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Two different types of Phosphorodiamidate Morpholino Oligomers (PMOs) were used to 

inhibit growth in pure cultures of Salmonella enterica serovar typhimurium and in mouse 

macrophages infected with S. typhimurium.  Both PMOs were 11 bases long and 

complementary to bases 6-16 of acyl carrier protein mRNA.  A membrane-penetrating 

peptide, (RXR)4XB, was attached to the 3’ end of both PMOs (R is arginine, X is 6-

aminohexanoic acid, and B is β-alanine).  One PMO (AcpP) had the standard neutral 

linkages while the other (Pip-AcpP) was modified with three cationic piperazines 

interspersed between the linkages.  Scrambled sequence controls of both types of PMOs 

were synthesized (Scr, Pip-Scr).  The minimal inhibitory concentrations (MIC) of the 

AcpP, Pip-AcpP, Scr, and Pip-Scr were 1.25 µM, 0.156 µM, >160 µM, and >160 µM 

respectively.  The growth curve assay showed that Pip-AcpP significantly inhibited 

growth at 2.5 µM as compared to an untreated control.  There was no inhibition for AcpP, 

Scr, or Pip-Scr at the same concentration.  The tissue culture assay showed that Pip-AcpP 

reduced the viability of S. typhimurium growing intracellularly in mouse macrophages by 

5 to 6 orders of magnitude over 48 hours.  The Pip-Scr showed no inhibition over the 

same period.  In conclusion, the Pip-AcpP proved to more effective than AcpP in pure 

culture and was able to significantly reduce bacterial growth in tissue culture as well. 
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INTRODUCTION 

 
 
The need for new antibiotic strategies has become a severe issue.  Widespread use of 

antibiotics has led to strains of bacteria, such as Staphylococcus aureus and 

Mycobacterium tuberculosis, that are resistant to most available antibiotics (23, 19).  

Traditional small-molecule antibiotic strategies have not kept up with the spread of 

bacterial resistance due to the difficulties of devising specific inhibitors to cellular 

targets.  Current antibiotics are limited to targeting only a few pathways such as 

peptidoglycan synthesis, translation, or DNA replication (14).  

Some bacterial pathogens evade the host immune response by living inside host 

cells.  Intracellular bacteria pose a challenging target because antibiotics must penetrate 

both the eukaryotic cell membrane and the bacterial cell wall, as well as survive the 

acidic environment of the endosome.  

Salmonella is a Gram-negative enterobacterium that causes illness in humans, 

such as typhoid fever and salmonellosis (30).  There are over 2000 closely related 

serovars of Salmonella enterica (24).  Typhoid fever, caused by Salmonella typhi and 

paratyphi, is a life-threatening febrile illness which leads to an estimated 20 million cases 

and 200,000 deaths per year (30, 11).  S. typhi is an especially troublesome pathogen due 

to the inability of the human immune system to mount a lasting response to infection (28, 

11).  Multidrug resistant S. typhi (resistant to ampicillin, chloramphenicol, and 

trimethoprimsulfamethoxazol) arose in Vietnam during the early 1990s due to extensive 

use of fluoroquinolones in treating typhoid fever (11).  Strains of S. typhi developed point 
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mutations in DNA gyrase A which allowed for resistance to nalidixic acid and 

fluoroquinolones.   

Salmonella infections often begin by ingestion of contaminated food or water 

followed by growth of the pathogen in the small intestine over a period of 1-3 weeks 

(28).  Afterwards, the bacteria can breech the intestine and spread to other tissues.  

Salmonella survives within the host by invading host cells and proliferating 

intracellularly.  The ability of Salmonella to invade phagocytotic cells and survive 

internalization is a major virulence factor (6).  Other intracellular pathogens can survive 

phagocytosis by lysing the phagosomal membrane and escaping into the cytoplasm (24).  

Salmonella uses an alternative method in which it interacts with the endocytic pathway to 

produce a Salmonella-containing vacuole (SCV).  Inside the SCV, the bacterium acquires 

selective marker proteins that allow it to avoid degradation by the phagosomal pathway 

(6).  In this study, Salmonella typhimurium is used as a model intracellular pathogen to 

test the efficacy of unique type of antimicrobial compound that targets bacterial gene 

expression.    

Antisense antibiotics and antivirals represent a novel approach to combating 

infectious diseases by targeting specific sequences of nucleic acid rather than proteins or 

macromolecular complexes (14).  Antisense compounds are comprised of synthetic 

oligomers (usually 10-20 bases in length) that contain the four naturally occurring 

nucleobases (thymine, guanine, adenine, and cytosine) but differ in the linkages between 

the bases.  Phosphorodiamidate morpholino oligomers (PMOs) inhibit translation by 

binding to complementary strands of mRNA using standard Watson-Crick base pairing 

and sterically inhibiting ribosome function (10, 14, 15, 22, 28).  The bases are bound to 
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morpholino rings that are linked together by a phosophorodiamidate backbone.  This 

synthetic backbone is not easily recognized by degradative proteins in bacterial or 

mammalian cells.  PMOs are neutral at physiological pH and have been shown to be 

resistant to nucleases, proteases, and esterases; a characteristic which allows PMOs to 

persist inside cells and reach their target (18). 

Since antisense oligomers can be synthesized to be complementary to any short 

base sequence, PMOs can be used to inhibit expression of genes required for cell growth.  

In this study, the PMOs were targeted to the acpP gene which codes for the acyl carrier 

protein (ACP).  The ACP is involved with fatty acid synthesis and is essential for 

bacterial growth.  It forms thioesters with acyl groups and allows for the addition of C2 

units to a growing fatty acid chain. 

The PMOs target position is important in determining PMO efficacy.  Studies of 

PMO hybridization position on luciferase mRNA in E. coli show that the optimal target 

location for the PMO seems to be adjacent (slightly downstream) to the AUG initiator 

codon, or slightly upstream and overlapping the ribosome binding site (10).  PMOs 

targeted to the 5’ end of the transcript, the region upstream of the ribosome binding site, 

or the 3’ coding region have not showed significant inhibition of the gene.  

 The optimal length of a PMO depends on a variety of factors that must be 

balanced (10).  The PMO must have sufficient length to be specific to the target mRNA 

but must also be small enough for efficient cellular uptake and invasion of mRNA 

secondary structure.  The PMO length required for maximal inhibition differs between 

prokaryotes (9 to 12 bases) and eukaryotes (>16 bases), perhaps due to differences in cell 

penetration or ribosome structure (10).   
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  A significant challenge in using PMOs as therapeutics is their high molecular 

weight.  Polar compounds with high molecular weights (MW) have difficulties 

penetrating the membrane of Gram-negative bacteria.  A previous study showed that 

PMOs failed to inhibit targets in E. coli with an intact outer membrane (15).  When a 

strain with a defective outer membrane (membrane permeable to high MW salts) was 

used, the PMOs were able to enter the cells and inhibit translation of their target mRNA.  

The study’s findings suggested that the outer membrane was the main obstacle that the 

PMOs had to overcome. 

To overcome the intact outer membrane, PMOs had to be covalently bound to 

membrane-penetrating peptides.   The first such proteins found, HIV-1 transcriptional 

activator protein and Drosophila antennapedia transcription protein, have been shown to 

pass through cellular membranes (17).  This ability was attributed to cationic sequence 

motifs within the proteins initially known as protein transduction domains (17).  The 

minimal peptide sequences necessary for translocation have been elucidated in these 

proteins and a whole class of membrane-penetrating peptides has been identified (17).  

One characteristic of membrane-penetrating peptides is that they contain alternating 

positively charged and non-polar amino acids (22).  The lengths and overall charges of 

the peptides play an important role in membrane penetration as do the sizes of the 

hydrophobic groups (22).   Membrane-penetrating peptides can be used to translocate a 

wide variety of attached macromolecules including oligonucleotides, polysaccharides, 

and nanoparticles (17).   

Peptide bound PMOs (PPMOs) are able to pass through the outer membrane of 

Gram-negative bacteria and inhibit targets in a sequence-specific and dose-specific 
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manner (10, 14, 15, 22, 28).  The PPMOs inhibited E coli. growth in pure culture as well 

as reduced infection in a mouse model of peritonitis (22).  A PMO bound to (RXR)4XB 

(X and B being 6-aminohexanoic acid and beta-alanine respectively) was found to have 

the highest bacterial inhibition in the mouse model (22).  The acpP targeted (RXR)4XB-

PMO also inhibited pure culture growth with a five fold lower MIC than ampicillin (22).  

Due to its efficacy, the (RXR)4XB peptide was used for all PPMOs in this study. 

In an earlier study (B.L. Geller, unpublished), it was hypothesized that coupling 

cationic piperazine (Pip) to the linkages in between the PMO bases would preclude the 

need for attaching peptides.  Although the hypothesis was rejected, the addition of Pip 

linkages to the PPMO increased the potency of the conjugate as compared to the PPMO 

control in E. coli.  In this study, the efficacy of a Pip-PPMO targeted to acpP is evaluated 

in pure culture and in macrophages infected with S. typhimurium. 
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MATERIALS AND METHODS 

 
 
Bacterial Strains: 

Single colony liquid cultures of Salmonella enterica serovar typhimurium 14028s were 

grown aerobically at 37 °C for 18 hours with shaking prior to the start of each assay.  The 

bacteria were grown in Mueller-Hinton II (MH-II) broth for MIC assays or Luria-Bertani 

(LB) broth for growth curves and tissue culture (TC) experiments. 

 

PPMOs and Pip-PPMOs: 

Peptides and PMOs were synthesized and purified as described (24), and PPMOs were 

conjugated at AVI Biopharma (Corvallis, Oregon) as described (Geller et al., submitted).  

The AcpP PPMOs were targeted to bases 6-16 of the AcpP mRNA, which had a base 

sequence of 5’-CTTCGATAGTG-3’.  The scrambled PPMO had a base sequence of 

5’TCTCAGATGGT-3’.  Both scrambled and antisense Pip-PPMOs had three Pip 

linkages at positions indicated by the plus (+) symbol.  For Pip-AcpP linkages were 

added at 5’-C+TTCGA+TAG+TG-3’ and for Pip-Scr linkages were added at 5’-

TC+TCAGA+TGG+T-3’.  The carboxy terminus of the (RXR)4XB peptide was attached 

to the 3’ end of the PMOs and the amino terminus was acetylated. 

  

MIC: 

The overnight culture of S. typhimurium was diluted 6.67 x 10-5 in MH-II to give a final 

concentration of 5 x 105 CFU/ml.  Aliquots of the diluted culture were transferred to six 

1.5 mL microcentrifuge tubes; 350 µL to five tubes and 700 µL to a single tube.  
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Antibiotic was added to the 700 µL tube and dilutions were made by transferring 350 µL 

from the first tube containing the antibiotic into a second tube containing only 350 µL of 

diluted culture until all tubes contained antibiotic.  Three 100 µL aliquots of each tube 

were transferred to a low-binding 96-well plate.  The 96-well plate was incubated with 

shaking at 37 °C and 225 rpm for 16-20 hours.  The plates were read in an ELISA plate 

reader at OD600 and the lowest concentration that caused no growth was the MIC. 

 

Growth Curve: 

The overnight culture of S. typhimurium was diluted 2 x 10-2 and separated into 1.5 ml 

microcentrifuge tubes.  PPMOs were added to the tubes to a final concentration of 1.25 

µM or 2.5 µM.  Afterwards, three 100 µL aliquots of each tube were transferred to a low-

binding 96-well plate.  The 96-well plate was incubated with shaking at 37 °C and 225 

rpm for 24 hours.  The plates were read in an ELISA plate reader at OD600 hourly for the 

first 8 hours, and then again at 24 hours.  After 24 hours, samples were taken from each 

well, diluted in PBS and plated in triplicate on Luria-Bertani plates. 

  

Tissue Culture:  

RAW 264.7 mouse macrophages were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal bovine serum at 37 °C + 5% CO2.  The cells were 

grown to a density of 3 x 106 macrophages/mL in a 12-well tissue culture plate (1 mL/ 

well).  The Pip-AcpP, Pip-Scr, and untreated groups of macrophages were infected and 

concentrations of viable macrophages and bacterial CFU were measured at 2 h, 18 h, and 

42 h time points (One well per treatment per time point).   Three cultures were uninfected 
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and untreated with PPMO.  These cultures were used to control for macrophage viability 

at 30 min. prior infection, and also at 18 h and 42 h post-infection. 

An overnight culture of S. typhimurium was diluted 5 x 10-2 in LB broth and grown 

aerobically at 37 °C for 3 h.  After three hours, an aliquot of the culture was diluted in 

PBS and plated in triplicate on Luria-Bertani plates (to measure bacterial concentration).  

The concentration of the three hour culture was ~3 x 109 CFU/mL.  The three hour 

culture was centrifuged at 5000 x g for 5 min.  The supernatant was discarded and the 

pellet was resuspended in DMEM.  Tissue culture (TC) wells were then infected with 

bacteria at a multiplicity of infection (MOI) of 0.08-0.1.  The TC plate was centrifuged at 

250 x g for 5 min and then incubated for 30 min at 37 °C + 5% CO2 (to allow the bacteria 

time to enter the cells).  After the incubation period, the TC wells were washed four times 

with phosphate buffered saline (PBS) and 1 ml DMEM with 10 µg/ml gentamicin was 

added to each well.  The plate was incubated for 1 h in a TC incubator at 37 degrees 

Celsius + 5% CO2 (to sterilize extracellular bacteria).  Afterwards, the TC wells were 

washed twice more with PBS and then treated with 10 µg/mL gentamicin and 3.13 µM 

PMO in 1 ml DMEM.  At each time point one set of TC wells was washed two times 

with PBS (One each of the AcpP-Pip, Scr-Pip, untreated, and uninfected wells).  The 

washed wells were removed from the TC plate by adding 500 µl of 0.25% trypsin/2.21 

mM EDTA in Hank’s buffered saline solution, and incubated at 37 °C+ 5% CO2 for 10 

min.  The other sets were treated with fresh 1 mL aliquots of DMEM containing 10 µg/ml 

gentamicin and 3.13 µM PMO (except for untreated which did not receive PMO).  An 

aliquot of the trypsinized cells was counted using an inCYTO C-Chip DHC-NO1 

disposable hemacytometer and viable macrophages were identified using Trypan blue 
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staining.  The remaining trypsinized cells were centrifuged at 250 x g for 5 min.  The 

supernatant was discarded and the pellet was resuspended in 1 mL 0.1 % Triton X-100. 

The cells were lysed by incubation in Triton X-100 solution for 10 at 37° C.  The cell 

lysate was diluted in PBS and plated in triplicate on LB plates to give bacterial CFU. 

As a control for the efficacy of the gentamicin, a separate TC plate was used to grow 

the bacteria in 1 mL DMEM with 10 µg/ml gentamicin at the same starting concentration 

as used during infection.  At each time point, the contents of a single well were 

transferred to a 1.5 mL microcentrifuge tube and centrifuged at 5,000 x g for 5 min.  The 

supernatant was discarded and the pellet was resuspended in PBS.  Aliquots were 

removed and plated in triplicate on LB plates.  No extracellular bacteria were found at 

any time point for all three TC assays. 
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RESULTS 

 

MIC.   A minimal inhibitory concentration (MIC) assay was performed to determine the 

efficacy of inhibition for two different PPMOs.   Both PPMOs target bases 6-16 in the 

coding region of AcpP in Salmonella enteric serovar typhimurium 14028s (Table 1).  

Both PPMOs had the same membrane-penetrating peptide attached to the 3’ end, but one 

had uncharged inter-base linkages (AcpP), and the other had cationic piperazine linkages 

(Pip-AcpP).  Two control PPMOs were also tested to control for any non-specific 

toxicity.  Each control PPMO had a scrambled base sequence (Scr) and either uncharged 

or cationic Pip linkages.  The Pip-AcpP treatment showed an 8 fold reduction in MIC 

over the AcpP treatment.  The Scr and Pip-Scr controls did not show any inhibition at the 

highest concentration tested (160 µM) and were no different in optical density than the no 

treatment control after 24 hours.  This suggests that, as stated earlier, specificity is 

required for PPMO inhibition. 

 

Growth curves.  Growth was measured over time with or without PPMO added to the 

culture.  The two PPMOs and their scrambled sequence controls were added at final 

concentration of 2.5 µM to growing cultures of S. typhimurium.  The optical density 

(OD600) of each culture was measured at hourly time points from 0-8 hours and at 24 

hours (Figure 1).  After the 24 hour time point, the cells were platted to get a 

measurement of viable cells (Figure 1).  AcpP, Scr, and Pip-Scr treatments did not show a 

significant reduction in optical density versus the no treatment control over the time 

points that were tested.  The Pip-AcpP treatment showed a decrease in growth rate and 
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had a lower OD600 at the 24 hour time point as compared to the other treatments.  After 

24 hours, bacterial CFU were reduced by four orders of magnitude in the Pip-AcpP 

treated culture as compared to the untreated or both Scr cultures.  AcpP treatment 

resulted in one order of magnitude decrease in CFU as compared to controls. Neither Scr 

control had any significant effect on cell viability compared to the untreated culture. 

Because Pip-AcpP reduced growth more than AcpP, Pip-AcpP was chosen for use in 

tissue culture experiments.  

 

Intracellular growth.  Mouse macrophages were infected with S. typhimurium and 

treated with Pip-AcpP.  Prior to adding Pip-AcpP, extracellular bacteria were removed by 

washing and adding gentamicin to the tissue culture medium.  Gentamicin kills 

extracellular bacteria, but cannot penetrate the macrophages. Infected macrophages were 

treated with either Pip-AcpP or Pip-Scr.  The assay also included an untreated control and 

an uninfected control.  Macrophages were harvested at 2, 18, and 42 hours post-treatment 

and cell viabilities were measured for both macrophages and intracellularly growing 

bacteria.   

   The results showed that the Pip-AcpP significantly reduced bacterial CFU by the 

18 hour time point (Figure 2).  By the 42 hour time point, the bacterial CFU was reduced 

to the lower limit of detection (Figure 2).  The scrambled control did not show any 

difference in bacterial CFU at any time point as compared to the untreated control (Figure 

2).  The Pip-AcpP treatment reduced bacterial CFU at each time point, with a maximum 

reduction of over 2 orders of magnitude at 42 hours post-infection compared to CFU at 0 

hour.  CFU increased by 3 orders of magnitude in both Pip-Scr-treated and untreated 
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cultures compared to starting CFU at 0 h.  The final difference in CFU at 42 hours 

between the Pip-AcpP and control cultures was between 5 and 6 orders of magnitude. 

 The number of viable macrophage cells did not show a statistically significantly 

change for any treatment group including the untreated group during the course of the 42 

hour assay. 
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DISCUSSION 

 
 The results showed that the Pip-AcpP inhibited intracellular growth of S. 

typhimurium in mouse macrophages.  The positively charged peptide-PMO conjugate 

apparently passed through the macrophage cell, the Salmonella containing vacuole, and 

the bacterial cell wall and plasma membrane to find its target mRNA sequence in the 

bacterial cytoplasm.  Although the Pip-AcpP reduced the bacterial CFUs, it is unclear 

whether the PMO was directly responsible for killing the Salmonella or if it only 

inhibited growth enough to allow the macrophages to kill the bacteria. 

 The Pip-AcpP proved to be effective in reducing bacterial CFUs in vitro.  

Although it was not able to penetrate the bacterial cell without the aid of the (RXR)4XB 

peptide (B.L. Geller, unpublished data), the piperazine moieties improved efficacy of 

bacterial inhibition over the neutral PMO in pure culture.  The reason for increased 

potency of the Pip-AcpP is unknown.  It could be that the positive charges on the PMO 

backbone allow the Pip-AcpP to bind tighter to its target mRNA.  Alternatively, the 

distribution of positive charge across the peptide-PMO complex could aid in cell entry. 

 In the MIC assay, both the neutral and Pip-conjugated PMOs had lower MIC 

values than ampicillin.  Previous studies have shown that single bolus treatments of 

PPMOs in a rat model achieved serum concentrations of 1 to 100 µg/mL (7).  These 

values are lower than the MIC required in pure culture.  However, further tests would be 

needed to determine the potency of Pip-PMOs in an animal model.     

  In the growth curve assay, the 2.5 µM AcpP treatment did not visibly slow 

bacterial growth as compared to the controls.  However, it was able to reduce the 

bacterial CFU at the 24 hour time point.  Similar results have been shown with other 
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PPMO and E. coli cultures.  In the growth assay conditions, a relatively small number of 

generations are required to reach the stationary phase (5.7 generations).  It has been 

theorized that, because there are so few generations, Acp protein concentrations in the 

cells do not become a limiting factor in growth at the PPMO concentration used.  

Nevertheless, the PPMO accumulates within the cells and continues to inhibit cell growth 

after the cells have been removed from the wells and plated to count CFUs.  

Alternatively, the cells could be forming optically dense clumps that settle on the bottom 

of the wells.  The cells are shaken during the course of the experiment but some clumping 

has been observed during growth curve assays. 

 Antisense PPMOs have been shown to be affective against many antibiotic-

resistant bacteria, including Salmonella, E. coli, Klebsiella pneumoniae and Burkholderia 

(B.L. Geller, unpublished data).  The PPMOs have also proved to be effective against 

intracellular infections of Salmonella and the investigators are confident that they can be 

used against other intracellular bacteria.  Due to existing extremely drug resistant strains, 

Mycobacterium tuberculosis is an especially important target pathogen.  PPMOs targeted 

to essential genes in a related species, Mycobacterium avium, have been effective at 

slowing intracellular growth (B. Geller and L. Bermudez, unpublished data).   

PMOs have a remarkable potential to revolutionize medicine. They are flexible in 

that they can be used to combat both bacterial and viral infections as well as ameliorate 

genetic diseases.   PMOs targeted to Ebola virus VP35 protein have shown to increase 

survival in mice (12).  Current clinical studies are studying the ability of PMOs in treating 

Duchenne muscular dystrophy by skipping mutated dystrophin exons and generating 

functional dystrophin proteins (29). 
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 In conclusion, this study showed that PMOs targeted to acpP inhibited growth of 

S. typhimurium in pure culture.  Pip-AcpP was more effective than AcpP and inhibited 

intracellular growth of S. typhimurium.  These results show that PMOs have potential to 

be used as therapeutics against intracellular pathogens. 
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FIGURES AND TABLES 

 

 

Table 1. MIC of PPMO Using Salmonella enterica 14028s 

 

PPMO 

MIC 

µM µg/ml 

AcpP 1.25 7 

3+Pip-AcpP 0.156 0.94 

Scr >160 >900 

3+Pip-Scr >160 >1000 

   

Antibiotic   

Ampicillin 20 7 
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Figure 1. This figure illustrates the structures of the PMOs used in this lab.  On the left is 
the non-charged PMO, which represents the structure of the “AcpP” PPMO. 
On the right is the structure of the “Pip” derivative.  The Material and Methods section 
outlines the positions of Pip moieties.  PMOs were covalently bound by their 3’ end to 
the carboxy terminus of the (RXR)4XB membrane-penetrating peptide (not shown). 
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Figure 2. This figure illustrates the results of the growth curve assay. Exponential phase 
cultures of S. typhimurium were untreated (open squares) or treated with 2.5 µM AcpP 
PPMO (open triangles), 3+Pip-AcpP PPMO (solid triangles), Scr PPMO (open circles), 
or 3+Pip-Scr PPMO (X). Optical density readings (A) and CFU counts at 24 h (B) were 
used to measure the concentration of S. typhimurium. The open bar in B represents the 
CFU count immediately prior to the start of the experiment. 
Error bars indicate standard deviation (n = 3). 
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Figure 3. This figure illustrates the results of the tissue culture experiments of of 
Salmonella growing intracellularly in macrophages. Cultures of mouse macrophages 
were infected at a MOI of 0.1 with S. typhimurium.  After 30 min. of infection, the cells 
were washed and treated with gentamicin to remove extracellular bacteria.  The 
macrophages were incubated for 1 h, then washed again and treated with 3 µM 3+Pip-
AcpP-(RXR)4XB or 3 µM 3+Pip-Scr-(RXR)4XB.  Untreated and non-infected (no 
bacteria) cultures were included as controls. At 2 h (open bars), 18 h (striped bars), 
and 42 h (checkered bars) post-treatment, one macrophage culture of each treatment 
group was counted (B) and plated to determine S. typhimurium concentrations (A). 
Immediately prior to infection, one culture of macrophages was counted to determine 
initial viable cell counts (solid bar in B). Error bars indicate standard deviation (n = 3). 
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