with dksA (1-139;N88I) This work
pTRC-AP65 | pTRC-AP48 with dksA 1-140 This work
pTRC-AP66 | pTRC-AP48 with dksA 1-141 This work
pTRC-AP67 | pTRC-AP48 with dksA 1-142 This work
pTRC-AP68 | pTRC-AP48 with dksA 1-143 This work
pTRC-AP69 | pTRC-AP48 with dksA 1-144 This work
pTRC-AP70 | pTRC-AP48 with dksA 1-145 This work
pTRC-AP71 | pTRC-AP48 with dksA 1-146 This work
pTRC-AP72 | pTRC-AP48 with dksA 1-147 This work
pTRC-AP73 | pTRC-AP48 with dksA 1-148 This work
pTRC-AP74 | pTRC-AP48 with dksA 1-149 This work
pTRC-AP82 | pTRC-AP48 with dksA-R125K This work
pBAD-JL- | derivative of pBADspcRIll carrying rpoC with C-terminal 6xHis This work
rpoC-CPH | and PKA tags (inserted between Ndel-Xhol)
pBAD-AP02 | pBAD-JL-rpoC-CPH with rpoC-1664D This work
pBAD-APQ3 | pBAD-JL-rpoC-CPH with rpoC-Q667A This work
pBAD-AP04 | pBAD-JL-rpoC-CPH with rpoC-(Q667A;F668D) This work
pBAD-APQ5 | pBAD-JL-rpoC-CPH with rpoC-G671S This work
pBAD-AP06 | pBAD-JL-rpoC-CPH with rpoC-Y679A This work
pBAD-APQ7 | pBAD-JL-rpoC-CPH with rpoC-D684A This work
pBAD-AP08 | pBAD-JL-rpoC-CPH with rpoC-G732V This work
pBAD-APQ9 | pBAD-JL-rpoC-CPH with rpoC-G1055V This work
pBAD-AP10 | pBAD-JL-rpoC-CPH with nrpoC-G1245D This work
pBAD-AP11 | pBAD-JL-rpoC-CPH with rpoC-SLTV/4A (S670A, L672A, This work
V673A, T674A)
pBAD-AP12 | pBAD-JL-rpoC-CPH with rpoC A1051-1054 This work
pBAD-AP13 | pBAD-JL-rpoC-CPH with rpoC-S942A This work
pBAD-AP14 | pBAD-JL-rpoC-CPH with rpoC-R943A This work
pBAD-AP15 | pBAD-JL-rpoC-CPH with rpoC-[A(L746-P758);QGly] This work
pBAD-JL- | derivative of pBADspcRIll carrying rpoC with N-terminal 6xHis This work
NPH-rpoC | and PKA tags (inserted between Ndel-Xhol)
pTRC-JL- | derivative of pTRC99A carrying rpoB with N-terminal 6xHis Laptenko et al., 2003
NPH-rpoB | and PKA tags and S531Y Rif®-mutation (pTrc99AB-S531Y-

NPH)

p-JL-rpoB-

pJL-NPH-rpoB with rpoB-L341TAG

This work
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L341Bpa
pAP-rpoB- | pJL-NPH-rpoB with rpoB-R678A This work
R678A
pAP-rpoB- | pJL-NPH-rpoB with rpoB-R1106A This work
R1106A
pJL-rpoB-6 |pJL-NPH-rpoB with rpoB-R1106D This work
pJL-rpoB-2 pJL-NPH-rpoB with rpoB ASI1 [A(E226-L350);Q(AAAAA)] This work
pJL-rpoB-7 pJL-NPH-rpoB with rpoB ASI1-1.2 [[A(E240-L284);Q(AAA)] This work
pJL-rpoB-8 |pJL-NPH-rpoB with rpoB-Sl1-loop2 (E244A, R245A, L246A This work
and R247A)
pJL-rpoB-9 |pJL-NPH-rpoB with rpoB-SI1-loop3 (R268A, T270A, A271T, This work
R272A and R275A)
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