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Introduction
Once thought to be of low priority after the discoveries of effective antibiotics, antibiotic
research is now necessary to find treatments for newly drug-resistant or emerging diseases.
Several factors, such as changes in hospital practices, environment, and ways of living, overuse
of antibiotics in animal feed or prescribed medicines, and the overall passage of time allowing
for mutations or genetic changes in the bacteria have caused this upsurge in antibiotic-resistant or
new disease-causing bacteria. Although certain measures can be taken to reduce the development
of drug-resistant strains and the exposure to them, cures for the already present diseases need to
be pursued. Using new technology and knowledge, such as the mapping of bacterial genomes
and genetic manipulation, antibiotic research today may be able to produce new ways of killing
these previously impervious bacteria.

Antibiotic Research—Past and Present
The “miracle drug” penicillin came into use in 1944, and by the 1950s and 60s,
antibiotics were available for widespread use to combat bacterial infections (1, 2). Soon after
their development, antibiotics and vaccines were curing previously incurable diseases such as
syphilis and polio. Understandably, some thought that pathogenic disease would become a
problem of the past. After the discoveries of that time period, antibiotic research was nudged out
of the spotlight by other health issues like cancer and heart disease (2). Combined factors of the
high expense to produce new antibiotics, difficulty of finding new antibiotics, and lack of
concern from the medical community towards bacterial infections led to overuse of antibiotics
and lack of preparation for the problems with bacterial infection that would arise. In 1995,
largely due to bacterial diseases like pneumonia and sepsis, “infectious disease became one of

1

the top five causes of death in the United States” (3). This figure is attributed to a rise in the
elderly population (who are more likely to die from those diseases) as well as methods of health
care that left patients susceptible while fighting other diseases. However, other bacterial diseases
are becoming more problematic as well, and bacteria are getting back into the spotlight as certain
facts have emerged.
New discoveries have shown that diseases previously thought to be unrelated to bacteria
have the possibility of being connected. Stomach ulcers, once believed to be caused solely by
overproduction of stomach acid, were found to often be caused by the bacterium Helicobacter
pylori (2). This allowed antibiotics to be prescribed to cure ulcers, saving money and gaining
comfort for patients. Crohn’s disease, as well as heart disease, is now being researched with the
possibility of a bacterial cause in mind.
In addition to old diseases getting attention because of a possible bacterial link, fairly
new bacterial diseases such as Lyme disease and Legionnaire’s disease have arisen due to
changes in the environment and people’s areas of living. Lyme disease is spread by deer-ticks,
which coupled with an explosion of deer population and people moving into forested areas,
dramatically increased chances of people getting the disease (3). Legionnaire’s disease only
started to become a problem after air conditioning systems were installed in large buildings with
many people. Changes in human lifestyle and the environment can unleash previously harmless
bacteria.
Not only are new diseases emerging, but also old diseases are becoming resistant to
antibiotics previously used to treat them. A 2005 study mentions the problem of multidrugresistant Pseudomonas aeruginosa (MDRPA) in hospitals. Emergence often occurs during
treatments for other health problems (4). In 2007, the CDC quarantined a man after he acquired
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extensively drug-resistant tuberculosis (XDR-TB) and then used a public airline to fly to Canada
before driving into the United States (5). Also, methicillin resistant Staphylococcus aureus
(MRSA) has killed more people in 2005 than AIDS (6). MRSA is a significant cause of hospitalacquired infection, increasing morbidity, patient discomfort, and financial burden (7). Some
strains of MRSA are even resistant to vancomycin, a last-resort antibiotic used to treat MRSA
infections.

Significance of Antibiotic Research
With the increase of news stories and occurrences of bacterial disease, it is clear that
more attention needs to be paid to pathogenic bacteria. Gene-sequencing technology allows us to
understand what these organisms are like at a genetic level. The more we understand about the
mechanisms of bacteria, the more likely we are to find a drug to combat them. This explains the
motivation behind the research this thesis describes. Though the experiments described here are
not with the pathogenic organisms in the news today, this research will aid in future research that
may find the cures for these diseases.
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Background
Phosphorodiamidate morpholino oligomers (PMOs) are novel antisense drugs in the early
stages of development (8). Unlike antibiotics such as ampicillin, they target specific nucleic acid
sequences of a pathogen rather than the protein products of genes. With this technology, a wide
range of pathogens can potentially be targeted, as man-made PMOs can be designed for any
RNA sequence known. AVI BioPharma Inc. (Corvallis, Oreg.) manufactures and tests PMOs,
and is currently testing them for a variety of illnesses including viral infections (Hepatitis C,
Ebola, and Influenza A), genetic diseases (muscular dystrophy), and metabolic diseases
(diabetes) (9). Much of the research in this thesis was with Escherichia coli to learn how to use
PMO technology to make the most effective drugs possible.
PMOs are short DNA mimics with the ability to anneal to an organism’s mRNA.
Following transcription, ribosomes bind to mRNA to produce protein in the cell. PMOs work as
antibiotics by blocking this process from occurring. The structure of a PMO is different enough
from nucleic acids so that nucleases in the cell do not break it down, but similar enough to DNA
in that it has bases identical to the bases found in DNA (Fig. 0-1). Base sequences can be
incorporated into the PMO, giving it the ability to anneal to a specific sequence of the mRNA in
the cell. This is called antisense technology, since the PMO is a complementary match to the
mRNA, the “sense” strand (Fig. 0-2). The annealing of the PMO to the mRNA disrupts
translation and if targeted to an essential gene’s mRNA, the PMO can kill the cell.
In vitro testing has shown that PMOs are effective in killing cells once they have passed
the outer membrane (8). Peptides attached to PMOs facilitate their entry into cells (Fig. 0-3) (10).
Certain peptides work better than others, as those with both polar and non-polar regions were
more effective at getting past the outer membrane.
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Various tests have been done to determine the most effective length and targeting
position of the PMOs (11). Eleven-base-long PMOs were found to be effective if targeted just
downstream of the start codon in the mRNA. Twenty-base PMOs were not as effective as short
ones in the inhibition of gene expression in E. coli.
The same study showed that PMOs worked differently in eukaryote than in prokaryotes,
as 9 to 12 base PMOs were much more effective in bacteria than in eukaryotic cells (11). This is
a major reason why a PMO targeted to a bacterial cell would probably not inhibit a eukaryotic
cell’s gene function even if the same target sequence were present in the eukaryotic genome.
This means that PMOs can affect a target bacterial cell without harming other surrounding cells.
Work done so far shows that PMOs have definite potential as antibiotics. This thesis will
cover two summers’ worth of research with these compounds, all involving PMOs targeting
sequences in the bacterium E. coli.
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Figure 0.1: Juxtaposition of PMO and DNA structure. PMO backbones have six-membered
rings vs. the five-membered rings of DNA, but the attached bases are identical and spaced about
the same distance apart in both cases.

Figure 0.2: PMO annealing to mRNA. Complementary base pairing means C-G and A-T
binding.
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Figure 0.3: PMO with peptide attached.
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THESIS STATEMENT
Phosphorodiamidate morpholino oligomers are antibiotics that specifically target a region of
mRNA in an organism and disrupt essential protein production. Relative effectiveness of PMOs
in comparison to other antibiotics can be tested with minimum inhibitory concentration
experiments and mice work. PMO-resistant mutants can occur and some genes required for PMO
susceptibility determined by studying the mutants or inducing mutation by transposon
mutagenesis.
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Experiment One – Gene-Specific Inhibition
Purpose: To show gene-specific inhibition of the W3110 strain of Escherichia coli using
phosphorodiamidate morpholino oligomers (PMOs).
Reasoning/Procedure
This experiment was designed to show that PMOs inhibit bacterial cell growth through
sequence-specific inhibition, and not through another way such as being toxic to the cell. If the
compounds that make up PMOs were toxic to bacterial cells, there would be a good chance that
they would be toxic to eukaryotic cells such as human cells. Toxic PMOs would not be viable
treatments for diseases in live patients. Even if a toxic compound did not kill eukaryotic cells, it
is doubtful it would only affect the target bacteria. PMOs should be harmless to any cell except
for those containing the targeted gene .
Two strains of bacteria were used in this experiment: the W3110 wild-type (natural)
strain of E. coli, and LT 1.7, a strain of E. coli identical to the wild-type strain except for four
wobble base mutations in acpP, an essential gene. Therefore, LT 1.7 has an identical phenotype
to W3110, but theoretically would not be affected by a PMO targeted to the wild-type acpP gene
due to the differences in sequence (Fig. 1.1).
The W3110 strain was first tested with three compounds and water. An eleven base PMO
targeting a region of the acpP gene in W3110 (AcpP PMO, short for L-(RFF)3RXB-AcpP11
PMO) was expected to inhibit the bacteria, while the other substances tested were expected to
have no effect. These were 1) a PMO targeting the mutated acpP gene in the LT 1.7 strain (mut4
PMO, short for L-(RFF)3RXB-AcpPmut4 PMO), 2) an eleven base PMO with bases in a random
sequence (scrambled PMO, short for L-(RFF)3RXB-AcpPscr), and 3) water, a control.
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The LT 1.7 strain was tested with the same substances. In this case, the expected result
was that the AcpP PMO would have no effect, while the mut4 AcpP PMO would inhibit growth.
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5’….AUG AGC ACU AUC GAA GAA CGC GUU…..3’
G TGA TAG CTT C
5’….AUG AGU ACC AUU GAG GAA CGC GU…..3’
A TGG TAA CTC C

acpP mRNA
AcpP PMO
acpP LT 1.7 mRNA
AcpP mut4 PMO

Figure 1.1: Genetic sequences at targeted region of the acpP gene.
The AcpP PMO is shown annealing to the acpP mRNA (top). The AcpP mut4 PMO is shown
annealing to the LT 1.7 mRNA (bottom). Mutated bases in the LT 1.7 strain are shown in red.
While these PMO/mRNA combinations can anneal through complementary base pairing, the
acpP mRNA cannot anneal with the mut4 PMO and the acpP LT 1.7 mRNA cannot anneal with
the AcpP PMO.
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Data/Results
Optical density readings were taken to measure growth of bacteria in liquid culture, over
a period of 24 hours. W3110 results are shown on one graph while LT 1.7 results are shown on
another (Fig. 1.2, Fig. 1.3).
At hour 8, samples were taken from wells of the 96-well plate, diluted, and spread on
agar plates to be incubated at 37ºC overnight. The next day, CFU/ml was determined of each
bacterial strain/PMO combination by counting the colonies (Fig. 1.4).
The W3110 and LT 1.7 strains, grown in combination with the AcpP PMO, the mut4
PMO, and the scrambled PMO, had remarkably different results. While both grew the same with
the scrambled PMO as with water, the AcpP PMO inhibited W3110 and the mut4 PMO inhibited
LT 1.7. The AcpP PMO did not inhibit the LT 1.7 strain, and the mut4 PMO did not inhibit the
W3110 strain.
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Figure 1.2: W3110 optical density versus time graph of AcpP, mut4, and scrambled (Scr)
PMO. Optical densities were recorded over a period of 24 hours for W3110 grown in liquid
culture. The colored lines represent different substances added at the same concentrations 0
hours after dilution of the culture: the mut4 PMO (purple), the AcpP PMO (blue), the scrambled
PMO (green), and water (red).
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Figure 1.3: LT 1.7 optical density versus time graph of AcpP, mut4, and scrambled (Scr)
PMO. Optical densities were recorded over a period of 24 hours for LT 1.7 grown in liquid
culture. The colored lines represent different substances added at the same concentrations 0
hours after dilution of the culture: the mut4 PMO (purple), the AcpP PMO (blue), the scrambled
PMO (green), and water (red).
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Figure 1.4: Graph of log CFU/ml for combinations of E. coli strains and treatment. CFU/ml
is indicative of growth and response to treatment. The lower the CFU/ml, the more negative an
effect the treatment had on growth. “WT” is an abbreviation for wildtype, the W3110 strain.
“No” is an indication that no drug, only water, was added.
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Discussion
These results show that sequence-specific inhibition is occurring, and that the PMOs are
not toxic. If the PMOs were toxic, one would have similar effects on both W3110 and LT 1.7
strain. If the scrambled PMO were toxic, it would have negatively affected the growth of both
strains. Also, this experiment shows the effectiveness of PMOs in inhibiting E. coli in liquid
culture.
Plating liquid culture was another way to quantify the growth of bacteria after the
different treatments. While the log CFU/ml was the lowest for W3110 combined with AcpP
PMO, all combinations without sequence-matching PMOs grew to a concentration over ten times
as large as any combination with sequence-matching PMOs. This shows sequence-specific
inhibition and correlates with the graphs of optical density readings.
It is unclear as to why the LT 1.7 and mut4 combination had more growth than the
W3110 and AcpP combination. Perhaps mRNA folds differently with the LT1.7 base
combination, making the ribosome more difficult to block. Even with this, it is apparent that
PMOs with a matching sequence to the bacteria in this experiment had a significant effect on the
growth of the bacteria.
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Experiment Two – Minimal Inhibitory Concentration Experiments
(MICs)
Purpose: To determine the concentration of drug needed to kill bacteria in liquid culture.
Reasoning/Procedure
To gauge the effectiveness of PMOs in killing bacteria compared with traditional
antibiotics, a standard in vitro assay was used to measure the minimal inhibitory concentration
(MIC) of antibiotics required to completely stop bacterial growth. The protocol was as described
in the microdilution method defined by the Clinical Laboratory Standards Institute (12).
Overnight stationary phase culture of E. coli W3110 was diluted to a concentration of 5 x 105
CFU/ml in Mueller-Hinton II broth. The diluted culture was immediately used as a diluent to
make a 2-fold serial dilution of PMO or another antibiotic. This ensured that while the
concentration of PMO would change across the series, the concentration of cells would not.
Duplicate or triplicate 100 µl samples of each dilution were transferred to wells of a 96-well
microtiter plate (Fig. 2.1), and the plate was incubated overnight with shaking at 37°C. After 18
hours of growth, the optical density of each well was measured in a microplate reader. In this
way, a range of concentrations for each drug was tested. The lowest concentration of drug at
which there was no growth indicated the MIC.
Peptide-PMOs targeting the essential genes acpP, ftsZ, and gyrA were tested, as well as
peptide-PMOs targeting acpP with a range of peptides. The acpP gene is necessary for cell
membrane synthesis, the ftsZ gene is active in cell division, and the gyrA gene codes for a type II
topoisomerase. Research on membrane penetrating peptides led to the concept of the
arrangement of cationic (C) and non-polar (NP) amino acids in the peptides as follows: (C-NPNP), (C-NP), and (C-NP-C) (13, 14). It was hypothesized that peptides with these arrangements
17

would be most effective at getting the PMO into the cell, since peptides with these motifs were
effective by themselves at penetrating membranes.
MIC experiments were also used as another method (aside from Experiment 1) to show
gene-specific inhibition. E. coli LT 1.7 was tested with PMOs and antibiotics using this method.
As stated in Experiment 1, LT 1.7 is genetically identical to W3110 except for four wobble base
mutations in the acpP gene, a gene essential for growth and targeted by AcpP11 PMOs. While
the mutations do not affect phenotype, the change in bases prevents LT 1.7 from annealing with
those PMOs. However, the L-(RFF)3RXB-AcpPmut4 PMO was designed to anneal to LT 1.7, so
it was expected to have a low MIC.
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Figure 2.1: Minimum inhibitory concentration experiment.
This photo shows a 96-well plate used for testing different concentrations of PMO with E. coli.
Opaque wells indicate the concentrations at which the drug was not effective, while clear wells
are concentrations at which the drug was effective. The three clear wells at the bottom (G4-6)
were the blank (containing broth with no bacteria). This plate is testing 4 different drug/bacteria
combinations divided as follows: ABC 1-6, ABC 7-12, DEF 1-6, DEF 7-12.
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Data/Results
The most effective PMOs tested with W3110 were the L-(RFF)3RXB-AcpP11, L(RX)6XB-AcpP11, and L-(RXR)4XB-AcpP11 PMOs, all with MICs at 5µM or lower (Table
2.1). These PMOs compared well with the drug tetracycline, which had an MIC of 1.25-2.5 µM,
and performed better than the drug rifampin, which had an MIC of 12.15 µM. The L(KFF)3KXB-AcpP11 PMO also performed well with an MIC of 10 µM.
With the LT 1.7 strain, the L-(RFF)3RXB-AcpPmut4 PMO had an MIC of 5µM. This
was similar to the MIC with W3110 and the L-(RFF)3RXB-AcpP11 PMO.
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Table 2.1: Table of MICs PMOs and traditional antibiotics
PPMO/antibiotic name

PPMO ID#

Strain

MIC (µM)

L-(RFF)3RXB-AcpP11

NG-05-0200

W3110

2.5

D-(RFF)3RXB-AcpP11

NG-05-0653

W3110

5

L-(RFF)3RXB-AcpPmut4

NG-06-0337

W3110

>40

L-(RFF)3RXB-AcpPmut4

NG-06-0337

LT 1.7

5

L-(KFF)3KXB-AcpP11

NG-06-0199

W3110

10

L-(KFF)3KXB-AcpPscr

NG-06-200

W3110

>80

D-(RFF)3RXB-AcpPscr

NG-05-0654

W3110

>80

L-(RFF)3RXB-GyrA11

NG-05-0169

LT 1.7

>160

L-(RFF)3RXB-GyrA11

NG-05-0169

W3110

>160

L-(RFF)3RXB-FtsZ11

NG-05-0196

W3110

>160

RTRTRFLRRTXB-AcpP11

NG-05-246

LT 1.7

>40

RTRTRFLRRTXB-AcpP11

NG-05-246

W3110

20

AcpP11

0-1-23-169

W3110

>160

ampicillin

W3110

6.7

tetracycline hydrochloride

LT 1.7

2.5

tetracycline hydrochloride

W3110

1.25

rifampin

W3110

12.15

rifampin

LT 1.7

12.15

L-(RX)6XB-AcpP11

NG-06-0073

W3110

1.25

L-(RXR)4XB-AcpP11

NG-06-0076

W3110

1.25

L-(RXX)3XB-AcpP11

0-1-23-248

W3110

20
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Discussion
The MICs show that some PMOs are as effective as tetracycline and rifampin for the
inhibition of bacterial growth. This makes them attractive for further research and possible drug
candidates. Different peptides attached to the same acpP-targeted PMO resulted in varying
MICs, with L-(RX)6XB-AcpP11 and L-(RXR)4XB-AcpP11 being the most effective at
preventing growth and the RTRTRFLRRTXB-AcpP11 and L-(RXX)3XB-AcpP11 being the
least effective. These data allow for the hypothesis that the most effective peptides have repeated
cationic-nonpolar or cationic-nonpolar-cationic amino acid sequences. Mimicking the most
effective peptides in amino acid sequence could lead to the discovery of even more potent
peptide-PMOs.
PMOs without a peptide were ineffective in killing the bacteria. This was apparent with
the AcpP11 PMO, with an MIC greater than 160 µM. Some ineffective PMOs with peptides
were the L-(RFF)3RXB-GyrA11 and L-(RFF)3RXB-FtsZ11 PMOs, which both targeted essential
genes other than the acpP gene, and had MICs of greater than 160 µM. The L-(KFF)3KXBAcpPscr, D-(RFF)3RXB-AcpPscr, and L-(RFF)3RXB-AcpPmut4 PMOs, which were not
targeted to any gene in W3110, were understandably ineffective with that strain. The purpose of
these tests was to make sure that the PMOs were not toxic to the cell because of what they are
made of.
For some of the drugs, several repeat MIC experiments were performed. On the occasion
that there was a wide range of results, it was because of contamination, determined from
unexpected growth in the blanks in the plate. Any experiment with a contamination issue was
repeated.
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Another oddity that occurred was the occasional growth in one well out of three
identically-filled wells, with the other two containing no growth. The likely reason for this is
described in the next section (Experiment 3).
The D and L isomers of (RFF)3RXB-AcpP11 were both tested to see if chirality was a
factor in the effectiveness of the drugs. From the closeness on the MICs (within 2.5 µM of each
other) there was not a significant advantage of one configuration over another. This suggests that
peptide-PMOs enter the cell in a more general, physical manner than a specific receptor, which
would be partial to one isomer over the other.
LT 1.7 showed little difference in MICs compared to W3110 unless the drug tested was a
PMO targeting the acpP gene. This shows further that only the genotype, not the phenotype, was
changed by the four wobble base mutations.
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Experiment Three – Isolation/Characterization of Spontaneous
Mutants
Purpose: To isolate and characterize PMO-resistant mutants.
Reasoning/Procedure
Antibiotic resistance is a huge problem today, explaining why previously curable diseases
are becoming increasingly hard to treat. Understanding possible mechanisms of resistance for
any new antibiotic is imperative to create a drug that will not become ineffective soon after it is
released on the market. In this experiment, spontaneous peptide-PMO resistant E. coli mutants
were isolated and tested with a variety of different drugs, in order to determine the character and
cause of mutation.
When results were checked at the end of the minimum inhibitory concentration (MIC)
assays, there would occasionally be growth in one of three replicate cultures at PMO
concentrations higher than the MIC. The hypothesis was that the well with growth was either
contaminated with another bacterium, or that a spontaneous mutant of the original bacterium had
been selected for by resistance to the drug. However, since sterile technique was used every time
and the wells with only media (no bacteria) were very rarely contaminated, it was likely that the
well with growth contained a spontaneous mutant. Understanding mutations like these is
essential in the process of designing an effective drug. Isolating and characterizing the mutants
was necessary in order to see what was causing the resistance and whether or not the PMO could
be changed to avoid resistance.
Spontaneous L-(RFF)3RXB-AcpP11 PMO-resistant mutants were isolated by taking a
sample from one of the cultures of Escherichia coli W3110 with growth above the MIC. This
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was used to inoculate culture for a second MIC experiment. A sample from this experiment
(which had a significantly higher MIC than the L-(RFF)3RXB-AcpP11 PMO) was streak plated
on LB-agar plates and incubated overnight. Ten colonies were picked from this plate the next
day, streaked on new LB-agar plates, and named W3110R1 through 10. W3110 is the parent
strain and R is short for resistant. It was on these ten strains that a series of experiments was
performed.
MICs were performed using peptide-PMOs targeted to the same eleven-base region in the
acpP gene, but with various peptides attached.
Gram stains as well as sequencing of the PMO target region in the mutants were
employed to further characterize the mutants. The frequency of mutation of spontaneous
resistance to (RFF)3RXB-AcpP PMO) was determined to be 1.4 x 10-6 on plates with 20µM
PMO (B. Mellbye, unpublished results).
A PMO targeted to a different gene in W3110, but also attached to the (RFF)3 peptide,
was also tested with both the W3110 and W3110R1 strain. The L-(RFF)3RXB-FtsZ11 PMO
tested with the W3110 strain had an MIC of greater than 160 µM in liquid broth (see Experiment
Two), but was slightly inhibiting the bacteria (OD readings were lower at higher concentrations
of drug, data not shown). Though unattractive as a drug candidate, this PMO was useful in
providing insight into the nature of resistance W3110R1. Instead of finding the MIC, diluted
bacteria were grown overnight with or without the PMO, and plated the next day. From the
number of colonies on the plates, effectiveness of the drug was found.
A scrambled PMO similar in composition to the L-(RFF)3FtsZ11 PMO was also tested to
check for toxicity. All peptides used in this experiment have been tested to make sure that they
are not toxic to the cell (data not shown).
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Data/Results
Ten spontaneous L-(RFF)3RXB-AcpP11 PMO-resistant colonies were isolated from
cultures growing in peptide-PMO concentrations above the MIC. These isolates (W3110R1-10),
along with the parent strain, were all tested with L-(RFF)3RXB-AcpP PMO in MIC experiments
(Table 3.1). The MIC was found to be the same for all of the ten mutants, and was sixteen times
higher than the parent strain.
These ten PMO-resistant isolates were characterized further. All were Gram-negative
rods, and had similar colony morphology, which was circular, translucent, and light yellowwhite. The acpP gene in each isolate was sequenced and was identical to all other isolates and to
the parent strain. Since all ten were identical in MIC, acpP sequence, and morphology, only one
representative isolate was used per experiment for further characterization (W3110R1 or
W3110R4).
W3110R1 or W3110R4 was used to measure the MIC of various peptide-PMOs, each
with the same 11-base PMO, but differing in the peptide attached to the PMO. The results (Fig.
3.1) show that peptide-PMOs with peptides having a repeating amino acid sequence (polarnonpolar-nonpolar) had MICs of 40 µM or greater, while peptide-PMOs with peptides with other
repeating amino acid motifs had MICs of less than 5 µM. The RTRTRFLRRTXB-AcpP11 PMO
had an MIC of 20 µM, but does not conform to the repeating patterns of the other peptide-PMOs
tested.
W3110R1 and the parent strain were also tested with the L-(RFF)3RXB-FtsZ11 PMO.
After incubation, instead of measuring the final concentration of bacteria through an optical
density reading, the culture was diluted and plated to determine cfu/ml. The results (Fig. 2) show
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that the cfu/ml of W3110 with 160 µM of FtsZ PMO was several orders of magnitude less than
the cfu/ml of W3110R1 with the same amount of PMO.
The L-(RFF)3AcpP11scr PMO was tested using the same method as the FtsZ PMO to
determine whether it would be toxic to the bacteria. Growth with the scrambled PMO was not
less than that of the water control.

27

PMO/antibiotic name
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
L-(RFF)3RXB-AcpP11
D-(RFF)3RXB-AcpP11
D-(RFF)3RXB-AcpP11
D-(RFF)3RXB-AcpP11
L-(KFF)3KXB-AcpP11
L-(KFF)3KXB-AcpP11
L-(RXX)3XB-AcpP11
L-(RXX)3XB-AcpP11
RTRTRFLRRTXB-AcpP11
RTRTRFLRRTXB-AcpP11
(RXR)4XB-AcpP11
(RXR)4XB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11
(RX)6BXB-AcpP11

PMO ID#
NG-05-0200
NG-05-0200
NG-05-0200
NG-05-0200
NG-05-0200
NG-05-0200
NG-05-0200
NG-05-0200
NG-05-0200
NG-05-0200
NG-05-0200
NG-05-0653
NG-05-0653
NG-05-0653
NG-06-0199
NG-06-0199
0-1-23-248
0-1-23-248
NG-05-246
NG-05-246
NG-06-0076
NG-06-0076
NG-06-0073
NG-06-0073
NG-06-0073
NG-06-0073
NG-06-0073
NG-06-0073
NG-06-0073
NG-06-0073
NG-06-0073
NG-06-0073
NG-06-0073

Strain
W3110
W3110R1
W3110R2
W3110R3
W3110R4
W3110R5
W3110R6
W3110R7
W3110R8
W3110R9
W3110R10
W3110
W3110R1
W3110R4
W3110
W3110R1
W3110
W3110R1
W3110
W3110R1
W3110
W3110R4
W3110
W3110R1
W3110R2
W3110R3
W3110R4
W3110R5
W3110R6
W3110R7
W3110R8
W3110R9
W3110R10

MIC (µM)
2.5
40
40
40
40
40
40
40
40
40
40
5
>40
40
10
>40
20
80
20
40, 40
1.25
1.25
1.25
<5
<5
<5
<5
<5
<5
<5
<5
<5
<5

Table 3.1: Table of MICs of PMOs tested with mutants of W3110. W3110R1 was determined
to be identical to the other mutants due to the same result on several tests with different drugs, so
some drugs were only tested with W3110R1. The letter “X” indicates 6-aminohexanoic acid, and
“B” indicates β-alanine.
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Minimum Inhibitory Concentrations
45

40

Concentration (µM)

35

30

25

W3110
W3110R

20

15

10

5

0
(RFF)3RAcpP11

D-(RFF)3RAcpP11

(KFF)3KAcpP11

(RXX)3-AcpP

(RTR)-AcpP11

(RXR)4AcpP11

(RX)6BAcpP11

PMO

Figure 3.1: Minimum Inhibitory Concentration (MIC) experiments with mutant strain
W3110R1 of E. coli W3110. Several PMOs all targeting the same sequence of the acpP gene in
W3110 were tested. The only difference between the PMOs was the peptide attached. Two of the
peptide-PMOs still inhibited the mutant, while the mutant was resistant to the others. MICs of
the mutant strain for the first five PMOs listed appear as 40 µM, but are actually 40 µM or
greater.
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0 uM FtsZ PMO 08-01-06

1.00E+11

1.00E+11

1.00E+10

1.00E+10

1.00E+09

1.00E+09

1.00E+08

1.00E+08

1.00E+07

1.00E+07

CFU/mL

CFU/mL

160 uM FtsZ PMO 08-01-06

1.00E+06
1.00E+05
1.00E+04

1.00E+06
1.00E+05
1.00E+04

1.00E+03

1.00E+03

1.00E+02

1.00E+02

1.00E+01

1.00E+01
1.00E+00

1.00E+00
W3110R1

W3110 parent
E. coli

W3110R1

W3110 parent
E. coli

Figure 3.2: Graphs of CFU/ml from plating for different concentrations of FtsZ PMO. The
W3110R1 mutant strain was unaffected by the FtsZ PMO while the W3110 strain CFU/ml was
several orders of magnitude lower with 160 µM FtsZ PMO than with 0 µM FtsZ PMO.
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Discussion
These experiments show that mutants resistant to the (RFF)3RXBAcpP11 PMO can arise
from the E. coli strain W3110 and be isolated and tested. The mutants isolated all appeared to
have arisen from the same mutant strain, since W3110R1-W3110R10 all had similar MICs to
each other when tested with a variety of compounds. Gram stains and sequencing of the PMO
target region yielded similar results as well.
Following the hypothesis that the acpP gene had mutated in the resistant strains, all ten
isolates were sequenced in the acpP region. Each one was found to be identical to the parent
strain in that region, showing that the hypothesis was false and that the resistance was not caused
by mutations in acpP.
MIC experiments with peptide-AcpP PMOs suggested that the mutation was affecting the
function of the peptide rather than the PMO, and these experiments also correlated peptide
sequence to resistance. Peptide-AcpP PMOs with a repeating amino acid sequence similar to the
L-(RFF)3RXB-AcpP PMO had MICs that were higher in the resistant isolate than the parental
strain (Fig. 3.1). However, peptide-AcpP PMOs with a repeating amino acid sequence different
than the L-(RFF)3RXB-AcpP PMO had MICs that were the same in either strain. The
RTRTRFLRRTXB-AcpP11 PMO did not have a repeating amino acid sequence and had a
higher MIC with the resistant isolate than with the parent strain. This suggests that peptidePMOs with a repeated sequence of cationic-nonpolar or cationic-nonpolar-cationic amino acids
are more effective with the W3110R strains than peptide-PMOs with a repeated cationicnonpolar-nonpolar or unrepeated amino acid sequence.
The W3110R1 resistant isolate was characterized further by testing with the L(RFF)3RXB-FtsZ11 PMO (Fig. 3.2). This PMO has the same peptide as the L-(RFF)3RXB-
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AcpP11 PMO but differs in that it targets ftsZ, another gene required for cell division and
growth. While W3110 was inhibited several orders of magnitude by the peptide-PMO targeting
ftsZ, W3110R was not inhibited at all. This shows that targeting another essential gene does not
cause W3110R to lose resistance as long as the same L-(RFF)3R peptide is attached to the PMO.
This further shows that the difference between the parent and resistant isolate is a change in the
interaction with the peptide as opposed to the PMO.
With W3110R resistance being linked to the peptide, it was hypothesized that the
mutation had somehow affected the outer membrane of the bacterium. Previous experiments
have shown that PMOs cannot effectively cross the outer membrane by themselves, but are able
to when conjugated to certain peptides (8). Experiments have also shown that PMOs can cross
the plasma membrane without a peptide (8). Since peptides are such a crucial factor for PMOs to
penetrate the outer membrane, this may mean that a gene for an outer membrane protein mutated
to create W3110R. This gene could be responsible for expression or specificity of a protease that
cleaves peptides before entering the cell. Another possibility would be a gene that alters the
hydrophobicity or negative charge of the outer membrane, though tests between W3110 and
W3110R with traditional antibiotics have not indicated that those changes have occurred.
Since some peptides were still effective despite the mutation, looking further at the
structure of the successful peptides versus the unsuccessful ones may lead to creating better
drugs. Neither the (RXR)4 or (RX)6 peptides contain a phenylalanine or two identical non-polar
amino acids next to each other in the repeating sequence, as does (RFF)3R. However, the RTR
peptide also did not have these characteristics but did not inhibit growth of the W3110R strain.
Still, considering factors such as these, as well as charge and hydrophobicity, may influence the
design of future peptide-PMOs.
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To further understand mutations that cause resistance, Experiments 5 and 6 attempted to
pinpoint the genes that have mutated in the resistant strains. Since the mechanism of PMO entry
into the cell is still not clear, finding these genes is a way to increase understanding of this
important part of how PMOs work.
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Experiment Four – Mouse Peritonitis
Purpose: To test PMOs in vivo using a mouse model.
Reasoning/Procedure
After in vitro drug testing, the next step is to test in vivo, or in a live model. In order to
see if PMOs are effective in animals, mice were used. The L-(RFF)3RXB-AcpP11 PMO was
tested in one such experiment after mice had been infected by intraperitoneal injection with a
dose of E. coli W3110 large enough to cause death in the mice if untreated. The PMO was
administered in various doses at 15 minutes and 12 hours after infection. Controls of water and a
scrambled AcpP PMO, as well as the traditional drug ampicillin, were tested. Blood samples
taken at time points over a few days were plated, incubated, and E. coli growth counted to track
the concentration of E. coli present in the mice. Body temperature was measured periodically and
served as an indicator of mouse health. The hypothesis was that the PMO would decrease the
amount of bacteria in the mouse, possibly eliminating the bacterial infection.

Note: These mouse experiments occurred before, during, and after I was working at AVI. This is
just one example of a mouse experiment that took place. After completing Institutional Animal
Care and Use Committee training, I helped out with these experiments mainly by taking
temperatures of mice and plating blood taken from the mice. Occasionally I assisted in taking
blood samples.

34

Data/Results
Twenty-four hours post-infection, mice given an amount of 2 × 300 µg or 2 × 1000 µg of
L-(RFF)3RXB-AcpP11 PMO had fewer bacteria present in the blood than any of the other
groups except for the group given 2 × 1000 µg ampicillin (Fig. 4.1). However, groups with 75
percent or higher survival rate after 48 hours included the 2 × 30, 2 × 100, and 2 × 300 µg L(RFF)3RXB-AcpP11 PMO groups as well as the 2 × 1000 µg ampicillin group. While the largest
dose of PMO appeared to be fatal to the mouse, the medium-sized doses killed bacteria without
negatively affecting the mouse, being as effective as the large dose of ampicillin.
While the group given the 2 × 30 µg L-(RFF)3RXB-AcpP11 PMO had a cfu/ml of three
orders of magnitude less than the water control at 12 hours post-infection, the group given 2 × 30
µg of ampicillin had no reduction in cfu/ml.
Scrambled PMOs and water had bacteria levels of 10^5 cfu/ml or greater at 12 hours and
25 percent or less survival rates.
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Figure 4.1: Graphs of bacteria concentration in blood (a) and survival (b) of mice infected
with E. coli W3110 and treated with peptide-PMO. This graphic was published in the paper
“Antisense peptide-phosphorodiamidate morpholino oligomer conjugate: dose response in mice
infected with Escherichia coli” by Tilley et al. (15). This shows the result of different doses of
peptide PMO, ampicillin, and scrambled PMO as well as the water control, as indicated in the
legend. The arrows at the tops of the graphs indicate the times at which the doses were
administered. Error bars show the standard error of the mean.
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Discussion
Mouse experiments such as this one show the effectiveness of PMOs in vivo. By
measuring the amount of E. coli present in the blood after 48 hours, the 2 × 300 µg dosage of L(RFF)3RXB-AcpP11 PMO was shown to be as effective as a 2 × 1000 µg dose of ampicillin.
While too much PMO caused death, the dosage of 2 × 30 µg L-(RFF)3RXB-AcpP11 PMO had a
100 percent survival rate and was more effective in killing bacteria than the 2 × 30 µg ampicillin
dose (which had a 0 percent survival rate). This shows that while this peptide PMO is toxic in
large amounts, in smaller amounts it is more powerful than ampicillin at combating infection.
Through this research, a minimal effective dose in mice and a theoretical minimal
effective dose in humans were calculated (15). By taking the dose of 1.5 mg/kg (30 µg/20 g
mouse) L-(RFF)3RXB-AcpP11 PMO and using a dose calculator from the FDA (16), 8 mg/day
(1.4 µmol/day) was calculated to be the minimal predicted necessary dose for a 65 kg person.
For more information about this experiment, see the paper “Antisense peptidephosphorodiamidate morpholino oligomer conjugate: dose response in mice infected with
Escherichia coli” by Tilley et al. (15).
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Experiment Five – AS19 Mutant Isolation and E. coli Library
Introduction
Purpose: To identify genes in E. coli responsible for susceptibility to PMOs by creating
mutants with the AS19 E. coli strain.
Reasoning/Procedure
AS19 is a strain of E. coli similar to W3110 except for the outer membrane. Instead of
being intact and able to block PMOs without peptides, the leaky membrane allows these “naked”
PMOs through. Since previous tests have shown that mutation has been linked to the peptide and
has not been in the PMO target region (Experiment 3), the hypothesis was that no mutants would
occur with this strain. However, after plating AS19 on an agar plate containing AcpP PMO (with
no peptide), several colonies grew (Fig. 5.1). Since the MIC of AS19 with the PMO is 0.625 µM
(Table 5.1), this was unexpected. To make sure that they were not bacteria that had reverted back
to the original non-leaky phenotype, twenty-five were tested with vancomycin. AS19 is
susceptible to vancomycin but W3110 is not. In what was similar to an MIC experiment but
using only one concentration of drug, the mutants were incubated overnight in a 96-well plate.
Ten that were still susceptible to 20 µl/mL vancomycin were picked and streak plated, named
AS19PR1-10. These strains were then tested with a variety of antibiotics using a modified
version of the MIC experiment, with 10-fold dilutions instead of 2-fold (Table 5.2).
The next step was to design an experiment that could find out where the mutations were
taking place. The hypothesis was that in each mutated strain, there was a mutated gene, and that
this gene’s original (and now disrupted) function was necessary for the PMO to be effective.
Theoretically, if the gene’s function were restored, the bacteria would once again become
susceptible to the PMO. In order to determine which gene had changed, an E. coli library was
used to introduce original genes into the mutants through plasmids.
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Competent cells of several of the mutants were made, and the AS19PR10 mutant cells
were the most successful at taking up the library. The library used was a large collection of
plasmids, each containing a piece of the W3110 genome and an ampicillin resistance marker.
Due to the unlikelihood of more than one plasmid being taken up per cell and the lack of
ampicillin resistance occurring naturally in the mutant, it was probable that any growth of these
cells on an LB-ampicillin agar plate would be cells containing no more or less than one plasmid
from the library. These AS19PR10 cells were plated on more than 10 ampicillin agar plates in
order to have enough colonies to test (see Figure 5.2).
Each colony on the plate had a chance of having a plasmid containing a piece of the E.
coli genome with the same gene whose mutation in AS19PR10 resulted in PMO resistance. The
hypothesis was that the presence of the new gene in the cell, even though it was not replacing the
mutated gene, would function as the wild type gene and cause the cell to once again be
susceptible to the PMO. To determine how many plasmid-containing colonies needed to be
tested to make sure that 99 percent of the wild type genome was represented, the equation
N=

ln(1− P)
was used (18). With N being the number of independent plasmid-containing
ln(1− F)

colonies, P being the probability of any unique sequence being present (0.99), and F being the
€

fraction of the size per genome fragment per plasmid over the size of the total E. coli genome (5
kb/4639 kb), the equation produced the following result: N =

ln(1− .99)
= 4272
ln(1− 5 /4639)

This N value of 4272 divided by 92 (the number of wells in each 96-well plate used to test
€ ~47 plates would have to be filled before the
allowing the others for controls) meant that up to

experiment would end, depending on whether a susceptible strain was found early or late.
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What this meant was that up to 94 plates would have to be filled, since each time a
colony was tested with PMO, it would have to have a control well to preserve the strain. The
goal was to find a colony that would not grow in PMO solution, which would have made it
impossible to test later (and sequence the gene in the plasmid) without a control well. Sterilized
toothpicks were used to pick colonies off of the LB-amp plate, then used to inoculate first one
well in a 96-well plate with all wells containing 100 µl of LB-ampicillin broth, and second, one
well in a 96-well plate with all wells containing 100 µl of LB-ampicillin-PMO broth.
This procedure was repeated until the plates were full up to 92 wells, and then four remaining
wells were used for controls as follows: 1) AS19PR10 with pBR322 (the same plasmid used as a
vector for the E. coli library, containing an ampicillin resistance marker), 2) plain LB-ampicillin
broth (or LB-ampicillin-PMO broth in the case of PMO plates), 3) AS19 with pBR322, and 4)
W3110 with pBR322. Plates were incubated overnight and observed the next day. Any
susceptible strain was saved from the LB-ampicillin plate and tested with an MIC experiment.
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Figure 5.1: LB agar-PMO plate of mutants. This agar contained a 20 µM concentration of
naked AcpP PMO and was covered with 50 µl undiluted AS19 overnight culture.

Figure 5.2: LB-Ampicillin agar plate with AS19PR10 colonies each containing a plasmid
from a W3110 library. Over ten of these plates were made to have a large enough number of
samples.
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Data/Results
MIC results showed that AS19PR1-10 were still susceptible to traditional antibiotics but
not to PMOs targeted to the essential genes ftsZ or gyrA. Testing with the L-(RFF)3RXB-AcpP11
PMO showed that while AS19 had a lower MIC than the four mutant strains used, only
AS19PR1 had a significantly higher MIC. Results with AS19PR strains 1, 3, 10, and B12 are
shown in Table 5.2.
Out of a total of more than 48 sets of plates completed, there were seven wells with low
growth in the PMO plate. MIC experiments were performed with bacteria from each of these
seven wells and no strain showed susceptibility to AcpP PMO during this second testing (Table
5.3). There was definite clumping in each of the strains.
There were also a few wells that had no growth but when the strain out of the
corresponding well on the LBA plate was tested, it had a very high MIC with AcpP PMO, which
meant that the original well was simply missed during inoculation.
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Table 5.1: MICs experiments with AS19
PMO/antibiotic

PMO ID #

Erythromycin
Lysozyme
Vancomycin
Actinomycin D
Naked AcpP11 PMO
L-(RFF)3RXB-AcpP11
Ampicillin
Rifampin
Naked FtsZ11 PMO
Naked GyrA11 PMO
Naked Scrambled PMO
L-(RXR)4XB-AcpP11

N/A
N/A
N/A
N/A
1-23-169
NG-05-0200
N/A
N/A
1-23-162
1-23-164
1-23-170
NG-06-0076

MIC of AS19 (µM unless otherwise
indicated)
0.0781 µg/mL
<1.5625 µg/mL
2.5 µg/mL
1.25 µg/mL
0.625
0.625
0.25 µg/mL
0.05 µg/mL
>40
40
>40
0.05

Table 5.2: AS19 antibiotic testing
Approximate MICs of AS19 PMO Resistant Strains
1-23-169
[naked
vancoerythroAcpP]
rifampin mycin
mycin
strain
(µM)
(µg/ml) (µg/ml) (µg/ml)
AS19PR1
>60*
≤20**
0.4*
0.625*
AS19PR3
6*
≤20**
>0.05*
<0.0781*
AS19PR10
>60*
≤20**
0.4*
0.625*
AS19PRB12 >60*
≤20**
3.2*
5*
AS19
0.625
2.5
0.05
0.0781
AS19
w/pBR322
≤0.156
W3110
>160
>200
10
25
*data from a 10-fold dilution series
**data from only one concentration of drug tested
- not tested

1-23162
[FtsZ]
(µM)
>160*
>160*
>160*
>160*
>40

1-23164
[GyrA]
(µM)
>160*
>160*
>160*
>160*
>40*

(RFF)3RXBAcpP
>20
1.25
5
2.5
0.625

-

-

2.5
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Table 5.3: MICS with AcpP PMO with resistant wells
Resistant well
5A12
12E11
30E9
33A1
34F2
39G2
40H6

Minimum Inhibitory Concentration with
AcpP PMO (µM)
>10
>10
>10
>10
>10
>10
>10
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Discussion
After at least 48 plate sets being completed, only a few wells from the E. coli library
experiment had low or no growth. The MICs of the strains tested in the low growth wells were
all higher than 10 µM, while the no-growth wells were missed during inoculation. This means
that this experiment failed to find any susceptible strains. The seven wells with low growth were
probably caused by clumping, as growth compacted into one spot, left the media clear, and gave
the appearance of minimal growth. During the MICs, every well had a clump present for each
drug concentration.
Sixteen of the plate sets were accidentally given one-fourth the amount of antibiotic and
PMO that they were supposed to get. However, this amount still should have been enough to kill
any bacteria without the pBR322 plasmid as well as kill AS19 susceptible to the PMO, as the
MIC of AS19 with pBR322 was less than amount of drug present.
While this experiment was disappointing due to the lack of finding the gene responsible
for PMO resistance, several things were discovered about AS19. Mutants resistant to the naked
AcpP PMO were possible to generate from plating undiluted culture on a PMO plate. In this
case, the mutants picked had not reverted back to being a non-leaky strain, as they were still
susceptible to vancomycin, an antibiotic large enough to get blocked by strains with no holes in
the membrane. However, most of the mutants were affected by the L-(RFF)3RXB-AcpP11 PMO,
which suggests that the mutation(s) might have something to do with the membrane. Also, the
mutations were not in the target region of the PMO since the strain was also resistant to the FtsZ
and GyrA PMOs, which both target other essential genes in the bacteria. Though the MICs for
those two PMOs are high, when looking at the plate it was clear that there was more growth
present in the MIC experiments with the AS19PR strains than with AS19.
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This experiment showed that even with an E. coli strain affected by PMOs without
peptides, there could still be PMO-resistant mutants that arise that do not have mutations in the
target region of the PMO. Though previous experiments with W3110 PMO-resistant mutants
showed that mutation was not in the target region of the PMO, it was hypothesized that some
change had occurred in how the peptide interacted with the outer membrane in the mutants.
However, with the AS19 mutants, vancomycin testing confirmed that the outer membranes
remained leaky and should not have been a barrier to PMOs. This raises the possibility that other
parts of the cell, such as the plasma membrane, may have the potential to mutate and prevent
PMO entry. The susceptibility of AS19PR3, AS19PR10, and AS19PRB12 to the L-(RFF)3RXBAcpP11 peptide-PMO suggests that PMOs without peptides may cross the plasma membrane
differently than peptide-PMOs, possibly through a protein transporter. This raises the idea that
there are other concerns about antibiotic resistance than just the state of the outer membrane.
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Experiment Six –W3110 Transposon Knock-Out Mutant Gene
Identification
Purpose: To create a peptide-PMO-resistant E. coli mutant by using a transposon to knock
out a gene required for susceptibility to PMO. Then, to identify the gene by finding where
the transposon was inserted.
Reasoning/Procedure
The formation of PMO-resistant mutants is a concern for the use of PMOs as a viable
drug candidate. In order to better understand resistance, pinpointing the genes required for PMO
susceptibility is necessary. With the inability to restore PMO-sensitivity with the AS19 E. coli
library experiment (Experiment Five), a new method involving transposon gene knock-out was
employed. This experiment was based on the hypothesis that there are genes necessary for PMO
efficacy and that the removal or knocking out of one of these genes would produce a PMOresistant phenotype. It was first attempted with AS19, but the beginning involving phage
infection was unsuccessful. Subsequently, W3110 was used, since phage was able to infect this
strain of bacteria.
A bacteriophage was used to introduce the Tn5 transposon to the genomic DNA of
W3110 (Fig. 6.1). Tn5 has an antibiotic resistance marker for the antibiotic kanamycin. The
phage/cell mixture was then plated on PMO/kanamycin plates. The resulting colonies on the
plate had the following important characteristics: they had cells with genomic DNA containing
the transposon (due to the kanamycin preventing growth from other colonies), and they had the
transposon inserted into a gene that was necessary for the PMO to be effective (due to the PMO
preventing growth from other colonies). These colonies were picked and streak plated, named
SR200.1-5 (S for Susan, R for resistant). After purifying DNA from the strains, EcoR1
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restriction enzymes were used to digest SR200.3 DNA. These DNA pieces were then ligated into
pUC19, a plasmid with an EcoR1 cut site as part of a multiple cloning site.
This collection of plasmids with inserts was then transformed into competent cells and
plated on kanamycin plates. Only colonies containing pUC19 with the Tn5 transposon grew on
the plates, and since Tn5 does not get cut by EcoR1, the Tn5 transposon in the plasmids was
surrounded by the parts of the W3110 genome that the transposon had inserted into. It was from
these parts that the location of the Tn5 insert was determined. After picking 5 colonies and
naming them pUCTn5 15-19, plasmid DNA from the colonies was purified. Some of this
purified DNA was cut with EcoRI and gel electrophoresis was performed to find the size of the
fragment. This information was used to determine the amount of purified plasmid DNA to
submit for sequencing. The M13F and M13R primers were used to sequence around 700 base
pairs into the fragment on both sides. Afterwards, sequences were entered into the online BLAST
database to find out the location of the Tn5 insert in the SR200.3 genome.
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a. Phage Infection

b. Purification of DNA

c. Digestion and Ligation of DNA

Figure 6.1: Steps of infection, purification, digestion, and ligation of DNA.
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Results/Data
MIC experiments were performed on the five transposon mutants to determine if they
were resistant to L-(RFF)3RXB-AcpP11 PMO in liquid as well as broth culture. The mutant SR
200.3 was the most resistant with an MIC of >40 µM (Table 6.1). Therefore, SR 200.3 was used
to continue the experiment. MICs with antibiotics and the L-(RXR)4XB-AcpP11 PMO showed
that SR 200.3 is not resistant to other drugs (Table 6.2).
Gel electrophoresis was used to determine the size of the chromosomal DNA flanking the
Tn5 that had been inserted into the plasmid. After cloning, purifying, and digesting the DNA
with EcoR1, two gels were performed with the DNA. The first gel showed the approximate size
of the Tn5 plus chromosomal DNA insert to be about 10 kilobases. While pUCTn5-16, 17, and
18 looked identical on the gel, pUCTn5-15 had a band indicative of the insert that was smaller
than the bands of the other samples, and pUCTn5-19 had 2 bands instead of one for the insert
and these bands were larger than the inserts from the other samples. All samples had a band at
approximately 3 kilobases, which indicated the pUC19 plasmid.
The second gel showed that pUCTn5-16, 17, and 18 had similar bands, but appeared to
have either thick bands, or three bands each. The pUCTn5-15 sample had four bands and the
pUCTn5-19 sample had three bands larger than the bands of other samples, with apparently no
plasmid band.
The gel results compared well with the sequencing of the samples. While contamination
might have been an issue in the samples, the M13F and M13R primers were used to find the
sequence of interest in each sample (Table 6.2). Though the pUCTn5-15 and 19 samples had
irregular sequencing results, pUCTn5-16 through 18 matched up. The sequencing with the M13F
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primer failed with the pUCTn5-18 sample, but since the appearance on the gel matched
pUCTn5-16 and 17, it was assumed that it would have been similar to those samples.
The pUCTn5-16 through 18 sequences were also aligned with the Tn5 sequence on the
BLAST website and all contained part of the Tn5 insert. From looking at the M13F and M13R
sequencing, the location of the Tn5 insert was determined to be between nucleotides 575113 and
575121 in the W3110 genome (18). This places the insert in nmpC in the W3110 genome (Fig.
6.2).

51

Table 6.1: MICs of transposon mutants with L-(RFF)3RXB-AcpP11
Mutant
SR 200.1
SR 200.2
SR 200.3
SR 200.4
SR 200.5

MIC (µM) with L-(RFF)3RXB-AcpP11 PMO
20
5
>40
2.5
2.5

Table 6.2: MICs of SR 200.3 with various peptide-PMOs and antibiotics
Peptide-PMO/Antibiotic
Tetracycline
Polymyxin B
Ampicillin
Trimethoprime
L-(RXR)4XB-AcpP11

MIC with SR 200.3
≤0.625 µg/ml
≤0.0313 µg/ml
5 µg/ml
0.5 µg/ml
2.5 µM

Table 6.3: Sequence alignment with the W3110 genome as found on BLAST

pUCTn5-15
pUCTn5-16
pUCTn5-17
pUCTn5-18
pUCTn5-19

M13F sequence: nucleotides
matching in W3110
3421753-3420780
574961-575121
574957-575121
Sequencing Failed
394175-394797

M13R sequence: nucleotides
matching in W3110
575805-575113
575806-575146
575649-575113
575588-575113
401753-401043

Figure 6.2: Location of Tn5 insert in SR200.3 in the W3110 genome as found by BLAST
results. The arrow indicates the location of the insert, in the pseudogene nmpC.

52

Discussion
Through this transposon knock-out experiment, the nmpC gene was pinpointed as being a
likely gene necessary for the L-(RFF)3RXB-AcpP11 PMO to be effective. Though nmpC is
labeled as a pseudogene in the E. coli W3110 strain in the BLAST database, this experiment
raises questions about a possible function this gene may have (17). Previous research concerning
this gene has shown that if an IS5 sequence is deleted, the gene can produce NmpC, a porin
protein (18). Porin proteins form channels in the outer membrane of bacteria, allowing certain
molecules to gain access to the cell (19). It is plausible that porin proteins may have an effect on
how PMOs gain entry to the bacterial cell, showing why an insert into the nmpC gene could
result in PMO resistance.
Future research could show whether this gene is essential for PMO efficacy. A western
blot could be used to detect if the NmpC protein is present in the wild type strain and/or the
mutant. Knocking out the nmpC gene in W3110 using the Lambda Red method and testing the
knock-out strain with L-(RFF)3RXB-AcpP11 PMO would show if the correct gene were
identified. Other possibilities to explain the results could be tested, such as Tn5 hopping twice in
the genome, or there being a spontaneous mutant (though chances for this are low since the
number of cells plated to get the mutant was fifty times less than the inverse of the mutation rate
of 1.47 x 10^-6). A Southern blot could be used to see if there are multiple Tn5 copies in
SR200.3.
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Conclusion and Future Research
These experiments have expanded knowledge about PMOs and their potential as
antibiotics, as well as suggested the direction of future research. PMO function, effectiveness,
and resistant mutants have all been tested with these drugs. Mouse experimentation was a way of
testing PMOs in a live model, while various in vitro tests were done in the lab. Several main
conclusions were reached as a result of this research.
PMOs were shown to inhibit E. coli through gene-specific inhibition through Experiment
One. Scrambled peptide-PMO had no effect on bacterial growth, but peptide-PMOs targeted to
the acpP region of the E. coli genome did. This showed that the PMO compounds were not toxic
to the cell, and therefore will not have an effect on other cells lacking the target genetic
sequence.
Minimal inhibitory concentration experiments in Experiment Two showed that PMOs can
be as or more effective than traditional antibiotics. L-(RX)6XB-AcpP11, L-(RXR)4XB-AcpP11,
and L-(RFF)3RXB-AcpP11 were the most effective PMOs with W3110, with MICs of 1.25 µM,
1.25 µM, and 2.5 µM respectively. Also, these MICs showed the ineffectiveness of PMOs
without peptides, as the naked AcpP11 PMO had an MIC of greater that 160 µM. This showed
that peptides caused the PMOs to be effective, possibly allowing the PMOs to get past the outer
membrane of the bacteria.
During the course of the MIC experiments with W3110, L-(RFF)3RXB-AcpP11 resistant
mutants were isolated and Experiment Three showed that resistance appeared to be peptide
related. Sequencing revealed that mutations were not occurring in the region of acpP that is
targeted by the AcpP11 PMO, but rather somewhere else affecting how the peptide interacted
with the cell. The same AcpP11 PMO attached to several different peptides resulted in varying
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MICs between the parent and the mutant strain. While some peptide-AcpP11 PMOs had the
same effect on both parent and mutant, some peptide-AcpP11 PMOs were effective with the
parent but ineffective with the mutant. This suggests that the (RXR)4 and (RX)6 peptides may be
better conjugates to PMOs than other peptides due to their ability to have an effect on mutant
strains.
Mouse testing in Experiment 4 showed that the L-(RFF)3RXB-AcpP11 PMO was more
effective than ampicillin in killing off E. coli infection. This not only showed that PMOs can
work well as antibiotics in a live model; it also allowed for a theoretical dose amount for a 65kg
human to be calculated as 8mg/day.
The first attempt to pinpoint mutations in E. coli that can result in PMO-resistant strains,
though unsuccessful, was able to find out a couple other things (Experiment 5). Using AS19, the
E. coli strain with a leaky outer membrane, the naked AcpP11 PMO had an MIC of 0.625 µM,
the same as the MIC it had with the L-(RFF)3RXB-AcpP11 PMO. Clearly, the AS19 membrane
was permeable enough for the PMOs to get through without needing peptides, reinforcing the
idea that in W3110, peptides function as ways for the PMOs to slip through the outer membrane.
Despite lacking the peptide on the PMO in this experiment, it was still possible to get AS19
AcpP11 PMO-resistant mutants. Since mutants were tested with vancomycin to make sure that
the outer membrane was retaining its permeability, the mutation either was some sort of outer
membrane change that allowed the vancomycin through (but not the PMO), or something else,
like a mutation in the plasma membrane.
The second attempt to pinpoint genes affecting PMO susceptibility in Experiment 6 was
more successful. By creating mutants through gene knock-out with a transposon, a possible gene
necessary for W3110 to be PMO-susceptible was found. Though identifying as a pseudogene in
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BLAST searches, the possible function as a porin protein producer should be examined. This
experiment showed that this method can be used to pinpoint potentially important genes for
peptide-PMO effectiveness in the W3110 strain, and that there is more work to be done to test if
the nmpC is indeed a gene of interest.
Future work could entail knocking out the nmpC gene in W3110 and seeing if that strain
is resistant to peptide-PMO, as well as doing other experiments with PMOs. More testing with
the (RX)6 and (RXR)4 peptides in vitro and in vivo as well as designing and testing other similar
peptides could lead to even more effective PMOs. Identifying other genes affecting the
susceptibility of E. coli to the PMOs using the W3110 transposon knock-out method could add to
knowledge about how the PMO gets into and functions in the cell.
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Materials/Methods
PMOs
PMOs were produced at AVI BioPharma as described in a previous paper (8). Sequences
of PMOs 5’-3’ are as follows, not including the peptides:
AcpP11
CTTCGATAGTG
AcpPmut4
CCTCAATGGTA
AcpPscr
TCTCAGATGGT
FtsZ11
TCCATTGGTTC
GyrA11
CTCTCGCAAGG
Peptides used included 6-aminohexanoic acid (X) and β-alanine (B).
PMO Specificity Experiment
E. coli strains W3110 and LT 1.7 were used to inoculate 2 mL of MH broth each, and
grown overnight shaking at 37ºC. LT 1.7 is isogenic with W3110, except for four base
substitutions in the acpP gene. The mutations in acpP were created using the lambda Red
method (20) as described previously (15). Overnight cultures were diluted 1:50 in MH broth and
each diluted culture was aliquotted to four microcentrifuge tubes in 330µl amounts. 3.3µl of
mut4 PMO, 3.3µl of AcpP PMO, or 3.3µl of scrambled PMO was added to one of the four tubes
of each strain. All PMOs had an initial concentration of 2mM, resulting in a final concentration
of 20µM in each tube. The last tube in each group was used as a control, to which only water
was added. 100µl of each solution was then transferred in triplicate to the wells of a 96-well
plate (low binding). Data was collected with a microplate reader reading OD at the wavelength
of 600nm. The plate was incubated with shaking at 37ºC, and optical density measurements
made every hour for 8 hours. A final measurement was taken at 24 hours. In addition, one
sample from each of the triplicate wells at hour 8 was diluted 0.5x10-6 with MH broth expect for
the samples of W3110/AcpP PMO and LT 1.7/mut4 PMO which were diluted 10-1 and 10-3. One
hundred µl of each dilution was plated in triplicate on LB agar plates and incubated overnight at
37ºC. Colonies were counted the next day to determine CFU/mL.
Minimum Inhibitory Concentration
The CLSI broth microdilution procedure was followed to obtain data for MIC
experiments (12).
Isolation of W3110R strains
An MIC plate of W3110 and L-(RFF)3RXB-AcpP11 PMO had an OD of 0.575, 0.000,
and 0.000 in triplicate wells at the concentration of 2.5 µM. The well with OD 0.575 was used to
inoculate the next series by diluting 1:100 then 20:3000. This culture was used in an MIC
experiment with L-(RFF)3RXB-AcpP11, which resulted in an MIC of 20 µM. A 3 µl sample
from the 20 µM wells was streak plated onto LB and incubated overnight. Ten colonies were
picked from that plate and re-plated, named W3110R1-10.
Sequencing of Mutant Strains
Samples were amplified by PCR and submitted to the Core Labs at Oregon State
University for sequencing.
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FtsZ Peptide-PMO Inhibition Method
Overnight cultures of W3110 and W3110R1-10 were grown in MH broth with shaking at
37ºC. Cultures were then back diluted to 5x105 cfu/ml and distributed 50 µl each into 1.5 ml
microcentrifuge tubes. Two tubes were made for each culture. From a 1.6 mM stock solution of
L-(RFF)3FtsZ11, 5 µl was transferred into one of the tubes for each culture. The other tube was
given 5 µl of sterile water. All tubes were then incubated with shaking overnight at 37ºC. From
these tubes, the water cultures were diluted 2x10^-7 and the PMO-treated cultures diluted 1x10-6.
One hundred µl of each dilution was plated in triplicate on LB agar plates and incubated
overnight at 37ºC. Colonies were counted the next day to determine CFU/mL.
Mouse Peritonitis
Procedure was as described in “Antisense peptide-phosphorodiamidate morpholino
oligomer conjugate: dose response in mice infected with Escherichia coli” by Tilley et al. (15).
Generation and Isolation of AS19 Mutants
AS19 was grown overnight in LB broth at 37°C, then three dilutions (5x10-6, 10-6, and
5x10-7) were plated in triplicate on 10 ml LB plates, 100 µl per plate. This was to find the cfu/ml
of the AS19 culture. This culture was also plated on three 5 ml LB-AcpP PMO plates 50 µl per
plate, at the following dilutions: undiluted, 10-2, and 10-4. These were incubated overnight at
37°C and colonies were counted. The cfu/ml of the culture was 3.6x108, and while the diluted
PMO plates had no growth, the undiluted PMO plate had twenty-five colonies. These colonies
were each tested with 20 µM vancomycin in LB broth in a 96-well plate to make sure they had
not reverted back to a non-leaky strain. Each colony picked was also grown in a well without
antibiotic as a control. From previous MIC experiments, AS19 was determined to have an MIC
of 2.5 µM with vancomycin while W3110 had an MIC of greater than 200 µM. Ten colonies that
were still susceptible to vancomycin (<0.050 OD) were streak plated and named AS19PR1-10.
Altered Minimum Inhibitory Concentration Experiments for AS19PR1-10
Minimum Inhibitory Concentration experiment protocol was followed as described in the
CLSI broth microdilution procedure, except samples were diluted 10-fold instead of 2-fold at
each dilution step for a total of three dilutions: at 0.6, 6, and 60 µM.
Library/Colony Screening Experiment
Competent cells were made with AS19PR10 using rubidium chloride. One fourth ml
from an overnight culture was used to inoculate 25 ml LB broth. This was incubated at 37°C
shaking until it was between the range of A550=.35-.7. Cells were centrifuged at 4000 x g for 5
minutes at 4°C. Supernatant was discarded and 10 ml of ice cold TfbI was added. Solution was
vortexed to resuspend the pellet and placed on ice for one hour. The solution was centrifuged
similarly as before, then the supernatant was discarded and 1 ml of TfbII was used to resuspend
the pellet. This was placed on ice for 15 minutes and quickly frozen in a dry ice/EtOH bath and
stored at -80°C in 150 µl aliquots.
A 3-6 Kbp genomic library in pBR322 (from Dr. Greg Phillips, Iowa State University)
was then transformed into the AS19PR10 competent cells. DNA from the library was placed in
1.5 ml microcentrifuge tubes, 10-100 ng per tube. AS19PR10 competent cells were quickly
thawed and added, 40 µl per tube. Then tubes were placed on ice for 20-60 min, heat shocked in
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a 42°C water bath for 90 seconds, then placed back on ice for 2 minutes. Afterwards, 250 µl of
LB or 2XYT broth was added to each tube and solutions were placed in a 37°C shaker incubator
for approximately one hour. Solutions diluted 10-1 and were plated 200 µl per LB-ampicillin
(LBA) plate and incubated overnight at 37°C.
Colonies from these plates were picked via sterile toothpick and used to inoculate various
sets of 96-well plates. Each set consisted of one plate containing 100 µl per well of LBA (50
µg/ml of ampicillin) and one plate containing 100 µl per well of LBA-AcpP PMO (50 µg/ml of
ampicillin, 6 µM of AcpP PMO). First a colony was picked, then the toothpick was dipped in a
well in the LBA plate. Immediately after, the same toothpick was used to inoculate the
corresponding well in the LBA-AcpP PMO plate. All wells were inoculated in this way except
for the last four wells of each plate, which were inoculated with different strains as follows: 1)
AS19PR10 with pBR322 (the plasmid used as a vector for the E. coli library, containing an
ampicillin resistance marker), 2) no inoculation, 3) AS19 with pBR322, and 4) W3110 with
pBR322. These last few wells served as controls to see if the drugs were added at the proper
concentrations each time. After inoculation, each set of plates was incubated with shaking at
37°C overnight. Then LBA-PMO plates were examined for wells with low growth. Any well
with low growth was recorded and a sample from the corresponding well in the LBA plate was
saved and used to make streak plates. MICs were performed on these samples to see how
susceptible they were to the AcpP PMO.
Phage Infection and Isolation of Transposon Knock-out Strains
The λ467 phage was used to insert the Tn5 transposon into the E. coli W3110 genome.
This phage cannot undergo lysogeny and is unable to replicate except at certain temperatures and
is therefore useful as a vehicle to deliver Tn5 into the bacterial genome (21) Tn5 contains an
antibiotic resistance marker for kanamycin and is approximately 5,800 kb in size. E. coli LE392
was used to propagate λ467. To generate W3110 cells with the Tn5 insertion, W3110 was grown
overnight in LB broth at 37ºC with shaking. This overnight culture was diluted 1:20 in YM broth
(20 ml) and grown at 30ºC until the OD=~0.8, approximately 109 CFU/ml. The culture was then
centrifuged at 5k x g for 5 minutes, then resuspended in SM buffer after the removal of the
supernatant. The amount of buffer used allowed for the easy combination of phage (titer:
2.14x1010 pfu/ml) and W3110 cells later to have an MOI (phage per cell) of 2 and a total volume
of liquid between 800 and 1000 µl. This was incubated at 30ºC with shaking for 2 hours, then
plated on LB-kanamycin plates to determine CFU/ml of Tn5 positive cells (1.01 x 106). Less
than 106 Tn5 positive cells were plated to avoid spontaneous mutants (rate of mutation is 1.47 x
10-6). Also, the phage-infected culture was plated 50 µl per plate on 5 ml LB-kanamycin-PMO
plates. The PMO used was L-(RFF)3RXB-AcpP11 at 20 µM. After incubation at 30ºC for 24-48
hours, 5 colonies (out of around 20 per plate) were picked from the PMO plates and streak
plated, named SR200.1-5.
Purification of DNA
An MIC experiment was performed on the SR200 strains and SR200.3 was most resistant
to L-(RFF)3RXB-AcpP11 PMO in liquid culture with an MIC of >40µM. Therefore, SR200.3
DNA was chosen for further analysis. Qiagen Blood and Tissue Kit protocol was followed to
purify SR200.3 DNA and QIAprep Spin Miniprep Kit protocol followed to purify pUC19 DNA.
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Digestion and Ligation of DNA
To digest purified SR200.3 DNA with the restriction enzyme EcoRI, 2 µg of DNA, 2 µl
of 10x EcoRI buffer, 1 µl of EcoRI, and sterile water were combined to total 20 µl, and then
incubated at 37ºC for 1 hour. EcoR1 in solution was then heat inactivated at 65ºC for 20 minutes.
To digest pUC19 DNA with EcoRI, 2 µg of pUC19 DNA, 2 µl of 10x EcoRI buffer, 1 µl
of EcoRI, and sterile water were combined to total 20 µl, and then incubated at 37ºC for 1 hour.
EcoR1 in solution was heat inactivated at 65ºC for 20 minutes.
To ligate the EcoRI-cut SR200.3 and pUC19 DNA together, 50 ng of cut pUC19 DNA,
500 ng of cut SR200.3 DNA, 10 µl of 2x ligation buffer, 1 µl of Quick ligase, and sterile water
were combined to total 10 µl. This was incubated at room temperature for 5 minutes, then stored
at -20ºC.
Transformation Into Competent Cells
Ligated SR200.3 and pUC19 DNA were transformed into NEB 5-alpha competent E. coli
cells. 1 pg-100 ng of plasmid DNA was added to 50 µl of competent cells and the solution gently
flicked to mix. This was placed on ice for 30 minutes, heat shocked at 42ºC for exactly 30
seconds, then placed on ice for 5 minutes. After 950 µl of room temperature SOC was added, the
mixture was incubated at 37ºC with shaking for 1 hour. This was plated on LB-kanamycin plates
(50µM) to select for cells containing Tn5 and incubated overnight at 37ºC. Several colonies were
picked and streak plated, named pUCTn5-15, pUCTn5-16, pUCTn5-17, pUCTn5-18, and
pUCTn5-19.
Identification of Knock-out Gene
Plasmid samples were purified from pUCTn5-15 through 19 and digested with EcoR1 as
described previously in this paper. Gel electrophoresis was used to determine the size of the Tn5
plus genomic DNA fragment. Purified uncut plasmid was then submitted for sequencing at OSU
Core Labs using the M13F and M13R primers, and results were matched against the W3110
genome in the online BLAST database (17). Results were also matched with Tn5 to see if the
sequence had reached the transposon. If the transposon was not present in the first 700 base pairs
sequenced, primers were designed to sequence further into the insert. By finding where the Tn5
was located in the W3110 genomic DNA, the interrupted gene was identified.
Mutation Rate
To determine mutation rate of W3110 with the L-(RFF)3RXB-AcpP11 PMO, this PMO
was first put into Mueller Hinton II agar plates at the concentrations of 20 µM, 10 µM, 5 µM,
and 2.5 µM. W3110 cells were grown overnight, centrifuged, separated from supernatant, and
resuspended in PBS. These were diluted and plated to determine CFU/ml, as well as plated
undiluted 0.05-0.1 µl (depending on a 5 ml vs. 15 ml plate) in triplicate on the PMO plates. Only
the 20 µM PMO plates had enough PMO to kill off non-mutants. The colony counts of 228, 300,
and 378 on the 20 µM PMO plates were considered mutants. Dividing the CFU/ml of average
mutants of 302/0.005 by the viable cell count CFU/ml of 4.1 x 109 results in the frequency of
mutation of 1.47 x 10-6.
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