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Abstract

Bacteria are constantly adapting to their environment by sensing extracellular factors that trigger
production of intracellular signaling molecules, known as second messengers. Recently, 2’3,’-
cyclic nucleotide monophosphates (2°,3’-cNMPs) were identified in Escherichia coli and have
emerged as possible novel signaling molecules. 2°,3’-cNMPs are produced through
endonucleolytic cleavage of short RNAs by the T2 endoribonuclease, RNase I; however, the
physiological roles of RNase | remain unclear. Our transcriptomic analysis suggests that RNase |
is involved in regulating numerous cellular processes, including nucleotide metabolism, motility,
acid sensitivity, metal homeostasis and outer membrane morphology. Through a combination of
deletion strain and inhibitor studies, we demonstrate that RNase | plays a previously unknown role
in E. coli stress resistance by affecting pathways that are part of the defense mechanisms
employed by bacteria when introduced to external threats, including antibiotics. Thus, this work
provides insight into the emerging roles of RNase | in bacterial signaling and physiology and
highlights the potential of RNase | as a target for antibacterial adjuvants.
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INTRODUCTION

While bacteria play essential roles in many aspects of human health, as evidenced by the
growing body of work on the human microbiome, 2 bacterial infections also can wreak
havoc, particularly if the infectious microbes are antibiotic resistant. Currently, over 2
million people develop hospital-acquired infections each year, which costs the United States
an additional $20 billion in direct healthcare costs annually.3-" Increasing levels of
resistance are found among Gram-negative strains, which are particularly hard to treat due to
the presence of the outer membrane. Therefore, identifying proteins and pathways involved
in bacterial resistance mechanisms is essential to the development of new antibacterial
agents. A complementary method to traditional antibiotics is the identification of adjuvants
that modulate proteins/pathways involved in inherent mechanisms that provide resistance to
current antibacterial treatments, which has the potential to extend the utility of these agents.?
The adjuvant/antibiotic strategy can be very effective, as evidenced by the co-dosing of
amoxicillin and clavulanic acid, a B-lactam antibiotic and a p-lactamase inhibitor,
respectively.?

Bacterial cells constantly respond and adapt to their environment, allowing them to respond
to external stressors, such as antibiotics, through a number of mechanisms, including
modifications of antimicrobial targets, decreased drug uptake, activation of efflux
mechanisms, and changes to important metabolic pathways.1? While the main source of
defense for Gram-positive bacteria is the dense cell wall, Gram-negative bacteria have a
selectively permeable outer membrane, composed of lipopolysaccharides and lipoproteins,
such as porins, which serve as a channel for small molecules and protect the cell against
antibacterial compounds by providing structural integrity, protection against envelope stress,
and transport of the antibiotics across the membrane.! Additionally, bacterial cell
membranes contain transporters that pump various classes of antimicrobials out of the cell
before they reach their target.1?

Given the importance of the bacterial cell wall in protecting bacteria from external stressors,
it follows that proteins in the periplasm and outer membrane of Gram-negative bacteria may
be involved in regulating bacterial resistance mechanisms. Recently, RNase |, a RNase T2
superfamily member that is widely distributed within bacteria and is found in both the
cytoplasm and periplasm of £. coli*3 was demonstrated to regulate biofilm formation.14 The
E. coliRNase | deletion strain (Arna) exhibited a hyper-biofilm phenotype (~10-fold
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increase in biofilm formation, as compared to WT) that was linked to an upregulation of
curli structural proteins, which are a major component of the £, coli biofilm matrix.14

To elucidate the range of cellular pathways regulated by RNase | and possible roles in
resistance to external stressors, the present work describes transcriptome-wide changes in £.
coli Arna, enabling identification of cellular processes governed by RNase I. Our studies
have linked RNase I to the regulation of diverse cellular processes, including biofilm
formation, motility, acid resistance, p-lactam tolerance, and nucleotide metabolism. To
probe the potential of RNase | as a target to downregulate Gram-negative bacterial resistance
pathways, inhibitors based on non-hydrolyzable oligonucleotide scaffolds were generated
and tested for their ability to modulate outer membrane morphology. Taken together, this
work suggests that RNase | regulates many bacterial defense mechanisms and may serve as
a target for a generation of novel antibacterial adjuvants.

RESULTS & DISCUSSION

RNase | Transcriptomics

Given the relative dearth of information on the physiological effects of RNase I,
transcriptomic analysis was used to develop an understanding of the breadth of affected
processes. These gene expression studies revealed ~800 genes dysregulated in Arnarelative
to WT (Figure 1A). RNase | modulates genes encoding diverse protein classes, including
transcription factors, transporters, and hydrolases (Figure 1B), linking RNase | to numerous
cellular functions, including biofilm and motility.14 A similar case exists for transcripts
encoding components of nucleotide metabolism.

The rna gene produces both a cytoplasmic and periplasmic variant of RNase I; the
cytoplasmic version displays a proclivity for the hydrolysis of small (~2—-12-residue)
oligoribonucleotides (oligopRNAS) /n vitro, while the periplasmic form is non-specific.1® The
different variants of RNase | potentially modulate gene expression through distinct
mechanisms. For example, the dysregulation of genes involved in peptidoglycan
biosynthesis suggests a potential function for periplasmic RNase I in cell wall assembly.
Importantly, the rate of mMRNA decay is not altered in £. colilacking the rna gene,16
demonstrating that RNase I, unlike oligoribonuclease,17 is not directly modulating transcript
abundance through mRNA degradation. Alternatively, the /n vitro preference of cytoplasmic
RNase | for the degradation of small RNA substrates suggests that small oligoRNAs could
potentially accumulate in the Arna strain and alter transcription. Interestingly, prior studies

in Pseudomonas aeruginosa deficient for oligoribonuclease (which degrades short RNA
substrates to 5’-NMPs) demonstrated that high levels of oligopRNAs shift transcriptional start
sites across the genome.18 These findings suggest that a similar mechanism may elicit the
transcriptional changes in Arna E. colirelative to WT. In addition, accumulation of
oligoRNAs could modulate transcript stability through an anti-sense mechanism. Due to the
fact that £, coli encodes both RNase | and oligoribonuclease®: 20 (whereas 2 aeruginosa
lacks a close homolog of RNase 1), additional work is necessary to probe the effect of RNase
I depletion on oligoRNA levels. It also remains possible that RNase | influences
transcription in a catalytically independent fashion, as catalytically inactivate T2 family
RNases modulate certain cellular processes in eukaryotes.?!
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Due to the expansive role of 3’,5’-cAMP in regulating £. colitranscription through
interaction with the 3’,5’-cCAMP receptor protein (Crp),22 the intracellular concentration of
3’,5’-cAMP was quantified in WT and Arnato probe the potential function of 3°,5’-cAMP-
Crp in regulating the altered transcriptional profile in the absence of RNase I. LC-MS/MS
analysis revealed barely detectable levels of 3°,5’-CAMP in both strains (limit of detection is
~150 fmol),23 which is not surprising due to the attenuation of adenylate cyclase activity in
the presence of glucose?* (the carbon source in all experiments) (Supporting Information
Figure S4). These data indicate that altered 3°,5’-CAMP levels are not modulating the
transcriptional changes in £. colilacking RNase 1.

RNase | broadly impacts nucleotide metabolism and affects adenine sensitivity

The transcriptomic data indicated that expression of rnrdAB, which encode subunits of a type
| aerobic ribonucleotide reductase (RNR),2> were down-regulated ~1.9- and 2.6-fold,
respectively, in Arna relative to WT (Figure 2A). Due to the role of RNR in reducing 5’-
NDPs to the corresponding 2’-deoxy 5’-NDPs, 2 26 5°-NDP pools were quantified to assess
the effect of altered RNase | on 5’-NDP metabolism. In agreement with the gene expression
data, 5’-NDPs accumulated in Arnarelative to WT (Figure 2B).

Expression of the nrdAB locus is subject to complex regulation by several transcriptional
activators and repressors, including Crp,22 HNS,27 Fis,28 NrdR,2° and DnaA.28: 30 Although
DNA microarray analysis indicated that mRNA levels of these transcription factors were not
altered in the Arnastrain, transcription of nrdAB is governed by ATP binding to the DnaA
transcriptional regulator,30 suggesting that altered nucleotide levels in Arna could decrease
RNR expression by modulating DnaA binding to the nrdAB promoter. The altered
expression profile of nucleotide metabolic genes upon perturbation of RNase | levels
potentially could modulate the enzymatic activity of nucleotide metabolic enzymes, as many
proteins in this class are regulated allosterically or orthosterically by nucleotide binding.
31-34 One such example is RNR, which is allosterically regulated by (d)NTP concentrations,
both in terms of substrate specificity and reductase activity.25 Proper RNR function is vital
to cell survival; Saccharomyces cerevisiae expressing a non-natural RNVR1 allele with a
mutated allosteric specificity binding site accumulates nearly 20-fold higher levels of dTTP
and dCTP relative to wild-type concentrations,3® resulting in an elevated mutation rate
across the genome.3® Due to its essentiality, RNR has been targeted in anti-cancer and
antibacterial chemotherapy.3’- 38 Consequently, these emerging regulatory links between
RNase | and RNR suggest that T2 family RNases could be modulated to interfere with RNR
function in bacteria.

Depletion of RNase | also down-regulated transcription of numerous genes involved in
purine and pyrimidine nucleotide metabolism, including purDH and purL, as well as pyrB/
and carB (Figure 2A), all of which function in de novo nucleotide synthesis. The Arna strain
also exhibited increased expression of nep/, encoding a purine nucleoside efflux pump, and
attenuated transcription of nucleoside symporter genes nupC and adeP (Figure 2A). Other
genes involved in nucleotide salvage also were down-regulated in Arna, namely those
encoding nucleoside hydrolases rihC, rihA, and nudG (Figure 2A).
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Due to the impact of aberrant RNase | levels on nucleotide-related transcripts, the effect of
rna deletion on adenine sensitivity was interrogated. Adenine-induced growth inhibition
often is exacerbated in £. co/i mutants lacking components of de novo purine biosynthesis or
catabolism,39 leading to the hypothesis that RNase | may influence adenine toxicity. In
support of the hypothesis, adenine more strongly inhibited the growth of RNase I-deficient
E. colirelative to WT (Figure 2C). Prior studies determined that adenine toxicity in E. coli
occurs primarily due to guanine nucleotide starvation3® and concentrations of 5’-GMP and -
AMP were found to be lower in adenine-treated WT cultures relative to untreated control
(Figure 2D). This result further suggests that altered purine metabolism mediates the
differential sensitivity of WT and Arnato adenine toxicity, and corroborates the dysregulated
expression of nucleotide metabolic genes in cells lacking RNase I.

Modulation of nucleotide homeostasis could mediate some of the transcriptional and
phenotypic changes observed in Arna, as mMRNA levels associated with de novo nucleotide
biosynthesis and salvage genes were dysregulated (Figure 2A). Moreover, primary
nucleotide metabolism influences processes such as biofilm formation in £, co/*0-42
(perhaps through modulation of ¢c-di-GMP pools) and cell wall rigidity in Lactococcus
lactis.A3 A prior study established that NTP concentrations impact the efficacy of
transcription initiation from rRNA promoters,** suggesting a potential mechanism through
which aberrant nucleotide metabolism could drive transcriptional changes upon depletion of
RNase 1.

RNase | regulates p-lactam and acid sensitivity

With the rise of antibiotic resistant bacteria, it is vital to find pathways that can be targeted to
prevent resistance. Transcriptomic data identified decreased expression of several genes
involved in peptidoglycan maturation, such as ampH, mrcB, and murEF, and acid tolerance
in Arna vs. WT cells. Notably, the b/r, JpoA, and yfeWtranscripts implicated in penicillin
binding and B-lactam resistance also were down-regulated in Arna (Figure 3A), suggesting
that £. colilacking RNase | would exhibit decreased resistance to p-lactam challenge.

In agreement with the gene expression data, dose-response assays revealed that Arna was
hypersensitive to carbenicillin-induced toxicity relative to WT (Figure 3B). In addition,
down-regulated transcript levels of gadX and gad'Y; which are involved in glutamic acid-
dependent acid resistance (Figure 3C), resulted in Arna exhibiting ~100-fold decrease in acid
tolerance relative to WT E. coliin a phenotypic assay (Figure 3D).

The altered sensitivity to acidic conditions and B-lactam treatment in cells with aberrant
RNase | expression (Figure 3) suggests potential therapeutic relevance of RNase I. Acid
tolerance is critical for colonization of the mammalian gastrointestinal tract by both
pathogenic and probiotic bacterial species.*> Additionally, B-lactam antibiotics are among
the most widely prescribed drugs to treat bacterial infections,*® emphasizing the potential
significance of RNase | in microbial pathogenesis. Perturbation of basal RNase | levels
could influence resistance to low pH and pB-lactam treatment through modulation of amino
acid (AA) homeostasis, as bacterial survival under these stressors is influenced by AA levels
due to the role of proton-dependent AA decarboxylases and DD-transpeptidases in acid
tolerance and B-lactam resistance, respectively.*> 46 AA homeostasis intersects with e novo
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nucleotide biosynthesis, as certain AAs are substrates of nucleotide anabolic enzymes such
as PyrB and CarA.4"- 48 Indeed, pyrB expression was attenuated by RNase | depletion
(Figure 2A), further suggesting that dysregulation of de novo nucleotide biosynthesis alters
amino acid levels and impacts resistance to acid and B-lactams. In fact, prior studies
demonstrated that down-regulated expression of the pyrimidine biosynthetic gene pyrB
(encoding aspartate carbamoyl transferase) increases L-Asp concentration and thus
modulates peptidoglycan cross-linking in Lactococcus lactis*3 alluding to similar links
between de novo nucleotide synthesis, amino acid homeostasis, and cell wall assembly in £.
coll.

Copper Sensitivity and Metal Homeostasis

Microbes require copper as a cofactor for various cellular processes. Because of its redox
chemistry it is used in enzymes involved in electron transport and oxidative respiration such
as superoxide dismutase, cytochrome oxidase, methane mono-oxidase.*% 50 However free
Cu(l) is toxic to the cells and different industries are exploiting the biocidal properties of
Cu(l) as seen by its increasing use in public health protection, agriculture, and in hospital
settings.®! Bacteria have evolved to evade toxicity caused by Cu(l) by tightly regulating
Cu(1) levels in the cell>2 through the tripartite CusABC efflux pump. This system has high
specificity for removing toxic ions, Cu(l) and Ag(l) ions, out of the periplasm and cytoplasm
to the outer membrane space.>3 4

Transcriptomic data in cells lacking RNase | indicated down-regulation of the cusB, cusC,
and cueO genes (Figure 4A). The two former genes are involved in the CusABC pump and
the latter gene oxidizes Cu(l) to Cu(Il) under aerobic conditions.>® Additionally, deletion of
RNase | causes increased expression ycfQ, which decreases outer membrane permeability to
copper, and zitB which is a zinc/copper exporter.58: 57 To determine if RNase | affects
copper sensitivity, a dose response assay was performed under both aerobic and anaerobic
conditions. Under aerobic conditions Arnaand WT cells show similar dose dependence to
CuSOQy4. However, under anaerobic conditions, Arna cells exhibited significantly reduced
copper tolerance (Figure 4B, 4C). It is important to note that the Arna strain shows a slight
growth defect even at 0 uM CuSQO,4 under anaerobic conditions. This finding indicates that
the sensitivity to copper may not only be due to the dysregulation in the copper homeostasis
systems, but also due to defects in anaerobic respiration (Figure 4D).

To further understand how RNase | affects intracellular metal concentration, inductively
coupled plasma-mass spectrometry (ICP-MS) was performed on WT and Arna cells under
both aerobic and anaerobic conditions. Cells were supplemented with a mix of metals during
growth (Supporting Table S3) prior to ICP-MS analysis. The data demonstrate that under
aerobic conditions, £. coli WT and Arna cells have similar metal concentrations. However,
under anaerobic conditions, Arna exhibits 8-fold decrease intracellular concentration of 6
Fe, as compared to WT cells, and 5 Cu accumulated almost 10-fold less effectively in Arna
cells, as compared to WT cells. Further analysis of metals concentrations demonstrated that,
compared to WT, Arna struggles to maintain its intracellular metal concentrations under
anaerobic conditions (Figure 4E). Like eukaryotes, bacteria require metals for growth and
for cellular functions. Cellular processes such as nitrogen fixation, respiration, and
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metabolism are highly dependent on metals with redox properties such as Fe, Cu, Mn, Zn,
Co, Ni, Mo, and Mg.58: 59 Furthermore, the transcriptomic data reveals that several
anaerobic and aerobic respiration genes are dysregulated in WT vs Arna such as
hydrogenases (AybABCDO), nitrite reductases (nrfABC), and nitrate reductases (narGHJV).
Dysregulation of these genes could lead to a reduced growth rate because the bacteria need
to allocate energy to compensate for the lack of metals present that would normally assist in
these respiratory activities.

RNase | regulates motility and outer membrane morphology

Analysis of the transcriptome in WT and Arna revealed dysregulation of >10 genes involved
in c-di-GMP signaling (Figure 5A), which regulates biofilm formation and motility, and
substantial up-regulation of >30 genes involved in chemotaxis and flagellar motility in £.
colilacking RNase | (Figure 5B). Notably, these motility-associated genes include
transcripts encoding methyl-accepting chemotaxis receptor proteins (MCPs; tap, far, tsr, trg,
aen),%0 intracellular Che effectors (cheAW, cheRBY2),50 transcriptional activators (flgM,
fliA2) 5 flagellar biosynthesis/export proteins (flgh, fliST, fIhBA, fliR),52 and components
of the flagellar motor (motAB, flgEFGHI, flgKL, fliC, fliE)®? (Figure 5B). To investigate
the phenotypic consequences of these altered gene expression profiles, the effect of RNase |
on flagellar-dependent swimming motility was assayed. In agreement with the increased
expression of chemotaxis and motility genes in Arnarelative to WT, the RNase 1-deficient
mutant was hypermotile (Figure 5C), and complementation of Arnawith plasmid pBAD33-
rnarestored WT swimming behavior (Figure 5C), demonstrating that RNase | regulates
swimming motility. In addition, positive control experiments using uracil and ribose, which
are known E. coli chemoattractants 63 64 demonstrated that both the WT and Arna strains
respond normally to these established chemo-modulators (Supplementary Figure S5).

To further probe the molecular effects of increased expression of flagellar export and
assembly genes upon deletion of rna, the abundance of the FliC flagellar filament was
quantified by western blot in WT and Arna strains. In agreement with the ~8-fold up-
regulation of the f/iCtranscript in Arna compared to WT, the FIiC protein level was elevated
in the RNase I-deficient mutant (Figure 5D, Supplementary Figure S1).

Due to the increased production of flagella and sensitivity to antibiotics in the Arna strain,
changes in the outer membrane were further investigated. Outer membrane proteins are an
integral component of the defense mechanisms that bacteria employ against antimicrobial
compounds. The outer membrane is biosynthesized primarily through three distinct protein
complexes: Bam, Lol, and Lpt which, respectively, assemble B- barrel proteins, lipoproteins,
and lipopolysaccharide components.5® Transcriptomic data identified slight downregulation
in proteins involved in the Bam and Lol complexes, which are involved in - barrel and
lipopolysaccharide assembly respectively (Figure 6A), and suggested possible effects on the
outer membrane. To probe if the outer membrane is disturbed by deletion of RNase | and the
possible dysregulation of outer membrane biogenesis machinery, electron microscopy was
used to visualize morphological changes between WT and Arna cells at exponential growth
phase (Figure 6B-E).
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The SEM images show the WT strain cells are more homogenous shape with an
approximate size of 1.29 um + 0.27 um by 0.59 um + 0.04 um, while Arnastrain cells are
more heterogenous and have an approximate size of 1.46 pm £ 0.35 pm by 0.55 pm £ 0.04
um (Figure 7A). At a higher magnification (100,000x), the micrographs show that outer
membrane of the Arnastrain is partially disrupted, resulting in the appearance of wrinkling
morphology. Additionally, at lower magnification (15,000x), increased flagellar production
is observed and confirmed by immunogold staining for the flagellar structural protein FIiC
(Supplementary Figure S6). Taken together, these data demonstrate that RNase | modulates
outer-membrane structure.

Inhibition of periplasmic RNase |

In order to determine if the transcriptomic and phenotypic effects are due to the absence of
RNase | catalytic activity or the physical absence of RNase I, an oligonucleotide inhibitor
was designed to inhibit periplasmic RNase 1.56 Because periplasmic RNase | naturally
targets short oligonucleotides, a substrate, based on previous work with RNase A and RNase
H,87. 68 was designed as a short oligonucleotide FRET sensor to allow for monitoring RNase
| activity /in vitroand in vivo. In its uncleaved state, the substrate fluorescence is quenched;
however, RNase | cleavage of the RNA substrate strand results in TAMRA fluorescence,
which can be monitored.

Using purified RNase |, /n vitro data indicate that the nuclease-resistant G-oligonucleotide
Inhibl (see Supporting Table S4 for sequence) inhibited RNase | activity; addition of 10 uM
Inhibl reduced fluorescence emission down to levels comparable to the reaction with no
RNase | (Supplementary Figure S3). The inhibitor also was tested with live E. coli cells
suspended in PBS buffer. Prior to addition of substrate, cells were incubated with oligo-G
Inhibl to allow binding to RNase I. The data demonstrate that 25 pM Inhib1 reduced
fluorescence levels of WT cells down to levels comparable to that of Arna cells
(Supplementary Figure S3). While RNase | was reported as the periplasmic RNase in £.
coli,69 it is possible that there are additional uncharacterized periplasmic RNases that are
inhibited by Inhib2, as the nuclease-resistant oligonucleotide scaffold does not impart
specificity to RNase I.

After validating RNase | inhibition /n vitroand in cells, the inhibitor was used to interrogate
the /n vivo phenotypic effects of inhibiting periplasmic RNase I. Previous work has
demonstrated that £. co/i do not transport intact oligonucleotides through the cell membrane;
therefore, the inhibitor should only act on periplasmic RNase 1.7°£. coliWT cells were
grown in the presence of 100 uM Inhib2 (see Supporting Table S4 for sequence) and the
effects on outer-membrane structure analysed by SEM. The results indicate that
approximately 55% of the WT+inhibitor cells develop a wrinkled morphology, similar to
that of the Arna strain, while only 6% of WT cells grown without inhibitor exhibit the
wrinkly phenotype (Figure 6F, 6G, 7B). These data demonstrate that inhibition of RNase I is
sufficient to cause outer-membrane defects and highlight RNase | as a possible target for
development of antibacterial adjuvants.
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CONCLUSIONS

In summary, we have uncovered novel physiological roles of the T2 endoribonuclease,
RNase I, in E. coli. Transcriptomic data demonstrates that deleting the rn7a gene encoding for
RNase | results in dysregulation of approximately 800 genes involved in various metabolic
and cellular processes. Through comparisons of £. co/iWT and Arna strains and
development of an RNase | inhibitor, a variety of pathways modulated by RNase | have been
investigated. RNase | was shown to regulate nucleotide metabolism, sensitivity to a variety
of antimicrobial compounds, metal homeostasis, and outer membrane morphology. Electron
microscopy demonstrated that either deletion or inhibition of RNase I results in changes to
outer membrane morphology, highlighting a novel role for periplasmic RNase I. As
inhibition of RNase | is sufficient to perturb the outer membrane, it may be possible to
develop novel RNase I inhibitors for use as adjuvant therapy to increase efficacy of existing
antibiotics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure®6.
A) Different transcript levels of outer-membrane genes. B, C) TEM images of WT E. coli.

D, E) TEM images of Arna E. coli. Select membrane “wrinkles” are highlighted by arrows.
F, G) WT E. colitreated with inhibitor also exhibit membrane wrinkles.
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