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vel small molecular peptide that
disrupts helix 34 of bacterial ribosomal RNA†
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and Sanjaya Abeysirigunawardena *

Despite the advances in modern medicine, antibiotic resistance is a persistent and growing threat to the

world. Thus, the discovery and development of novel antibiotics have become crucial to combat multi-

drug resistant pathogens. The goal of our research is to discover a small molecular peptide that can

disrupt the synthesis of new ribosomes. Using the phage display technique, we have discovered a 7-mer

peptide that binds to the second strand of 16S h34 RNA with a dissociation constant in the low

micromolar range. Binding of the peptide alters RNA structure and inhibits the binding of the ribosomal

RNA small subunit methyltransferase C (RsmC) enzyme that methylates the exocyclic amine of G1207.

The addition of this peptide also increases the lag phase of bacterial growth. Introduction of chemical

modifications to increase the binding affinity of the peptide to RNA, its uptake and stability can further

improve the efficacy of the peptide as an antibiotic agent against pathogenic bacteria.
1 Introduction

Growing antibiotic resistance is a global concern, where multi-
drug resistant pathogenic bacterial infections have caused
millions of deaths every year. Thousands of patient deaths in
the US have occurred despite prescribing more than a million
doses of antibiotics.1 The discovery of both novel antibacterial
targets and novel classes of antibacterial agents is essential to
combat the ever-growing antibiotic-resistant bacterial strains.

The bacterial ribosome is an attractive target for the devel-
opment of antibacterial agents due to its functional importance
in protein biosynthesis and higher cellular abundance. Many of
the known classes of antibiotics bind to intact ribosomes and
inhibit bacterial translation initiation, elongation, and termi-
nation.2–4 Much like translation inhibition, ribosome biogen-
esis can also be an attractive target for antibacterial agents.
Many studies have shown the accumulation of ribosome
assembly intermediates in the presence of antibiotics.5–7 This
observation suggests that these antibiotics likely inhibit ribo-
some assembly by disrupting specic RNA–RNA and RNA–
protein interactions that occur during ribosome assembly. It
should also be noted that the accumulation of assembly inter-
mediates could arise from the depletion of ribosomal protein
pool as a direct result of translation inhibition.8 Efforts to
discover potential antibacterial agents that target ribosome
assembly is hampered by the lack of mechanistic evidence for
Kent State University, Kent, OH, 44240,
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ribosome assembly inhibition by known antibacterial agents.
However, unlike translation inhibition, ribosome assembly
inhibition is irreversible.9 Non-productive assembly intermedi-
ates that are accumulated due to ribosome biogenesis inhibi-
tion will eventually get processed by various RNases and
proteases.9

Similar to translation, there are multiple methods for
inhibiting bacterial ribosome biogenesis. Disruption of various
RNA–protein interactions of ribosomal RNA (rRNA) with ribo-
somal proteins (r-proteins), assembly factors, and modication
enzymes can cause assembly inhibition. We used bacterial
ribosome small subunit helix 34 as the target for developing
antibacterial agents. 16S helix 34 (h34) is located in the 30S 30-
major-domain and is comprised of two RNA strands, the “rst
strand” (5h34, 1047–1065, standard E. coli nucleotide
numbering), and “second strand” (3h34, 1191–1210) separated
by 16S helices 35–40 (Fig. 1).10,11 Helix 34 forms various critical
RNA–RNA contacts withmRNA and A-site bound tRNA as well as
RNA–protein contacts with r-proteins (S3, S10, and S14),11–13 and
rRNA modication enzyme RsmC.14

Transverse (G to C/U) mutations at position 1207 of 16S helix
34 are known to be lethal to bacteria, whereas the inverse
mutation is phenotypically silent.15 This result suggests that
maintaining structural integrity through base-pairing of G1207
with C1051 may be crucial for the survival of bacteria. During
bacterial ribosome biogenesis, assembly of ribosomal proteins
co-occurs with the transcription of rRNA.16–18 Transcription of
5h34 strand precedes 3h34 strand. Accurate and fast annealing
of helix 34 strands is critical for the assembly of late binding
proteins such as S3. We hypothesized that small molecules that
bind to 3h34 could disrupt the formation of native 16S helix 34
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The 30-major domain makes up the head of the 30S ribosome.
Protein and rRNA shown in wheat and light blue space filled ribbon
structures, respectively. Them2G1207 (red) nucleotide is located in the
16S helix 34 (dark blue) (PDB ID: 2I2P). The green arrow indicates
tetracycline binding site.
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duplex during ribosome biogenesis, thus cause toxicity to
bacteria (Fig. 2a). Interestingly, several known antibiotics such
as negamycin and tetracycline bind to 16S helix 34.19–21

Tetracycline-class of antibiotics bind to the base of h34 and
inhibit translation initiation and termination.22,23 Besides, these
antibiotics belonging to this class can inuence translation
delity by disrupting RNA–RNA contacts between helix 34 and
the A-site-bound tRNA.22,24 Disrupting 16S helix 34 by inhibitors
can eventually alter RNA–RNA contacts with A-site-bound tRNA,
therefore lead to translation inhibition.
Fig. 2 (a) 16S helix 34 is a target for antibacterial agents. Perturbation
of helix 34 structure can be lethal to bacteria. (b) Sequences and
percentage occurrence (% O) of peptides selected that bind to target
RNA at the end of third biopanning are shown. Blue, green, pink, grey,
orange, and yellow colored fonts represent positively charged, polar,
negatively-charged, aromatic hydrophobic, conformationally unique,
and non-polar amino acids, respectively.
2 Materials and methods
2.1 RNA preparations and quantication

Chemically synthesized RNA oligonucleotides used in these
experiments (sequences are shown in Table S1†) were
purchased from either Integrated DNA Technologies (IDT) or
Horizon Dharmacon Inc. RNA oligonucleotides, 3h34 and 5h34,
were purchased from IDT in the 20-deprotected form, whereas
3h34F1, 3h34F2, 3h34M1, and 3h34M2 RNA oligonucleotides
were purchased from Dharmacon as stable 20-ACE protected
form. These RNAs were dissolved in 100 mL of TE buffer (1 M
Tris–HCl pH 7.5 and 0.5 M EDTA pH 8.0). For PAGE purica-
tion, these RNA oligonucleotide solutions were mixed with
denaturing gel loading dye. Samples were then incubated at
90 �C for 2 minutes for complete denaturation and loaded
immediately to 16% denaturing polyacrylamide gels. Samples
were electrophoresed for 1.5–2 h at 15 W per gel. Gel bands
corresponding to RNA oligonucleotides were visualized by UV
shadowing. Shorter failure products from chemical synthesis of
RNA oligonucleotides were not observed (for any helix 34 model
RNAs) under UV shadowing. Full-length RNA oligonucleotides
were extracted into 2–3 mL of TEN buffer (10 mM Tris–HCl at
pH 7.5, 1 mM Na2EDTA at pH 8.0, 250 mM NaCl) from corre-
sponding gel bands using the freeze–thaw method.
This journal is © The Royal Society of Chemistry 2019
Concentrating and buffer exchanging of eluted RNAs were
carried out using Pierce™ Protein Concentrator PES, 3k
MWCO. RNA oligonucleotides were then deprotected (as
needed) by incubating at 60 �C for 30 minutes in 20-deprotection
buffer (100 mM acetic acid pH 3.8 adjusted with TEMED,
provided by Dharmacon). Deprotected RNA oligonucleotides
were dried completely in Vacufuge. Dried samples were stored
at �20 �C and dissolved in the appropriate volume of TE buffer
when needed. The concentrations of the puried RNA oligo-
nucleotide samples were calculated usingmeasured absorbance
at A260 (Thermo Scientic NanoDrop One). Extinction coeffi-
cients for all RNA oligonucleotides were obtained from IDT
oligoanalyzer soware. RNA oligonucleotides were aliquoted in
a small volume of working solution and stored at �20 �C for
future use. Fluorescently-labeled 3h34-cy3 RNA oligonucleotide
(HPLC puried by manufacturer) was purchased from IDT with
a Cyanine3 (Cy3) dye conjugated at the 50-end.

Similarly, 3h34-Cy3 RNA was dissolved in an appropriate
volume of TE buffer, and concentration was measured as
mentioned above. The purity of puried RNA oligonucleotides
was conrmed by denaturing gel electrophoresis (as described
above) of 50-radiolabeled (32P) RNA oligonucleotides (using
polynucleotide kinase end labeling standard protocol). Dena-
turing gels were dried (using gel dryer model 583 Bio-Rad
equipped with gel-master gel dryer vacuum system) and
exposed to intensifying screens overnight prior to obtaining
autoradiograph using Typhoon FLA 9500. Only a single band
was observed in gels for all helix 34 model RNA oligonucleotides
tested, indicating their high purity.
2.2 Screening of peptide library to discover peptides binding
to 3h34 RNA

Ph.D.-7 phage display library (New England Biolabs) was used
to identify peptides that bind to 3h34 RNA. Biopanning and
titering were carried out using the manufacturer suggested
protocol with slight adjustments suggested by Lamichhane
et al. (Fig. S1a†).25 HPLC puried target RNA biotinylated at 50-
end {50-biotin-r(CCGUCAAGUCAUCAUGGCCC)-30} was purcha-
sed from Integrated DNA Technologies (IDT). Biotinylated
RSC Adv., 2019, 9, 40268–40276 | 40269
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target RNA (50 nM) was incubated with 10 mL of the phage
pool. In each biopanning cycle, approximately 1011 plaque-
forming units (pfu mL�1) were used. Phages were incubated
with target RNA in 200 mL of TBST at ambient temperature for
20 min. For each biopanning, 0.5 mg of streptavidin-coated
magnetic beads (Dynabeads M-280 Streptavidin, Invitrogen)
was washed twice with 1 mL of TBST washing buffer (50 mM
Tris–HCl; pH 7.5, 150 mM NaCl with 0.1% Tween-20). The
phage-target RNA solution was then mixed with washed
magnetic beads followed by the incubation for 15 minutes at
ambient temperature. Magnetic beads were pulled down using
the magnetic separator (Promega) before removing the
supernatant with unbound phages. Phage-RNA complexes
were subject to several rounds of washing, as shown in ESI
Table S2,† to remove unbound phages. Phages bound to RNA
were then eluted using 1 mL of glycine elution buffer (0.2 M
glycine-HCl; pH 2.2, 1 mg mL�1 bovine serum albumin) and
immediately neutralized by adding 150 mL of 1 M Tris–HCl, pH
9.1. A small fraction of the eluate (10 mL) was titered on LB/
IPTG/Xgal plates (Fig. S1b†). The remaining eluate was
amplied by infection of E. coli ER2738 (20 mL of culture).
Amplied phages were titered again (Fig. S1c†) to determine
the number of available titers (shown in Table S3†). During the
second biopanning cycle, amplied phages from the rst
biopanning cycle were preselected against magnetic beads,
streptavidin, tips, and tubes as a negative selection. Magnetic
beads with any non-specically bound phages were pelleted
down. Supernatant with unbound phages was then incubated
with tRNA (5 mg mL�1) to eliminate phages binding non-
specically to RNAs, followed by the incubation with bio-
tinylated target RNA (20 min at ambient temperature). This
mixture is then incubated with freshly washed magnetic
beads. In the third biopanning cycle, phages were counter
selected against 5h34 RNA (50 nM) before the addition of
biotinylated target RNA. RNA was immobilized, washed, and
titered using the same protocol as described previously. The
stringency in the washing steps was increased in each bio-
panning cycle by increasing the concentration of Tween-20
and the number of washings as given in Table S2.† At the
end of each biopanning, the eluted phages were amplied.
Phage DNA was extracted aer the amplication of single
plaque isolated from a titered plate of each biopanning. The
region of phage DNA that encodes randomized heptapeptide
sequence was amplied by PCR using manufactures suggested
forward and reverse primers (50-GCAATTCCTTTAGTGG-
TACCTTTC-30 and 50-CCCTCATAGTTAGCGTAACG-30), respec-
tively. Amplied DNA was then puried using the GFX PCR
DNA and Gel Band Purication Kit (GE Healthcare). The size
and the purity of DNA fragments were tested using 1% agarose
gel electrophoresis (Fig. S1d†). Concentrations of puried
phage DNA fragments in ng mL�1 were determined (Thermo
scientic Nanodrop One) before sending for Sanger
sequencing (GenScript Inc.). DNA sequences were analyzed
using bioinformatics soware and tools {Codon Code aligner,
Reverse Complement tool, translate tool from ExPaSy (Bio-
informatics Resource Portal), and Clustal Omega (EMBL-EBI,
the European Bioinformatics Institute)}.
40270 | RSC Adv., 2019, 9, 40268–40276
2.3 Tryptophan uorescence change experiment

Tryptophan uorescence change experiments were carried out
to conrm the binding of the peptide sequence to helix 34
model RNAs. Chemically synthesized 3h34P1 heptapeptide
(KNHDWGV) was purchased from Sigma-Aldrich Corp. Working
solutions of 3h34P1 were prepared by dissolving the peptide in
HK50 buffer (80 mM Hepes; pH 7.6, 50 mM KCl). Puried helix
34 model RNA oligonucleotides (0–22.5 mM) were titrated onto
0.1 mM of peptide P1 in HK50 buffer. At each step of titration,
tryptophan uorescence (320–400 nm wavelength) was
measured followed by excitation at 280 nm using a PTI QM-400
uorimeter (Horiba Scientic). All titrations were performed at
30 �C. Fluorescence intensity at 350 nm wavelength was used to
calculate the fraction uorescence change using eqn (1)

Fraction fluorescence change, FC ¼ (F0 � Fx)/F0. (1)

F0 and Fx in eqn (1) are uorescence intensities at 0 mM and x
mM concentrations of RNA oligonucleotides, respectively. All the
titrations were duplicated, and the average of the fraction
uorescence was plotted against RNA concentrations used.
Least square tting of RNA titration curves were performed in
Origin (2015 Academic version) using either eqn (2)

FC ¼ A/(1 + KD/[RNA]) (2)

or eqn (3)

FC ¼ (A1/(1 + KD1/[RNA])) + (A2/(1 + KD2/[RNA])) (3)

to obtain equilibrium dissociation constants of various RNA–
peptide complexes. Eqn (2) and (3) are derived from the equa-
tion for single binding isotherm assuming one or two mutually
exclusive binding events of RNA to the peptide. In eqn (3), A1
and A2 represent total uorescence change observed for light
and tight RNA–peptide complexes, respectively, at complete
saturation. KD1 and KD2 are the respective equilibrium dissoci-
ation constants.
2.4 Protein overexpression, purication, and uorescence
labeling

Overexpression plasmid (pCA24N) for the ribosomal RNA small
subunit methyltransferase C (RsmC) protein was purchased
from National BioResource Project: E. coli (NIG, Japan) (ASKA
collection).26 The plasmid was transformed into BL21 E. coli
expression strains using standard protocols suggested by the
manufacturer. An overnight culture (10 mL) of E. coli containing
the overexpression plasmid was inoculated in 1 L of LB media
with 10 mg mL�1 chloramphenicol. Cells were grown at 37 �C
with constant shaking (200 rpm) until OD600 reached approxi-
mately 0.4. Overexpression of RsmC was induced by adding
1 mM IPTG followed by incubation of cells at 37 �C for another
3 h. Bacterial cells were harvested by centrifugation at 8000 rpm
for 15 min at 4 �C, and the cell pellets were stored in �80 �C
freezer until its use (up to 3 months).

Bacterial cell pellets were resuspended in Buffer C (Buffer A
with protease inhibitor) and lysed by sonication. Cell debris was
This journal is © The Royal Society of Chemistry 2019
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separated by centrifugation, and the supernatant was equili-
brated with Buffer A (20 mMHepes pH 7.6, 1 M KCl) by dialysis.
The supernatant was then loaded onto a Ni-NTA column for
affinity purication (using AKTA start). Protein RsmC was
eluted out with Buffer E {20% Buffer B (20 mM Hepes pH 7.6,
1 M KCl, 1 M Imidazole) and 80% Buffer A} aer washing with
Buffer D (1% Buffer B and 99% Buffer A) to remove proteins that
are bound to Ni-NTA non-specically. Puried protein was
nally dialyzed against the storage buffer (20 mMHepes pH 6.5,
1 M KCl, and six mM b-mercaptoethanol). Aliquots (1 mL) of
protein solution were snap-freeze and stored at �80 �C. The
concentration of puried protein was determined by measuring
the absorbance at 280 nm wavelength and the extinction coef-
cient of the protein RsmC. The concentration was compared
using the Bradford assay. The N-terminal of protein RsmC was
uorescently labeled by incubating RsmC with 5 molar excess of
Cyanine5 (Cy5) dye linked to mono-reactive NHS ester as
described previously.27 Free dyes were removed by using the
affinity chromatography as described above. The labeled
protein was dialyzed against a nal storage buffer. SDS-PAGE
conrmed the purity of both unlabeled and labeled proteins.
Approximately 10 mL aliquots of labeled protein were snap-
freeze and stored at �80 �C in a light-tight box until future use.

2.5 FRET-based inhibition assay

Cy3-labeled RNA (3h34-Cy3, 5 nM) was pre-incubated with
various concentrations (0–10 mM) of 3h34P1 peptide in HK50

buffer at 30 �C for 10 minutes. Protein RsmC-Cy5 labeled with
acceptor dye, Cy5 (100 nM) was then added to each sample
containing the RNA–peptide complexes. Samples were incu-
bated for 10 minutes at 30 �C. The uorescence emission (550–
700 nm) followed by excitation of FRET donor at 532 nm was
measured in PTI QM-400 uorimeter (Horiba Scientic). FRET
efficiency was calculated for various concentrations of peptide
P1 using eqn (4)

EFRET ¼ (ID � IDA)/ID; (4)

ID ¼ intensity of donor, IDA ¼ intensity of donor in the presence
of acceptor. Results from biological triplicates were averaged.

2.6 Circular dichroism (CD) spectroscopy

CD spectra of the target RNA 3h34 in the presence of various
concentrations of 3h34P1 peptide were accumulated using
a JASCO J-810 spectropolarimeter connected to a Julabo F 25
water bath for temperature regulation. The RNA sample was
prepared in 5 mM concentration in CD buffer (50 mM KCl,
20 mM Na cacodylate, 0.5 mM EDTA, pH 7.6 adjusted with 1 M
HCl).28 CD spectra of RNA samples were obtained from 320–
200 nm wavelength. CD spectra at various peptide concentra-
tions (0 to 40 mM) were obtained. All the experiments were
carried out in duplicate to show the consistency of the results.

2.7 Electrophoretic mobility gel-shi assay

EMSA was carried out by adding an increasing concentration of
complementary 5h34 RNA (0–120 nM) to 2 nM of 3h34 RNA
This journal is © The Royal Society of Chemistry 2019
(radiolabeled with 32P isotope at the 50-end) in annealing buffer
(HK50) and incubated at 37 �C for 10 min. These annealing
reactions were performed both in the presence (10 mM) and the
absence of P1. Strand annealing reactions were then quenched
by adding 5� gel loading buffer and immediately loaded onto
a 10% non-denaturing polyacrylamide-THEM3 (340 mM Tris-
base, 660 mM HEPES, 1 mM EDTA and 3 mM MgCl2) gel for
electrophoresis at 15 W per gel for �1.5 h. Gels were dried and
exposed to an intensifying screen overnight. Radiographs of
these gels were obtained using Typhoon FLA 9500 (GE Health-
care), and gel-bands were quantied using ImageJ (1.48v) so-
ware. Eqn (5)

Fraction of duplex, F ¼ IB/(IB + IU); (5)

IB ¼ intensity of duplex species, IU ¼ intensity of free species
was used to calculate the fraction of duplex that was plotted
against [5h34]. Equilibrium dissociation constants for helix 34
duplex formation in presence and absence of the peptide (P1)
were calculated by non-linear curve tting using eqn (6)

F ¼ A/(1 + (KD/[5h34])); (6)

A ¼ total fraction of duplex (asymptote), KD ¼ equilibrium
dissociation constant, [5h34] ¼ concentration of 5h34 RNA in
Origin (2015 Academic version) soware.
2.8 Antibacterial micro-titer plate assay

Defects in bacterial (E. coli; dlacZ Delta M15 Delta(lacZYA-argF)
U169 recA1 endA1 hsdR17(rK-mK+) supE44 thi-1 gyrA96 relA1)
growth in the presence of the peptide was tested. Various
concentrations (0 to 50 mM) of the peptide were added to 200 mL
of overnight, diluted bacterial culture (0.05 absorbance at
600 nm wavelength) in a Co-star 96 well micro-titer plate.
Absorbance was recorded at different time intervals up to 24
hours with a SpectraMax4 spectrometer. All the experiments
were carried out in triplicates. The average of absorbance values
was plotted against time (minutes), and the sigmoidal growth
curve was tted to eqn (7)

A600 ¼ A/(1 + exp{(4 � u � (L � t)/A) + 2)}; (7)

A600 ¼ absorbance at 600 nm, A ¼ maximum absorbance at
600 nm, u ¼ growth rate, L ¼ lag time, and t ¼ time derived
based on logistic model,29 and the growth parameters were
obtained. The experiments were carried out at 30, 37, and 42 �C
to study the effect of temperature on the peptide dependent
bacterial growth defects.
3 Results and discussion
3.1 Discovery of peptides that bind specically to a strand of
16S helix 34

In our study, the phage display method was used to discover
peptides that specically bind to 16S helix 34 RNA. Phage
display is an attractive method used extensively to identify small
peptides that bind to various classes of biomolecules.30,31 Many
RSC Adv., 2019, 9, 40268–40276 | 40271
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previous studies have successfully used phage display libraries
to discover peptide sequences that bind favorably to various
functional RNAs.25,32–37 This research was aimed at discovering
peptides that can inhibit bacterial translation by targeting both
ribosome assembly and translation elongation. An M13 phage
library purchased from New England Biolab (Ph.D.-7) was used
in screening against the second strand of 16S h34 rRNA (3h34,
nts 1191–1210) that also contains the methylation site (G1207)
of RsmC enzyme. This M13 phage library contained 100 copies
of 109 different phages that contained a randomized 7-mer
peptide sequence fused to the N-terminus of their pIII minor
coat proteins via a Gly–Gly–Gly linker. Several rounds of bio-
panning were performed under increasing stringency in
removing non-specically bound phages, as shown in Table
S2.† Similarly, counter selections were performed against
various competitor RNAs during each biopanning cycle. Aer
three biopanning cycles, the phage pool was found to be
enriched with phages with several unique peptide sequences
(Fig. 2b). A vast majority (82%) of the selected phages at the end
of the third biopanning cycle had 3h34P1 peptide (KNHDWGV)
displayed on them (Fig. 2b). Amino acids that are most likely to
be present in an RNA-binding protein sequence is observed in
all the enriched peptides except 3h34P4. The aromatic trypto-
phan side chain present in P1 can be easily intercalated between
two adjacent RNA bases, whereas positively charged amino acid
side chains most likely interact with negatively-charged RNA
sugar-phosphate backbone.38–40
3.2 The selected peptide binds to target RNA with
nanomolar binding affinity

The binding affinity of an inhibitor to its target is a crucial
determinant of its efficacy and its inhibitory role. For many
known antibiotics, equilibrium dissociation constants fall in
sub-micromolar to low-micromolar concentration range.41,42

Fluorescence-based titration experiments were performed to
conrm the binding of P1 to target 3h34 RNA with high binding
affinity. We expected that the tryptophan side chain in P1 could
intercalate between two RNA bases causing a decrease in tryp-
tophan uorescence. With the addition of 3h34 RNA (20 mM)
onto P1 (0.1 mM) in HK50 buffer, an approximately 80% decrease
in uorescence was observed (Fig. 3c). Interestingly, titration
data agrees well with a model that assumes two mutually
independent binding events for P1 to its target RNA (Fig. 3b and
S2 ESI†). The equilibrium dissociation constant for the binding
of P1 high-affinity binding site (KD1) on 3h34 was found to be 18
� 5 nM, whereas a KD2 > 10 mM was observed for the binding of
P1 to low-affinity binding site (Fig. 3d). The overall change of
tryptophan uorescence at saturation was also found to be
different when P1 bind to these two binding sites (Fig. S3 ESI†),
perhaps due to the different degree of intercalation observed at
each binding site. It is possible that P1 can independently bind
to the stem and the loop regions of 3h34 RNA hairpin. Next, the
two halves of 3h34 (3h34F1: nts 1191–1200 and 3h34F2: nts
1201–1210) were titrated against the peptide to narrow down the
binding sites of P1. A model with a single RNA bindingmode for
P1 was sufficient to interpret titration results of helix 34 RNA
40272 | RSC Adv., 2019, 9, 40268–40276
fragments, 3h34F1 and 3h34F2 (Fig. 3c). A ten-fold higher KD1

was observed for the binding of P1 to 3h34F1 (Fig. 3d). P1 may
prefer to bind to the stem of predicted (Mfold, conrmed by UV
thermal melting) hairpin structure of 3h34 compared to the
single-stranded sequence (Fig. 3a). Unexpectedly, P1 also bound
to 5h34 RNA with a similar binding affinity to 3h34 RNA. Both
3h34 and 5h34 RNAs share some sequence similarity (such as
UGGC sequence) that could favorably accommodate P1.
Besides, we noted that the majority of phages counter selected
against 5h34 RNA displaying P1 sequence. However, it is also
possible that P1-displaying phages were already in higher
abundance aer amplication of biopanning cycle 3 eluate.
Control experiments performed using several scrambled or
unrelated RNA sequences showed less than 10% quenching in
tryptophan uorescence (Fig. S4 ESI†), suggesting a higher
binding specicity of P1 to 16S helix 34 RNAs.

3.3 Binding of P1 induces structural changes in the target
RNA

To conrm the binding of P1 to its target RNA and to investigate
the ability of P1 to induce structural changes in 3h34 RNA, we
performed circular dichroism (CD) spectroscopy experiments.
Even in the absence of P1, the CD spectrum for 3h34 RNA
showed a maximum at 266 nm and a local maximum at 275 nm,
indicating the existence of multiple conformations (Fig. 4a).
Circular dichroism at 266 nm increased rapidly with the addi-
tion of P1 up to 1 mM (Fig. 4b). Surprisingly, however, circular
dichroism at 266 nm decreased when the concentration of the
peptide is further increased from 1 mM (Fig. 4b). We attribute
these changes in CD signal to structural changes in 3h34 RNA
upon binding of P1 to its high- and low-affinity binding sites.
However, the addition of P1 to 5h34 RNA showed no signicant
changes in CD spectra (Fig. S5 ESI†).

3.4 P1 inuences the formation of 16S helix 34 duplex

We hypothesized that P1 peptide could inuence the formation
of helix 34 native duplex. To test our hypothesis, we performed
an electrophoretic mobility gel shi assays (EMSA). In these
assays, radiolabeled 3h34 RNA (2 nM) was incubated with its
complementary RNA strand. In the presence of complementary
RNA strand (5h34), 3h34 formed an RNA duplex with lower
electrophoretic mobility compared to single-stranded 3h34 RNA
(Fig. 5a). In the presence of P1, the fraction of h34 duplex (at
100 nM 5h34) was found to be 0.30 compared to 0.54 in its
absence (Fig. 5b). In addition, equilibrium dissociation
constant for helix 34 duplex decreased in the presence of the
peptide (Fig. 5b). Both these results suggest the ability of P1
peptide to inuence helix 34 duplex formation. P1 may be
stabilizing an off-path non-native helix 34 duplex.

3.5 The selected peptide inhibits the binding of RsmC to its
target RNA strand

A competition FRET assay was performed to investigate the
ability of P1 to inhibit interactions between 3h34 and RsmC
enzyme. 16S rRNA methyltransferase enzyme RsmC bind to
3h34. Binding of RsmC is found to be essential for the
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Predicted secondary structure of 3h34 model RNA is shown. (b) Schematic representation of RNA binding model of P1. The model
assumes mutually exclusive binding of P1 close to either the methylation site or the hairpin loop. (c) The fraction of tryptophan fluorescence
change is plotted against RNA concentrations used. Titration experiments are duplicated and results are averaged. (d) Equilibrium dissociation
constants for various RNA–P1 complexes are obtained by least square fitting of titration curves to a modified binding isotherm equation. Top and
bottom panels show KDs for lighter and tighter P1-RNA complexes, respectively. The 3h34F1 and 3h34F2 RNAs were fitted to the single binding
isotherm.
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formation of helix 34 duplex (unpublished data). For this FRET-
based inhibition assay, protein RsmC labeled with FRET
acceptor dye (Cyanine5) was added to the uorescently-labeled
3h34 RNA (with FRET donor dye, Cyanine3) that was pre-
incubated with various concentrations (0 to 10 mM) of P1
peptide (Fig. 6a). The FRET signal decreased with the increase
in peptide concentration (Fig. 6b), illustrating the ability of P1
Fig. 4 (a) Changes in circular dichroism spectra of 3h34 RNA upon additi
also indicate two clear P1 binding events.

This journal is © The Royal Society of Chemistry 2019
to inhibit protein RsmC binding to 3h34 RNA. The IC50 for
RsmC binding inhibition by P1 is in the low micromolar range.
However, even at 10 mM P1 concentration, FRET efficiency does
not drop to zero. This result suggests two different possibilities;
(1) only a fraction of RNA is not binding to RsmC or (2) the
presence of P1 changed the binding orientation of RsmC to
3h34. However, if RsmC binding inhibition is due to the low-
on of P1 is shown. (b) Circular dichroism change at 266 nmwavelength

RSC Adv., 2019, 9, 40268–40276 | 40273
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Fig. 5 (a) Radiograph of EMSA carried out to detect P1-dependent strand annealing defects is shown. (b) Equilibrium dissociation constants of
helix 34 duplex and the highest fraction of duplex is shown.
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affinity binding site of P1 (KD > 10 mM), more than 20 mM
concentration of P1 is required for complete inhibition.
Unfortunately, P1 showed low solubility in the buffer used for
FRET titrations at concentrations equal to or higher than 10 mM,
preventing RsmC inhibition testing at high peptide concentra-
tions (>10 mM). Likely, the inhibition of RNA–protein interac-
tions by P1 peptide may not be limited to RsmC binding; P1may
also inhibit the binding of other r-proteins that bind 16S helix
34, such as r-protein S3 that is involved in unwinding of mRNA
during bacterial translation.
3.6 P1 inuences bacterial growth

The efficacy of an inhibitor depends on many of its properties,
such as cellular uptake, efflux, stability, solubility, and off-target
binding. Although the in vitro inhibitory concentration is in the
low micromolar range, the effective inhibitory concentration in
vivomight be higher for P1. Changes in E. coli growth kinetics in
the presence of the peptide were determined to evaluate the
efficacy of P1 as an antibacterial agent. D-peptide of P1 was used
in these experiments to improve the in vivo stability of the
peptide. Our control experiments showed that the D-peptide of
the P1 sequence binds equally well to target RNA as its L-peptide
counterpart (Fig. S6† ESI†). Bacteria (E. coli) were inoculated
into LB media that had varying concentrations (0–50 mM) of the
D-peptide. The absorbance at 600 nm wavelength (A600) was
Fig. 6 (a) A schematic showing the design of FRET-based inhibition ass
increasing [P1] is shown.

40274 | RSC Adv., 2019, 9, 40268–40276
recorded to track the bacterial growth at different times up to
�24 hours. Sigmoidal growth curves were tted to the logistic
model29 to obtain growth parameters. Growth curves at 30 �C
indicated an increase in the growth lag on increasing P1
concentration (Fig. 7a). Likely, bacterial growth lag can further
increase at concentrations higher than that was tested and may
even lead to growth inhibition.37 Unfortunately, the lack of
solubility or aggregation of P1 stock solutions prevented the
testing of bacterial growth lag increase at concentrations above
50 mM. No changes in the asymptote of the growth curve (A600 at
stationary phase) were observed, indicating the inability of P1 to
inuence the overall bacterial growth at concentrations tested
(Fig. 7b). The peptide-induced changes in the growth lag
decreased with the increase of temperature from 25 �C to 37 �C
or 42 �C (Fig. 8). However, at all temperatures tested, the
bacterial growth rate remained the same regardless of the
peptide concentrations used (Fig. S7 ESI†). Overall, the effect of
the peptide on bacterial cell growth is low (Fig. S7 ESI†). Despite
this, the signicant increase in the growth lag at 30 �C signies
that this peptide may be involved in generating non-productive
assembly intermediates at lower temperatures.43 At higher
temperatures, kinetically trapped intermediates may refold due
to higher thermal energy. Nevertheless, it is also likely that
hydrolysis, efflux, and off-target binding of the peptide signi-
cantly inuence its efficacy in vivo.
ay. (b) Change in the FRET efficiency of 3h34-Cy3 and RsmC-Cy5 on

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Changes in lag phase of E. coli growth is shown. Experiments were done at 30 �C, 37 �C and 42 �C.

Fig. 7 Mild bacterial growth defects are observed in the presence of 3h34P1. Changes in the (a) lag time and (b) overall cell growth at stationary
phase with increasing 3h34P1 peptide concentration is shown.
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4 Conclusions

In conclusion, we have discovered a peptide that binds to one of
the strands of helix 34 with a low nanomolar affinity. The
binding of P1 peptide to its target RNA inuences RNA–RNA
and RNA–protein interactions of helix 34. Lack of intermolec-
ular interactions of helix 34 may lead to ribosome biogenesis
defects, therefore causing the observed bacterial growth defects.
The introduction of chemical modications that can increase
cellular uptake, decrease the rate of hydrolysis and oxidation,
and improve binding affinity to target RNA can increase the
effectiveness of the peptide as an antibacterial agent. Linking of
negamycin or tetracycline that bind close to helix 34 to P1 can
improve its target specicity.
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