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The worldwide spread of multidrug-resistant Mycobacterium tuberculosis strains 
prompted the development of new strategies to combat tuberculosis, one of which is 
antisense therapy based on targeting bacterial mRNA by oligonucleotide derivatives. 
However, the main limitation of antisense antibacterials is poor cellular uptake because 
of electrostatic charge. Phosphoryl guanidine oligo-2′-O-methylribonucleotides (2′-
OMe PGOs) are a novel type of uncharged RNA analogues with high RNA affinity, which 
penetrate through the bacterial cell wall more efficiently. In this study, we investigated 
the uptake and biological effects of 2′-OMe PGO in mycobacteria. The results indicated 
that 2′-OMe PGO specific for the alanine dehydrogenase-encoding ald gene inhibited 
the growth of Mycobacterium smegmatis and downregulated ald expression at both the 
transcriptional and translational levels through an RNase H-independent mechanism, 
showing higher biological activity than its phosphorothioate oligonucleotide counterpart. 
Confocal microscopy revealed that the anti-ald 2′-OMe PGO was taken up by intracellular 
mycobacteria residing in RAW 264.7 macrophages without exerting toxic effects on 
eukaryotic cells, indicating that 2′-OMe PGO was able to efficiently cross two cellular 
membranes. In addition, 2′-OMe PGO inhibited the transcription of the target ald gene 
in M. smegmatis-infected macrophages. Thus, we demonstrated, for the first time, a 
possibility of targeting gene expression and inhibiting growth of intracellular mycobacteria 
by antisense oligonucleotide derivatives. Strong antisense activity and efficient uptake 
of the new RNA analogue, 2′-OMe PGO, by intracellular microorganisms revealed here 
may promote the development of novel therapeutic strategies to treat TB and prevent the 
emergence of drug-resistant mycobacterial strains.
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INTRODUCTION

Tuberculosis (TB), a chronic infectious disease caused by 
Mycobacterium tuberculosis, is responsible for nearly 2 million 
fatalities annually, and in 2017, 10 million new TB cases were 
documented (WHO report, 2018). Only 5–10% of infected 
individuals develop progressive lung disease, whereas the rest 
have latent infection without symptoms, and to date, more 
than 25% of the total human population are believed to be 
asymptomatic carriers of the pathogen (Veatch and Kaushal, 
2018), which, however, can be reactivated, indicating high risk 
of developing active TB in a large proportion of the population. 
Furthermore, the disease can be refractory to treatment because 
the widespread use of conventional antibiotics has led to the 
emergence of multidrug-resistant (MDR) and extremely drug 
resistant (XDR) M. tuberculosis strains, which accounts for a 
decreased success recovery rate: according to the latest WHO 
data, it is 52% for MDR-TB and 28% for XDR-TB vs. 83% for TB. 
Therefore, alternative therapeutic options overcoming limitations 
of traditional antimicrobial drugs are urgently required.

Antisense therapy is an approach to treat bacterial infections 
using short (15–25 nucleotides) single-stranded oligonucleotides, 
often chemically modified to gain stability in biological media 
(Sully and Geller, 2016). Antisense oligonucleotides (ASOs) act 
by forming a complementary duplex with their target mRNA 
through specific sites (Zamecnik and Stephenson, 1978; Uhlmann 
and Peyman, 1990) and thus can modulate gene expression in 
a sequence-selective manner by inhibiting translation through 
either steric block (i.e., physical arrest of ribosomal elongation) or 
RNase H-mediated degradation of the mRNA strand hybridized 
with the ASO (Kurreck, 2003). ASOs can be introduced into 
cells by gymnotic (“naked”) uptake without the aid of lipophilic 
carriers, which is convenient and eliminates possible toxic effects 
of transfection agents (Dowdy, 2017; Shen and Corey, 2018).

Antisense antibacterials can be designed to target conserved 
mRNA regions critical for the life cycle or antibiotic resistance 
of the pathogen, while not leading to the emergence of drug-
resistant strains (Altman, 2014; Penchovsky and Traykovska, 
2015). The approach is considered very promising in 
combating M. tuberculosis infection (AlMatar et al., 2017; 
Hegarty and Stewart, 2018), and several attempts have been 
made to use ASOs modified with phosphorothioate (PS) or 
peptide nucleic acids (PNAs) to target essential mycobacterial 
genes (reviewed in Hegarty and Stewart, 2018). However, the 
use of ASOs as antibacterial agents is limited, in particular, 
by their poor uptake into either extracellular or, especially, 
intracellular bacteria (Xue et al., 2018), and the majority of 
them have been designed to work in eukaryotic cell systems 
(Juliano, 2016), with the exception of peptide conjugates with 
phosphorodiamidate morpholino oligonucleotides (PMOs 
or morpholinos) (Daly et al., 2017) or, to a lesser extent, 
PNAs (Good et al., 2001). Relatively poor efficiency of 
cellular uptake for common ASO derivatives without specific 
transfection agents or delivery systems could be, at least partly, 
attributed to their large net negative charge (Fokina et al., 
2017), which prevents their penetration through hydrophobic 
cell membranes.

Phosphoryl guanidine oligo-2′-O-methylribonucleotides 
(2′-OMe PGOs) are a novel type of charge-neutral nucleic acid 
analogues developed by the Stetsenko group (Kupryushkin 
et al., 2014). Previous studies indicate that phosphoryl 
guanidine oligonucleotides are structurally similar to natural 
oligodeoxynucleotides and demonstrate improved nuclease 
resistance (Lomzov et al., 2019; Su et al., 2019). Our preliminary 
experiments have revealed that 2′-OMe PGOs combine the 
benefits of several ASO types as they are chemically and biologically 
stable similar to deoxy PGOs, possess high RNA affinity 
comparable with that of oligo-2′-O-methylribonucleotides, and, 
as morpholinos, lack negative charge (Kupryushkin et al., 2014; 
Fokina et al., 2018). Therefore, we hypothesized that 2′-OMe 
PGOs may have improved cellular uptake and functional activity 
in inhibiting translation of mycobacterial genes.

Here, we report that 2′-OMe PGO reduced the growth 
of mycobacteria in culture and inhibited translation of 
the target mRNA more effectively than its PS counterpart. 
Furthermore, 2′-OMe PGO showed the ability to penetrate 
into intracellular macrophage-residing mycobacteria without 
the aid of transfection agents and suppress target gene 
expression, suggesting its potential as a novel and effective 
antimycobacterial agent.

MATERIALS AND METHODS

Oligonucleotides
Oligonucleotides used in this study are listed in Supplementary 
Table 1. Oligodeoxynucleotides were synthesized by Eurogen 
(Russia), and a PS oligodeoxynucleotide (Figure 1A) was 
purchased from DNA Synthesis (Russia). Mesyl phosphoramidate 
oligodeoxynucleotide μ-ald (Figure 1B) was synthesized as 
described previously (Chelobanov et al., 2017), and 2′-OMe PGO-
ald and FAM-PGO incorporating 1,3-dimethylimidazolidine-2-
imino group at each internucleotidic position (Figure 1C) were 
obtained according to the published method (Stetsenko et al., 
2014; Su et al., 2019). Synthesis was performed in an automated 
DNA/RNA synthesizer ASM-800 (Biosset, Russia) using standard 
2-cyanoethyl 2′-O-methylribonucleoside phosphoramidites 
(Sigma-Aldrich, USA) and 2′-OMe-rU (Sigma-Aldrich) or 
3′-(6-fluorescein) (Glen Research, USA) Controlled Pore Glass 
supports by substituting Staudinger reaction with 2-azido-1,3-
dimethylimidazolinium hexafluorophosphate (TCI, Japan) 
for iodine oxidation. The reaction was carried out with 0.1 M 
of 2-azido-1, 3-dimethylimidazolinium hexafluorophosphate 
in acetonitrile for 15 min at ambient temperature. In case of 
FAM-PGO, incorporation of the first 2′-OMe-rU residue was 
followed by iodine oxidation to produce a single phosphodiester 
linkage, switching to the Staudinger reaction for the rest of the 
sequence. Oligonucleotides were cleaved from solid support and 
deprotected by treatment with AMA reagent (25% aq. ammonia 
and 40% aq. methylamine, 1:1 v/v) at 55°C for 15 min. After the 
removal of volatiles in vacuo, the oligonucleotides were dissolved 
in 50% acetonitrile and subjected to conventional reversed-phase 
high-performance liquid chromatography (HPLC) analysis and 
purification followed by mass spectrometry. Molecular masses of 

https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org


Phosphoryl Guanidines Suppress Intracellular BacteriaSkvortsova et al.

3 September 2019 | Volume 10 | Article 1049Frontiers in Pharmacology | www.frontiersin.org

oligonucleotides were determined by electrospray ionization 
(ESI) liquid chromatography–tandem mass spectrometry 
(LC-MS/MS) on an Agilent G6410A spectrometer (Agilent 
Тechnologies, USA) in a positive ion detection mode using 
standard device settings. The samples were dissolved in 
a buffer containing 20 mM of triethylammonium acetate 
(TEAA) and 60% acetonitrile to 0.1 mM. Sample volume was 
10 µL, eluent was 80% aqueous acetonitrile, and flow rate was 
0.1 mL/min. Molecular masses of the oligonucleotides were 
calculated using sets of experimental m/z values, which were 
evaluated for each sample.

Bacterial Culture
Mycobacterium smegmatis mc2155 was taken from frozen stocks 
(bacterial collection of Bach Institute of Biochemistry, Research 
Center of Biotechnology of the Russian Academy of Sciences, 
Moscow, Russia) and pre-cultured for 24 h at 37°C on an orbital 
shaker (200 rpm) in 40 mL of the rich medium Nutrient Broth 
(Himedia, India) supplemented with 0.05% of Tween-80. To 
test antibacterial activity of ASOs, the culture was re-grown 
to fresh medium (same composition) with concentration of 
approximately 3 × 103 CFU/mL.

In Vitro Growth Inhibition Assay
Antibacterial activity of ASOs against M. smegmatis mc2155 
was examined using colony-forming unit (CFU) counting. 
Oligonucleotides in concentrations of 10 and 20 µM were added 
to M. smegmatis cells suspensions, and bacteria were cultivated 
at 37°C, 200 rpm; untreated M. smegmatis culture was used as 
control. Samples were collected at various time points, serially 
diluted 10-fold, plated on Nutrient Broth agar, and incubated 
at 37°C for 3 days before counting CFUs. Three independent 
experiments were performed in four replicates each.

RNA Isolation
M. smegmatis mc2155 cultures (10 mL) were centrifuged at 
4,000 × g for 15 min, and bacterial pellets washed twice with fresh 

medium, rapidly cooled on ice, and centrifuged again. Total RNA 
was isolated by phenol-chloroform extraction and cell disruption 
with Bead Beater (BioSpec Products, USA) as described (Rustad 
et al., 2009) and treated with Turbo DNase (Life Technologies, 
USA) to remove traces of genomic DNA.

cDNA Synthesis and Quantitative (q) 
Reverse Transcriptase–Polymerase Chain 
Reaction (RT-PCR)
cDNA was synthesized from 1-mg total RNA using random 
hexanucleotides and SuperScript III reverse transcriptase (Life 
Technologies, USA) according to the manufacturer’s protocol. 
qPCR was performed using qPCRmix-HS SYBR (Evrogen, 
Russia) in a LightCycler 480 Real-Time PCR system (Roche, 
Switzerland) at the following cycling conditions: 95°C for 
20 s, 61°C for 20 s, and 72°C for 30 s repeated 40 times. Three 
biological and nine technical replicates were used to ensure 
reproducibility, and the results were analyzed by LinRegPCR v 
2014.6. The results were normalized against 16S rRNA to correct 
the sample-to-sample variation. Calculations were performed 
according to Ganger et al. (2017) for the relative expression ratio. 
PCR primers are listed in Supplementary Table 1.

RNase H Assay
The assay was performed as previously described (Miroshnichenko 
et al., 2019) with some modifications. Briefly, ASOs (1 µM) 
were hybridized to complementary RNA (0.1 µM) in 20 mM 
of Tris–HCl (pH 7.5), 120 mM of KCl, 15 mM of MgCl2, and 
0.65 mM of EDTA at 68°C to 25°C for 30 min. After annealing, 
0.5 U of RNAse H (Thermo Fisher Scientific) was added, and 
samples were incubated at 37°C for 30 min to allow RNA 
digestion in RNA : DNA hybrids. The samples were heated 
with Gel Loading Buffer II (Thermo Fisher Scientific) at 
95°C for 5 min and analyzed by denaturing polyacrylamide 
gel electrophoresis (PAGE) (15% acrylamide, 7 M of urea). 
RNA and DNA bands were visualized by SYBR Gold staining 
under UV light.

FIGURE 1 | Structures of nucleic acid analogues used in the study. (A) Oligodeoxynucleotide phosphorothioate (PS oligodeoxynucleotide (ODN)), 
(B) oligodeoxynucleotide mesyl phosphoramidate (μ-ODN), and (C) phosphoryl guanidine oligo-2′-O-methylribonucleotide (2′-OMe PGO). 
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Primer Extension Analysis of Ald 
Transcription
Primer 5′-TGACCGCTTCTTCGAGTTCG was labeled at the 
5′ end by [γ-32P]-ATP using T4 polynucleotide kinase (Thermo 
Fisher Scientific), and 10 pmol was mixed with 1 μg of total RNA, 
denatured at 70°C for 10 min, and chilled on ice immediately. 
Reverse transcription was performed using Superscript III 
reverse transcriptase (Invitrogen, USA) at 55°C for 1 h and 
70°C for 15 min according to the manufacturer’s instructions. 
The reaction products were mixed with Gel Loading Buffer II, 
denatured at 90°C for 5 min, and loaded in a 6% acrylamide 
sequencing gel. After electrophoresis, the gels were subjected to 
autoradiography on X-ray films (Retina, USA).

Western Blotting
Bacterial cells were collected and lysed using Bead Beater 
(BioSpec Products) and heated for 5 min at 95°C in 2× sodium 
dodecyl sulfate (SDS) sample buffer (100 mM of Tris–HCl, pH 
6.8, 4% SDS, 0.2% Bromophenol Blue, 20% glycerol, and 200 mM 
of DTT). Protein was measured by the Bradford assay. Equal 
amounts of total protein (5 μg each) were resolved by SDS-PAGE 
in a 12% gel and transferred onto Hybond-P membranes (GE 
Healthcare, UK), which were blocked with 5% w/v nonfat dry 
milk (Bio-Rad, USA), and incubated with primary antibodies 
against l-alanine dehydrogenase (Ald) (LS-C184923/70850, 
1:10,000; LSBio, USA) and then with secondary anti-rabbit 
horseradish peroxidase (HRP)-conjugated IgG (Cell Signaling 
Technology, USA). Specific signals were visualized on X-ray films 
(Retina, USA) using the Immun-Star HRP Chemiluminescent 
kit (Bio-Rad) and quantified by densitometry using the GelPro 
software. The specificity of the LS-C184923/70850 antibody to 
the Ald protein of M. smegmatis was additionally confirmed by 
reaction with recombinant Ald (Suppl. Materials and Methods; 
Suppl. Figure 1).

Cell Viability Assay
The effect of 2′-OMe PGO and ald-PS on cell viability was 
determined by the MTS assay (CellTiter 96® AQueous One solution 
Cell Proliferation Assay; Promega, USA). Mouse macrophage 
RAW 264.7 cells (ATCC TIB-71, a kind gift from Dr. Elena 
Svirshchevskaya, Shemyakin-Ovchinnikov Institute of Bioorganic 
Chemistry, Moscow, Russia) were seeded onto 96-well plates at a 
density of 10,000 cells/well and incubated at 37°C in a humidified 
atmosphere of 5% CO2 overnight. After 24 h, fresh medium 
containing 10 and 20 μM of oligonucleotides was added for 24 or 48 
h; untreated cells were used as controls. Cell survival was assessed by 
adding 20 μL of MTS reagent into each well for 2 h and measuring 
the absorbance at 490 nm using a microplate reader (Benchmark 
Plus Microplate spectrophotometer, Bio-Rad). The assay was done 
in three biological replicates.

Confocal Microscopy
The infection procedure was performed as previously described 
(Bettencourt et al., 2010) with some modifications. RAW 264.7 
cells were cultured in RPMI-1640 medium (Gibco Europe, UK) 
supplemented with 10% fetal bovine serum (FBS, Gibco). The 

day before infection, cells were seeded at the density of 5  × 
104 per well in antibiotic-free medium on cover glasses (18 × 
18 mm Menzel Gläsercoverslips, Thermo Fisher Scientific) 
placed in 6‐well culture plates (Costar, USA). M. smegmatis 
cells expressing fluorescent mCherryRed red protein were 
obtained by electroporation of bacteria with pSMT3-mCherry 
plasmid (Carroll et al., 2010) and used to infect 80% confluent 
RAW 264.7 cell monolayers at multiplicity of infection (MOI) 
10:1. After 3 h, the medium was removed, cells were washed 
twice with phosphate-buffered saline (PBS), and fresh medium 
containing amikacin (100 mg/mL) was added for 3 h to 
eliminate extracellular mycobacteria. Then, cells were washed 
twice in PBS and incubated with 10 μM of fluorescein-labeled 
PGO (FAM-PGO) in RPMI-1640 supplemented with 10% 
FBS for 3 h. Hoechst 33342 solution (5 µg/mL) was added 
at the end of incubation for 5 min to stain cell nuclei. After 
being washed twice with PBS, infected cells were fixed in 1% 
paraformaldehyde for 10 min and then washed three times with 
PBS. Mycobacteria were visualized by mCherry fluorescence at 
543 nm, FAM-PGO uptake was detected at 488 nm, and cell 
nuclei were visualized at 405 nm using an Eclipse TE2000 
confocal microscope (Nikon, Japan).

Infection of Macrophages
RAW 264.7 cells were cultured in RPMI-1640 medium (Gibco 
Europe) supplemented with 10% FBS (Gibco) in 25-cm2 culture 
flasks (Costar) until 70~80% confluency. M. smegmatis cells 
(OD 0.8, washed PBS) in 2 mL of RPMI-1640 with 10% fetal 
calf serum (FCS) were added to macrophages at MOI 10:1. After 
3 h, the medium was removed, cells were washed twice with 
PBS, and fresh medium containing amikacin (100 mg/mL) was 
added for 3 h to eliminate extracellular mycobacteria. Then, cells 
were washed twice in PBS, and ASOs (ald-PGO, scr-PGO) were 
added to the final concentration of 20 µM. After 4 h, infected 
macrophage cells were collected, and total RNA was isolated by 
bacterial cell disruption and phenol-chloroform extraction as 
described in Section 2.4.

Statistical Analysis
Statistical analysis was performed using Microsoft office Excel 
2007 and GraphPad Prism 6.0 (GraphPad Software Inc., USA). 
The data were expressed as the mean ± standard deviation. 
For non-normally distributed data, the Mann–Whitney U test 
was used. Differences were considered statistically significant 
at *p  <  0.05. At least three independent experiments were 
performed for each assay.

RESULTS

2′-OMe PGOs are structural derivatives of phosphoryl 
guanidine oligodeoxynucleotides synthesized by replacing 
deoxyribose with 2-O-methylribose (Figure 1C) as described 
earlier (Kupryushkin et al., 2014). An anti-ald 2′-OMe PGO 
(ald-PGO) covering the −10- to +13-nt region of the ald mRNA 
was designed to overlap the Shine-Dalgarno sequence and 
include the start codon. To elucidate the effects of antisense 
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2′-OMe PGs as anti-mycobacterial agents, we used non-
pathogenic fast-growing M. smegmatis, which shares about 
79% nucleotide sequence homology with M. tuberculosis, 
is very similar to it in cell wall composition and metabolic 
processes (Chaturvedi et al., 2007), and is widely used as a 
laboratory model of pathogenic M. tuberculosis. The ald gene 
(MSMEG_2659) encoding alanine dehydrogenase, which may 
play a role in cell wall synthesis as l-alanine is an important 
constituent of the peptidoglycan layer (Dave and Kadeppagari, 
2019), was selected as a target because its downregulation is not 
fatal for mycobacteria.

Ald-PGO Slows in Vitro Growth of M. 
smegmatis
The bacteria were treated with two concentrations of 
oligonucleotides ald-PGO, ald-PS, and a scrambled 2′-OMe 
PGO (scr-PGO) used as control, and the CFUs were counted at 
24 and 40 h after treatment. The results indicated that ald-PGO 
was more efficient in suppressing M. smegmatis growth than 
ald-PS. At both concentrations used, ald-PGO inhibited the 
growth of M. smegmatis, and the effect was statistically significant 
at 20 μM (54% inhibition compared with untreated control at 
24 h, 62% at 40 h), whereas ald-PS and scr-PGO did not slow 
bacterial growth (Figure 2). After 48 h, the growth rates of all 
cultures were approaching those of the control (data not shown), 
probably because a single addition of ald-PGO to the culture was 
not sufficient to induce prolonged effects.

Ald-PGO Downregulates Ald Expression at 
the Translational Level
To determine whether the decrease of M. smegmatis growth by 
2′-OMe PGO was related to specific inhibition of Ald synthesis, 
we assessed Ald protein expression in ASO-treated cultures by 
western blotting. The samples were equalized for total protein 
amount by the Bradford method, and then evaluated by 
densitometry (Supplementary Figure 2). The ald-PGO-treated 
bacteria showed a much more significant reduction (22% of 
the untreated control) of Ald expression than PS-treated cells 
(52%), whereas no apparent difference in Ald protein levels 
was observed for scr-PGO-treated cells compared with control 
(Figure 3A). These results suggest that the suppression of M. 
smegmatis growth by ald-PGO was associated with its specific 
antisense activity to inhibit Ald expression.

2′-OMe PGO Did Not Activate RNase H
ASOs can inhibit gene expression by steric blocking or through 
degradation of the RNA strand in a hybrid duplex by bacterial RNases. 
To determine the mechanism underlying the downregulation of 
gene expression by 2′-OMe PGO, we evaluated the sensitivity 
of ASO-complementary RNA hybrids to RNase H-mediated 
degradation. An unmodified oligodeoxyribonucleotide (ald), 
ald-PS, and mesyl phosphoramidate oligodeoxynucleotide (μ-ald) 
were used as positive controls, as these structure were shown 
to activate RNase H (Miroshnichenko et al., 2019), whereas 
oligo-2′-O-methylribonucleotide (ald-OMe), which forms an 
RNase H-resistant duplex, was used as a negative control. The 

oligonucleotides were hybridized with ald RNA and treated with 
RNase H. As expected, there was a decrease in ald RNA band 
intensity for duplexes with ald, ald-PS, and µ-ald, indicating 
cleavage by RNase H, whereas no traces of digested ald-RNA were 
observed for the duplex with ald-PGO (Figure  3B). The PGO-
RNA duplex did not penetrate the gel at pH 8.3 because of its 
neutral charge (Fokina et al., 2018); the visible traces of ald-RNA 
could be attributed to the possible presence of non-hybridized 
RNA. These results indicate that duplexes of 2′-OMe PGO with 
the target RNA are stable even under denaturing conditions and 
that 2′-OMe PGO does not activate RNAse H.

Target mRNA Remained Intact After 
2′-OMe PGO Treatment of M. smegmatis
To validate the results of direct molecular interactions 
on the cellular level, we assessed the presence of intact ald 
mRNA in ASO-treated and control samples by the primer 

FIGURE 2 | Growth of Mycobacterium smegmatis cultures in the presence of 
different ASOs at different time points after ASO treatment: 24 h (A) and 40 h 
(B). Mycobacteria were treated with 10 and 20 μM of ald-PGO, ald-PS, and 
scr-PGO, or left untreated for the indicated times. The data are presented 
as the mean ± SD of three independent experiments; *p < 0.05. ASOs, 
antisense oligonucleotides.
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extension method. RNA was isolated from mycobacterial 
cultures exposed to 20 μM of ald-PGO and ald-PS and 
reverse transcribed using a radioactively labeled ald-specific 
oligonucleotide. The identified transcriptional start site 
coincided with the predicted one at position −27-bp upstream 
of the ATG start codon (Feng et al., 2002). Furthermore, it 
was found that full-size ald mRNA was significantly decreased 
in mycobacteria incubated with ald-PS, but remained intact 
in those incubated with ald-PGO (Figure 3C). These results 
confirm that ald-PGO does not activate RNase H.

2′-OMe PGO Treatment of M. smegmatis 
Decreases the Transcription of Its 
mRNA Target
To quantitatively evaluate ald transcription in mycobacteria 
exposed to ASOs, we performed qRT-PCR. Both ald-PS 
and ald-PGO at 20 μM decreased ald mRNA expression in 
M. smegmatis after 24-h treatment than did scr-PGO and 
control cultures (Figure 3D). Considering that ald-PGO did 
not activate RNAse H and prevented ald mRNA degradation 
in the duplex (Figure  4), these results suggest that 2′-OMe 
PGO may act as a steric blocker slowing transcription of the 
target mRNA.

2′-OMe PGO Is Not Toxic to Macrophages
As antisense 2′-OMe PGOs are supposed to be used against 
intracellular bacteria, we tested cytotoxicity of ald-PGO for 
macrophages, in which mycobacteria reside and manage to 
survive. The results indicated that ald-PGO in concentrations 10 
and 20 μM did not affect the viability of RAW 264.7 macrophages 
after 24- or 48-h incubation (Figure 4). However, ald-PS at 20 
μM caused a significant decrease in cell proliferation at 48 h than 
did control (p < 0.05).

2′-OMe PGO Is Delivered by Gymnosis 
Into Mycobacteria Residing in 
Macrophages and Targets Intracellular 
Mycobacteria
To determine whether 2′-OMe PGO could penetrate the cell wall of 
intracellular mycobacteria, RAW 264.7 macrophages were infected 
by M. smegmatis expressing red fluorescent protein, treated by 
fluorescein-labeled ald-PGO (FAM-PGO), and analyzed for FAM-
PGO uptake by laser confocal microscopy. The images of infected 
RAW 264.7 macrophages incubated with FAM-PGO (10 μM) for 
6 h revealed that the FAM-PGO was abundantly present in the 
cytosol and, most importantly, was also taken up by mycobacteria, as 
evidenced by colocalization of FAM-PGO with fluorescent mCherry 

FIGURE 3 | 2′-OMe PGO inhibits the expression of the target gene in Mycobacterium smegmatis. (A) Specific inhibition of protein synthesis by antisense ald-PGO. 
M. smegmatis cultures were treated with 20 μM of ald-PGO (PGO), ald-PS (PS), and scr-PGO (scr) or left untreated (control, C) for 24 h and analyzed for Ald protein 
expression by western blotting; numbers below indicate the ratio to control. (B) Cleavage of ASO : RNA duplexes by RNase H. Target RNA duplexes with ald 
(PO), ald-oligo-2′-O-methylribonucleotide (OMe), ald-PS (PS), μ-ald (Mes), and ald-PGO (PGO) were treated by RNAse H and analyzed by PAGE in a denaturing 
15% gel, which was stained with SYBR Green. Red asterisks indicate RNA. (C) Primer extension analysis of the ald gene transcription. RNA was isolated from M. 
smegmatis cultures treated with 20 μM of ald-PGO (PGO) and ald-PS (PS) or left untreated (control, C) for 24 h and reverse transcribed using a radioactively labeled 
ald-specific oligonucleotide. The arrow indicates the transcription start point. RiboRuler RNA ladder (Thermo Fisher Scientific) is shown at the left. (D) Quantification 
of ald transcription. M. smegmatis cultures were treated with 20 μM of the indicated ASOs for 24 h and analyzed for ald mRNA expression by qRT-PCR. The data 
are normalized to the 16S rRNA transcription level. **p < 0.01. 2′-OMe PGO, phosphoryl guanidine oligo-2′-O-methylribonucleotide; PAGE, polyacrylamide gel 
electrophoresis; qRT-PCR, quantitative reverse transcriptase–polymerase chain reaction
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protein labeling bacterial cells (Figure  5A). These results suggest 
that 2′-OMe PGO could be delivered to mycobacteria residing in 
macrophages in the absence of any transfection agent, that is, by 
gymnosis. To determine whether ald-PGO treatment influences 
the transcription of the target ald gene in M. smegmatis-infected 
macrophages, we performed quantitative RT-PCR analysis using 
total RNA isolated from infected macrophages. qPCR revealed 
a significant decrease of ald transcripts after ald-PGO treatment 
compared with untreated control, or scr-PGO treatment, indicating 
the intracellular effect of 2′-OMe PGO on mycobacteria (Figure 5B).

DISCUSSION

In this study, we provided evidence that an antisense 2′-OMe 
PGO could inhibit growth of mycobacteria, downregulate the 
expression of bacterial genes, and penetrate into intracellular 
mycobacteria through gymnosis. The 2′-OMe PGO specific for 
the ald gene of M. smegmatis effectively reduced the expression 
of the Ald protein (Figure 3A), showing a stronger effect than 
the ald-PS ASO, despite its apparent inability to activate RNase H 

(Figure 3B). It is interesting that, while the target mRNA in the 
hybrid with PGO remains intact as evidenced by primer extension 
experiments, its expression is obviously decreased as shown by 
qRT-PCR analysis (Figures 3C, D). This effect needs further 
investigation, but it can be hypothesized that PGO strongly 
bound to its target RNA may somehow hamper its transcription 
through steric blocking. Most importantly, 2′-OMe PGO could 
enter M. smegmatis cells residing inside mouse macrophages 
without damaging the host cells and downregulate expression of 
a target mycobacterial gene (Figures 4 and 5). To the best of our 
knowledge, this is the first example of an ASO derivative passing 
successfully through two cellular barriers, the outer membrane of 
the eukaryotic cell and the bacterial cell wall. Cumulatively, these 
findings suggest that PGOs may become a potential platform for 
designing efficient and specific drugs against mycobacteria.

Nucleic acid derivatives have been long considered as 
promising candidate therapeutic agents because of their unique 
ability to selectively bind complementary sequences of target 
mRNA and downregulate gene expression through the antisense 
mechanism (Uhlmann and Peyman, 1990; Kurreck, 2003). 
Extensive synthetic chemistry research has produced a number 
of structural approaches to improve ASO target affinity, biological 
stability, pharmacokinetic properties, and safety, resulting in PS 
oligonucleotides, morpholinos, PNAs, and many others (Shen and 
Corey, 2018). Several oligonucleotide-based therapies have been 
approved for clinical application (Stein and Castanotto, 2017).

However, in general, oligonucleotides have poor cellular 
uptake, which is due to their physicochemical properties such 
as high hydrophilicity and large net negative charge, and mostly 
cross the cell membrane barrier through various mechanisms 
of receptor-mediated endocytosis, which have low efficiency 
(Juliano, 2016). To ensure a desired therapeutic effect, it is 
often necessary to use special delivery methods, which may be 
complicated and increase the cost of treatment. Therefore, ASOs 
that could be delivered by gymnosis, that is, without the aid of 
any transfection reagents, are currently under development.

To date, there are no examples of successful clinical use of 
ASOs as antibacterial agents. The emergence of MDR and XDR 
M. tuberculosis strains in recent years requires new more effective 
therapeutic strategies, which would not promote drug resistance 
of the pathogen (Parida et al., 2015). In their pioneering work, 
Harth et al. (2000) used synthetic PS oligonucleotide derivatives 
against M. tuberculosis, demonstrating a fundamental proof 
of principle by showing that PS ASOs inhibited synthesis of 
glutamine synthase I (GlnA1) and its activity and suppressed 
bacterial growth. A more pronounced effect was achieved by 
using a combination of three different PS ASOs targeting different 
parts of the glnA1 gene or inhibiting three mycolyltransferase 
genes, fbp A, B, and C (Harth et al., 2002; Harth et al., 2007). 
However, this work was not continued, possibly because of 
insufficient affinity of PS ASOs to structured RNAs and ineffective 
penetration through the cell wall of mycobacteria.

More success was gained using PNAs, another class of ASOs 
conjugated with peptides. Kulyte et al. (2005) demonstrated that 
a PNA oligomer targeting the inhA gene of M. smegmatis caused 
a significant retardation of bacterial growth and induced changes 
in cellular morphology typical for InhA mutants. The potential 

FIGURE 4 | 2′-OMe PGO is not toxic for macrophages. RAW 264.7 cells 
were treated with 10 and 20 μM of ald-PGO (PGO) or ald-PS (PS) for 24 (A) 
and 48 h (B) and analyzed for viability by the MTS assay. *p < 0.05. 2′-OMe 
PGO, phosphoryl guanidine oligo-2′-O-methylribonucleotide.
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of antisense antimicrobials has been demonstrated by studies on 
peptide conjugates of PMOs, which showed significant inhibitory 
effects against MDR strains of Burkholderia multivorans and 
Acinetobacter baumannii both in vitro and in vivo (Sully and 
Geller, 2016; Daly et al., 2017) as well as against intracellular 
Toxoplasma gondii (Lai et al., 2012). However, their activity 
against mycobacteria is unknown.

A new type of RNA analogues 2′-OMe PGOs (Figure 1С) 
tested in this study have been shown to be electrostatically 
neutral, possess high resistance to cellular nucleases, and form 
stable duplexes with target RNA targets (Stetsenko et al., 2014). 
In the present study, investigation of the biological activity of 
2′-OMe PGOs revealed that they exerted stronger inhibitory 
effects on mycobacteria, had higher affinity to the target mRNA 
than PS ASOs, and are taken up by intracellular mycobacteria.

Thus, our findings indicate that novel 2′-OMe PGOs have 
a potential as antisense antimicrobial drugs, which may find 
application in the future as promising therapeutic agents against 
TB, especially its drug-resistant forms.
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M. smegmatis. RAW 264.7 cells were infected with mycobacteria, treated with 20 μM of the indicated ASOs, and analyzed for ald mRNA expression by qRT-PCR. 
The data are normalized to the 16S rRNA transcription level. **p < 0.01. 2′-OMe PGO, phosphoryl guanidine oligo-2′-O-methylribonucleotide; ASOs, antisense 
oligonucleotides; qRT-PCR, quantitative reverse transcriptase–polymerase chain reaction.
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