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REVIEW OF LITERATURE 
A virus is described as a microscopic parasite that does not belong to the plant,
animal, or bacteria kingdoms (Lodish et al., 2000). These obligate parasites are
capable of usurping cellular processes to divert energy and building materials, such as
amino acids, nucleotides, and lipids, from host cells. The energy and materials are then
used by the viruses in order to carry out and maintain cellular functions and make the
cell replicate the virus (Lodish et al., 2000). The need for cellular invasion by viruses is
necessary because viruses are unable to reproduce and complete functions without a
host cell. For some viruses, this is due to the lack of ribosomes (Wessner, 2010).
Ribosomes are a necessary structure in gene translation, in which the genetic
information, either deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) is converted
into amino acids (Cooper, 2000). 
Influenza virus is a part of the Orthomyxoviridae family and has three subtypes: A, B,
and C (Couch, 1996). While viruses contain either DNA or RNA, all influenza viruses
contain RNA (Fodor, 2013). Both Influenza A and Influenza B are linked to annual
influenza epidemics, while Influenza C is much milder. Type A viruses are additionally
categorized by the activity of the envelope glycoproteins and haemagglutinin and



categorized by the activity of the envelope glycoproteins and haemagglutinin and
neuraminidase (World Health Organization, 2016). While Influenza A infect many
different organisms, such as birds, both Influenza B and Influenza C only infect
humans. 
Influenza is characterized as a contagious respiratory disease that is caused by the
influenza virus. The influenza virus causes millions of infections, which result in
hundreds of thousands of hospitalizations and thousands of deaths per annum in the
United States alone (Centers for Disease Control and Prevention, 2016). There are
two main ways of viral transmission, either through contact with respiratory droplets
or through contact with an infected surface, although the former is more common
(Mubareka et al., 2009). Respiratory droplets are usually formed by the infected patient
coughing, sneezing or talking. 
Common symptoms of influenza are fever, cough, sore throat, and fatigue. However, more
serious complications may arise, such as pneumonia (Centers for Disease Control and
Prevention, 2016). For immunocompromised individuals, such as cancer patients, these
symptoms and complications are more severe. Other groups that are also affected more
seriously by infection are pregnant women and obese people (Karlsson et al., 2012). Overall, these
populations have higher death rates, as well as a greater chance of developing respiratory complications. This was
especially seen in the 2009 pandemic of the H1N1 influenza A viruses, when pregnant women, who made
up approximately one percent of the entire population of the United States, constituted five
percent of all deaths due to the H1N1 influenza A virus (Karlsson et al., 2012). In obese patients
there is typically a higher need for intensive care, as well as a higher intensity of the infection.
While obesity itself is not a major risk, it comes with a number of associated conditions, such
as a decrease in lung function and the development of chronic respiratory conditions
(Karlsson et al., 2012). For cancer patients, drug treatments depress one or more areas of
the immune system, leading to more serious infection (Pizzo, 1999). 
In order to help treat illness stemming from the influenza virus, antiviral medications
can be used. While vaccines are used to prevent infection, antivirals are used to treat
the infection. Antivirals work by targeting specific viral structures inhibiting the
function of the structure so that the virus can no longer replicate. 
 One of the structures targeted by antivirals is the viral polymerase. Viral
polymerase is integral in both viral genomic replication and transcription. There are
four main types of viral polymerase: RNA-dependent RNA polymerases, RNA-dependent
DNA polymerases, DNA-dependent RNA polymerases, and DNA-dependent DNA polymerases (Choi,
2012). As influenza is a RNA virus, this study is focused on its RNA-dependent RNA polymerase
(Fodor, 2013). Viral polymerases are capable of carrying out several functions, such as recognizing
binding sites, ensuring processive elongation, terminating replication at the end of the genome, and
coordinating the chemical steps of nucleic acid synthesis using enzymes (Choi, 2012). By targeting the
polymerase, the virus will be unable to replicate and transcribe its genetic information.  
 One region of the influenza viral polymerase is the influenza endonuclease, which
is located in the amino-terminal 209 amino acids of the PA subunit (Dias et al., 2009).
There are a total of three subunits of the viral polymerase: PA, PB1, and PB2. An
important note is that the RNA endonuclease activity is activated by manganese
(Mn2+) ions at the active site (Dias et al., 2009). 
 While the wild type virus, A/Puerto Rico/8/34 endonuclease, has two manganese



ions, a mutant virus based on the same A/Puerto Rico/8/34 strain, which replaces the
glutamic acid (E) with an aspartic acid (D) at position 119 of the amino acid sequence
of the PA subunit. This mutant, which is referred to as E119D, only has one of the
manganese ions. The mutation in this virus means that there is no longer a second
manganese ion in the active site of the endonuclease. The drug’s ability to rotate its
side-chains into the active site of the endonuclease determines the effect that is has
on the inhibition of viral replication (Song et al., 2016). The absence of the Mn2+ ion
changes the drug’s ability to inhibit replication because the structure of polymerase of
the side-chain with tyrosine 24 is disrupted by the loss of the Mn2+ ion (Song et al.,
2016).

RESEARCH OBJECTIVE AND HYPOTHESIS
The objective of this study is to determine the changes in effectiveness of novel drug
compounds on the inhibition of the influenza viral endonuclease due to viral mutations.
Different concentrations of compounds will be added to plaque inhibition assays and
the number of plaques generated by the wild type and mutants viruses will be
compared. The research hypothesis was that all of the compounds would have a
decrease in effectiveness against the E119D mutant virus in comparison to the wild
type virus. The decrease in effectiveness would range from a slight decrease to a large
decrease depending on the structure of the compound.   
METHODS
Cell Culture of Madin-Darby Canine Kidney Cells
Minimum essential medium (1x MEM), trypsin-EDTA (0.25% trypsin, 0.4 mM EDTA),
and phosphate buffered saline (PBS) were pre-warmed to 37 °C in a water bath for
approximately 30 minutes. After the hood had been prepared by starting it up, wiping
it down with 70% ethanol, and filling it with all necessary tips and tubes, the 1x MEM,
trypsin-EDTA, and PBS were removed from the water bath and sprayed with 70%
ethanol and placed in the hood. The cells were then removed from the incubator and
were sprayed with 70% ethanol and placed into the hood. Medium was removed from
the flask by aspiration. PBS was used to wash the cells and subsequently removed.
Trypsin-EDTA solution  was added to the flask and the flash was then incubated at 37
°C until the cells lifted off of the flask. Medium was then added to the flask at a ratio
of 4:1 (medium:trypsin-EDTA) and the cell suspension pipetted up and down in order
to break clumps of cells. The cell suspension was then transferred to a tube. This tube
was then centrifuged at 300 relative centrifugal forces (RCF) to create a cell pellet.
The cells were suspended 2 x106 cells per milliliter (mL) and then 0.5 ml (1 million
cells) added to each well of a 6-well plate  A new flask was also prepared to maintain
cells. The cells were incubated at 37 °C and 5% CO2 overnight .

Plaque Reduction Assays



 Boiled 2% low melting point agarose in ultra-pure water was placed in a 56 °C
water bath, while 2x MEM was placed in a 37 °C water bath. The 2x MEM consisted of:
2x MEM, 8% bovine serum albumen (BSA), 0.45% sodium bicarbonate, 2 mM l-
glutamine, 1x vitamins, 1x antibiotic/antimycotic 60 mL H2O, 20 mL 10x MEM, 8 mL
4% BSA, 6 mL NaHCO3, 2 mL antibiotics, 2 mL vitamins, and 2 mL l-glutamine. Media
was aspirated from 6-well plates seeded the previous day and the cells  washed twice
with PBS. Viruses were diluted to 50-100 plaque forming units per mL and 1 mL of
viral dilution was added to each well. The plates were then incubated for one hour at
37 °C. The virus containing supernatant was removed and plates were washed with
PBS. TPCK-trypsin to a final concentration of 1 µg/mL was added to the 2x MEM
mixture (containing differing concentrations of the compounds to be tested), and the
solutions then mixed with the 2.0% agarose to a final ratio of 1:1. A final volume of 2
mL of the mixture was added to each well after the PBS was removed. Once the
overlays were solidified, the plates were incubated at 37 °C for 72 hours.
 After the 72 hour incubation, the plates were cooled to room temperature for
30 minutes and the agarose overlays removed. The plaques and cells were then fixed
and stained by addition of 0.1% crystal violet in formaldehyde for 30 minutes. The
plates were then gently rinsed with distilled water and then allowed to dry. Plaque
numbers in each well were counted and expressed as a percentage of the number
found in wells that had only been infected with the respective wild-type or E119D
mutant virus.

Generation of Stock Virus
 The viruses were originally grown to a high titer in the allantoic cavity of 10-day
old embryonated chicken eggs. The virus sample was then diluted in PBS and egg
antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin, and 100 mg/mL
gentamycin). Holes were created in the tops of the eggs. The eggs were then
inoculated with 100 μL per egg of virus inoculum with a syringe fitted with a 22
gauge/1” needle. The holes in the eggs were then sealed with paraffin wax and the
eggs were incubated for 72 hours at 35 °C. After incubation, the eggs were chilled
overnight at 4 °C. The tops were then removed and the allantoic fluid was harvested
using a pipette. The allantoic fluid was then centrifuged at 600 RCF for 10 minutes.
The virus containing allantoic fluid was then aliquoted in 1 mL ampules and frozen at
-70 °C. When the viruses were to be used, they were thawed and held on ice until
needed. 

Calculation of Percent Inhibition
The number of plaques per well was counted and recorded. The plaques of each
control virus plate were averaged. The number of plaques per well for wells with
compounds was then divided by the average number of plaques found in the virus
control plate. This number was then subtracted from one and multiplied by 100. The
remaining number represented the percent inhibition of each drug against either the
wild type virus or mutant virus.



wild type virus or mutant virus.

DATA
 Figure 1

Plaque Inhibition of wild type A/PR/8/34 (H1N1) and A/PR/8/34 (H1N1) 
PA-E119D mutant. Solid line and W denotes wild type. Dotted line and M denotes
mutant. Drugs were tested at concentrations of 10, 50, and 100 μM for all
compounds, except Drug 1, which was tested at concentrations of 1, 5, and 10 μM.
Tables 1 and 2.

Table 1
Percent Inhibition of Plaques, Wild Type

Drug 1* Drug 2 Drug 3 Drug 4 Drug 5
10 μM 18.89 70.51 42.86 31.80 22.58
50 μM 35.48 88.94 70.51 88.94 64.98

100 μM 72.35 98.16 66.82 92.63 79.72
Percentages rounded to the nearest hundredth. 

Table 2
Percent Inhibition of Plaques, Mutant E119D

Drug 1* Drug 2 Drug 3 Drug 4 Drug 5



10 μM 17.12 56.76 29.73 31.53 36.94
50 μM 9.91 53.15 54.95 27.93 58.56

100 μM 63.96 58.56 87.39 29.73 83.78
Percentages rounded to the nearest hundredth. 

*Drug 1 was tested at concentrations of 1, 5, and 10 μM, shown as 10, 50, and 100
μM, respectively, in Tables 1 and 2.

Figure 2

Plaque Inhibition of wild type A/PR/8/34 (H1N1) and A/PR/8/34 (H1N1) 
PA-E119D mutant. Solid line and W denotes wild type. Dotted line and M denotes
mutant. Drugs were tested at concentrations of 10, 50, and 100 μM for all
compounds, except Drug 1, which was tested at concentrations of 1, 5, and 10 μM.
Tables 3 and 4.

Table 3
Percent Inhibition of Plaques, Wild Type

Drug 1* Drug 6 Drug 7 Drug 8 Drug 9
10 μM 9.24 73.11 39.50 9.24 5.88
50 μM 4.20 100.00 93.28 56.30 66.39

100 μM 56.30 100.00 93.28 63.03 76.47
Percentages rounded to the nearest hundredth. 



Table 4
Percent Inhibition of Plaques, Mutant E119D

Drug 1* Drug 6 Drug 7 Drug 8 Drug 9
10 μM 2.20 -15.38 -15.38 -23.63 -13.74
50 μM 13.74 80.22 12.64 20.88 25.82

100 μM 100 80.22 57.14 34.07 35.71
Percentages rounded to the nearest hundredth. 

*Drug 1 was tested at concentrations of 1, 5, and 10 μM, shown as 10, 50, and 100
μM, respectively, in Tables 3 and 4.

RESULTS AND DISCUSSION
The different drugs have been arbitrarily divided into two different data sets for ease
of visual interpretation of the graphs. Drug 1 was used as a control in both
experiments, as extensive research has been conducted on Drug 1’s effectiveness
with the wild type and mutant (E119D) viruses (Song et al., 2016) . In testing, all
drugs, except for Drugs 3 and 5, were more effective at 100 μM in inhibiting the wild
type virus than inhibiting the mutant virus. Drugs 3 and 5 were the only ones that
were more successful in inhibiting the mutant viruses than the wild type virus. This
may mean that these drugs were inhibiting another viral mechanism or structure in
addition to the endonuclease. At 100 μM, Drug 6 was most successful in inhibiting the
wild type virus, while Drug 3 was most successful in inhibiting the mutant virus.
Interestingly, Drug 6 had the same inhibition percentage at 50 μM and 100 μM for the
wild type (100%), and the same inhibition percentage at 50 μM and 100 μM for the
mutant virus (80.22%). In Figure 2, all drugs had negative inhibition only at a
concentration of 10 μM, except for Drug 1, which had negative inhibition for all
concentrations (1 μM, 5 μM, and 10 μM). 
In relation to the objective of the study, the effect of the mutation on the inhibition of
the virus due to different drug compounds was determined through plaque assays
successfully. The majority of the drugs became more successful in inhibiting the virus
as the concentrations increased from 10 μM to 100 μM (1 μM to 10 μM for Drug 1).
However, there were some that were most successful at a concentration of 10 μM and
dipped off at higher concentrations, such as Drug 4 with the mutant virus. It is
important to take into consideration the difference between the wild type and mutant
mutations of the virus.
Throughout the experiment, there were several occurrences that could have changed
the data values and results. One of the possible causes of potential occurrences is found
in the negative inhibition percentages, which display some of the inherent error in
assays. In plaque inhibition assays, minor variations in technique can result in large



changes in the actual numbers of plaques counted. In addition, in assays where only a
small number of plaques (<30) were counted, the statistical error in counting one or
two extra plaques in a well is proportionally greater than it would be in a well with a
greater number errors in counting the number of plaques per well in the plaque assays.
In this experiment the wells contained a range of plaques, from 0 to 87. Like stated
earlier, the statistical difference of miscounting one plaque had a different significance
in each well. For example, if one plaque was not counted in a well with a total of zero
plaques, that would result in a percent error of 100 percent. If one plaque was not
counted in a well of eighty-seven plaques, the percent error would be about 1.1
percent. The statistical significance of each individual plaque decreased with the total
number of plaques counted. 
Another point to take into consideration is the concentration of the drug administered
to each well. One concern would be if the concentrations are too high for certain
drugs. For example, if Drug 1 was used at the same concentrations as the others,
complete inhibition of plaques would be seen at the 100 and 50 µM concentration. However, past
research has concluded that Drug 1 works optimally at the concentrations of 1, 5, and
10 μM. Overall, the majority of the drugs saw a decrease in effectiveness towards the
A/PR/8/34 (H1N1) PA-E119D mutant virus in comparison to the wild type virus,
A/PR/8/34 (H1N1).
 
 

 

FURTHER RESEARCH
 It is necessary to run multiple trials of the compounds against the same viruses,
A/PR/8/34 (H1N1) and A/PR/8/34 (H1N1) PA-E119D mutant, in order to ensure that
the data gathered is valid and shows statistical significance. After these compounds
are thoroughly tested in isolated cell cultures (MDCK cells), further work would involve
testing these compounds against other strains of the influenza virus (e.g. H5N1, H3N2
and other types of H1N1). For biological significance, these drugs need to function at
low doses and to be non-toxic, therefore further work would entail animal and human
clinical trials. Also, there are many other chemically similar drug compounds that could
be synthesized and tested in the future. As the data were not completely in line with
the predicted results, it is also likely that these drugs have interactions other than
with the manganese ion binding sites that need to be further explored for optimal drug
design.
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