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Abstract: Bacteria are known to be constantly adapting to become resistant to antibiotics. Currently,
efficient antibacterial compounds are still available; however, it is only a matter of time until these
compounds also become inefficient. Ribonucleases are the enzymes responsible for the maturation
and degradation of RNA molecules, and many of them are essential for microbial survival. Members
of the PNPase and RNase II families of exoribonucleases have been implicated in virulence in many
pathogens and, as such, are valid targets for the development of new antibacterials. In this paper,
we describe the use of virtual high-throughput screening (VHTS) to identify chemical compounds
predicted to bind to the active sites within the known structures of RNase II and PNPase from
Escherichia coli. The subsequent in vitro screening identified compounds that inhibited the activity of
these exoribonucleases, with some also affecting cell viability, thereby providing proof of principle
for utilizing the known structures of these enzymes in the pursuit of new antibacterials.
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1. Introduction

Pathogenic bacteria are responsible for many diseases of medical relevance today,
such as food poisoning, meningitis, and pneumonia. Currently, most of the antimicrobial
compounds in clinical use are derivatives of molecules discovered over 50 years ago and
are increasingly becoming ineffective in the treatment of infections due to the emergence
of antibiotic resistance [1]. These antibiotics mainly target essential prokaryotic pathways
involved in cell wall synthesis, protein translation, folate metabolism, RNA transcription,
or DNA replication, with any off-target effects on the human cells being manageable [1].

Bacterial RNA metabolism offers a panoply of possible antimicrobial targets, since
the molecular machinery involved has some differences between prokaryotes and eukary-
otes; however, little work has been conducted for designing new drugs that target RNA
metabolism [2]. Ribonucleases (RNases) are crucial players, since they modulate the pro-
cessing, degradation, and quality control of RNAs. Moreover, it has been reported that
they are involved in virulence processes in several pathogenic organisms (reviewed in [3]).
For this reason, RNases can be considered as targets to develop novel therapeutic drugs. It
was already demonstrated the use of small molecules that target an endoribonuclease in
prokaryotes [4,5]. It was first shown that some compounds were able to specifically bind
and inhibit E. coli and Mycobacterium tuberculosis RNase E and also RNase G, a paralogue of
RNase E [4]. Later, three novel inhibitors design against RNase E were shown to be active
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against RNase E from E. coli, Francisella tularensis, and Acinetobacter baumannii [5]. These
findings can be exploited for future drug discovery.

RNases can be divided into endoribonucleases, which cleave the RNA molecules in-
ternally, and exoribonucleases, which degrade the RNA by removing terminal nucleotides
from the extremities of the RNA molecules. In this work, we used the major exoribonucle-
ases involved in RNA degradation (PNPase, RNase II, and RNase R) as possible targets for
the development of new antimicrobial compounds.

PNPase is considered a multifunctional protein: it is a phosphorolytic enzyme that
processively degrades RNA from the 3’ end [6]. PNPase can act alone or in association with
other proteins, such as the ones that form the complex termed the degradosome [7]. In E.
coli, PNPase is not essential, unless either RNase II or RNase R are inactive [8]; however,
it has been implicated in the establishment of virulence in several pathogens, such as
Salmonella spp., Campylobacter jejuni, E. coli O157:H7, and Yersinia spp. [9-12]. PNPase is
composed by three monomers linked in a ring-like shape [13]. Each monomer has two
N-terminal RNase PH domains (PH1 and PH2), connected by an «-helical domain, which
associate to form the central channel where catalysis occurs. At the C-terminus of the
monomer, the S1 and KH domains are important for RNA binding and the stabilization of
the trimer [13-15].

RNase II and RNase R are members of the RNB family of exoribonucleases. Proteins
from this family are hydrolytic and progressively degrade RNA in the 3’ to the 5 direction.
These proteins play an important role in the cell. They were shown to be involved in stress
responses as well as RNA and protein quality control [16]. Proteins from this family were
shown to be important for virulence in several pathogenic organisms, such as C. jejuni,
Helicobacter pylori, and Streptococcus pneumonia [3]. Prokaryotic members of the RNB family
of enzymes have, at the N-terminal region, two cold-shock domains (CSD1 and CSD2),
which are important for RNA binding, followed by the RNase II catalytic domain (RNB)
and a S1 domain at the C-terminus, also involved in RNA binding [17]. As members of
the same family, RNase II and RNase R share this domain organization; however, RNase R
has an extra helix-turn-helix region at the N-terminus and a lysine-rich region after the S1
domain [18,19]. The structure of both proteins has been previously determined and shows
that both share a similar overall structure, although they have different mechanisms of
action [17,20].

The increasing prevalence of multidrug-resistant bacteria has become a major threat
for global health. In recent years, the idea of reducing bacterial virulence has emerged
as a way of neutralizing pathogens. As such, the use of compounds that target microbial
virulence factors could be important in the effort against the growing threat of antimicrobial
resistance. Such compounds are thought to apply less selective pressure, thus decreasing
the probability of developing resistance compared to the conventional strategies. Moreover,
the combination of different anti-virulence compounds with distinctive targets could be
used to enhance the antimicrobial effect [21,22]. It was already demonstrated that the
exoribonucleases RNase II, RNase R, and PNPase are important factors for virulence in
several pathogenic bacteria [3]. Indeed, these ribonucleases pose as interesting targets
for the design of new anti-virulence compounds. In this work, we used virtual high-
throughput screening (VHTS) [23,24] to screen chemical structures that were predicted to
bind to the active center of E. coli exoribonucleases RNase II and PNPase. Crystal structures
were available for these enzymes at the start of this study. The crystal structure of E. coli
RNase R only became available whilst we were testing the efficacy of the compounds. Thus,
the compounds predicted to bind to PNPase and RNase II were also tested against RNaseR.
We identified some chemical compounds that inhibit the activity of the RNases under study,
with some of them also affecting cell viability. This work thus provides a proof of concept
for the use of important ribonucleases for the discovery of new molecules that can act
as antimicrobials.
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2. Results
2.1. Selection of Small Molecules Targeting E. coli RNase II and PNPase by vHTS

The vHTS was undertaken using the coordinates of the 2IX1 entry (2.74 A resolution)
for RNase II [17] and of the 3GCM entry (2.5 A resolution) for PNPase [14]. Both of these
structures were in a complex with RNA (Figures 1a and 2a). For each, the segment of
the RNA ligand within the active site was used to define a ‘cavity’ (i.e., a space available
for ligand generation) using the CANGAROO module of SPROUT. Then, the amino acid
residues within an envelope that extended 10 A in radius from the RNA were chosen to
form the actual receptors for vHTS.

b

SEW04027

Asp210

RNB ~LOCA

L S1

E. coli RNase 11 Asp201 Arg500

Figure 1. Structure of the E. coli RNase II catalytic domain and compound docking. (a) Overall
structure of RNase II with bound RNA (blue). Orange, yellow, gray, and green coloring identifies
the CSD1, CSD2, RNB, and S1 domains, respectively. (b) Predicted docking of SEW04027 in the
RNase II catalytic site, where the key residues 11e200, D201, D210, and Y313 are depicted. The green
sphere represents the Mg?* ion. (c) Predicted docking of HTS05225 in the RNase II catalytic site, with
the D201, T496, and R500 residues depicted. The green sphere denotes the Mg?* ion. The images
presented were generated using PyMOL [25].

Subsequently, a total of 58,833 structures representing commercially available com-
pounds in the Maybridge database were screened against the catalytic site of each of the
enzymes using eHiTS. Compounds with an eHiTS score of <—4.0 were analyzed further
using SPROUT. Those that also had a logp of <5.0 and SPROUT score values of <—4.9
were further analyzed to inspect the proposed binding modes as well as to assess those
with drug-like properties. The final selection criterion was that the compounds should
be predicted to form at least one specific hydrogen bond with either RNase II or PN-
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Pase. This was achieved using the ‘Explore” function of the HIPPO module in SPROUT.
This produced lists for RNase II and PNPase of 10 compounds against their active site
(Table 1). The predicted binding mode of two small molecules to the active sites of RNase II
(SEW04027 and HTS05225) and PNPase (CD06144 and SPB04215 for PNPase) is provided
(Figures 1b,c and 2b,c) and described further below.
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Figure 2. Structure of the E. coli PNPase core and compound docking. (a) Top view of the E. coli
PNPase core trimer, showing the central channel. In each monomer, the RNase PH1 domain is colored
in light blue, the -helical region in yellow, and the RNase PH2 domain in red. RNA-binding domains
KH and S1 are not shown. (b) Predicted docking of CD06144 in the PNPase catalytic site, where the
key residue D486 is depicted. (c) Predicted docking of SPB04215 in the PNPase catalytic site, where
the residue D492 is represented. The images presented were generated using PyMOL [25].
Table 1. Chemical compounds from the Maybridge database used in this work.
Maybridge eHiTS
Code Score Target Name
BTB00009 —6.7 PNP ethyl 4-(4-methylphenyl)-2-oxo-6-phenylcyclohex-3-ene-1-carboxylate
BTB01912 —6.8 PNP 2-[2-nitro-4-(trifluoromethyl)phenyl]-1,2,3,4-tetrahydroisoquinoline
CD06144 —7.4 PNP N1-[3-(diethylamino)propyl]-2,3,4,5,6-pentamethylbenzene-1-sulfonamide
CD06590 —6.9 PNP 2,6-dimethyl-4-[(2,3,4,5,6-pentamethylphenyl)sulfonylJmorpholine
HTS05225 -7.1 RNB 3-({[4-(tert-butyl)anilino]carbonyl}amino)benzenesulfonamide
HTS05245 —6.9 RNB N-[3-(aminosulfonyl)phenyl]-2,4-difluorobenzamide
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HTS06218 —6.9 RNB N-[3-(aminosulfonyl)phenyl]cyclohexanecarboxamide

HTS07176 —74 RNB 4-[(anilinocarbonyl)amino]benzenesulfonamide

HTS08348 -7 RNB N-[4-(aminosulfonyl)phenyl]-4-ethylbenzamide

HTS08350 —6.9 RNB N-[4-(aminosulfonyl)phenyl]-2,3-dimethylbenzamide

JFDO01016 -7.0 RNB ethyl 2-(3,4-dimethylanilino)-3,3,3-trifluoro-2-(propionylamino)propanoate

JP00277 —6.6 PNP 2,6-dimethyl-4-{[3-(trifluoromethyl)phenyl]sulfonyl}jmorpholine

KM09512 -7.0 PNP 2,8-di(trifluoromethyl)quinolin-4-ol

NRB00944 —74 PNP 2-[(4,5-diphenyl-1H-imidazol-2-yl)thio]acetic acid

RJCO02746 —6.8 RNB N1-[3-(2,3,4,5,6-pentafluorophenoxy)phenyl]acetamide

SEW03814 -7.1 PNP 4-oxo0-4-[1-(trifluoromethyl)-2,3,4,9-tetrahydro-1H-beta-carbolin-2-yl]Jbutanoic a
SEW04027 —6.9 RNB 2,3,4,5,6-pentafluorobenzenesulfonamide

SPB04215 -7.0 PNP 2-mercapto-6-methyl-5-[3-(trifluoromethyl)phenoxy]pyrimidin-4-ol
SPBO4462 _73 PNP Nl—{4—hydroxy—6—methyl—5—[3-(triﬂuorpmethyl)phenoxy]pyrimidin—Z—

yljacetamide
SPB05935 —6.8 RNB N1-[4-(trifluoromethyl)phenyl]-4-(trifluoromethyl)piperidine-1-carboxamide

2.2. RNase II Activity Is Affected In Vitro by Some Chemical Compounds

Each of the 10 compounds identified for RNase II were screened for inhibitory activity
using a discontinuous assay and the conditions described in the Materials and Methods
Section (Figure 3). Briefly, RNase II was incubated with an RNA substrate in the absence or
presence of the chemical compound and the reactions analyzed using polyacrylamide gel
electrophoresis, which allows the extent of RNA cleavage to be observed. Considering that
all the chemical compounds were prepared in DMSO, and that this solvent could affect the
activity assays, we ran a control reaction in which the protein was incubated with the same
amount of DMSO but in the absence of any chemical compound (DMSO panel). We also
added DMSO in the control reaction to confirm that the cleavage observed was not due to
a contaminant but to the ribonuclease of interest.

Five of the compounds were able to significantly reduce the activity of RNase II:
HTS05225, HTS06218, HTS08348, HTS08350, and SEW04027 (Figure 3). From these com-
pounds, HTS05225 was the most efficient in inhibiting RNase II activity in vitro. Following
our VHTS and the selection of compounds, the structure of E. coli RNase R became avail-
able [20]. It shares a common three-dimensional arrangement with RNase II with all the
critical residues for exoribonucleolytic activity located in equivalent spatial positions [17,20].
Thus, we tested the five compounds that were able to inhibit RNase II activity against
RNase R. As a negative control, we also tested these compounds against PNPase. HTS05225
and HTS08348, besides inhibiting RNase II activity, were found to inhibit RNase R, while
the other three compounds (HTS06218, HTS08350, and SEW04027) did not have any effect
(Supplementary Figure S1a). None of the compounds were able to inhibit PNPase (Supple-
mentary Figure S1b). The lack of effects of these compounds on PNPase is consistent with
their mode of action being specific for RNase II (and, in some cases, its close relative RNase
R) rather than being more general (e.g., protein denaturation).

2.3. One Chemical Compound Inhibits RNase II Activity In Vivo

The five compounds found to inhibit RNase II in vitro were tested for their ability to
inhibit the growth of cells dependent on the function of RNase II in the absence of PNPase
(MG1655 Apnp) [8,26]. The double mutant is inviable since either functional PNPase
or RNase 1II is required for cell viability [8,26]. As a control, the compounds were also
tested against cells that are not dependent on functional RNase II due to the presence of
PNPase (MG1655).
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RNase II 10 nM; Compounds 10 mM
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Figure 3. Exoribonucleolytic activity of RNase II in the presence of chemical compounds. A total

of 10 nM of RNase II was incubated with 10 nM poly(A) and 10 mM of each compound at 37 °C
for 10 min. Samples were taken during the reaction at the time points indicated in the figure. Ctrl,

control without enzyme.

Compared to the negative control (in the presence of DMSO), incubation with SEW04027
reduced cell viability following overnight incubation: distinct colonies were undetectable
at the 107! dilution for SEW04027, but were detectable at the 10~° dilution of the DMSQO
control (Figure 4, upper panels). Effects of SEW04027 were also detectable, although not
as pronounced, following the 420 min: the 10~? dilution for DMSO and the 10~* dilution
for SEW04027 produced similar number of colonies. The incubation of 120 min had no
detectable effect. When SEW(04027 was tested against cells whose growth was not depen-
dent on functional RNase II (i.e., in the presence of functional PNPase), growth was readily
detectable at the 10~* dilution. In contrast, no growth was detected when cell viability was
dependent on RNase II. Thus, SEW04027 affected cell growth via RNase 1. However, the
effects may also extend beyond RNase II: the growth of cells with functional PNPase was
readily detectable at the 10~° dilution when compared to growth in the presence of DMSO,
which was still detectable at the 10~° dilution.

The other four compounds, in cells whose growth was dependent on functional
RNase II (MG1655 Apnp), when incubated for 120 or 420 min, did not affect cell growth.
However, when incubation occurred for an overnight period, it is possible to see a decrease
in cell viability, namely for the HTS05225 and HTS06218 compounds. However, the same
effect was also observed in cells with functional PNPase (MG1655), suggesting an off-
target effect.

2.4. Compounds That Affect PNPase Activity In Vitro

Following the approach described above, each of the 10 compounds identified for
PNPase were screened for inhibitory activity using a discontinuous assay and the conditions
described in the Material and Methods Section. Three were found to inhibit PNPase activity:
CDO06144, SPB04215, and SPB04462 (Figure 5). From these, SPB04462 has a lower inhibitory
effect when compared to the other two, considering that less RNA substrate is found at the
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end of the reaction (Figure 5). As a control, we also tested these compounds against RNase
I and RNase R. CD06144 did not affect RNase II nor RNase R activity, suggesting that it
is specific for PNPase (Supplementary Figure S2). However, the SPB04215 and SPB04462
compounds were also effective in inhibiting RNase R activity, with RNase II being also
affected, but to a lesser extent (Supplementary Figure S2).

MG1655 Apnp E. coli strain

120 MIN INCUBATION 420 MIN INCUBATION O/N INCUBATION
10l 10Z 102 10* 107 10" 102 10° 10* 107 10! 107 107 10*10° 10°
DMSO ( bi

MG1655 E. coli strain

120 MIN INCUBATION 420 MIN INCUBATION O/N INCUBATION
_ 10! 102 10° 10* 10° 10" 102 102 10* 107 10" 102 10° 10* 10° 10°

HTS05225
HTS06218 i‘- ¢

Figure 4. Representative viability analysis. MG1655 and MG1655 Apnp strains were incubated with

10 mM of the chemical compounds (LB media or DMSO were added in the control reactions). Samples
were taken at the time points of 120, 420 min, and overnight.

2.5. Compounds That Inhibit PNPase Reduce Viability of Wild-Type Cells

The three compounds found to inhibit PNPase in vitro were also tested for their ability
to inhibit the growth of CMA201 cells, which are dependent on PNPase function because
of the absence of RNase II function. To provide a control, the compounds were also tested
against MG1693 cells, which have RNase II function. As explained before, either PNPase or
RNase II function is required for cell viability and the double mutant is not viable [8,26]. In
the absence of a functional RNase II, the incubation of CMA201 cells with CD06144, but
not the SPB04215 and SPB04462 compounds, resulted in a reduction in cell viability, when
compared to the DMSO-only control. The reduction in cell viability was observed after
incubation for 120 min (Figure 6, top panel) and was more pronounced after an overnight
incubation, where viable cells were detected at the 10~3 dilution, while in the DMSO
control viable cells were still detected at a 10~° dilution (Figure 6, top panel). Similar results
were obtained with the MG1693 cells (Figure 6, lower panel), indicating that CD06144 has
cellular effects beyond PNPase.
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Figure 5. Exoribonucleolytic activity of PNPase in the presence of chemical compounds. A total of
10 nM of PNPase was incubated with 10 nM poly(A) and 10 mM each compound at 37 °C for 10 min.
Samples were taken during the reaction at the time points indicated. Ctrl, control without enzyme.

CMAZ201 E. coli strain (Arnb)

120 MIN INCUBATION 420 MIN INCUBATION O/N INCUBATION
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No compound added
Moo so fle s iffs oo
MG1693 E. coli strain
120 MIN INCUBATION 420 MIN INCUBATION O/N INCUBATION
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No compound added [ @ ¢ 1
Y@ © ©

Figure 6. Representative viability analysis. CMA201 and MG1693 strains were incubated with 10 mM
of the chemical compounds (LB media or DMSO were added in the control reactions). Samples were
taken at the time points of 120, 420 min, and overnight.

sedos
5 5.

3. Discussion

Bacteria are constantly adapting to antibiotics, and there is an increasing need to
discover new molecules to fight against these pathogens. RNase II-like proteins and
PNPase, as important virulence determinants, are interesting targets for the design of new
anti-virulence compounds. In this paper, we show that the vHTS of compounds using the
available crystal structures of these exoribonucleases has promise in identifying potential
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leads for the development of new antimicrobials. For both E. coli RNase II and PNPase, we
identified compounds that had specificity in inhibiting their docking partner in vitro (see
Figures 3 and 5). When tested further in vivo, we identified SEW04027 for RNase II and
CD06144 for PNPase that inhibited cell viability (see Figures 4 and 6).

Compound SEW04027, which docks with RNase II, was specific for this target. As
such, this could be a good antimicrobial to test its effectiveness against bacteria that lack
PNPase and only have an RNase II homologue, such as Mycoplasma genitalium [27]. The
RNase Il homologue from Mycoplasma has 27% identity and 43% similarity to the E. coli
RNase II [27], which strengthen the indication that our approach could be used for other
bacteria. Our in vitro assays demonstrated that SEW04027 is specific for RNase II and is
not able to inhibit RNase R activity. Although these two RNases present a similar structure,
with most of the critical residues for catalysis located in comparable spatial positions [17,20],
there are other factors that we should consider. For instance, the entry of the compound into
the binding pocket my cause changes into the catalytic site [28], thus affecting its efficacy.
To evaluate this, we could perform molecular dynamic simulations or solve the drug-
bound structures. Nevertheless, SEW(04027 seems to be a good scaffold to develop new
versions more specific for RNase II-like proteins. We also identified two others compounds
that inhibit RNase II activity in vitro, but that do not affect cell viability (HTS08348 and
HTS08350). Biological systems are very complex and involve many more parameters
than the ones that we can mimic in silico and in vitro. Although docking screenings are
important to understand how chemical compounds can act on a certain target, they cannot
simulate the cellular context, which will influence the final results [29]. Also, we have to
take into consideration other mechanisms of intrinsic resistance, such as: (i) the limited
uptake of the chemical compounds; (ii) the activity of efflux pumps that may pump out the
compounds, thus reducing their intracellular concentration and effectiveness; and (iii) the
inactivation of these chemicals before they can exert their effect [30]. Finally, when testing
the compounds in vitro, they are confined to specific volumes, reaction conditions, and a
known concentration of the compound and target protein. Inside the cells, these conditions
will not be verified, thus explaining why certain compounds pass the in vitro test but fail
in vivo.

The compounds HTS05225 and HTS06218, which inhibited RNase II activity in vitro,
were able to affect cell viability beyond the targeting of RNase II. Also, CD06144 compound,
which interacts with PNPase, was able to affect cellular viability. However, besides targeting
PNPase, this compound appears to have off-target effects. When designing new chemical
inhibitors, it is known that they can commonly exhibit off-target effects. Although it is
impossible to screen all the interactions for every compound, in silico screenings combined
with mechanistic analysis are being developed to assess off-targets [31], which may help
progress in drug development. The rationale of our experimental design is to reduce
bacterial viability by targeting important enzymes involved in RNA metabolism. As such,
an off-target effect is not necessarily detrimental for our aim provided that it is not shared
with mammalian cells. In fact, considering the inherent capacity that bacteria have to
develop resistance to antibiotics, a compound with multiple cellular targets presents a
highly advantageous strategy to combat the antibiotic resistance health crisis [32]. Moreover,
there has been an increased interest in phenotypic drug discovery approaches due to its
strong contribution for the discovery of first-in-class drugs [33]. In this work, by combining
vHTS with in vitro and in vivo assays, we were able to provide the proof of concept for
using the structures of RNase II and PNPase to find new anti-virulence compounds. As
these proteins are important for the establishment of virulence in several human pathogens,
our findings provide important insights for the development of anti-virulence drugs that
could be synergistically used in combination with other antimicrobials. In this paper, we
describe two chemicals that could be used as a scaffold to design improved versions using
in silico approaches, thus improving their binding affinities and protein inhibition. It
would also be interesting to expand our experimental work to other pathogenic bacterial
species and find universal compounds targeting these conserved exoribonucleases that
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could be broadly used. Additionally, the new compounds may have other potential
biotechnological applications, such as their use to study the effect of the activity of these
proteins in organisms in which the construction of deletion mutants is not yet possible.

4. Materials and Methods
4.1. Materials

T4 polynucleotide kinase was purchased from Thermo Scientific (Waltham, MA, USA).
Unlabeled Poly(A) substrate was synthesized by Thermolab (Waltham, MA, USA). The
compounds listed in Table 1 were purchased from the Maybridge Chemical Company Ltd.
(Altrincham, UK). The strains used in this study are described in Table 2. Luria broth (LB)
and Luria agar (LA) were prepared as described previously [32]. When required, the media
were supplemented with 0.4 mM thymine, 20 pg/mL tetracycline, 50 pg/mL kanamycin,
and 40 pg/mL streptomycin (all from Sigma, St. Louis, MO, USA).

Table 2. Strains used in this work.

E. coli Strain Relevant Properties Reference
BI21(DE3) F~ rg~ mp~ gal ompT [int::Py,cy5 T7 genlimm21 nin5] [34]
MG1693 thyA715 F~ A~ rph-1 [35]
CMA201 MG1693 Arnb-201::tet [26]
MG1655 F~ A~ rph-1 [36]

MG1655_Apnp MG1655 Apnp::sr [37]

4.2. Molecular Modelling

To identify the compounds predicted to bind to the active sites of RNase II [17] and
PNPase [14], we used the computational tools eHiTS and SPROUT. The eHiTS program,
which is a molecular docking tool, has been described by Zsoldos et al. [38]. Briefly, eHiTS
takes compounds from a library and calculates the optimal conformation that each of these
ligands can adopt in a cavity of a protein target. The eHiTS approach breaks each ligand
into rigid fragments and flexible connecting chains and docks each rigid fragment into
every possible place in the cavity. A score is calculated for each structure based upon the
geometries of the ligand and the complementarity of surface points on the receptor and
ligand. Other factors are also used to calculate the final score, including steric clashes, depth
of the cavity, solvation, intramolecular interactions in the ligand, and the conformational
strain energy of the ligand. The score that is output is a logarithmic estimate of the binding
efficiency for a particular ligand, such that the larger the negative score values, the greater
the predicted affinity.

SPROUT [39] is a computer program that generates structures based upon a set
of specified constraints. The approach firstly generates a skeleton based upon a set of
primary constraints that includes the definition of the target site and must satisfy steric
and geometric constraints. This is followed by the substitution of atoms in the skeleton to
generate molecules with the required properties. The CAnNGAROO module within SPROUT
allows for the definition of potential binding pockets by detecting clefts, defined as a large
inward facing area on the surface of the protein. The HIPPO module locates typical donor
and acceptor atoms in the protein, intramolecular hydrogen bonds, hydrogen bonding
atoms near to the surface of the receptor site, and hydrogen bonding regions, which are
computed with tolerances. In a similar way to that for eHiTS, score values can also be
obtained using SPROUT, where, again, the score that is output is a logarithmic estimate of
the binding efficiency for a particular ligand, such that the larger the negative score values,
the greater the predicted affinity.

4.3. Overexpression and Purification of E. coli RNase II, RNase R, and PNPase

The plasmids harboring the histidine-tagged proteins (Table 3) were introduced into E.
coli BL21(DE3) by transformation to allow the expression of the recombinant proteins. For
RNase II and PNPase, the cells were grown at 37 °C in 100 mL LB medium supplemented
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with 100 pg/mL ampicillin to an optical density measured at 600 nm (OD600) of 0.5, in-
duced by the addition of 0.5 mM IPTG and grown at 37 °C for 2 h and 4 h, respectively.
For RNase R, the cells were grown at 30 °C in 100 mL LB medium supplemented with
100 png/mL ampicillin to an OD600 of 0.5, induced by the addition of 0.5 mM IPTG and
grown at 16 °C for 16 h. The cells were pelleted by centrifugation and stored at —80 °C.
Protein purification was performed by immobilized metal affinity chromatography using
HiTrap Chelating HP columns (GE Healthcare) and the AKTA FPLC system (GE Health-
care), following the protocol described previously [40]. The purity of the proteins was
verified by denaturing polyacrylamide gel electrophoresis and visualized by Coomassie
blue staining. Proteins were quantified using the Bradford Method [41], and 50% (v/v)
glycerol was added to the final fractions prior to storage at —20 °C.

Table 3. Plasmids used in this work.

Plasmid Characteristics Reference

pFCT6.1 pET15b derivative expressing E. coli RNase II with a N-terminal Histidine tag [42]
PABA-RNR pET15b derivative expressing E. coli RNase R with a N-terminal Histidine tag [40]
pABA-PNP pET15b derivative expressing E. coli PNPase with a N-terminal Histidine tag [40]

4.4. Activity Assays

The activity assays were performed using the 35-nt Poly(A) oligomer as the substrate.
Poly(A) was labelled at its 5’end with [Y32ATP] and T4 polynucleotide kinase. It was then
purified using a G25 column (GE Healthcare) to remove the unincorporated nucleotides.
The chemical compounds were dissolved in DMSO until a final concentration of 100 mM
was obtained. The reaction buffer used contained 20 mM Tris—-HCI (pH 8), 100 mM
KCl, 1 mM MgCly, and 1 mM DTT for RNase II and RNase R and 50 mM Tris-HCl
(pH 8), 60 mM KCl, 1 mM MgCl,, 10 mM Nap,HPO,4 pHS, and 2 mM DTT for PNPase.
The exoribonucleolytic reactions were carried out in a final volume of 20 pL containing
10 nM of Poly(A) and 10 mM of chemical compounds. The reactions were started by
the addition of 10 nM of the enzyme and further incubated at 37 °C. As controls, the
reaction was also performed in the absence of the enzyme (Ctrl) and in the absence of
chemical compounds (DMSO). Samples were withdrawn at the time points indicated in
the respective figures, and the reactions were stopped by the addition of formamide (95%)
containing dye supplemented with 10 mM EDTA. The reaction products were resolved in
a 8 M urea/20% polyacrylamide gel. Signals were visualized by Phosphorlmaging and
analyzed using the ImageQuant TL 8.1 software (Cytiva, Washington, DC, USA).

4.5. In Vivo Assays

Batch cultures from the strains MG1693, CMA150, HM104, MG1655, and Apnp were
inoculated from overnight (16 h) in liquid cultures grown at 37 °C and 150 rpm (the inocula
were diluted to an optical density of 0.08 measured at 600 nm). Cultures were grown
aerobically at 37 °C and 150 rpm for 90 min; 20 pL of each chemical compound was added
to 180 pL of each culture (to a final concentration of 10 mM of each compound) and further
incubated at 37 °C and 150 rpm. As controls, DMSO and LB were also added to the cultures.
At the time point indicated in the figures, 5 uL of culture was taken and processed by
10-fold serial dilutions in LB. Then, 10 pL of each dilution was plated on LA, and the plates
were incubated at 37 °C overnight.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25158048 /1.

Author Contributions: Conceptualization, K.J.M. and C.M.A.; methodology, R.G.M. and K.].S.; formal
analysis, R.G.M., CW.G.F. and K.J.M.; writing—original draft preparation, R.G.M.; writing—review
and editing, all authors; funding acquisition, K.J.M. and C.M.A. All authors have read and agreed to
the published version of the manuscript.


https://www.mdpi.com/article/10.3390/ijms25158048/s1
https://www.mdpi.com/article/10.3390/ijms25158048/s1

Int. J. Mol. Sci. 2024, 25, 8048 12 of 13

Funding: This work was funded by FCT—Fundacao para a Ciéncia e a Tecnologia, I. P, through the
projects MOSTMICRO-ITQB (UIDB/04612 /2020 and UIDP /04612 /2020), and LS4FUTURE Associ-
ated Laboratory-LA/P/0087/2020. RGM was supported by an FCT contract (CEECIND/02065/2017:
https:/ /doi.org/10.54499 /CEECIND/02065/2017 /CP1428 /CT0006). K.J.S. was supported by EU
FP7 European Drug Initiative on Channels and Transporters (grant agreement ID: 201924).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, and further inquiries can be directed to the corresponding authors.

Acknowledgments: We thank Teresa Batista da Silva (ITQB NOVA) for technical support and Diana
Lousa (Protein Modeling Laboratory at ITQB NOVA) for her valuable help in for the preparation of
Figures 1 and 2.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fischbach, M.A.; Walsh, C.T. Antibiotics for emerging pathogens. Science 2009, 325, 1089-1093. [CrossRef] [PubMed]

2. Eidem, T.M.; Roux, C.M.; Dunman, PM. Rna decay: A novel therapeutic target in bacteria. Wiley Interdiscip. Rev. RNA 2012, 3,
443-454. [CrossRef] [PubMed]

3.  Matos, R.G.; Barria, C.; Pobre, V.; Andrade, ] M.; Arraiano, C.M. Exoribonucleases as modulators of virulence in pathogenic
bacteria. Front. Cell Infect. Microbiol. 2012, 2, 65. [CrossRef] [PubMed]

4. Kime, L.; Vincent, H.A.; Gendoo, D.M,; Jourdan, S.S.; Fishwick, C.W.,; Callaghan, A.J.; McDowall, K.J. The first small-molecule
inhibitors of members of the ribonuclease e family. Sci. Rep. 2015, 5, 8028. [CrossRef] [PubMed]

5. Mardle, C.E.; Goddard, L.R.; Spelman, B.C.; Atkins, H.S.; Butt, L.E.; Cox, P.A.; Gowers, D.M.; Vincent, H.A.; Callaghan, A.J.
Identification and analysis of novel small molecule inhibitors of RNase E: Implications for antibacterial targeting and regulation
of RNase E. Biochem. Biophys. Rep. 2020, 23, 100773. [CrossRef] [PubMed]

6.  Grunberg-Manago, M. Polynucleotide phosphorylase. Progress. Nucl. Acid. Res. Mol. Biol. 1963, 1, 93-133.

7. Carpousis, A.J.; Van Houwe, G.; Ehretsmann, C.; Krisch, H.M. Copurification of E. coli RNase E and PNPase: Evidence for a
specific association between two enzymes important in RNA processing and degradation. Cell 1994, 76, 889-900. [CrossRef]
[PubMed]

8. Donovan, W.P; Kushner, S.R. Polynucleotide phosphorylase and ribonuclease II are required for cell viability and mRNA turnover
in Escherichia coli K-12. Proc. Natl. Acad. Sci. USA 1986, 83, 120-124. [CrossRef] [PubMed]

9. Haddad, N.; Tresse, O.; Rivoal, K.; Chevret, D.; Nonglaton, Q.; Burns, C.M.; Prévost, H.; Cappelier, ]. M. Polynucleotide
phosphorylase has an impact on cell biology of Campylobacter jejuni. Front. Cell. Inf. Microbiol. 2012, 2, 20298. [CrossRef]

10. Clements, M.O,; Eriksson, S.; Thompson, A.; Lucchini, S.; Hinton, J.C.; Normark, S.; Rhen, M. Polynucleotide phosphorylase is a
global regulator of virulence and persistency in Salmonella enterica. Proc. Natl. Acad. Sci. USA 2002, 99, 8784-8789. [CrossRef]

11. Rosenzweig, J.A.; Chromy, B.; Echeverry, A.; Yang, J.; Adkins, B.; Plano, G.V.; McCutchen-Maloney, S.; Schesser, K. Polynucleotide
phosphorylase independently controls virulence factor expression levels and export in Yersinia spp. FEMS Microbiol. Lett. 2007,
270, 255-264. [CrossRef] [PubMed]

12.  Hu, J.; Zhu, M.]. Defects in polynucleotide phosphorylase impairs virulence in Escherichia coli O157:H7. Front. Microbiol. 2015,
6, 806. [CrossRef] [PubMed]

13.  Symmons, M.E,; Jones, G.H.; Luisi, B.E. A duplicated fold is the structural basis for polynucleotide phosphorylase catalytic activity,
processivity, and regulation. Structure 2000, 8, 1215-1226. [CrossRef]

14. Nurmohamed, S.; Vaidialingam, B.; Callaghan, A.J.; Luisi, B.E. Crystal structure of Escherichia coli polynucleotide phosphorylase
core bound to RNase E, RNA and manganese: Implications for catalytic mechanism and RNA degradosome assembly. J. Mol.
Biol. 2009, 389, 17-33. [CrossRef]

15.  Shi, Z.; Yang, W.Z.; Lin-Chao, S.; Chak, K.F; Yuan, H.S. Crystal structure of Escherichia coli PNPase: Central channel residues are
involved in processive RNA degradation. RNA 2008, 14, 2361-2371. [CrossRef]

16. Arraiano, C.M.; Andrade, ].M.; Domingues, S.; Guinote, L.B.; Malecki, M.; Matos, R.G.; Moreira, R.N.; Pobre, V.; Reis, EP;
Saramago, M.; et al. The critical role of RNA processing and degradation in the control of gene expression. FEMS Microbiol. Rev.
2010, 34, 883-923. [CrossRef]

17.  Frazao, C.; McVey, C.E.; Amblar, M.; Barbas, A.; Vonrhein, C.; Arraiano, C.M.; Carrondo, M.A. Unravelling the dynamics of RNA
degradation by ribonuclease II and its RNA-bound complex. Nature 2006, 443, 110-114. [CrossRef] [PubMed]

18. Matos, R.G,; Barbas, A.; Gomez-Puertas, P.; Arraiano, C.M. Swapping the domains of exoribonucleases RNase II and RNase R:
Conferring upon RNase II the ability to degrade dsRNA. Proteins 2011, 79, 1853-1867. [CrossRef]

19.  Vincent, H.A.; Deutscher, M.P. The roles of individual domains of RNase R in substrate binding and exoribonuclease activity. The

nuclease domain is sufficient for digestion of structured RNA. J. Biol. Chem. 2009, 284, 486—494. [CrossRef]


https://doi.org/10.54499/CEECIND/02065/2017/CP1428/CT0006
https://doi.org/10.1126/science.1176667
https://www.ncbi.nlm.nih.gov/pubmed/19713519
https://doi.org/10.1002/wrna.1110
https://www.ncbi.nlm.nih.gov/pubmed/22374855
https://doi.org/10.3389/fcimb.2012.00065
https://www.ncbi.nlm.nih.gov/pubmed/22919656
https://doi.org/10.1038/srep08028
https://www.ncbi.nlm.nih.gov/pubmed/25619596
https://doi.org/10.1016/j.bbrep.2020.100773
https://www.ncbi.nlm.nih.gov/pubmed/32548313
https://doi.org/10.1016/0092-8674(94)90363-8
https://www.ncbi.nlm.nih.gov/pubmed/7510217
https://doi.org/10.1073/pnas.83.1.120
https://www.ncbi.nlm.nih.gov/pubmed/2417233
https://doi.org/10.3389/fcimb.2012.00030
https://doi.org/10.1073/pnas.132047099
https://doi.org/10.1111/j.1574-6968.2007.00689.x
https://www.ncbi.nlm.nih.gov/pubmed/17391372
https://doi.org/10.3389/fmicb.2015.00806
https://www.ncbi.nlm.nih.gov/pubmed/26347717
https://doi.org/10.1016/S0969-2126(00)00521-9
https://doi.org/10.1016/j.jmb.2009.03.051
https://doi.org/10.1261/rna.1244308
https://doi.org/10.1111/j.1574-6976.2010.00242.x
https://doi.org/10.1038/nature05080
https://www.ncbi.nlm.nih.gov/pubmed/16957732
https://doi.org/10.1002/prot.23010
https://doi.org/10.1074/jbc.M806468200

Int. J. Mol. Sci. 2024, 25, 8048 13 of 13

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chu, L.Y,; Hsieh, T.J.; Golzarroshan, B.; Chen, Y.P; Agrawal, S.; Yuan, H.S. Structural insights into RNA unwinding and
degradation by RNase R. Nucleic Acids Res. 2017, 45, 12015-12024. [CrossRef]

Dehbanipour, R.; Ghalavand, Z. Anti-virulence therapeutic strategies against bacterial infections: Recent advances. Germs 2022,
12,262-275. [CrossRef]

Rasko, D.A.; Sperandio, V. Anti-virulence strategies to combat bacteria-mediated disease. Nat. Rev. Drug Discov. 2010, 9, 117-128.
[CrossRef]

Seifert, M.H.; Kraus, J.; Kramer, B. Virtual high-throughput screening of molecular databases. Curr. Opin. Drug Discov. Devel 2007,
10, 298-307.

Shoichet, B.K. Virtual screening of chemical libraries. Nature 2004, 432, 862-865. [CrossRef]

DeLano, W.L. The Pymol Molecular Graphics System, 0.83 ed.; DeLano Scientific: San Carlos, CA, USA, 2002.

Piedade, J.; Zilhao, R.; Arraiano, C.M. Construction and characterization of an absolute deletion mutant of Escherichia coli
ribonuclease II. FEMS Microbiol. Lett. 1995, 127, 187-193. [CrossRef]

Lalonde, M.S.; Zuo, Y.; Zhang, ].; Gong, X.; Wu, S.; Malhotra, A.; Li, Z. Exoribonuclease R in Mycoplasma genitalium can carry out
both RNA processing and degradative functions and is sensitive to RNA ribose methylation. RNA 2007, 13, 1957-1968. [CrossRef]
Chen, Y.C. Beware of docking! Trends Pharmacol. Sci. 2015, 36, 78-95. [CrossRef]

Saikia, S.; Bordoloi, M. Molecular docking: Challenges, advances and its use in drug discovery perspective. Curr. Drug Targets
2019, 20, 501-521. [CrossRef]

Reygaert, W.C. An overview of the antimicrobial resistance mechanisms of bacteria. Aims Microbiol. 2018, 4, 482-501. [CrossRef]
Chowdhury, S.; Zielinski, D.C.; Dalldorf, C.; Rodrigues, J.V.; Palsson, B.O.; Shakhnovich, E.I. Empowering drug off-target
discovery with metabolic and structural analysis. Nat. Commun. 2023, 14, 3390. [CrossRef]

Feng, J.; Zheng, Y.L.; Ma, W.Q,; Thsan, A.; Hao, H.H.; Cheng, G.Y.; Wang, X. Multitarget antibacterial drugs: An effective strategy
to combat bacterial resistance. Pharmacol. Ther. 2023, 252, 108550. [CrossRef]

Moffat, J.G.; Vincent, E; Lee, ].A.; Eder, ].; Prunotto, M. Opportunities and challenges in phenotypic drug discovery: An industry
perspective. Nat. Rev. Drug Discov. 2017, 16, 531-543. [CrossRef]

Studier, FW.; Moffatt, B.A. Use of bacteriophage t7 RNA polymerase to direct selective high-level expression of cloned genes.
J. Mol. Biol. 1986, 189, 113-130. [CrossRef]

Bachmann, B.]J.; Low, K.B. Linkage map of Escherichia coli K-12, edition 6. Microbiol. Rev. 1980, 44, 1-56. [CrossRef]

Bachmann, B.]J. Pedigrees of some mutant strains of Escherichia coli K-12. Bacteriol. Rev. 1972, 36, 525-557. [CrossRef]

Dressaire, C.; Pobre, V.; Laguerre, S.; Girbal, L.; Arraiano, C.M.; Cocaign-Bousquet, M. PNPase is involved in the coordination of
mRNA degradation and expression in stationary phase cells of Escherichia coli. BMC Genom. 2018, 19, 848. [CrossRef]

Zsoldos, Z.; Reid, D.; Simon, A.; Sadjad, S.B.; Johnson, A.P. Ehits: A new fast, exhaustive flexible ligand docking system. J. Mol.
Graph. Model. 2007, 26, 198-212. [CrossRef]

Gillet, V]J.; Newell, W.; Mata, P; Myatt, G.; Sike, S.; Zsoldos, Z.; Johnson, A.P. Sprout: Recent developments in the de novo design
of molecules. J. Chem. Inf. Comput. Sci. 1994, 34, 207-217. [CrossRef]

Amblar, M.; Barbas, A.; Goméz-Puertas, P.; Arraiano, C.M. The role of the S1 domain in exoribonucleolytic activity: Substrate
specificity and multimerization. RNA 2007, 13, 317-327. [CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Cairrao, F; Chora, A.; Zilhao, R.; Carpousis, A.].; Arraiano, C.M. RNase II levels change according to the growth conditions:
Characterization of gmr, a new Escherichia coli gene involved in the modulation of RNase II. Mol. Microbiol. 2001, 39, 1550-1561.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/nar/gkx880
https://doi.org/10.18683/germs.2022.1328
https://doi.org/10.1038/nrd3013
https://doi.org/10.1038/nature03197
https://doi.org/10.1111/j.1574-6968.1995.tb07472.x
https://doi.org/10.1261/rna.706207
https://doi.org/10.1016/j.tips.2014.12.001
https://doi.org/10.2174/1389450119666181022153016
https://doi.org/10.3934/microbiol.2018.3.482
https://doi.org/10.1038/s41467-023-38859-x
https://doi.org/10.1016/j.pharmthera.2023.108550
https://doi.org/10.1038/nrd.2017.111
https://doi.org/10.1016/0022-2836(86)90385-2
https://doi.org/10.1128/mr.44.1.1-56.1980
https://doi.org/10.1128/br.36.4.525-557.1972
https://doi.org/10.1186/s12864-018-5259-8
https://doi.org/10.1016/j.jmgm.2006.06.002
https://doi.org/10.1021/ci00017a027
https://doi.org/10.1261/rna.220407
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1046/j.1365-2958.2001.02342.x
https://www.ncbi.nlm.nih.gov/pubmed/11260472

	Introduction 
	Results 
	Selection of Small Molecules Targeting E. coli RNase II and PNPase by vHTS 
	RNase II Activity Is Affected In Vitro by Some Chemical Compounds 
	One Chemical Compound Inhibits RNase II Activity In Vivo 
	Compounds That Affect PNPase Activity In Vitro 
	Compounds That Inhibit PNPase Reduce Viability of Wild-Type Cells 

	Discussion 
	Materials and Methods 
	Materials 
	Molecular Modelling 
	Overexpression and Purification of E. coli RNase II, RNase R, and PNPase 
	Activity Assays 
	In Vivo Assays 

	References

