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by the hosting labs.
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program will contribute to your future endeavors.
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Hepatitis B virus – host cell interaction
Students: Emily Gubski, Canada; Joy Lu, USA; Hyeonseo Hwang, Republic of
Korea
Mentor: Karin Broennimann; Supervisor: Prof.Yosef Shaul
Department of Molecular Genetics, Faculty of Biochemistry
Abstract
Hepatitis B virus (HBV) infection causes quiescent cells to produce large amounts of dNTPs by
activating R2 expression. It has been discovered that the X gene of HBV is responsible for this effect. The
goal of this research is to identify the specific segment within the X gene that is responsible for the
upregulation of R2 in quiescent cells. To achieve this goal, a model system is used: cultured cells are
infected with lentivirus that contain different constructs of the X gene and the expression of R2 is
measured. Using this method, we could identify essential elements in the X gene. However, problems
with the infection methodology arose and the immediate goal is the optimization of the infection process
in order for the experiments on X gene to continue.

Introduction
Hepatitis B is a blood born pathogen that affects the liver. It works by binding to the NTCP
receptor from where it is taken up into the cell. The cells hepatitis B generally targets are quiescent and
produce lower amounts of dNTPs proliferating cells. However, dNTPs are necessary for successful viral
replication and therefore, by inducing the cellular DNA damage response, the virus activates dNTP
production in infected cells. The virus does this by the activation of R2, a subunit of the ribonucleotide
reductase (RNR) holoenzyme. R2 expression is typically restricted to the S-phase of the cell cycle, but
HBV infection upregulates R2 in quiescent cells. To activate R2, the viral Hepatitis B X gene (HBx) is
needed.

1, 2, 3

The main objectives of our project are to determine the specific segment of viral DNA
responsible for inducing increased production of dNTPs and to optimize and set up two parts of the
overarching experiment. Phase one consists of optimizing the infection step using GFP in order to be able
to monitor the process and phase two consists of developing the actual plasmids necessary for
transfections. Previously we designed plasmids with different constructs of the X gene. To make it easier
to observe the success of the infection, we wanted to create plasmids with the X gene sequences to also
contain a GFP gene.
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Methods
1. Cloning
The method used for cloning was completed with restriction enzymes. The destination vector is cut
out from a gel to separate it from the DNA sequence that was in between the two restriction sites. The
restricted DNA is then purified using a kit to purify DNA from gels. Afterwards, a ligation reaction is
performed to ligate the vector backbone and the insert. The newly created plasmid is then heat-shock
transformed into stbl3 E. coli and grown on antibiotic containing agar plates to select for transfected
bacteria, as the plasmid contains an antibiotic resistance gene. The colonies are then checked in colony
PCR and positive colonies are grown for DNA production. The bacteria are lysed and DNA is purified with
a kit. The plasmids can then be used for transfecting cells.

2. Transfection and Infection
The HEK293T cells, a human embryonic kidney cell line, are seeded one day before transfection.
Plasmids pLenti4-GFP, pCMV-ΔR and pCMV-VSVG are transfected into HEK293T by using Calcium
Phosphate to facilitate the uptake of the plasmids into the cells. pLenti4-GFP is a lenti-plasmid that
contains DNA elements that can be recognized by lentiviral packaging proteins that then can be
packaged into lenti-virions. pCMV-ΔR and pCMV-VSVG are helper plasmids that encode proteins that are
4

needed for the production of lentivirus.

In parallel, HepG2, a hepatocellular carcinoma cell line, are seeded and treated with DMSO for seven
days before infection to induce quiescence. When seeding the HepG2 cells, different batches of the fetal
bovine serum (FBS) were used to identify whether the FBS was a factor capable of increasing infection
yields. In another experiment two different batches of DMSO were used to see if there was an effect.
Three days after the transfection, the lentivirus-containing medium from the HEK293T cells is collected
and used to infect the quiescent HepG2 cells. Three days after the infection, the cells are collected for
analysis using microscopy for qualitative results and real-time PCR for quantitative results.

Results
DNA Cloning
Three plasmids are required for the production of non-self-replicating and GFP-expressing
lentivirus. The transfer plasmid did not contain HBx since it was not an essential component for
troubleshooting the infection. Successful cloning of pCMV-ΔR and pCMV-VSVG plasmids were validated
using restriction digest followed by gel electrophoresis. Pre-cloned pLenti4-GFP was used as the transfer
vector.
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Figure 1: Gel electrophoresis of ΔR and VSVG plasmids after restriction digest. All of the plasmids are
successfully and correctly cut by the restriction enzyme.

Transection
HEK293T cells were transfected with three plasmids (pLenti4-GFP, pCMV-ΔR and pCMV-VSVG) in order
to produce lentivirus.

Figure 2: Transfection of HEK293T. GFP expression is an indicator for successful transfection. Most cells
are transfected.
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Infection
Next, HepG2 cells were infected with lentivirus produced in HEK293T cells. There was no
significant difference in the amount of fluorescence between cells depending on the sera used during the
infection process. Nevertheless, the new batch of DMSO (batch B) seemed to improve infection efficiency
compared to the old batch (batch A) regardless of the serum used. Thereby we can presume that the
DMSO is at least one of the factors that decreased the efficiency of infection in preceding experiments.

Figure 3: HepG2 treated with different DMSO and grown in medium containing different sera. The
magnification is different between the two experiments with DMSO batch A and B. The amount of GFP
positive cells compared to the total number of cells were visually assessed.
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qPCR
HepG2 cells were cultured under different quiescence conditions: The cells were either treated
with two different batches of DMSO for seven days, for four days or not treated. (Proliferating cells were
used as a positive control for infection, as they are more easily infected than quiescent cells.) Using realtime polymerase chain reaction (RT-PCR, or qPCR), relative mRNA levels of two genes were measured.
One of the genes is proliferating cell nuclear antigen (PCNA), the expression level of which represents
the degree of proliferation. The level of PCNA mRNA was highest in proliferating HepG2 cells, and lowest
in HepG2 cells treated with DMSO for seven days, regardless of the batch of DMSO. This result agrees
well with the theory, and hence it supports the credibility of this qPCR result.

The levels of GFP are highest in proliferating cells and lowest in cells treated with DMSO for
seven days. This shows that infection is less efficient in quiescent cells than in proliferating cells. Contrary
to our expectations, the use of the new batch of DMSO did not improve the infection efficiency.

Figure 4: HepG2 cells were infected with lentivirus containing GFP. RNA was extracted and measured by
qPCR. The bars show relative mRNA levels: GFP in green; PCNA (a cell cycle marker) in grey.

Discussion
In this research, we aimed to optimize the lentiviral infections of HepG2 cells by manipulating
FBS and DMSO used on the cells in order to identify the factor that would result in the highest infection
rates. As seen in the results the type of serum used seems to have little or no effect on the number of
cells infected successfully. Fluorescence microscopy suggests that HepG2 cells treated with the new
batch of DMSO shows higher efficacy of infection compared to the cells treated with the previous batch.
However, qPCR data shows lower GFP mRNA level in cells treated with the new batch of DMSO
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compared to cells treated with the previous batch, which supports that new batch of DMSO lowers the
infection efficiency. Therefore, we gained contradictory results about relationship between the efficiency
of lentiviral infection and the batch of DMSO. Since the results are conflicting, no clear conclusions about
the optimization of lentiviral infection can be made in this study.

Here, we suggest one possible hypothesis which can explain these results. Fluorescence
microscopy analyses the level of protein produced by the lentivirus, and qPCR calculates the level of
mRNA transcribed from the lentiviral DNA. If the previous batch of DMSO hindered the translational
machinery of HepG2 cells more than the new batch of DMSO for some reason, both of the results can be
explained.
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Survival of the Fastest: in vitro Evolution for On Rate Optimization
the Case of TEM1-BLIP
Students: Hye Won Chung, South Korea; Julia Muth, Germany; Dániel Ferenc
Felföldi, Hungary
Mentor: Dr. Ruth Khait; Supervisor: Prof. Gideon Schreiber
Department of Biomolecular Sciences, Faculty of Biochemistry

Abstract
Protein-protein interactions play important roles in many biological processes. The protein
interaction affinity is kinetically defined as the ratio between the association (kon) and dissociation (koff)
rate constants. While the koff mostly depends on short range hydrophobic interactions, the kon
depends on long range electrostatic interactions around the interaction interface. The aim of the
current study was to find the optimal conditions for fast binders detection. We applied in vitro evolution
using a random library of TEM1 β-lactamase displayed on yeast surface and selected it against its
high affinity binder, β-lactamase inhibiting protein BLIP. Since kon is a factor of both concentration and
incubation time we manipulated both. In the case of TEM1 and BLIP the fastest library was selected
at 30 sec incubation with 50 nM ligand. Pre-equilibrium selections as suggested here could be useful
for many biotechnological and medical applications in which interaction kinetics is of particular
importance.

Introduction

Protein-protein interactions are crucial for most cellular processes. Understanding their
binding kinetics better is a key requirement for protein design and thus the primary goal of our
research.
Association rate and binding affinity are primarily determined by the structure of the binding
interface. Interfaces need to be complementary to the ligands structure (3). However, important
residues can easily mutate over time. Such mutations may allow better or worse binding capabilities
(1). Knowing that, we would like to investigate a way of finding the best mutations supporting high
association rates.
Here we applied directed protein evolution using yeast surface display and high-stringency
selection to find the fastest binding variants of TEM1 for BLIP. A random library of TEM1 was created
and expressed in yeast to be displayed on the yeast cell membrane. The β-lactamase inhibiting
protein (BLIP) was fused to the yellow fluorescence protein YPET. The resulting protein (Y-BLIP) was
then incubated with the library at different concentrations and incubation time periods to find the best
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condition for the selection of fast binders. The library was grown at the best promising condition and
the DNA sequence of each clone was analysed to find the amino acid sequence of the best
performing TEM1 mutants. The selected sequences promoting fast binding show some similarities
and often include changes in charge in the binding interface.
Proteins showing faster binding kinetics could be useful in both biotechnology and
pharmacology. Protein engineering could design protein drugs as for example monoclonal antibodies
that bind their target faster and thus work more efficiently.
Through our fast binding selection procedure utilizing two variable parameters, we show that it
is possible to achieve desired fast binding properties for a mutated protein.

Methods
Creating library. For the project, a random TEM1 yeast library (Eby100) was created in advance
based on the methodology of Cohen-Khait and Schreiber (1). Random mutations were introduced to
DNA by mutazyme (GeneMorph II Random Mutagenesis Kit; 200550; Agilent). Approximately four
mutations

per

gene

were

introduced, providing a library size

Incubati
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FACS. The library was incubated
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at distinct BLIP concentrations
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40.0

10.0

1.0

BLIP protein was prepared by
fusing

BLIP

(Beta

Lactamase

Inhibitor Protein) with YPET (a
yellow fluorescence protein used
for FACS detection). The above
mentioned

samples

were

and incubation times to find the
fastest TEM1 binders. The positive control was incubated at a BLIP concentration of 1μM for 1800
seconds and thus was non-stringent. Eight samples were incubated at a BLIP concentration of 50nM
for 5, 10, 30 and 60 seconds and at 200nM for 5, 10, 30 and 60 seconds. Data were analysed and
collected using a Fluorescence-activated cell sorting device (FACS). The FACS gate was set to select
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the 1.0% of the total number of cells showing the highest fluorescence (except for the positive control
where 30% were selected).

Flow Cytometer. Further analysis was conducted through Flow Cytometry. Several measurements
were collected in order to define which is the best condition to find the fastest binders.
The first experiment was run to compare the libraries amongst each other. Each library having been
selected by FACS was incubated at a concentration of 50nM Y-BLIP for 20 seconds. The same
incubation time for each sample allowed us to compare them and determine which one is capable of
binding more Y-BLIP in this period of time. The results were standardized based on the positive
control to show how strong the selected libraries differ from the original library, which contains all
mutations that are capable of binding BLIP.
The clones which had been selected from the best library were incubated for 20 seconds and
analyzed afterwards to determine which clone binds best. The results were standardized to the
positive control and analysed relatively to one another.
Flow cytometry was performed to find the binding curves for selected clones. The clones were
incubated for 5, 10, 20, 30 and 60 seconds and a negative control (no ligand) and a positive control
(30 minutes to reach equilibrium). The protocol is the same as FACS protocol for concentration and
incubation time respectively. Comparing the libraries and clones, we were able to select the best
libraries and clones, respectively.

Media used for cultures. SDCAA and SGCAA media for culturing yeast were prepared (2).
SDCAA media contains glucose and is deprived with Tryptophan. Thus, it can serve as a selective
filter for yeast cells with preferred plasmids later. 10g of Glucose, 3.35g of difco yeast extract N base,
4.3g NaH2PO4, 2.7g Na2HPO4, 2.5g Bacts casamino acid were mixed for 500mL of media solution.
SGCAA media was prepared by the same method, only the glucose is replaced by galactose. While
SDCAA media is appropriate for growing cells, SGCAA media makes yeast cells express the desired
protein.

Clone selection. Single clones were selected from the best performing library. Since 50nM 30sec
(Library #5) proved to be the best condition to obtain fast binders, single clones of Library #5 were
grown. Each colony was grown in 5mL of SDCAA media and was cultured at 30℃ . After one night,
clones that have grown in the SDCAA media were transferred to a mixture of two media (4.5mL (90%)
SGCAA and 0.5mL (10%) SDCAA media) for protein expression. 20 clones from the 30℃ incubator
were prepared.

DNA Extraction via Transformation. DNA Extraction was performed after transformation of the
desired DNA to bacteria cells. The plasmid DNA that contains Kanamycin resistance, was extracted
from the yeast cells. The created solutions were then transformed into competent E.coli bacteria
culture to amplify our DNA samples and to allow more efficient purification. For the extraction of DNA
from E. coli cells we used the AccuPrep Plasmid Mini Extraction Kit (K-3030, K-3030-1) of BIONEER.
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Sequencing. Collected plasmid DNA’s concentration (ng/μL) was measured by a nanodrop device.
Since 700 ng of plasmid DNA is needed for sequencing, the amount of plasmid DNA solution
(maximum 15 μL) was decided based on its concentration. DDW is added to make the total amount of
15 μL. Additional 4 μL of DDW and 1 μL of diluted primer (1/10) are added for sequencing.

Results
FACS results Each library was analysed by
FACS.

Since

fluorescent

BLIP

protein

was

fused

YPET,

to

yeast

the
cells

expressing TEM1 capable of binding BLIP can
be

detected

by

FACS

through

their

fluorescence activity. The more BLIP bound to
the TEM1 expressed on the yeast cell
membrane,

the

higher

the

fluorescence

activity that can be detected.
The fast binders are located on the right side
of the graph (Figure 1). The negative control
without BLIP showed no fluorescence as
expected.

The

positive

control

cells

unsurprisingly bound most BLIP since they
had sufficient time to reach equilibrium and
high BLIP concentration. Gate P3 for the
positive control selected the top 30% of
binders. Thus, library #2, the positive control,

Figure 1: FACS Results

includes a broad range of binders, not only the fastest ones. For the rest of the libraries with shorter
incubation times and lower concentrations, gate P3 represents the top 1.0% of fast binders. It is
important to note that large percentage of fast binders doesn’t always mean they have the fastest
binders. This is because the libraries of shorter incubation time and lower concentration may have
faster binders even though the number of them is not large.
Additionally, we can look at the effects of
different incubation times in samples with
the same BLIP concentrations and the
other

way

around

to

investigate

the

influence of these two single factors on the
amount of fast binders by comparing the
libraries.
Flow Cytometry (Figure 2) suggests that
Figure 2: Comaprison of selected library

50 nM 30 seconds has performed the

highest difference. It shows a 23.6% (SE: ± 1.037) difference from the positive control. The 50 nM 1
minute selection presents a 22.25% (SE: ± 0.58) difference, however, it is not significant difference
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from 50nM 30 seconds library. The data
indicates that the 200 nM 30 seconds contains
less fast binder (20%, SE: ± 2.096). The 50nM
5 seconds library shows a 4.025% difference
(SE: ± 1.703) while the 50 nM 10 seconds one
indicates a 14.55 % difference (SE: ± 0.779).
The 200 nM 1 minute selection presents 19%
difference(SE: ± 1.309). We selected 50 nM 30
seconds library for further selection for fast
binder. 20 colonies were selected from the

Figure 3: Comparison of single colonies

yeast library (from SDCAA media plates).
The selected colonies were then analysed with flow cytometry. The data suggest that Sample
#5 (27%) has binded the most Y-BLIP. The least Y-BLIP was binded by #3 (6.1%). We have selected
for further analysis sample #17 (24,9%) and #14 (9,9%) too have two samples from the most and
least options.
The binding curve was created for these samples (and for #16, 23.6%; owing to its known sequence).

The

data

indicates

that

Sample #5 binded the most
in all circumstances (32%,
56.1%,
74.4%)

64.6%,
while

72.6%,

the

least

binder Sample #3 binded
the least from 10 seconds
to

equilibrium

22.2%,

25.4%,

(16.3%,
31.3%,

57.8%)

Figure 4: Binding % of selected 50nM 30 sec Single clones at different incubation
times

Sequencing
Clone #

Change in sequence

Clone 7

P62P, Y105F*, V159E, I231V

Clone 14

A86V, Q99L, G228A

Clone 16

D115N, E177G, K192Q, R204L, G244S

Clone 19

A86V, Q99L
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The sequencing analysis suggests that all selected clones have mutations in the interface residue. In
Clone 7 the 105th amino acid substituted from Tyrosine to Phenylalanine. There is change neither in
polarity nor in electric charge. This result is in coincide with our previous results which shows that
relatively it does not have exceptional fast binding capabilities. Clone 14 has a mutation in the 99th
amino acid where Glutamine changed to Leucine. Clone 14 is one of the worst binders among the 20
clones as well. Clone 16 has a mutation in the interface where Aspartic acid changed to Asparagine.
This is a change from negative to neutral charge and a polar side chain. Clone 16 has also great
binding abilities according to our data (Figure 3, 4). Clone 19 has the same change in the interface
which Clone 14 has. On the other hand Clone 19 has a better binding capability according to our
previous measurements.
(*Underlined mutations lie in the binding interface)

Discussion
We found that varying incubation time and ligand concentration is an efficient way for
selecting fast binders. It is obvious that the ones that bind despite low concentration and short
incubation time are fast binders. However, our data suggests that shorter incubation time doesn’t
always mean finding many fast binders. In short incubation times such as 5 or 10 seconds, there were
less fast binders than we expected. Thus, optimal incubation time would be the minimum time
required for the most of the fast binders to bind its ligand, which turned out to be 30 seconds. We
found that the most fast binders could be found in Library #5. The selected 20 clones from Library #5
plates were compared to each other to proceed towards the next analysis. We found that Clone 5 and
17 bind the most Y-BLIP within 20 seconds.
Our sequencing results indicates that all selected binders have at least one mutation in the
interface. Apparently, changes from a negatively charged amino acid to a neutral or positively charged
amino acids and changes from polar to non-polar amino acids in the binding interface of the TEM1 βlactamase support fast binding. These changes decrease the dissociation rate since they do not repel
the ligand as much as the WT.
Clone 14 and clone 19 which have two similar mutations have different binding capabilities.
We suggest that the additional mutation in clone 14, which is outside of the interface, can still affect
the binding of the BLIP. Further experiments should be conducted to confirm this hypothesis.
8

Considering the fact that the original library contained 10 mutations, there is only a very low
probability that randomly chosen clones have the same mutations in the binding interface. Thus, it is
interesting to see that mutation A86V is common in two clones. Although more evidence needs to be
collected, it seems like only very few mutations are appropriate for fast binding.
The computational on rate analysis using Transcomp (4) suggests that clone 16, which was
one of the clones that showed average percentage of fast binders, is 5 times faster than the wild-type,
which indicates that some of the clones are even faster.
In summary, we selected the library which had the most fast binders among those that had
different concentrations and incubation times. 20 clones were selected from that specific library and
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were compared. For clones that showed relatively high or low percentage of fast binders in short
incubation times (less than 30 seconds), the sequences were analyzed.
In conclusion, this methodology allowed us to select multiple fast binders from a randomly
mutated library under relatively short time. These results suggest that altering the two factors of ligand
concentration and incubation times is applicable for selecting proteins for fast binding capabilities.
Future research could be conducted to determine the association and disassociation rates for
the chosen mutants. Precise association and disassociation rates will determine the exact optimized
concentration of reactants and incubation time for a high percentage of fast binding. This optimization
not only supports the binding between TEM1 and BLIP but can also be used as a reference for similar
protein interactions. Furthermore, by harvesting more clones, we will be able to induce a general
statement about interactions for example, the effect of charge change in interactions. To examine the
effect of a particular mutation we can design targeted mutations by mutazymes precisely in the
laboratory. Moreover, further research could be conducted with other protein-protein interactors in
order to prove the universality of our methodology. These experiment could be done according to the
same procedure we used.
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Abstract
NF-B is one of the most important and well-known proteins found in animal cells. It controls the
transcription of a myriad of genes related to immune response among them cytokine production and
cell survival. There are five NF-B subunits which form the various active dimers. NF-B activity
depends on this dimerization which is mediated both by a direct interface (dimerization domain) and
by an allosteric domain. Withaferin-A (WFA) is a natural compound which inhibits NF-B dimerization.
A computational model predicts multiple contact sites in the p65 subunit, among them is R267. To test
the involvement of this residue, we observed R267 dimerization patterns in various concentrations of
the inhibitor molecule. We mutated the R267 residue with amino acid substitutions (R267A, R267D,
and R267K) to elucidate if WFA specifically binds to arginine. We found that R267 is not involved in
dimerization but is specific in WFA binding.

Introduction
NF-B is a protein family which is present in almost all animal cell types. It is known as a master
transcription factor that can respond to several cell stimuli, activating the expression of stress
1

response genes . This protein family is also responsible for transcription activation of inflammatory
genes, immune response genes, and genes that can promote the survival of normal and cancer cells
2,3

.

NF-B activity is determined by multiple signals, such as tumor promoters, chemotherapeutic agents,
and cytokines. In unstimulated cells, NF-B is retained in the cytoplasm in an inactive form. The
deregulation of NF-B is strongly linked to chronic inflammation and cancer. Hence, inhibition of the
NF-B has novel potential as an alternative to drug development in severe inflammation disorders and
cancer. Isolated from the Winter Cherry plant, Withania somnifera, the steroidal lactone, Withaferin-A
(WFA), could inhibit the homo-dimerization of the most abundant NF-B subunit, p65/RelA.
Computational modelling done by Dr. Efrat Ben Ze’ev predicts WFA will bind to the arginine (R)
2

residue located at position 267 . Significantly, the model successfully predicted that an amino acid
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residue external to the protein’s dimerization domain can disrupt dimerization when bound to WFA,
which further lead to speculations about the role of this arginine residue.
In this work, we mutated this arginine residue to study the effect this may have on p65:p65
dimerization and WFA binding. We introduced mutations of the arginine, which is a positively charged
and fairly large amino acid, to alanine (A), aspartate (D), and lysine (K). We expect that R267A and
R267D will not dimerize considering that A is much smaller than R and is neutral and because D is
negatively charged. However, K is structurally very similar to R, being smaller by merely one carbon.
From this and computational modelling by Dr. Efrat Ben Ze’ev (Weizmann Institute of Science), we
predict that R267K mutants will still dimerize p65 subunits.
Furthermore, if WFA only binds to the wild type arginine, this drug may have a high specificity for this
residue and could be used for novel anti-cancer and anti-inflammatory drug development. Based on
the variation in chemical structure between arginine and our experimental amino acid mutant residues,
we expect that the R267 mutations will demonstrate a lack of binding to WFA or a null effect on
dimerization if drug binding still occurs at the residue locus. Using split Renilla luciferase (split-RL)
and consequential luminescence readings, we assess dimerization activity and WFA binding in each
of our p65 mutants. Confirmation of these hypotheses about the NF-B protein, p65/RelA, may thus
pave new avenues in drug development and targeting for oncological applications.

Methods
PCR and plasmid extraction
Point mutations were generated by site directed mutagenesis using the transfer PCR (tPCR) method
4,5

6

. Mix for PCR contained KAPA HiFi HotStartReadyMix , 20ng/µL p65-split plasmids, and 0.3µM

each primer. Six plasmids were run separately: ∆C p65R267A; ∆C p65 R267D; ∆C p65 R267K; ∆N
p65 R267A; ∆N p65 R267D; ∆N p65 R267K. The tPCR products were purified by ethanol precipitation
with 70% ethanol, 10 ug/ml glycogen and 300mM sodium acetate. The template plasmids were
cleaved with Dpn1 endonuclease (New England BioLab) with New England BioLab buffer no.2 and
10% BSA. The mutant plasmids were transformed into E. coli XL1Blue Competent Bacteria by heat
shock. Transformed E. coli were grown overnight on pre-prepared liquid broth (LB) and ampicillin agar
plates. Purification of the plasmids was achieved by single colony isolation and amplification in new LB
and ampicillin media. Plasmid extraction was performed using Real-Biotech HiYield Plasmid Mini Kit
7

commercial kit according to manufacturer protocol then each plasmid verified by sequencing.
Cell maintenance and transfection
HEK293T cells were maintained in Dulbeco's Modified Eagle Medium, supplemented with 10% fetal
bovine serum and 1% Penicillin-Streptomycin. Sub-confluent cells were plated and 24 hours later they
were transfected: For each 1ml of sub-confluent cells, individual ∆N and ∆C plasmid stocks 350ng/µL
(split Renilla luciferase pRL-null backbone) and 50µL of HBS were added to 50µL of mix containing
2.5M CaCl2, DDW, and GFP 10ng/µL (pEGFP backbone). Empty luciferase subunits and wild type
p65 subunits were used as negative and positive controls respectively.

B3-2

WFA treatment and luminescence reading
Transfected cells were washed once with PBS then harvested in a commercial Reporter Lysis Buffer
by Promega. Lysates were diluted 1:3 in phosphate buffer suitable for luminescence reading to allow a
constant DMSO concentration of 10% for all samples. Each split-RL-p65 variant was read for
luminescence in a blank DMSO buffer and 1µM, 5µM, 10µM, 20µM, and 50µM concentrations of the
Withaferin-A drug (WFA). Coelenterazine (CTZ) used for luminescence reading was from
GoldBioSciences and WFA was from ENCO.
GFP monitoring and Western blotting
A Western blot was performed on 10% acrylamide gel with 15% of each sample. The -p65 antibody
used for identification of p65 expression was from Santa Cruz (F-6 Sc-8008). GFP in transfected cells
was monitored using Cytation 5 Cell Imaging Multi-Mode Reader by Biotek.

Results
In order to test the effect of R267 on dimerization we used the split-RL-p65 system designed by
Ashkenazi et. al., and we mutated this R267 to three representative amino acids: alanine (A),
aspartate (D), and lysine (K). Lysine retains the positive charge but it is slightly smaller, Aspartate
represents an opposite electric charge, and Alanine eliminates the features of side chain. Arbitrary
luminescence readings were used to determine the ability of these p65 R267 mutants to dimerise
(Figure 1). Three transfected cell culture plates were lysed and used for luminescence reading, each
with two replicates of the mutations, giving a total number of replicates n=6 per sample.
All variations of the p65 homodimers gave significantly higher readings compared to the control.
Alanine is as active as the wild type, D is less active and K is very poorly active (Figure 1).

Figure 1: Arbitrary luminescence unit (ALU) values for each sample and the control showing the
replicate mean; error bars represent standard error. (Source: the authors, 2017.)
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To elucidate mutant ability or inability to bind to WFA, the ALU values for each sample with no drug
were set as baselines against which the drug-present data could be compared relatively (Figure 2).
Samples were treated with increasing concentrations of WFA and luminescence was then compared
accordingly. The control showed insignificant variation as did the R267A and R267D mutants. Only the
wild type showed a significant trend, one of decreasing luminescence as WFA concentration
increased. The R267K mutants demonstrated high, erratic deviations from the baseline in the
presence of WFA (Figure 2).

Figure 2: All 0µM readings were determined to 1 by taking the drug-present results as percentages of
these initial values; chart values represent the total mean of all replicates with error bars representing
standard error. (Source: the authors, 2017.)

A Western blot analysis was performed on one replicate plate of cell lysates to determine whether
transfection was successful and if the cells had expressed the p65 components. Figure 3 shows
success in three of the p65 components. Each sample showed a highly similar expression in its
respective replicates. Presence of p65 in both Empty runs indicates contamination of this control. The
lysine (K) samples indicate presence of ∆Cp65 60kDa but faint bandings suggest a lack of ∆Np65
expression. An additional band at 55kDa implies an expression of a shorter variant of this fusion
protein.
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Figure 3: Western blot of cell lysate showing expression of p65 subunits. The bands present in wild
type (R), alanine (A), and aspartate (D) samples align with the sizes of ∆Cp65 subunit 60kDa and
∆Np65 subunit 50kDa. (Source: the authors, 2017.)

Discussion
The significant difference between the luminescent activity of the wild type p65 and control indicated
that with the arginine residue, dimerization occurs, as expected naturally. The wild type showed a
significant trend of decrease relative luminescence as WFA concentration increased.
Although R267D was expected to be completely inactive, its slight activity (Figure 1) is still fitting with
our predictions that changing the positively charged wild type residue to Aspartate, which is negative,
will cause interference with surrounding side chains and then protein collapse. The aspartate was not
affected by the drug at all, as it retained stability around the baseline (Figure 2), as expected.
Our findings for R267A and R267K were both contradictory to our initial assumptions. The lysine
substitution, which despite being chemically similar to arginine, was very poorly active compared with
wild type dimerization (Figure 1). There were extremely irregular interactions seen too between R267K
and WFA including near two-fold increases in luminescence as the drug concentration was increased
above 1µM (Figure 2). Indeed, a third of our lysine replicates did not express ∆Np65 (Figure 3) which
could be the result of a frameshift mutation or premature stop codon in the R267K plasmid in a region
excluded from sequence verification. As such, we cannot conclusively state the activity of p65 R267K
mutants in dimerization or drug binding.
On the other hand, the alanine mutation concretely showed dimerization activity equivalent to the wild
type despite alanine being considerably smaller than arginine and its the charged guanidino
group. Nevertheless, it too did not bind with the drug at all and was relatively unchanged from the
baseline, like aspartate (Figure 2).
We can infer that the R267 residue is not involved in dimerization because the alanine substitution
was equally active and also reason that, if repeated, a lysine substitution is highly likely to dimerize as
well, being so similar to the wild type arginine. As for dimer interaction with Withaferin-A, our findings
confirm that the arginine residue of interest is indeed specific to the drug.
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To obtain conclusive information about an R267K substitution in p65, this experiment should be
repeated again with full plasmid sequence verification and numerous Western blots for confirmation of
p65 expression by transfected cells. This study also vividly demonstrated the limitation of
computational modelling of protein-protein interactions - mutations and rearrangements can only be
chemically modelled but predicting biological behaviour is still impossible without conducting tests in
vitro. From our findings, we suggest multiple courses of action for further NF-B research. Firstly, if
WFA bound to R267 inhibits p65:p65 dimerization, other residues close to the solvent should be
tested for possible drug affinities in p65 and indeed all the NF-B subunits. This would be significant
because it enables us to affect dimerization via the easily-accessible residues of the protein in addition
to those of the actual dimerizing domains, one of which is folded deeply into the protein’s tertiary and
quaternary structures. Heterodimers containing p65 should also be investigated with WFA treatment to
observe whether the common dimer p65:p50, and others, could also be inhibited by Winter Cherry.
Most importantly, the specificity of WFA to this arginine residue is an exciting step towards novel drug
development for targeting over-active NF-B subunits in cancerous or inflammatory regions.
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Abstract
In this study, we acknowledged the qualities of malignant melanoma, and utilized recent research towards
developing a melanoma vaccine. Firstly, we tested whether or not immunized mice possessed anti melanoma
antibodies. We cultured two cell lines and analyzed them using flow cytometry to determine whether or not they
possess the anti-melanoma antibodies. In the second project we explored the mouse strain DCT KO, which lacks
the DCT gene. This gene influences melanin production and is expressed in melanoma. It can also serve as an
experimental model for generating anti-melanoma vaccines. We performed a genotyping reaction on tissues
obtained from the mouse strain, to validate the purity of the strain.
This research is geared towards the development of an anti-melanoma vaccine, in efforts to broaden the clinical
approaches against melanoma.

Introduction
Melanoma is the formation of a tumor composed of melanocyte cells in the basal layer of the dermis.
Malignant melanoma is the most aggressive type of skin cancer, and “the annual increase varies between
populations but has been estimated to be between 3 and 7%, suggesting a doubling of rates every 10–20 years”
(1). The danger of melanoma is mainly attributed to the metastasization characteristic distinguishing it from the
other forms of skin cancer, as melanoma has the ability to spread throughout the body. Due to metastasis,
treatments of melanoma are usually invasive and harsh on patients, to prevent the spread of cancer.
In this project we focused on cancer immunology. In cancer treatment, immunotherapy aims to boost the
immune system to fight against cancer. The American Cancer Society states the main methods of immunotherapy
as: monoclonal antibodies which bind immune checkpoint inhibitors that remove any barriers preventing cells from
recognizing the cancer antigen, cancer vaccines which initiate an immune response that results in production of
cytotoxic T cells and antibodies against the tumor cells, and other non-specific immunotherapies to generally
boost the immune system.
Our research focused on methods leading to the development of a melanoma vaccine. Recently, there
has been successful advance towards creating a vaccine utilizing Major Histocompatibility Complexes- both Class
I and Class II (MHC-I and MHC-II). Conducted on melanoma bearing mice, this treatment utilizes bone marrow
dendritic cells (DCs) to display a self-peptide using both MHC-I and MHC-II. The DCs present the melanoma
antigen and trigger the activation of autoreactive T cells upon exposure to the melanoma antigen, ultimately
rejecting the tumor. As some of the vaccinated melanoma bearing mice have rejected tumors and seem to have
immunity to a second encounter with the melanoma cells, indicating on a comprehensive immune response, there
is a possibility that these mice have anti melanoma antibodies. Through eliciting an immune response, there have
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been multiple vaccines advancing to clinical trials to be integrated into modern medicine. For example, the
sipuleucel-T vaccine was the first anti-cancer vaccine to be approved in the US and Europe, based on its capacity
to prolong overall survival in patients with hormone-resistant prostate cancer for an average of three months (4).
The success seen in the cancer immunotherapy field is continuing to grow, in a vast number of different cancers.
Our project is aiming to acquire data indicating that tumors can be rejected because of the anti-cancer
immunization, and such results of anti-cancer antibodies would prove success in the development of a therapy
method for melanoma and would be crucial to the development of an anti-melanoma vaccine.

Hypothesis
We will test serum derived from the blood of immunized mice for anti-melanoma antibodies, and analyze
it to determine whether or not they possess specific anti-melanoma antibodies. We assume that because the mice
rejected the tumor after immunization, there is a possibility that the mice will have the desired antibody. This
would provide evidence that the developed MHC-II construct may be applied to subsequently broaden the clinical
potential and knowledge surrounding anti-cancer treatment.

Methods
Cell lines
Ret mouse melanoma cell line was established from the skin tumors of ret transgenic mice (3). Cells
were cultured in RPMI 1640 (GibcoBRL) containing 10% FCS, 2mM L-glutamine, 1mM sodium pyruvate, 1%
nonessential amino acids and combined antibiotics.
3LL-D122- Lewis Lung Carcinoma cells do not express melanoma associated antigens and serves as a negative
control (2). Cells were cultured in DMEM (Invitrogen) with 10% FCS (Hyclone), 2mM L-glutamine, 1mM sodium
pyruvate, and combined antibiotics.

Cell culture
Cells were cultivated in 10 cm tissue culture plates, under sterile conditions, at 37°C, 5%CO2.
When the cells reached 95% confluence, we split them using Trypsin solution.

Genotyping
Extraction of DNA was done with the KAPA genotyping kit according to manufacturer’s protocol, followed
by a PCR reaction and gel electrophoresis. We had 19 different tubes with mouse tissue, and following the
extraction of the DNA, a PCR master mix was prepared with primers, buffer, DMSO, DDW, and the DNA.
Samples were run through a thermocycler according to the protocol listed in table 1.
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Table 1. Genotyping PCR program
Temperature

95

95

50

72

72

4

(˚C)
Cycles

x1

Time

30s

X30
30s

30s

x1
40s

10 min

Pause

Electrophoresis allows us to validate if the PCR reaction successfully amplified the DNA we were testing for. The
samples were loaded into the 1% agarose gel we prepared. The gel was run for 35 minutes at 100V, and then a
picture of the results was taken under UV light.

Flow Cytometry
In this experiment, we completed the FACS process twice to analyze a number of different samples. For
this procedure, we harvested the cells, washed and centrifuged them with PBS+0.1% Na- Azide. The cells were
6

o

then suspended to 0.5-1x10 cells/ sample in PBS+ 0.1%Na- Azide, and incubated for 30min at 4 C with serum
obtained from immunized mice. Cells were then washed once using 3 ml FACS buffer, stained with goat anti
o

mouse-FITC conjugated secondary antibody, and incubated for 30min at 4 C in a dark environment. Cells were
then washed once using 3 ml of the FACS buffer, resuspended in 0.3 ml of PBS with 0.1% Na- Azide, filtered and
then analyzed. All samples were analyzed by SORP LSRII (Becton Dickinson, San Jose, CA, USA) and FlowJo
software (ThreeStar, San Carlos, CA, USA).

Results

Figure 1: Picture of PCR amplification products following gel electrophoresis.
The PCR products were run in a 1.% agarose gel. Bands are visible at 500bp (Casein) and 200bp (Cre).
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Figure 2: Serum check for specific antibodies against melanoma cell lines
Serum was extracted from two immunized mice, which was then diluted 1:25 and added as first antibody to Ret
and D122 cells. The D122 cells serve as a negative control. Goat anti mouse FITC antibody was added as
secondary antibody. Cells were washed and analyzed by flow cytometry.

Figure 3: Serum check for specific antibodies against melanoma cell lines
Presentation of serum 1 and serum 2, which were exposed to Ret and D122 cells as primary antibody. The
dilution increases in six steps from 1:50 up to 1:1600 (always twice the previous dilution). Serum of naive C57Bl/6
mouse serves as a control. Goat anti mouse FITC antibody was added as secondary antibody. After washing
cells were analyzed by flow cytometry.
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Discussion
Project 1: Genotyping
The analysis of the PCR amplification following gel electrophoresis revealed that Casein, the
housekeeping gene, is present in all the samples. This implies that the PCR process was successful, because it’s
presence means that the samples were properly prepared, and there were no errors in the protocol, so therefore
the results are reliable. Regarding the DCT gene, we expect to see the presence of the Cre gene, as it is our
positive result that the preservation of the knockout phenotype was successful. We can conclude that the
genotype was a success, as the variable Cre gene was also present in the embryo’s DNA, as shown in figure 1,
insinuating that the preservation of the double knockout colony is possible.

Project 2: Serum check for anti-melanoma antibodies
The analysis for the presence of anti-melanoma antibodies is done using flow cytometry. In the first round
of FACS, we had quite admirable results, as there seemed to be a presence of the anti-melanoma antibody. Our
results were successful because they show that the Ret cells are stained to a higher extent than the D122 control
cell line (figure 2). To confirm our positive results, we decided to test samples with different concentrations of the
first antibody and make the antibody the limiting factor in the reaction, to both make sure that the binding
occurring was specific, and to use this information to determine the range of the specificity for antibody binding.
For that purpose we repeated the assay with modifications. We modified our experiment through changing the
concentration of the first antibody- the serum derived from the mouse blood, and then by doubling the amount of
cells stained.
In the second round of FACS, the results did not show a specific staining. We could not observe any
differences in staining between the Ret and the D122 cell lines. There are different possibilities why a specific
staining did not occur: One is that the second antibody did not work properly, but, regarding the proper functioning
6

in the first round, this seems to be an unlikely speculation. The second option is, that 1x10 cells/ml is too much
for the serum to handle. After careful consideration, we concluded that the reason our second experiment did not
mirror the results of the first was because of a major technical error. In the preparation of our samples, we
conducted a serial dilution to have the final ratios of the antibody (ie. 1:50) of the final tests, but then when we
added the cells to the FACS buffer we further diluted the samples, so when they were analyzed by FACS, they
were 10 times more diluted than we had intended them to be in our protocol. This assay should be repeated again
with the proper dilutions in order to draw the proper conclusions regarding the presence of anti-melanoma
antibodies. Based on the combined results from both FACS procedures, it can be concluded that the ideal range
for specific binding is between 1:25 and 1:500.
If this experiment was to be repeated, we would complete a serial dilution within the established range to
gain insight regarding the specificity of binding between the antibodies, and at what point they are the limiting
factor. We repeated this procedure even after we had received positive results (seen in figure 2), to ensure that
they were reproducible.
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Abstract
Immunological self-tolerance is mediated by an autoimmune regulator (Aire), a unique transcriptional
regulator that educates T cells to discriminate between self and foreign antigens. It has been
demonstrated that Aire induces DNA damage response (DDR) in Aire-dependent genes by
phosphorylating DDR components, such as pDNA-PK, pTrim28 and �H2AX. Our experimental aim
was to determine the role of DNA damage in transcription, and discover how this process is mediated
by Aire. In order to understand Aire´s specific role in inducing gene transcription, we utilized various
techniques, both on human and murine cell lines. We exposed cells to chemotherapy treatment
etoposide to provoke DNA damage, studied the phosphorylation process in Aire-dependent and
independent genes, and used the CRISPR Cas9 system to elucidate Aire´s role in DNA breakage.
This research has implications in the field of immunological self-tolerance, and may resolve unknown
factors regarding autoimmune disease autoimmune Polyendocrine Syndrome Type 1 (aPS1), in which
cytotoxic T cells attack self endocrine glands.

Introduction
The immunological system must differentiate between self and foreign bodies in order to protect the
organism from pathogens. The exact way in which this recognition takes place is as of yet unclear,
although it has been established that the education of T lymphocytes occurs in the thymus, a
specialized lymphoid organ composed of a central medulla and a peripheral cortex. T cells are a class
of lymphocytes which play a central role in acquired immunity; they are created in the bone marrow
and travel to the thymus, where their maturation takes places. In order to accomplish this, medullary
thymic epithelial cells (mTECs) expose thymocytes to a selection process composed of positive and
negative parts. During positive selection, cortical thymic epithelial cells (cTECs) expose thymocytes to
random antigens, in order to assure correct functioning. Once correct functioning is determined,
thymocytes migrate to the central medulla for negative selection, where Aire expresses peripheral
antigens (in the form of proteins, such as casein and insulin) while major histocompatibility complex
(MHC) presents antigens to the T lymphocytes. In order to select those thymocytes that present the
desired antigen, mTECs delete thymocytes that have a low affinity to the specific antigen. If the
thymocyte reacts partially to the antigen, i.e. has an average affinity, it will be utilized by mTECs to
become either a cytotoxic or helper T cell. In the case of a high affinity to the antigen, thymocytes will
be differentiated into naive regulatory T cells, which initiate and conclude the immune response.
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Although Aire plays an important role in preventing autoimmunity, the specific mechanisms by which it
operates are still unclear. Anna Chuprin has discovered Aire operates through DNA damage, and we
have joined in her research on the function of Aire to shed light on the mechanisms by which it
activates transcription. Recent studies have shown that the gene encoding Aire, located on
chromosome 21, is mutated in patients that present aPS type 1, an autoimmune disease in which
killer T cells attack self glands, and new autoimmune diseases such as hyperparathyroidism and
primary adrenocortical failure can develop.

Methods
(1) Etoposide Capacity to Mimic Aire and Induce Aire-dependent Transcription
Aim: To determine whether etoposide has the capacity to mimic Aire and induce Aire-dependent
transcription.
Method:
1. Two cell types, human embryonic kidney cells (293) and murine thymic cells (1c6), were
exposed to etoposide for varying periods of time: 18 hours, 4 days, and 1 week.
2. RNA was extracted from cells and separated from proteins by adding chloroform, isopropanol,
and ethanol, and centrifuged at 4ºC at several velocities: 12 000G, 20 800G, and 7 600G.
3. RNA was dyed to ensure visibility, washed, condensed into a small pellet, and dissolved
again.
4. RNA was reversed transcribed to complementary DNA (cDNA) by adding reverse
transcriptase (RT) enzyme.
5. 12 cDNA samples were taken and analysed by a multi-volume spectrophotometer, which
helped measure the fluorescence emitted from the dye in several cycles.

(2) Abundance of Phosphorylated H2AX in Aire-Dependent vs. Aire-Independent Genes in
mTECS
Aim: To measure the damage provoked by Aire by comparing the amount of phosphorylated H2AX
caused by the presence of Aire in various types of genes, which either do or do not present Airedependence.
Method:
1. 30 fresh murine thymi were obtained.
2. Cells were extracted from thymi using liberase enzyme.
3. Nutrient rich medium containing amino acids and glucose was added to allow the proliferation
of cells.
4. Rested thymic cell solution in a 37ºC water bath for three sets of ten minutes, agitating with a
pipette between each set, until thymic cells were completely dissolved in the medium.
5. Filtered thymic cell solution in order to separate adipose tissue, which could not be dissolved
due to its hydrophobic properties.
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6. Cells were enriched for mTECS in two ways: (a) Cells were stained for proteins and magnetic
beads added to dissociate TECs from other types of cells, and (b) T cells and TECs were
separated by their different densities, through the creation of a pink ring that divided each cell
section.
a. Separated TECs from other cells via the process of magnetic-activated cell sorting
(MACS), which segregates cell populations based on their specific surface antigens,
due to the attachment of the magnetic beads to TECs.
b. Added 2 ml of high density percoll, pouring it slowly to the tube walls in order to
maintain the gradient. Then, 1 ml of low density percoll was added to separate TECs.
7. After obtaining TECs, a computerized machine separated mTECs from cTECs.
8. Cells were counted in the microscope, and for every cell 9 microliters of buffer were added
(e.g. 300 cells, 2700 microliters added).
9. Amount of magnetic beads was counted.
10. Cells were sorted and desired population collected.
11. DNA immunoprecipitation is to be carried out by project supervisor.

(3) Analysis of DNA Breaks with CRISPR Cas9
Aim: To ascertain whether creating a break at a specific location within a DNA sequence could
promote Aire-dependent transcription without the presence of Aire itself, to prove the way in which
Aire functions.
Method:
1. Constructed guide RNA by ordering short DNA molecules, annealing between them, and
cutting a bacterial plasmid molecule.
2. Cut guide RNA with restriction enzyme BPI1.
3. Cut plasmid with BPI1 so sticky ends would bind with guide RNA´s.
4. Ligated guide RNA and plasmid using ligase enzyme.
5. Inserted guide RNA back into competent bacteria through process of icing, adding 10
microlitres plasmid, incubating at 37º and resting on ampicillin plates.
6. Waited overnight for genetically modified bacterial colonies to grow.
7. Lysed bacteria, purified with column that binds to DNA in order to extract desired DNA
strands.
8. Used purified DNA to induce breaks in 293 cells.
9. Measured expression of Aire target genes.

Results
(1) Etoposide Capacity to Mimic Aire and Induce Aire-dependent Transcription
The following graphs (Fig. 1.1 - 1.2) present the effect of etoposide on induced promiscuous gene
expression over varying periods of time, in both Aire-dependent and Aire-independent genes. These
figures express the relationship between time and number of mRNA folds, exhibiting the accumulative
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effect of etoposide in genes. In this experiment, the independent variable, which was the etoposide
exposure time, had three alternatives: 18 hours (control group), 4 days and 1 week. For each gene
(both Aire-dependent and Aire-independent) the control group was taken as a reference, considering
the amount of "mRNA folds" as a unit (1). The following amounts of mRNA indicate the ratio of the
final number of folds compared to the control group unit.

Figure 1.1: Aire- Dependent Genes

Figure 1.2: Aire-Independent Genes

(2) Abundance of Phosphorylated H2AX in Aire-Dependent vs. Aire-Independent Genes in
mTECS
This experiment aims to observe the way in which antibodies bind to histone proteins wound with
DNA sequences, and how Aire protein collaborates to induce phosphorylation of DNA damage
response components such as �H2AX. Results have not yet been obtained from this experiment as
the project is ongoing - our mentor will inform us of the outcome.
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(3) Analysis of DNA Breaks with CRISPR Cas9

In Fig. 2.1, it is demonstrated that the effect of plasmids
caused breaks in the sampled DNA, which resulted in
the activation of transcription, as measured by the
dependent variable of

mRNA folds. The graph

expresses the amount of transcription taking place in
Aire-Dependent genes (ALOX12 and IFI16) and AireIndependent genes (CAND1). The control group of this
experiment were non-targeting genes (blue), regular
sequences of RNA to which nothing binds. The second
group of this experiment were

targeting genes

(orange), to which new RNA structures do bind.

Figure 2.1: mRNA fold genes CRISPR results

Discussion
In figures 1.1 and 1.2, it is clearly evident that a longer etoposide exposure time leads to a higher
number of mRNA folds in the gene. For example, in Alox12, the number of mRNA folds after 4 days
was 1.3 times higher than after 18 hours, and 3.3 times higher after 1 week. This is consistent
throughout the results in each gene. This displays the way in which DNA damage, as caused by
etoposide in this case, promotes gene transcription. Contrasting the amount of mRNA transcription
between Aire-dependent and Aire-independent genes, we observe that a higher amount of folds are
expressed in Aire-dependent genes. For example, the range of Aire-dependent gene transcription
when exposed 1 week is 3.3-24.5, while in Aire-independent this range is 2.2-3.2. The wider range in
Aire-dependent genes indicates that DNA breakage is essential for their transcription, however in
Aire-independent genes it is not the primary factor in the transcription process.

These results show the important effect DNA breakage has in transcription, and how etoposide may
act as an Aire replacement and the way it mimics Aire. This discovery opens a wide field of research
possibilities due to its possible implications in the management of autoimmune diseases such as
aPS1, allowing the generation of a treatment that compensates thymus´ functions in athymic patients.
This experiment also allows a general understanding of the adequate etoposide exposure time in
order to achieve desired mRNA fold levels.
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In figure 2.1, it is evident that the Aire-dependent genes ALOX12 and IFI16 produced more mRNA
folds than the Aire-independent gene CAND1, indicating a higher amount of transcription present due
tue plasmid breaks. The targeting Aire-Dependent genes ALOX12 and IFI16 produced 1050 and 2400
mRNA folds respectively, while the same non targeting genes produced 1.6 and 1 mRNA folds.
However, the targeting Aire-Independent gene, CAND1, produced few mRNA folds. Furthermore, the
non-targeting control groups from both the Aire-Dependent and Aire-Independent genes also
produced minimal mRNA folds. The discoveries of this experiment allow us to understand if DNA
damage is sufficient for transcriptional activation of the genes. Also, add collective knowledge about
Aire, and target specific mutations that induces.
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Abstract
Acute Myeloid Leukemia (AML) is a cancer associated with the uncontrolled proliferation and
abnormal differentiation of hematopoietic stem cells and their myeloid lineage

(1)

. Relapse following

initial chemotherapy remains the main challenge to increasing overall survival for AML patients. The
LAPTM4B gene is linked to many pathways associated with the promotion of hallmarks of cancer, as
(2)

well as the multidrug resistance of AML cells and the resulting relapse . The overall aim of the project
is to investigate the role of LAPTM4B in the chemo-resistance of AML. Seven guide RNA (gRNA)
sequences were selected for use in the CRISPR genome engineering system to knockout the
LAPTM4B gene in the K562 cell line. The most effective gRNA sequences will be implemented in the
Cas9/gRNA Ribonucleoprotein (RNP) method in the AML3 cell line and later in the primary cells of
AML patients.

Introduction
Acute Myeloid Leukemia (AML) is a cancer of hematopoietic stem cells (i.e. myeloid
precursors giving rise to monocytes, neutrophils, erythrocytes, dendritic cells, and megakaryocytes).
AML is characterized by a rapid clonal proliferation of myeloid precursors or hematopoietic stem cells
in the bone marrow, resulting in a reduction of mature myeloid cells and an accumulation of abnormal,
immature myeloid cells

(1).

A decrease in mature red blood cells, platelets and white blood cell

populations consequently causes anemia, bleeding, and infections, also known as bone marrow
failure

(3).

Approximately 21,380 patients are diagnosed with AML every year in the USA alone, making

up 1.3% of all new cancer patients. The median age of diagnosis is approximately 68 years, with a
(4)

greater incidence in the male population .
Chemotherapy and bone marrow transplantation are the standard treatments for AML. In a
study conducted from 1980-2008, 1,366 patients of 2,347 in total demonstrated complete remission
(CR) following chemotherapy. However, 942 of those with CR relapsed within 1-2 years

(5)

. The

persistence of leukemic stem cells (LSC) following chemotherapy suggests that LSCs may have
(6)

properties linked to chemo-resistance and relapse .
A better understanding of the molecular etiology of chemo-resistance is vital in developing
effective treatments for patients with AML, and increasing overall survival rates. The LAPTM4B gene
has been shown to be associated with chemo-resistance and is capable of conferring a selective
advantage to different cancer types, including breast cancer, lung cancer, and gallbladder cancer.
LAPTM4B encodes the LAPTM4B-35 and LAPTM4B-24 transmembrane proteins, integral to lysosome
regulation. While both proteins play an important role in cancer development, LAPTM4B-35 is highly
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upregulated in solid tumors and leukemia. The gene is 50kb long, consisting of 7 exons separated by
(7)

six introns; its mRNA is 2.2kb long .
The LAPTM4B gene may promote cancer progression by interacting with different pathways
(e.g. PI3K/AKT signalling), increasing and/or damaging autophagy processes, and inhibiting
apoptosis. Previous research has also shown a correlation between LAPTM4B expression and
multidrug resistance in different cancer types by efflux pump mechanisms

(2)

.

One method to investigate the role of LAPTM4B in chemo-resistance is through knockout of
the gene. The CRISPR genome engineering system can be used to generate knockout cells through a
unique user-defined genome target sequence. This “guide” RNA (gRNA), composed of a ~20
nucleotide sequence complementary to the gene of interest, is expressed on the same plasmid as the
CRISPR-associated endonuclease (Cas9), forming a riboprotein complex that anneals to and induces
(8)

a double strand break (DSB) in the target DNA .
The DSB can be repaired by the Ku-dependent Non-Homologous End Joining (NHEJ)
pathway, which involves the direct ligation of break ends by DNA Ligase IV. If a perfect re-ligation
occurs, the CRISPR-Cas9 system binds once again to the target sequence and the process repeats.
There are alternative end-joining pathways that are Ku- or Lig4-independent that involve exonucleases
for nucleotide ligation through the production of complementary sticky ends on either side of the break.
If these complementary sequences are not perfectly aligned prior to ligation, indels (base insertions or
deletions) are commonly introduced in the target DNA, resulting in frameshift mutations that lead to a
(9)

premature stop codon, the translation of a non-functional protein, and the knockout phenotype .
The overall aim of this project is to investigate the role of LAPTM4B in the chemo-resistance
of AML primary cells, derived from patients, through both a LAPTM4B knock-out and an
overexpression in-vivo mouse model. Xenografting primary cells in mice and treating them with
chemo-therapy will provide a strong indicator of how a change in LAPTM4B expression affects the cell
population. To accomplish a knock-out in primary cells, first the effectiveness of the gRNA sequences
and complementary primers designed for CRISPR LAPTM4B knockout were assessed on the K562
Chronic Myeloid Leukemia (CML) cell line, which is easier to manipulate than the mature AML3 cell
line and patient primary cells. Once several gRNAs have been assessed in the K562 cell line, the most
effective gRNAs for LAPTM4B knockout can be used with the Cas9/gRNA Ribonucleoprotein (RNP)
method in the AML3 cell line to deliver pre-assembled Cas9/gRNA complexes for direct interaction
with target DNA. Following this project, CRISPR can be adapted for LAPTM4B knockout in the primary
cell lines derived from AML patients for analysis in its proposed role in chemo-resistance and AML
relapse.

Methods
Generating a LAPTM4B Knock-out Using CRISPR/Cas9. Knockout can be achieved through the
expression of a gRNA, specific to a unique ~20 LAPTM4B nucleotide DNA sequence to be targeted,
and the Cas9, upstream of the protospacer adjacent motif (PAM). The CRISPR/Cas9 guide RNA
design software Deskgen was previously used by our mentor to find target sequences in the exon
regions shared by all LAPTM4B isoforms (Tab. 1). The gRNA sequences and primers were
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synthesized by Sigma-Aldrich Life Science. gRNAs were incorporated into the pSpCas9(BB)-2A-GFP
(PX458) plasmid by restriction free cloning

(10)

. The plasmids were transformed into DH5 alpha E. coli

and plated on ampicillin LB plates. The Wizard Plus SV Maxiprep DNA Purification System was used
to lyse bacteria and isolate plasmids. NanoDrop 2000 spectrophotometer was used to evaluate the
concentration of the 15 different gRNA plasmids. Only seven of the plasmid types had a concentration
sufficient for nucleofection, labelled in Table 1. The K562 cell line, derived from a chronic myeloid
leukemia (CML) patient, was cultured in IMDM+20% FBS growth medium for two days prior to
nucleofection. The cell line was sub-cultured into nine plates with 3x10^5 cells/ml (1:5 dilution). 1x10^6
cells were used for each reaction, using the Lonza Nucleofector. Two of the nine sub-cultured cell
populations were each nucleofected with one pair of gRNA combinations (LSC31+36 or LSC35+43) to
assess whether a larger sequence of DNA could be deleted.

gRNA

Sequence

Genomic LAPTM4B

Location on Human Genome

Exon No.

LSC31

ACAGTGGCATCATCATACGG

75929

97851429

7

LSC32

CTTGGCAGCACCATTCACAG

75945

97851445

7

LSC33

AACTGCTACCGATACATCAA

49602

97825082

6

LSC34

GCTACCGATACATCAATGGT

49606

97825086

6

LSC35

ATACCAGACGCCGAGCAGGA

606

97776106

1

LSC36

TTGGAGTAGAACCGCGTCCA

548

97776048

1

LSC37

GTTGCAGATCATCAATGCTG

29866

97805346

2

LSC38

ATACTGATCCGGATCAGCCA

29913

97805413

2

LSC39

TTTTCAAGTTCTGAACTGGG

29936

97805416

2

LSC40

CATGAGAAGAGAAATCGCAA

39863

97815363

3

LSC41

GGCTACTTACGGAGCGTACA

39900

97815380

3

LSC42

ACAGAAGAATGGGATGATCC

40591

97816091

4

LSC43

ACTCCATTCAGGAATACATA

40672

97816152

4

LSC44

TGACATGACATCATCTCTGT

43676

97819176

5

LSC45

ATAATAAGGACCAAACAGGT

43705

97819205

5

LSC31+36

Combination

LSC35+43

Combination

Table 1: Potential gRNA target sequences for CRISPR/Cas9 LAPTM4B knockout (labelled gRNAs had sufficient
concentration for nucleofection; gRNAs labelled blue not tested due to lack of working primers).

Evaluating Knock-out Success Using Flow Cytometry. The Trypan Blue method was used to count
cells following nucleofection. Cell viability (via propidium iodide, PI, staining), Cas9 expression (via the
co-expression of Cas9-T2A-GFP), and median Cas9 expression level among each cell population (via
FITC-A expression) were evaluated through flow cytometry. Unaltered K562 cells and K562 cells
nucleofected with a GFP plasmid were used as controls.
Sanger Sequencing to Evaluate Effectiveness of CRISPR. The effectiveness of the Cas9/gRNA
plasmid in producing indels at the targeted LAPTM4B sequences can be evaluated by TIDE (Tracking
of Indels by DEcomposition) analysis. The nucleofected K562 cells were cultured in growth medium for
three days. The cell population was divided for DNA collection and sequencing (~1 million cells) and
RNA purification and Real-Time PCR (~1 million cells). The cells were lysed and DNA was extracted
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using the Invitrogen Purelink Genomic DNA Mini Kit. TIDE primers for the target sequence were
designed using Primer3Plus. PCR and agarose gel electrophoresis were conducted to assess the
viability of the LAPTM4B primers with genomic DNA extracted from the AML3 cell line. Two of the
twelve primers did not properly bind to the target gene, and were removed from further testing after
gradient PCR failed to provide a working temperature. Therefore, LSC35 and LSC36 could not be
sequenced and both gRNA combination samples could not be sequenced at these gRNA target
sequences. PCR was then used to amplify DNA samples from the K562 cell line using the target
sequence TIDE primers. The samples were prepared for sequencing using the Wizard SV Gel and
PCR Clean-Up System. Samples were Sanger Sequenced using 3730 DNA Analyser and analysed for
indels using the NKI TIDE webtool.
RNA Quantification by qPCR. Invitrogen PureLink RNA Mini Kit was used to extract RNA from the
following cell populations: K562 nucleofected with GFP plasmid; LSC31; LSC31+36; LSC35+43; and
non-nucleofected HL-60 cells (known to not express LAPTM4B). Concentration of collected RNA was
quantified using NanoDrop 2000 spectrophotometer. cDNA was synthesized from equal amounts of
RNA via reverse transcriptase using the qScript cDNA Synthesis Kit. TATA BOX binding protein (TBP)
housekeeping genes were used as a baseline for quantification cycle (Cq) values. Samples were run
in Mic qPCR Cycler and analysed for a decrease in gene expression.

Results
Flow Cytometry
The PX458 plasmid used for Cas9 delivery to the K562 cell line co-expresses Green Fluorescent
Protein (GFP). Cell illumination due to GFP is a strong indicator of successful Cas9/gRNA
incorporation and expression in the cell. PI staining identified the populations of living cells, which
were then selected for analysis of Cas9 expression by GFP expression. The efficacy of the
Cas9/gRNA nucleofections is shown in Figure 1. The LSC43 gRNA shows the highest percentage of
nucleofection among the living cells, while the LSC34 gRNA shows the lowest ratio of Cas9
expressing cells.

Figure 1: Percentage of living cells expressing the Cas9/gRNA plasmid.
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Median FITC-A expression is indicative of the average expression level of Cas9 across a cell
population. LSC37 has the highest median FITC-A expression, suggesting a higher expression of
Cas9 than the other cell populations (Fig. 2). The LSC35+43 combination nucleofection also shows a
relatively high median FITC-A fluorescence.

Figure 2: Median of FITC-A of the K562 cell populations.
TIDE Analysis
TIDE analysis was used to evaluate indel induction in the LAPTM4B gene by the different gRNA
sequences (Fig. 3). LSC37 with primer 834 is not included, as the NKI TIDE software could not
accurately show the ratio of indels due to the high number of unknown nucleotides in the target
sequence. LSC43-839 and LSC35+43-839 may be error-prone, as the spacing between nucleotides in
the target sequence was inconstant according to the NKI TIDE software. A majority of the indels
among the different gRNA cell populations were deletions, especially in LSC37-835, which shows the
highest percentage of DNA strands containing indels (Fig. 4).

Figure 3: TIDE analysis of indel frequency.

Figure 4: TIDE analysis of LSC37-835.
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qPCR
qPCR was conducted to evaluate whether it could be utilized to detect deletions induced by a double
gRNA treatment (LSC31+36; LSC35+43) and whether combination treatments for splicing at different
exons along the LAPTM4B gene would remove a larger portion of the gene and reduce the quantity of
LAPTM4B RNA. However, qPCR results showed an insignificant difference between knockout and
control samples; the data have not been included in this report as no conclusion could be reached.

Discussion
The main objective of this project was to assess the efficacy of 15 different gRNA sequences
designed to target and knock-out the LAPTM4B gene. The K562 cell line was first used as it is easier
to manipulate by nucleofection using a plasmid-based Cas9. The guides shown to be more efficient
were chosen for later implementation in the AML3 cell line. From the TIDE analysis, conclusions can
be drawn that the LSC37, LSC43 and LSC40 gRNAs were the most effective for CRISPR/Cas9
knockout, each achieving over 35% induction of indels. These results correlate with the flow cytometry
analysis, which shows that the LSC37, LSC43 and LSC40 gRNAs had the highest expression of Cas9,
according to GFP and median FITC-A expression. The LSC34 gRNA fits this correlation, as it had the
lowest success rate of nucleofection, Cas9 expression, and indel frequency. TIDE analysis also
indicates that the mechanism for knockout was primarily through deletion. The gRNAs most effective
at causing indels (LSC37, LSC43, LSC40) can now be utilized for Cas9/gRNA RNP-mediated
LAPTM4B knockout in the AML3 cell line and patient primary cells to evaluate its proposed role in
chemo-resistance in AML. Further research may give rise to novel inhibitory drugs for AML patients.
It should be noted that due to the incomplete sequencing of LSC37-834, TIDE analysis could
not be conducted on that population. Due to the lack of working primers for LSC35 and LSC36, those
samples could not be sequenced for indels individually, as well as in the combination samples. This
could explain the lower percentage of indels in LSC35+43, which according to FITC-A expression
should have approximately the same expression of Cas9 as LSC40. Furthermore, qPCR should be
conducted again, as no definite conclusions can be drawn from the present qPCR data.. Interestingly,
most of the indels were deletions (e.g. LSC37, having only indel deletions); the mechanisms of
CRISPR knockout can be further investigated to better understand the aftereffects involved in the type
of indel induced.
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Abstract
Adoptive cell therapy using T cells with modified TCR has been proven as an effective treatment
for cancer. The TCR is altered to have a higher affinity for self-antigens so that it will be more successful
in targeting tumors. The goal of our project was to prepare for future experiments that will test the
effectiveness of various TCRs with matured affinities. We accomplished this through a transfection and
transduction. The cells were then analyzed using FACs to assess the effectiveness of these procedures
and the viral titer. The transduction was highly successful with efficiencies over 96%. The viral titer and
multiplicity of infection we also calculated. This information will be used for future TCR assays in order to
create an improved affinity maturation system.

Introduction
T Cells and T Cell Receptor
T cells are a type of lymphocyte that is central to the adaptive immune system, which protects the
body from infection and cancer. They are developed in the thymus then circulate the body. There are
various types of T cells, including helper, regulatory, and killer.
Killer T cells, also known as cytotoxic T lymphocytes or CD8+ T cells aid in the protection of the body
from infection and cancer. Each T cell bears a unique T cell receptor (TCR) which scans antigenic
peptides bound to the Major Histocompatibility Complex (MHC) on cells. These antigens are formed from
degraded proteins from the cell; and antigen presentation by the antigen-presenting cell (APC) in turn
activates effector T lymphocytes.
There are two slightly different antigen presentation methods: MHC class I and MHC class II.
MHC-I glycoproteins are expressed in all cells around the body; they bind with CD8, which creates CD8+,
a co-receptor in T cell signaling. This interaction aids in the binding of TCR and a target cell during
antigen specific activation. On the other hand MHC II glycoproteins are only present on specialized
antigen-presenting cells (APCs), such as macrophages or dendritic cells, and elicit a response from CD4+
cells.
Affinity and Avidity
TCR activation is dependent of affinity and avidity. In this case, affinity is defined as the strength
of the interaction between TCR and a peptide-MHC (pMHC) complex. Avidity is the strength of all these
interactions combined; it is affected by affinity, as well as other factors including the stability of the TCR
and number of TCR-pMHC interactions.
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T cells that develop naturally in the thymus are selected based on TCR affinity to foreign antigens
and self-antigens. T cells with TCRs for high affinity to foreign antigens will pass through selection and
will be effective in killing infected cells. T cells that express high affinities for self antigens are selected
against in order to prevent autoreactivity. This presents difficulties in tumor suppression as many tumor
tissues express self-antigens, while the T cells best suited to recognize and destroy such a tumor were
selected against by negative selection and never left the thymus due to induction of apoptosis.
Additionally, such T cells may not have optimal efficiency for destroying tumors since many tumor cells
may express lower levels of antigenic peptides. (Chervin, Aggen, Raseman, & Kranz, 2008)
There are currently a few methods to generate TCR with higher affinities. These include the
isolation of a high affinity TCR generated in HLA-transgenic mice after immunization with a human cancer
agent and the enhancement of the affinity of naturally occurring anti-tumor TCR. Some studies have done
so with random mutagenesis of a particular region with a subsequent selection of high TCRs found in
yeast, phage, or T cell display systems, while others have accomplished this using directed mutations
derived from structure or computational biology. However, all of the methods still have their drawbacks,
necessitating the emergence of new systems to complement current ones and overcome the limitations.
(Richman & Kranz, 2007)
Adoptive Cell Therapy (ACT)
Adoptive cell therapy (ACT) is the treatment of patients using a population of cells that have been
cultured ex vivo then infused back into the patient in order to destroy tumors. The expansion of cells ex
vivo in ACT is advantageous because it has been found that in the body, tumor-specific T cells are
immersed in immunosuppressive factors in the tumor microenvironment, preventing their activation and
clonal expansion. This treatment is often coupled with a temporary reduction of the immune system,
accomplished via chemotherapy or irradiation in order to strengthen the activity of the infused T cells.
One strategy is to use tumor infiltrating lymphocytes (TILs), which has been found to prolong the
eradication of tumors in patients with metastatic melanoma, although it has not been equally effective in
other cancers. Melanoma is an immunogenic cancer with TILs can often be identified, isolated, cultured,
have been effective in targeting the metastatic tumors, and has the most research done with ACT. To
expand the treatment to other patients T cells can be easily isolated from the peripheral blood and
modified to target cancer. One way is to insert an anti-cancer TCR into the cells, which is more effective if
the TCR has higher affinity (Rosenberg, Dudley, & Restifo, 2008)
Somatic hypermutation (SHM) and AID
Somatic hypermutation contributes to antibody variation and affinity maturation. It is affected by
activation-induced deaminase (AID). Whilst it naturally takes place in the germinal centers for B
lymphocytes, the same system can be adopted for T cells in vitro. Using an affinity maturation system
designed by Yosi Gozlan in Prof. Eisenbach’s lab, whole TCRs are subject to affinity maturation. While
the system was designed for the TCR Pmel-1 that is specific to gp100, it can also be applied to other
TCR variants. (Bassan, 2017 unpublished)
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Research Goals
The major goal of our project was to help further our mentor’s research, and was essentially split
into two parts.
Part I: Viral Titer
The first part was to calculate retroviral titer, which is the minimum number of viruses needed to
infect cells. For this experiment we will transfect viral producing cells with the wt Pmel-1 TCR and then
transduce BWZ cells with the viruses using a wide range of dilution factors. We will analyze the
transduction percentages using flow cytometry. The titer will be used for guidance and comparison in
future experiments. Additionally, it will be used to calculate the amount necessary for the multiplicity of
infection to be 1 copy of virus per cell.
Part II: Transduction of BWZ cells with a panel of wt or mutant Pmel-1 TCRs
The second part was to transduce BWZ cells with wild type (wt) or mutant Pmel-1 TCRs that were
generated in the lab's SHM affinity maturation system. The transfection, transduction, and flow cytometric
analysis will be the same as project I. These cells will be used in future experiments to study the effects
and interactions of different mutations.

Methods
Working with tissue culture
For our project we used Plat-E and BWZ cells. Plat-E is a packaging cell line that allows for
introduction of retroviruses followed by proliferation when in tissue culture using Dulbecco’s Modified
Eagle’s Medium (DMEM). BWZ.36 cells are reporter cells derived from an ‘immortal’ thymoma cell line
with their TCRs knocked out (Sanderson & Shastri, 1994). They were kept in Roswell Park Memorial
Institute (RPMI) medium.
Throughout the duration of our experiment we split the cells multiple times in order to allow for
continued proliferation of the cells in multiple culture flasks using fresh medium. The dilution factor used
was dependent upon the confluence of cells in the original Petri dish.
Throughout, the process of cell splitting, PBS was added to cells to maintain constant pH and
osmolality; enough trypsin was then added to adherent cells to completely cover a monolayer of cells (1
3

cm ) allowing for the dissociation of adherent cells and the bottom of the Petri dish. Fresh medium was
then used to neutralize the trypsin, allowing cell growth and division to resume. Cells were then incubated
at 37°C.
Transfection
Transfection involves the transfer of genetic material into an animal cell using non-viral methods.
Techniques for transfection included the usage of electroporation and liposomes. Our transfection was
achieved by the usage of Lipofectamine to deliver 1500ng of previously designed vectors into the Plat-E
viral-producing cells in order to produce the viruses for the transduction.
Transduction
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The purpose of our transduction was to introduce the Pmel-1 TCR which could recognize the
melanoma antigen gp100. To get the retroviral vectors into close enough proximity for transduction to
take place, centrifuging and addition of protamine sulfate is often done. Retroviral vectors work by fusing
with the cell surface membrane (facilitated by protamine sulfate) and then irreversibly binding using viral
glycoproteins in part determined by the env sequence. (Waehler, Russell, & Curiel, 2007)
In order to achieve the transduction, BWZ cells were harvested, counted, centrifuged and
6

resuspended in fresh cRPMI to 2.5x10 /mL.
The viral soup was then collected from the Plat-E platform. Some of it was diluted by using 5
continuous serial dilution, yielding dilution factors of 1:10, 1:100, 1:1000, 1:10000, 1:100000 in order to
calculate the viral titer. One ml of viruses and 0.2ml of BWZ cells were then added to the 24-well plate
and protamine sulfate was added to a concentration of 8ug/ml. Plates were then centrifuged for 90
minutes at 32°C without any brake. Fresh cRPMI was then added to each well before the dishes were
incubated overnight at 37°C.
Flow Cytometry-Associated Staining (FACS) and viral titer
Next we analyzed our transduction using flow cytometry-associated staining (FACS). Samples
were prepared by initially washing with PBS+0.5%BSA+0.1%Azide (FACS staining buffer). PerCP-Cy5.5
conjugated anti-TCR was added to stain samples; the stain would bind to the TCRs causing fluorescence
which would indicate successful transduction. The samples were then washed again using the same
buffer to remove excess antibodies.
Viral Titer
A titration curve was constructed using the FACS results of the serially diluted samples. The viral
titer was then calculated using FACS results of the 1:100 diluted sample. We used the equation viral titer
(transduction units/mL) = ((frequency from FACS x total cells) / volume) x dilution factor.
For the generation of Figures in this Report we used Microsoft Excel and FlowJo 10.0 for bar
charts and histograms respectively; both were used for the generation of tables.

Results
We obtained various information via flow cytometry. The first
sets of information we obtained were the proportion of living cells in
each sample. While this information itself was not essential, it was used
to determine the subset of the total population that we would analyze.
Accordingly, gates were created to exclude cells from the following
categories: a) Cells with high side scatter (SSC) values, indicating high
granularity, but low forward scatter (FSC), representing smaller size.

Figure 1. Graph of SSC
Such cells were undergoing apoptosis. b) Cells with low SSC and high FSC, x FSC
which indicated cellular debris. c) Cells with significant SSC and FSC, which were most likely groups of
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more than one cell clumped together. An example of a gate created with
these criteria is depicted in Figure 1.
Part I: Viral Titer
Once we isolated the live cells we were able to analyze our
transduction rates and compare them to negative controls. We then looked
at graphs of the fluorescence of our serial dilutions, which is shown in Figure
2a with key in Figure 2b.
Fluorescence is correlated with the presentation of TCR, indicating
a successful transduction. As expected, as the dilution factor becomes
larger the amount of fluorescent cells decreases. We then converted these
graphs into histograms representing the percentages of positive expressing
cell; a biexponential scale was used for these histograms.
We also constructed a titration curve (Figure 3) to show the
percentages of positive TCR expressions of the serial dilutions. As
expected, we found that as concentration decreased, TCR expression
decreased. A logarithmic scale was used with base 10 on the titration
curve. Based on previous protocols, we determined that the viral titer
should be calculated from a sample with a percentage transduction
between 2% and 20% (École polytechnique fédérale de Lausanne

Figures 2a and 2b. Graphs of the
protocol). Below the lower bound of 2% the FACS becomes less fluorescence of sample that were serially
accurate; and above the upper bound of 20% there is a high diluted and the key.
probability of individual cells containing more than 1 virus. The 1:100 diluted sample fell into this range
with 16.9% of TCR expression and there was a clear distinction between the TCR-positive and TCRnegative populations, and was therefore selected to calculate the titer from.
Using the equation to calculate the
viral titer we found that the viral titer was
5

6

[(0.169 x 5 x 10 ) / 1] x 100 = 8.45 x 10 .
This means that the multiplicity of infection
6

5

(MOI) was (8.45 x 10 ) / (5 x 10 ) = 16.9;
so in order to obtain an MOI of 1 we would
need 1/16.9 of the undiluted viral soup, i.e.
-2

1/16.9 = 5.92 x 10 ml.

Figure 3: Logarithmic titration curve of serially diluted
samples used to calculate the viral titer.
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Part II: Transduction of BWZ cells with a panel of wt or mutant Pmel-1 TCRs
We also analyzed fluorescence from all the variants of
mutant TCR. We followed the same procedure to arrive at
Figure 4, a table showing the median fluorescence of each
sample.

Discussion

Figure 4: Table of median fluorescence of mutant TCRs.

Compared to the non-transduced cells, all of the different strains of BWZ.36 cells expressed high
levels of their respective TCRs with transduction efficiencies greater than 96%. This suggests that our
transductions were highly successful, and that all of the BWZ.36 cells are ready for TCR activation
assays.
With regards to the viral titer, we were able to calculate the multiplicity of infection based on the
titration curve; and based on this we are now able to calculate the volume of viral soup required to
transduce each cell with exactly one virus. This is important for affinity maturation in the future, as the
enzyme AID might would induce different mutations for different TCRs in the individual cell, and thus
make it difficult to analyze individual mutated TCRs. However, our calculation of the viral titer could have
been improved had our transduction yielded more dilutions that had expressions within required for
suitable for titer calculations.
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Abstract
The ferritin protein has recently gained attention as a potential reporter gene for in vivo Magnetic
Resonance Imaging (MRI). It has previously been used to track dynamic gene expression in cells and
mice embryos. A novel chimeric magneto-ferritin reporter gene, ferritin-M6A, has been recently presented
as a more sensitive reporter gene for MRI as the construct has a magnetite core. Here, we cloned and
transfected this reporter gene into ES2 cells. This will provide an in-vitro validation of the Cre/lox system
which allows a tissue selective expression of the ferritin-M6A construct. This will be later used to monitor
specific tissues in transgenic mice lines expressing ferritin-M6A in a tissue specific manner. In a different
system, we used lentiviral vectors to exclusively induce ferritin-M6A expression in murine placentas in a
complete wildtype environment. In the future, this could provide valuable visualization of placental
development utilizing MRI and could aid in understanding placental pathologies.

Introduction
Magnetic resonance imaging (MRI) is a sophisticated diagnostic imaging technique that utilizes
the body’s natural magnetic properties as well as magnetic fields, field gradients, and radiofrequency
pulses to generate detailed images of the body. MRI provides noninvasive imaging with high spatial
resolution, making it a powerful research tool (1). However, a current challenge in the field of molecular
imaging is developing the tools to noninvasively image dynamic gene expression (2).
The ferritin protein consists of 24 peptide subunits which are assembled into one hollow sphere.
There are two types of ferritin: light chain (l-ferritin) and heavy chain (h-ferritin). The complex stores iron
(about 4500 iron ions) within the sphere at the Fe(III) oxidation state. The resulting particle is similar to
the mineral ferrihydrite. It releases the inner mass of iron through channels into different cell types in a
controlled fashion. For iron release to occur, the iron within the ferritin must be reduced from Fe(III) to
Fe(II).
When it comes to magnetic resonance imaging, the detection of the ferrihydrite core of ferritin
protein is inefficient and has low relaxivity and sensitivity (2). In a recent paper published by Neeman’s
group a genetically modified ferritin protein was presented, this chimeric protein, known as ferritin-M6A,
enhances the reporter gene function in in-vivo MRI studies (5). The ferritin-M6A protein comprises ferritin
and an attached chimeric complex of 12 amino acids (M6A peptide) of the Mms6 protein. The active
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component M6A was discovered in magnetostatic bacteria and was found to be sufficient for magnetite
synthesis.
The goal of this project is to enhance the sensitivity and specificity of MRI using ferritin-M6A. Two
main approaches are presented here. Firstly, the plasmid vectors for expression (CAG promoter)
containing the ferritin-M6A protein (Figure 1) sequence were cloned into plasmids which were
transformed into competent E. coli bacteria to form colonies. Apart from that, the initial project goal
embraced the creation of an ES2 cell line stably expressing ferritin-M6A under antibiotic selection as well
as generating transgenic mice population producing ferritin-M6A in tissue specific manner. For the last
option, it is necessary to selectively monitor specific tissues, cell types and the pregnancy development
using the CRE/IoxP recombinase system. The validation of the ES2 cell lines expressing the following
double-fluorescent Lox cassette can be revealed in the section below:

Our next attempt of ferritin-M6A expression focused on early placenta MRI imaging using ferritin M6A;
this can be achieved by infection of murine blastocysts. Blastocysts consist of three major parts, an inner
cell mass, fluid-filled cavity and the trophectoderm - the outer shell. The trophoblast cells in the
trophectoderm will later differentiate into the embryo placenta, based on this using lentiviruses that are
known to be restricted to one cell layer, infecting the embryo in the blastocyst stage will allow a formation
of transgenic placenta expressing ferritin-M6A and GFP in a wild type environment. In the future, this
could provide valuable visualization of placental development utilizing MRI and could aid in understanding
placental pathologies.
Ferritin-M6A will be especially useful as a reporter gene in hypoxic areas, such as the center of
tumor cells and the placenta during the early stages of embryo development. This is because
magnetostatic bacteria are obligate anaerobes and the magnetite they produce can only crystallize in
anaerobic environments. The crystallization of magnetite is therefore best examined in hypoxic tissues
like early placental development and in the early stages of angiogenesis.

Methods
Cloning.
A plasmid that contained a pCAG promoter and a cassette containing ferritin-M6A was created (see
Figure 1.). In order to do this, a plasmid containing the pCAG promoter was cut with a restriction enzyme,
EcoRI. A plasmid containing the cassette was cut in two locations also using EcoRI. The pCAG plasmid
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was treated with Calf Intestinal Alkaline Phosphatase (CIP) to prevent self-ligation. These segments (the
cassette and the pCAG promoter) were then ligated together to form a new plasmid. Gel electrophoresis
with ethidium bromide staining on a 1% TAE agarose gel was used to confirm the ligation. The ligation
was further validated using a HindIII restriction enzyme digest. The transformation was done through heat
shock at 42 °C and then incubation on ice for 2 minutes. The cells were then incubated with 800μl of the
2YT medium at 37°C for 1 hour and spread onto ampicillin agar plates. These plates were incubated
overnight. Colonies were selected and a polymerase chain reaction (PCR) was run to check for the
presence of plasmid (Forward primer sequence (pCAG): GCTGGTTATTGTGCTGTCTCATCATT,
Reverse Primer Sequence (IRES):CATATAGACAAACGCACACCGG ).

Transfection of double fluorescent cassette.
ES2 cells were transfected with the ferritin M6A plasmid or an empty plasmid with and without Cre
recombinase. In order to do this, 10 μl of lipofectamine and 250μl of optimum were incubated for 5
minutes. Then 4μg of DNA (2μg of DNA and 2μg of Cre recombinase) and 250μl of optimum were added.
After a 20 minute incubation, this solution was added dropwise to ES2 cells in Pen Strep and Glutamine
Free DMEM medium. The transfection was confirmed using microscopy to detect the presence of GFP
and tdTomato.

Cotransfection of the viral construct.
ES2 cells were cotransfected with the ferritin M6A plasmid or an empty plasmid and a plasmid containing
a gene for puromycin resistance. To do this, 10 μl of lipofectamine and 250μl of optimum were incubated
for 5 minutes. Then 4μg of DNA, 250ng of the puromycin resistance plasmid, and 250μl of optimum were
added. After a 20 minute incubation, this solution was added dropwise to ES2 cells in Pen Strep and
Glutamine Free DMEM medium. After 2 days, puromycin was added to the media. After 5 days, colonies
were then selected based on the presence of GFP.
Genotyping.
Half centimeter lengths of mouse tails were dissolved using 100 ul of lysis buffer and 10 mg/ml of
proteinase K. This was incubated overnight at 55°C. The cell lysates were then centrifuged, and a PCR
was run on the supernatants to check for the presence of the desired construct (GreRedF: lox-greenIRES-red cassette primer 5’-GTATCTTATCATGTCTGATAACTT; GreRedR lox-green-IRES-red cassette
antisense primer 5’- CATATAGACAAACGCACACCGG).
Expression of ferritin-M6A in mouse placenta.
Mouse blastocysts were flushed from the uterine horn and infected with 5μl of the lentivirus constructs in
KSOM medium. After a 4 hour incubation, the blastocysts were washed from the viral solution. 8
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blastocysts were implanted using NSet and the pregnancy was allowed to progress to day nine. The
placentas were harvested and examined under a fluorescent microscope for GFP expression. The
placentas were also taken for further protein analysis.

Results
Ligation of plasmids containing a pCAG promoter and the empty cassette or the ferritin M6A
cassette. The restriction enzyme EcoRI was used to cleave a plasmid containing the pCAG promoter in
one location (creating a linear segment of
DNA with sticky ends). EcoRI was also used
to cleave pUC57 plasmids (one containing
the empty cassette and the other containing
the ferritin M6A cassette) in two locations
(creating two linear segments of DNA with
sticky ends). This restriction enzyme digest
resulted in fragments of the expected sizes
(Figure 1A). These fragments were then
ligated to create two plasmids with pCAG
promoters, one with the empty cassette and
the other with the ferritin M6A cassette
(Figure 1B). This ligation was confirmed
using another restriction enzyme, HindIII
(Figure 1C).
Transfection of ES2 cells with ligated
plasmids. Because the transformation of
the plasmids was not successful and time
was

limited,

our

mentor

suggested

continuing to the transfection. Cells were
transfected with either the empty cassette
plasmid or the ferritin M6A cassette
plasmid. Each plasmid was also treated
with and without Cre recombinase. GFP
was expressed in the transfected cells
not treated with Cre recombinase and the

1

Non-Surgical Embryo Transfer Device (NSet) used for implanting an embryo into the uterus of rodents.
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tdTomato protein was expressed in cells treated with Cre recombinase (Figure 2). This provides an in
vitro validation of the Ferritin-M6A construct.

Genotyping of transgenic mice.
Mice that expressed the empty double fluorescent cassette was validated using PCR (Figure 3).
Mice numbers 4 & 6 showed bands of the expected size, demonstrating that the cassette had been
incorporated into their genomes.

Expression of ferritin M6A in the placenta.
The placentas infected with the control viral
constructs expressed GFP when examined with
a fluorescent microscope (Figure 4). On the right
side of the image, the autofluorescence of the
embryo can be seen. The prolonging umbilical
cord on the left side encircles the GFP glowing
placenta

tissue

to

follow

the

placenta

development.

Discussion
The establishment of ferritin-M6A as a MRI reporter gene for non-invasive in-vivo studies will
provide a valuable laboratory diagnostic tool to further understand and visualize various hypoxic regions.
Here we worked to establish and utilize the specificity and sensitivity of ferritin-M6A, a chimeric protein
originally created by the Neeman lab group (5).
Our successful cloning and transfection of the plasmid allowed us to validate the Cre/lox system
in vitro. The stop codon before the tdTomato protein in the ferritin-M6A cassette prevents it from being
expressed in the cells that were not treated with Cre recombinase. Therefore, these cells expressed GFP
as expected, showing that they had been successfully transfected with the plasmid containing the ferritin
gene but not actively expressing it. In the cells treated with Cre recombinase, the gene is cleaved at the
loxP sites which deletes the stop codon and the GFP and allows the ferritin-M6A and the red tdTomato
protein to be expressed, the red fluorescent color serves as an indication for ferritin expression.
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This work will be useful in creating transgenic mice that express ferritin-M6A in a tissue specific
manner. Lox mice, which stably express the cassette in every cell, will be crossed with specific promoter
regulated Cre mice to express ferritin-M6A in especially hypoxic tissues such as the placenta and blood
vessels in the early stages of angiogenesis. The different Cre transgenic mice will allow monitoring
specific tissues during embryonic development and adult life persistently. Using the lentiviral system
infecting only the trophectoderm cells and by that limiting ferritin expression solely to the placenta will
open endless possibilities for pregnancy research. The ferritin-M6A reporter gene has potential to be
used for non-invasive regulatory detection of gene expression. It’s extended capability as modified ferritinM6A could be used for tracking not only cell location but also its proliferation and differentiation. Because
ferritin-M6A is best visualized in hypoxic regions, further improvements of MRI might be developed in
fields such as embryonic placental pathologies or cancer angiogenesis. The advantages of improved MRI
visualization not only provide better anatomical and physiological understanding of structures, but it can
also stimulate research towards the cellular and molecular levels. Abnormal structures and pathologies
could be tracked throughout the organism using ferritin-M6A.
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Abstract
Retinal ganglion cells (RGCs) comprise integral links in the computational network spanning from the
initial reception of light in the retina’s photoreceptors through ~30 different visual channels and into the
final stages of image construction in the visual cortex. Common descriptions assume hardwired RGC
networks return likewise fixed outputs given consistent stimulation, as visual information is stably and
reliably represented under various light conditions and across the entire visual field. In contrast, this study
will help to examine the retina’s potential capacity for dynamic computation specifically with regard to
RGCs, testing across stimuli including dense noise, steps of light, chirp, moving bar, and grating patterns.
The dense noise and chirp stimuli were produced in MATLAB using Psychtoolbox-3 for the purpose of
exploring receptive field and temporal kinetics of tested cells, which are key functions for feature
comparison of cell subtypes. Analysis of calcium transients indicated the presence of a variety of different
cell types in the test set and will allow for further investigations of the stability of RGCs’ properties while
manipulating the conditions in the retina.

Introduction
Visual Processing and RGCs
Light photons are first received and processed in
the photoreceptors, the sensory cells of the
retina, which in turn relay chemical information to
bipolar cells. Bipolar cells can then excite retinal
ganglion cells (RGCs) to generate a host of
diverse signals for transmission down the optic
nerve to the cortex. Communication between
layers is modulated by the inhibitory horizontal
and amacrine cells [1].
While the role of retinal computation is not well
understood in the overall context of image
construction, the variety of functionality and specificity in RGCs is thought to allow for the sophisticated
differentiation of optical signals prior the onset of cortical processing, although the exact extent and nature
of

this

parallel

processing

is
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not

fully

known

[2].

RGCs have classically been sorted based on their responses to light stimulation patterns, separated into categories
differentiating between ON, OFF, and ON-OFF types as well as transient and sustained responses. Some cells
have also been found to show preference with respect to direction, local edges, and uniformity of light [3-6]. Recent
studies identify approximately 20 to 40 distinct types of retinal ganglion cells based on these functional factors as
well as morphological differences [1,7]. Specifically, RGCs of the same type are thought to share a common
physiology, morphology, connectivity, immunohistochemical

profile,

and

genetic

profile,

although

the

exact

characteristics sufficient for qualifying distinct types are still contested in many capacities [2]. For example, if axonal
projections and targets were also considered type-specific, many more output channels could be defined [2].
Mouse RGCs project to at least 40 known targets and thus may come in even greater variety [8].
Calcium transients can be analyzed to gain a picture of activity in a given field of neuronal cells, revealing the
morphological and functional characteristics needed to classify different RGC cell types.
The classical description of RGCs posits cells with fixed physiologies across variables including time, location,
direction, and neurotransmitter levels. However, this study aims to investigate their potential capacity for dynamic
computation, testing across stimuli including dense noise, steps of light, full-field chirp, moving bar, and grating patterns
to distinguish differences in function both between and within cell types while changing light levels, time of the day and
space across the retina.

Methods
Visual Stimuli
Visual stimulations were prepared in order to expose the retina to different patterns of light and analyze its responses.
The following subsections describe 3 visual stimulations constructed in this study: (i) binary dense noise, (ii) full-field
chirp, and (iii) amplitude modulated sine chirp; and 3 existing stimuli that were analyzed: (i) steps of light, (ii) moving
bar, and (iii) moving gratings. Each was developed and programmed in MATLAB with Psychtoolbox-3.

1.

Binary
Dense

Noise:

A

visual
stimulus
was
constructed to display binary dense noise, which can be used to estimate receptive fields [2]. A matrix of ~20μm
rectangular ‘pixels’ change between black and white using Gaussian random numbers at a temporal frequency of 5Hz
(Fig. 2a).
2. Chirp: A full-field increasing frequency ‘chirp’ visual stimulus can be used to characterize polarity, kinetics and the
preference for temporal frequencies and contrasts [2]. Chirp, or swept-frequency cosine, was constructed based on a
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function of increasing or decreasing frequency with a constant amplitude [9]. The function was transformed to achieve
an amplitude of .5 centered about the line y = .5. The chirp stimulus displays a full screens along a grayscale, from 0
(black) to 1 (white), along the vertical axis, with time t along the horizontal axis (Fig. 2b).
3. Amplitude Modulated Sine: An amplitude modulated (AM) sine chirp stimulus was constructed to display a
field of increasing contrast, rather than increasing frequency, which can characterize temporal kinetics of the cells.
The AM chirp function takes the form of a carrier wave v c = V c sin 2πf c t [10]. The function was transformed to have a
maximum amplitude of .5 centered about the axis y = .5. The visual stimulus displays on the screen the color designated
by a point on the y-axis, for each time t (Fig. 2c).
4. Steps of light: Two existing visual stimuli of steps in light levels: (i) on-off steps were used to determine the polarity
preferences and latency of cells, and (ii) steps of contrasts were used to determine contrast preferences of cells (Fig.
2d).
5. Moving Bar: An existing visual stimulus that displays a white bar moving across a black screen at different angles
was used to determine direction and orientation selectivity (Fig. 2e) [2]. The bar is 300μm x 900μm and moved at a
speed of 500μm/s at angles of 0, 45, 90, 135, 180, 225, 270, and 315 degrees. In this study, a new analysis was
introduced to determine the real time interval at which the bar was over each individual cell’s field of view, which will
contribute to more accurately characterizing the timing of the cells’ responses to differences in the orientation of the bar.
6. Moving Gratings: A visual stimulus consisting of black and white gratings moving along the display sinusoidally (Fig.
2f) was also used to determine direction and orientation selectivity of the RGCs [2]. A similar analysis was created in
this study to calculate the time intervals that each cell was exposed to the light gratings.

Tissue Preparation
The retinas were extracted from ~8-week old transgenic mice expressing GCaMP (a genetically encoded calcium
indicator containing green fluorescence protein [GFP], calmodulin, and M13 sequenced from myosin light chain
kinase) of either sex, who lived in normal 12 hour day/night cycles. A mouse was anaesthetized with isoflurane and
killed by decapitation (by the supervising scientist), and its eyes were removed immediately. In a carboxygenated
AMES solution at ~32°C, the cornea and lens were removed, the eye-cup was cut into its dorsal and ventral
hemispheres, and the pigment epithelium and vitreous were removed from the retina. The retina was then flattened
onto 0.22μm pore size Millipore filter paper with the GCL facing up and placed under the two-photon microscope.

Imaging
To visualize cellular activity as a real-time response to visual stimulation in a UV light ~80 cells were recorded in a
280μm x 280μm field of view under two-photon imaging. Dense noise was displayed for 5 minutes, and each visual
stimulus was repeated 5 times for a total of ~30 minutes of recording. Imaging techniques were used to record activity
in specific portions of the retina, the ganglion cell layer, and for later image analysis with ImageJ and MATLAB. Activity
of calcium transient levels was calculated as change in fluorescence intensity over resting fluorescence intensity while
background was subtracted out (∆F/F). Cells in the recorded field of view were manually numbered for automatic
analysis of the ON/OFF, step, moving bar, and moving grating stimuli (Fig. 3a). To analyze chirp responses, cells were
manually outlined in the same sequence for calculation of the mean calcium transient response (Fig 3b).
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Figure 3a-c. The manually numbered (3a) and outlined (3b) cells used for data collection and analysis.
Fig. 3c summarizes the 2-photon microscope setup.
Frame Synchronization
MATLAB scripts were written to generate field of view analyses in order to coordinate imaging frames and
visual stimulus frames. For the chirp, amplitude modulated sine, dense noise, and other future stimuli, this
script can be used to determine what was displayed at each time point to each cell. Similarly, each frame
can be saved alongside cell data to streamline the analysis process and correct the synchronisation of
visual stimulations to RGC responses.

Results
Analyses were able to identify RGCs into distinct types, including ON, OFF, and ON/OFF responsive.

Figure 4. Responses to on/off, chirp, step, moving bar, and moving grating stimuli in cells 69, 18, 52, 68,
and
34.
Cell
locations
shown
in
corresponding
colors
at
left.
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ON/OFF: Responses indicate the presence of variety of different cell types, including ON transient (cell
69), ON sustained (18), ON/OFF transient (52), OFF sustained (68), and OFF transient (34) (Fig. 4).
Temporal Kinetics: Some cells, such as 69, 18, and 34 seem to exhibit approximately constant response
across the duration of chirp, able to generate equivalent responses at higher frequencies although the
frequencies of their responses do not appear significantly synchronous with the chirp itself. In contrast,
cells 52 and 68 demonstrate what appear to be heightened or sustained responses throughout most of
the experimental period, perhaps unable to distinguish between the changing colors and instead detecting
a gray blend. Thus, cells displaying responses similar to 69, 18, and 34 are more likely to allow for faster
recovery and continued response initiation although response frequency does not seem upwardly plastic.
Contrast Sensitivity: As the intensity of the step increased, cells 18, 52, 68, and 34 appeared to output
equally increased responses, reflecting sensitivity to contrast changes within this range. However, beyond
the second step, cell 69 appeared unable to modulate its response and instead returned approximately
constant output regardless of changes step intensity. Thus, cell 69 reflects the fact that some cells within
the test set were not found to exhibit contrast sensitivity over a significant range although most showed
sensitivity over the entire range tested.
Direction and Motion Selectivity: Some cells were determined to be direction selective based on changes
in their patterns of response to the moving bar and gratings with respect to direction. Most notably, cell 52
exhibited extreme directional preference as well as some variation in that preference given local (bar) vs.
global (gratings) motion. Specifically, its global directional preference was even narrower, indicating the
possibility for surrounding zones of inhibition.

Discussion
Cell Response Timing
One problem that previous studies have faced
when determining RGCs’ responses to stimuli
such as the moving bar and grating patterns is the
inconsistency of timing across the field of view.
Since the bar, for example, moves across the
entire field of view, cells in different locations of
the field of view will be exposed to the bar at
different times for each direction it moves in. A cell
in the center of the FOV may not be affected by
this, however, the timing of exposure of cells close to the edge to the stimulus such as cell 16 will vary
greatly between directions. In Fig. 5a, cell 16 appears to be displaying an ON response in the top left
corner, and an OFF response in the bottom right graph. In this study, a MATLAB script was written to
determine the specific time intervals at which each cell was exposed to the stimulus, which can be used
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to correct this problem and more accurately characterize the ON and OFF responses of each cell; in cell
16, the corrected timing in Fig. 5b reveals that it displays an OFF response to each stimulus.
Other scripts were also written to determine what was displayed at each time point for each cell, which
corrected for differences in frame rate between the stimulation and imaging methods. These generic
written scripts can be used for future visual stimulations to more accurately characterize each cell’s
responses in accordance with what caused each response.

Future Work
Dense noise analysis is still in the process of development; however, the data is expected to assist in the
elucidation of receptive fields. In addition, more quantitative analysis for information extraction of cells’
responses to the chirp stimulus are under revision and a more thorough analysis of results is expected to
be possible in the near future.
After calibrating the new visual stimuli parameters and feature extraction of the data created in this study,
more complex future experiments can explore pharmacological manipulation of the retina’s condition. By
implementing different clustering algorithms, dynamic changes in the response properties of different cell
subtypes can be further investigated.
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Abstract
Cortical activity is highly dependent on brain states, which varies according to physiological or behavioral
factors, such as walking or resting. In this experiment, we focused on studying how brain states affect sensory
processing in mice`s barrel cortex, one of the main structures that enables them to detect information regarding
their surrounding environment. More active brain states were characterized by higher membrane potential and
cortical desynchronization in comparison with resting brain states. Those characteristics could enhance survival,
since a more active brain state – consistent with danger assessment – would be accompanied by a higher
probability of neuronal firing and, therefore, a stronger and quicker response to relatively weaker stimuli. This
result is consistent with the finding that the evoked response in arousal state is significantly higher than in resting
state. Additionally, analysis of the animal’s pupil size provided further support that pupillometry serves as a
useful indicator of the animal’s brain state.

Introduction
Barrel Cortex
Vibrissae are tactile structures in many rodents, including mice, which enable them to detect information
regarding their environment. The rodent vibrissae somatosensory system has proven to be an ideal model
system for researching in order to gain a thorough understanding of the cortical pathways for sensory
processing. Each individual whisker is represented by discrete units perpendicular to the surface in layer 4 of
the primary somatosensory cortex (S1), known as “barrels” 1.
The deflection of a whisker results in action potentials in mechanoreceptor neurons located in the whisker
pad, which project axons to and release glutamate in the brain stem. Each whisker projects to a corresponding
barrelette in the brain stem, the barrelettes are arranged somatopically. The brain stem neurons in each
barrelette subsequently send sensory information to the corresponding barreloid in the thalamus; the barreloids
are also arranged somatopically. The neurons from the thalamus then project to neurons in the corresponding
barrel in S1 2. These barrels are arranged similarly to the whiskers at the snout and are separated by septal
columns in layer 4 of the complex 3. This region in the cortex is commonly known as the “barrel cortex” due to
the distinct anatomical arrangement.
The specialized pathway in which information regarding the environment is transmitted provides a mean
for the study of many different aspects of sensory processing.

Brain States
The different patterns of the cortical dynamics characterize different “brain states”, which are defined by
either physiological or behavioral factors, such as sleeping, anesthesia, walking or resting. Responses to
sensory inputs have been shown to depend strongly on the ongoing activity pattern and many studies have
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focused on clarifying this association 4. In mouse primary visual cortex (V1), for example, locomotion is
correlated with high frequency fluctuations – associated with arousal brain state - both in the neuronal
membrane and in local field potential (LFP) 5. Moreover, locomotion is associated with an increase in visual
acuity 5. Sensory input, therefore, is most likely perceived differently depending on the brain state.
Subtle brain states, such as arousal and rest, can be tracked by the analysis of pupil diameter 6. The
dilatation of the pupil occurs due to the activity of the sympathetic nervous system and, therefore, can be
interpreted as a signal of arousal and stress. On the other hand, the constriction of the pupil is related to the
parasympathetic nervous system, associated with calmer brain states.
In this context, we focused on the differences in neocortical processing in the barrel cortex according to
various brain states. For this objective, we analyzed the overall brain activity coupled with the subthreshold
potentials of individual neurons.

Methods
Animal Preparation
The animals were initially anesthetized in an induction chamber with a mix of isoflurane and oxygen
enriched air. Depth of anesthesia was monitored by checking pinch reflexes (slightly pulling one leg) and
breathing rates. They were then mounted in a stereotaxic device and the level of anesthesia was maintained
via a breathing mask though which oxygen enriched air and isoflurane was pumped.
The area of incision of the skull was treated with lidocaine and cleaned with iodine and 70% ethanol. The
skullcap was also cleaned from all the membranes covering it. The area of the skull above the barrel cortex was
thinned (1.3 mm posterior, 3.3 mm lateral to the bregma) and covered with Kwik-Cast (World Precision
Instruments, USA). A small custom-made headbar was affixed to the skull slightly anterior to bregma. This
headbar allowed a better identification of the barrel cortex area of the brain in the subsequent steps.
Animals recovered on a heating pad and were then returned to their home cage. For at least four days,
mice were given time to recover and received analgesics (carprofen, 5 mg/kg; Buprenorphine, 0.1mg/Kg) and
ad libitum food and water.

Electrophysiology
I.

Preparation

Animals were anesthetized in an induction chamber containing a mix of isoflurane and oxygen enriched
air and the depth of anesthesia was monitored by checking reflexes (slightly pulling one leg) and pace of
breathing. The animals had their head fixed in place using the implanted headbar and had a breathing mask
applied with oxygen enriched air and isoflurane in order to maintain the proper level of anesthesia. Then a
craniotomy (~1 mm in diameter) was performed in the thinned area of the skull over the barrel cortex. The dura
matter was also removed. The region of the surgery was kept moist with artificial cerebrospinal fluid (aCSF: in

mM: 124 NaCl, 26 NaHCO3, 10 glucose, 3 KCl, 1.24 KH2PO4, 1.3 MgSO4 and 2.4 CaCl2).
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II.

Recording

Intracellular whole cell current-clam patch recordings were carried out following a recovery period
allowing the animal to regain consciousness. Borosilicate micropipettes (o.d. 1.5 mm, i.d. 0.86 mm) were pulled
to produce electrodes with a resistance of 8–12 MΩ when filled with an intracellular solution containing (in mM)
as follows: 136 K-gluconate, 10 KCl, 5 NaCl, 10 HEPES, 1 MgATP, 0.3 NaGTP, and 10 phosphocreatine (310
mOsm). In order to acquire intracellular signals, Axoclamp-900A amplifier (Molecular Devices) was used and
low passed at 6 kHz before being digitized at 20 kHz using custom-made LabView (National Instruments)
software. Moreover, current was injected to either hyperpolarize or depolarize the neuron, allowing the
examination of excitatory and inhibitory synaptic potentials.
For extracellular recordings, broken sharp electrodes with a resistance of 2-4 MΩ were used. The
electrodes were filled with aCSF. Signals were acquired using an Axoclamp-900A amplifier (Molecular Devices)
and lowpassed at 6 kHz and amplified x2 before being digitized at 20 kHz using custom-made LabView (National
Instruments) software.

Puppilometry
The size of the animal’s pupil was recorded by a high speed USB web camera (IDS, Germany).
Grayscale images were obtained at 90-100 Hz by a custom-made LabView (National Instruments) software.
The pixels of each frame of the pupil was measured using a custom-made LabView program. The pupil size
was relative to each animal and was therefore classified into big and small according the average pupil size of
each animal.

Stimulation
I.

Arousal

The animal experienced a somatosensory response to air puffs on their back, mimicking the threat of a
nearby predator. This alerted the animal and thus induced a state of arousal.
II.

Sensory

The animal was presented with sensory stimulation by the movement of its whiskers. The majority of
the whiskers were moved by a needle controlled by a galvanometer servo-controlled motor with its respective
driver and controller (6210H and MicroMax 677xx; Cambridge Technology). The motion of the individual
deflections were represented by a pattern of movement in the shape of a reverse ramp, consisting of a quick
deflection followed by a gradual return to the starting position. This pattern was modelled using a custom-made
MatLab software and a custom-made LabView software. The inter-stimulus interval (ISI) was consistent and of
a sufficient period of time in order to prevent adaptation of the cortical responses to the stimuli.

Data analysis
Data was processed and analyzed using custom-made MATLAB software.

Results
We recorded intracellular membrane potentials and LFP from the barrel cortex of 5 animals during states
of arousal and non-arousal. The arousal state was induced by an airpuff and, similarly, a somatossensory
response was evoked using an apparatus that moved the mouse’s vibrissae.
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Data regarding the subthreshold membrane potentials of seven neurons – together with extracellular
recordings - was obtained through the in vivo patch clamp method. Using the custom-made MATLAB software,
this data was analyzed together with the pupillometry recording. In six cells, we obtained a positive correlation
between pupil size and membrane potential (R=0.223; 0.346; 0.371; 0.133; 0.155; 0.1097) with respective
significant P values (P= 5.312e-05; 8.169e-08; 1.307e-16; 0.00025; 4.6112e-11; 0.0002) (Figure 1). One cell,
however, demonstrated a negative correlation (R= -0.03), but the P value was not significant (P = 0.274).
In addition, we analyzed the cross correlation between LFP and membrane potential recordings in resting
and active states. In five neurons, the cross correlation was significantly lower during active state than in resting
state (P = 1.1149e-05; 2.3755e-23; 0.00039; 0.03; 0.0006) (Figure 2). In the remaining two neurons, the P value
was not significant

Legend: The X axis indicates the pupil size of the animal, measured in pixels and the
Y axis indicates the membrane potential of the individual neurons in mV. The blue dots
represent all data recorded from this set of experiment and the blue line shows the
overall correlation between the two variables

Lastly, the analysis of individual neurons in aroused and unaroused states exhibited a significant
difference in evoked responses (P value = 0.008) (Figure 3).
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Legend: The graph demonstrates the evoked response of
all neurons from the experiment, measure in mV, during
aroused and unaroused states (defined by pupil size).

Discussion
We have demonstrated that brain states affect cortical dynamics in the barrel cortex of mice. Overall, it
was possible to observe a higher neuronal membrane potential in more active brain states in comparison with
resting states, as demonstrated in Figure 1. This characteristic could increase chances of survival, since stimuli
have higher probability of driving the neuronal membrane potential to values above the threshold – and,
therefore, trigger an action potential – if the membrane potential is already higher. This situation would be
particularly helpful when the animal, perceiving potential threats in the nearby environment, has a more active
brain state. On the contrary, during resting brain states, when the animal feels relatively safe, there is no need
for this quicker neuronal firing in response to rather
weaker stimuli, which explains the lower membrane
potential. This result is consistent with the second
analysis represented in Figure 3, since the evoked
response in the arousal state is significantly higher
than in the resting state.
Similarly, if more active brain states are
characterized by a facilitation of neuronal firing, it is
possible to assume that there would be an increase
in the firing of individual neurons in response to
relatively weak stimuli. This could therefore explain
the lower cross correlation between LFP and
membrane potential in active states (Figure 2).
Additionally, analysis of the animal’s pupil size
provides further support that the pupil size serves as
Legend: The X axis indicates the time of the experiment (in
seconds), where 0 seconds corresponds with the instant when
a useful indicator of the animal’s brain state.
the stimuli was given. The Y axis indicates the cross
correlation between LFP measures and membrane potential
measures during aroused (blue line) and unaroused (red line)
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state.

Consequently, giving it an air puff evoked a change in brain state, which was demonstrated by coherent
fluctuations in the pupil size in addition to the changes in cortical dynamics.
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Abstract
Heart disease is one of the leading causes of mortality worldwide, primarily caused by the poor capacity
of the adult mammalian heart to regenerate following injury. Neonatal mice however, retain the ability to
regenerate cardiac muscle over the first seven days of life, corresponding to the window in which their
cardiomyocytes continue to proliferate. Thus, studies aimed at investigating factors that could stimulate
cardiomyocyte cell cycle re-entry often use adult or post-natal day 7 (P7) cardiomyocytes, which have
virtually no proliferative capacity. One such method involves the transfection of siRNA or plasmid DNA,
however it is not known how amenable P7 CMs are to transfection of these materials using Lipofectamine
reagents. In this study we found indications that, contrary to what was previously thought, transfectability
does not decrease as the cardiomyocytes mature from P0 to P7, but rather remain steady at low rates for
plasmid DNA (3%) and medium rates (40%) for siRNA. This suggests P7s are suitable cell types for
siRNA studies, but other methods should be explored for plasmid DNA.

Introduction
Cardiovascular disease is one of the leading causes of death in modern society (Raymond.,et
al.2006). One of the most common causes of cardiovascular diseases is myocardial infarction (MI), in
which the coronary artery becomes obstructed, and subsequent fibrosis occurs. During this process,
many cardiomyocytes, the contractile cells of the cardiac muscle within the heart die, in turn reducing the
amount of functional tissue. In order to compensate for this, the remaining CMs need to pump harder to
meet the body’s oxygen demand. At first, this is achieved through CM hypertrophy; however over time the
CMs can no longer work at such an extended capacity and begin to die, leading to heart failure and
death. As a result, strategies to regenerate the cardiomyocyte population within the heart are of great
interest, as a damaged heart is more inclined to fail over time.
One major obstacle is the seemingly inherent inability of cardiomyocytes to proliferate. However,
a recent paradigm shift in the field has demonstrated that cardiomyocytes in certain non-mammalian
vertebrates such as zebrafish, and in neonatal mice, show regenerative capabilities (Porello., et al. 2011).
As such, cardiomyocytes have become a major component of experimental systems in the field of cardiac
regeneration, many of which aim to induce cardiomyocyte proliferation through the alteration of gene
expression, either through overexpression or regular expression of a mutated gene (e.g. a constitutively
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hyperphosphorylated amino acid residue). One such method is through a liposomal delivery vehicle (e.g.
Lipofectamine), whereby liposomes form spontaneously in an aqueous environment, capsules around the
genetic material. Afterwards these capsules are endocytosed by the target cell.
Although adult cardiomyocytes are the ideal cell type for cardiac regeneration studies, technical
difficulties in their isolation have prevented their widespread experimental usage. As a result, neonatal P7
(postnatal day 7) cardiomyocytes have become a preferred cell type, due to their reduced proliferative
capacity, relative to P0 ( postnatal day 0) cardiomyocytes. However, P7 cardiomyocytes have been found
to be difficult to transfect.
Whilst it is generally accepted that P7 cardiomyocytes do not proliferate and are difficult to
transfect by liposomal based methods, how this changes from P0 to P7 time points is unknown.
Understanding this phenomenon in better detail may allow researchers to identify a postnatal age in mice
where proliferation is similar to that of an adult, but where transfectability by liposomal based methods
remains high, thus allowing for the study of cardiomyocyte behavior. In this study, we use two liposome
based reagents to deliver siRNA and plasmid DNA into neonatal cardiomyocytes from a range of
postnatal day ages in mice (P0 to P7) in order to assess the temporal dynamics of murine cardiomyocyte
transfectability over the first 7 days of life.

Methods
Cell Culture
On the morning of day one of the experiment, 14 mice were delivered to the lab, so two mice per
age. The age of the mice was estimated before they arrived in our lab. Neonatal cardiomyocytes were
isolated through the surgical procurement and enzymatic digestion of P0 to P7 murine hearts. The
cardiomyocytes were maintained in culture in Dulbecco's Modified Eagle's medium (DMEM),
supplemented with Fetal Bovine Serum (FBS), Horse Serum, Penicillin Streptomycin (Pen Strep),
Pyruvate, and nonessential amino acids, in a 37°C/5% CO 2 incubator. The cardiomyocytes were cultured
on a glass bottomed, pre-gelatinized (0.5%) 96-well plate at a seeding density of 3500 cardiomyocytes
per well.

GFP Transfection
A plasmid containing Green Fluorescent Protein (GFP) was transfected into neonatal
cardiomyocytes of various ages (P0-P7), 24 hours post seeding, using Lipofectamine 2000 Transfection
Reagent (Life Technologies #11668019), according to instructions from the manufacturer. Three
Lipofectamine concentrations were tested: 2 (1 µl Lipofectamine: 0.5 µg DNA ratio), 4 (2 µl Lipofectamine:
0.5 µg DNA ratio), and 5 (2.5 µl Lipofectamine: 0.5 µl DNA ratio). A negative control group only containing
Lipofectamine was also utilized. All experimental conditions were performed in triplicate.
2.3. siRNA Transfection
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Red fluorescent tagged short interfering RNA (siRNA) (Sigma Aldrich #SIC003) was transfected
into postnatal cardiomyocytes of various ages (P0-P7) using Lipofectamine RNAiMAX Transfection
Reagent (Life Technologies #13778075), following instructions from the manufacturer. All experimental
conditions were performed in triplicate.

Immunofluorescence Microscopy
24 hours after transfection, Cardiomyocytes were fixated with 4% PFA (Paraformaldehyde). Upon
fixation, the cells were incubated on an orbital shaker at room temperature for 15 minutes. The cells were
then permeabilized with 100 µl of 0.5% Triton for five minutes, and blocked with blocking solution for one
hour. GFP-transfected cardiomyocytes were stained with Rabbit anti-TnT (ab47003) as a primary
antibody and Donkey anti-Rabbit 555 (ab150074) as a secondary antibody. siRNA-transfected
cardiomyocytes were stained with Mouse anti-TnT (ab33590) as a primary antibody and Donkey antiMouse 488 (ab150105) as a secondary antibody. All cells were then stained with 4',6-diamidino-2phenylindole (DAPI). Fluorescence images were captured at 40x.

Results
siRNA Assay Demonstrates Greater Transfection Efficacy than the GFP Assay
After comparison of the GFP and siRNA assays, it’s clear that the positive transfection rate was
significantly higher in the siRNA assay, relative to that seen in the GFP assay. In the siRNA assay,
transfection was effective in all cardiomyocyte populations, from P0 to P7. However, the there was no
GFP transfection observed by the P3, P6 and P7 cells. Furthermore, the overall transfection percentages
of the siRNA transfection are far higher than the ones from the GFP transfection (Fig 1A, 1B).

Increased transfection efficiency from P0 to P7 cardiomyocytes in the siRNA Assay
There is an increase in transfection efficiency in the siRNA assay from P0 to P7 cardiomyocytes
(Fig 1). Most notably, the increase in transfection efficiency from P0 to P5, and P0 to P7 cardiomyocytes
reached statistical significance (Fig 1A). In comparison, the GFP transfection development from P0 to P7
didn’t manifest any statistical significance (Fig 1B).

A)

B)
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C)

D)

Figure 1: siRNA and GFP Lipofectamine Transfection Assays of Neonatal Cardiomyocytes. (A)
Positive Transfection Efficiency of Neonatal Cardiomyocytes in the siRNA Assay (B) Positive
Transfection Efficiency of Neonatal Cardiomyocytes in the GFP Assay (C) Fluorescence Images of P0
and P7 Cardiomyocytes in the siRNA Transfection Assay. White circles denote positively transfected
cardiomyocytes. (D) Fluorescence Images of P0 and P7 Cardiomyocytes in the GFP Transfection
Assay. White circles denote positively transfected cardiomyocytes. *: p<0.05
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Discussion
This study analyzed how transfection efficiency of murine cardiomyocytes changes over seven
neonatal time points. Although it was expected that, in both assays, transfection efficiency would
decrease from P0 to P7 time points, no such pattern was observed. At this point, it should be mentioned
that there wasn’t enough data to get a clear pattern in the development of transfection efficiency from P0
to P7. However, statistical significance was reached in the siRNA transfection efficiency between the time
points P0 to P5 and P0 to P7. This suggests that, with more data, there might be an observable trend
between the transfection efficiencies from P0 to P7. There are many potential explanations for this
change in transfection efficiencies. First, as neonatal cardiomyocytes advance in age, and progress from
P0 to P7, they shift from an anaerobic to aerobic metabolism. This shift in metabolism, accompanied with
a large influx of oxygen entering the blood, may have a positive effect on transfection efficiency within
neonatal cardiomyocytes. Second, many genetic changes occur from P0 to P7 time points, most notably
changes in transcriptional regulation of the cytoskeleton. Such alterations in the cytoskeleton structure
may encourage the endocytosis of genetic material into the cell.
Meanwhile, when comparing the two datasets above, a clear difference in transfection efficiency
between siRNA and GFP is observed. We speculate that a significant reason for this disparity is the
different sizes of siRNA and GFP plasmid particles. While siRNA are relatively small molecules,
consisting of 15-20 nucleotides, GFP transfection requires the uptake of an entire plasmid, much larger
than the nucleotide sequence of siRNA. Because of this, more siRNA particles than GFP plasmid are
able to be up-taken by Lipofectamine, the liposomal based transfection vehicle used for both the siRNA
and GFP assays. Thus, even if a comparable number of liposomes were uptaken by cardiomyocytes of
both assays, there will be a differentially greater presence of siRNA (Fig 2A).
An additional reason for this difference in transfection efficiency is that GFP plasmid must first be
transcribed and translated for the GFP protein, and for fluorescence, to be detected. As a result, it often
takes multiple days to detect GFP-induced fluorescence. Previous studies from the lab demonstrate that
there is a significant increase in GFP fluorescence in transfected cells after 10 days after transfection,
compared to 3 days. siRNA on the other hand, is able to fluoresce immediately after entering the cell (Fig
2B). Thus, because cells were fixated and prepped for fluorescence only 24 hours post fluorescence, the
siRNA demonstrated greater fluorescence, even if comparable numbers of liposomes were uptaken in
both assays.
Meanwhile, an existing limitation of the experimental design is the fact that mice were purchased,
rather than bred in the lab. As a result, there is no assurance that the that the mice used for the
experiment were of the age they were labelled with. More accurate results would be reached in the future
if mice were bred within the lab for the purpose of the experiment.
Another potential future investigation is investigating the relation between the oxygen partial
pressure of the blood while the metabolism shifts from anaerobic to aerobic in aging neonatal
cardiomyocytes, and transfection efficiency. Therefore, an experiment whereby transfection of neonatal
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cardiomyocytes of the same age was made under different oxygen concentrations would be interesting to
perform. Further, to demonstrate that the structural change of the cytoskeleton in postnatal
cardiomyocytes is a contributing reason to the higher transfection efficiency, performing a transfection to
a P14 and a P28 cardiomyocyte is seen as a potential future investigation.

A)

B)

Figure 2. siRNA and GFP Transfection Mechanisms. (A) The smaller size of siRNA particles allows more siRNA
particles to be uptaken by a single liposome, relative to the number of larger GFP plasmids able to be uptaken by
a single liposome (B) GFP fluorescence increases 10 days after initial transfection, while siRNA fluoresces
immediately.
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Abstract
Various cellular processes are regulated through the activation of the PKC-dependent PI3K/AKT
pathway through G protein-coupled receptors (GPCRs). As previously was shown in our lab,
activated GqPCRs reduces the AKT activity in a PKC-dependent manner, resulting in a JNKdependent apoptosis. It was found by us that the main regulator of this process is the
serine/threoine phosphatase PP2A, which is operating with the B regulatory subunit IGBP1.
PP2A is attached to PI3K in resting cells, dephosphorylating its inhibitory P85-Ser608 residue,
and thereby causes its activation. In this study we have found that upon GqPCR activation, the C
subunit of PP2A is phosphorylated by PKC on Ser24, which causes its detachment from PI3K
and binding to AKT. This mechanism was termed ‘PP2A switch’.

Introduction
In this project cell signaling and the associated pathway is being studied. More precisely the
PI3K/AKT pathway was being examined. This known pathway transmits extracellular signals to
induce cellular processes such as proliferation or survival (1,2). The PI3K/AKT pathway activates
cell survival pathway while inhibiting the pathway for apoptosis.
More accurately these pathways work as follows. The mechanism of PI3K/AKT pathway and the
activation by growth factors and ligands has been extensively studied over the past years.
GqPCR protein couples the receptor outside the cell and the PKC protein is activated. This
protein activates PP2A which then inhibits PI3K. Inhibition of PI3K results in AKT inhibition as
well. In resting cells, PP2A is bound to PI3K dephosphorylating its inhibitory autophosphorylated
residue. Due to the stimulation, PP2A is phosphorylated by PKC. As a result, PP2A is detached
from PI3K’ rendering it inactive’ and binds AKT. Binding of PP2A to AKT renders it inactive as
a result of dephosphorylation of its activatory phosphorylated residues. As a results of this
switch, the PI3K/AKT survival pathway is inhibited and the cells undergo apoptosis.
The involvement of PP2A in the regulation of AKT activity is well established. PP2A is a
heterotrimer, consists of three subunits. The first one is called the subunit A and acts as a
scaffold protein.The second subunit is the subunit C and is in charge for the catalysis and the last
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subunit is the subunit B which is the regulatory component (3,4). The A and C subunit are built of
two similar isoforms each and the subunit B consists of up to 17 isoforms. This different isoforms
determine the specificity of the phosphatase. Studies have shown that PP2A can act as
heterodimers either of A and C subunits (8,9) or A and B subunits where the B subunit is 4/IGBP1
(5,6).
G protein coupled receptors (GPCRs) are the largest group of membranal proteins that transmit
cellular responses to extracellular agents (7-9). The intracellular transmission of GPCR signals is
mediated by G proteins, which are divided into four groups: Gs, Gi, Gq and G12, but also Gprotein independent signaling was reported (10,11). The signals started by the GPCRs are known
to induce many intracellular signaling pathways including the PI3K/AKT pathway (12).
It was found that PKC phosphorylates PP2Ac subunit on a specific Serine 24 residue. Since
PP2A is detached from PI3K upon PKC activation we studied if this phosphorylation is the driving
force. To that end, we studied the interactions between PP2Ac and AKT/AKT/IGBP1 after
stimulation in mutants of PP2Ac Ser24, using the proximity ligation assay (Sigma Doulink PLA).

Methods
Cell Culture and Transfection: Prostate cell line (PC3) cells were obtained and cultured.
Briefly, the cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 2 mM L-glutamine, 1% pen/strep and 10% fetal bovine serum (FBS). Plasmids were
transfected using PEI in 0.1% serum to cell culture in 70% confluency for 16 hours.
Proximity ligation assay (PLA): Protein–protein interactions were detected with Duolink PLA Kit
(Olink Bioscience), according to the manufacturer’s protocol. Brieﬂy, cells were grown, ﬁxed and
permeabilized (Immobilized). The samples were then incubated with primary antibodies against
two proteins suspected to interact (60 min, 23 C), and then incubated with specific probes,
o

following DAPI staining to allow visualization of nuclei. The signal was visualized as a distinct
fluorescent spots by fluorescence microscope (Olympus BX51, x40 magnification).

Results
In order to prove whether phosphorylation of PP2A c subunit on Ser 24 residue, we were looking
for interactions between proteins before and after stimulation. We were looking for interactions
between PP2A with AKT, with PI3K and with IGBP1. Because PP2A is supposed to change from
AKT to PI3K due to the stimulation. Since IGBP1 is a B subunit of the PP2A complex, we used it
as a positive control. First we stimulated our cells. Afterwards we did a PLA. The last step was to
count the points on images in order to determine the event per cell.
As can be seen in figure 1,2 (A, B, C), our Wild-type group of cells behave normally as was
expected, having the detachment of PP2A from PI3K, and increase of interactions after 30 min
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stimuli with AKT, the decrease of interaction with PI3K and the almost no change in number of
interactions with IGBP.
For the S24A mutation that cannot be phosphorylated, few interactions with AKT appeared before
stimuli, and after it, the number became zero. The interactions with PI3K barely decreased in
comparison with the wildtype group of cells after stimulation, and for IGBP the amount of
interactions was maintained.
In the S24E group of cells the interactions with AKT were the same with or without stimulation,
while interactions with PI3K decreased even without stimulation. PP2A interactions with IGBP
remained the same as before.

Discussion
The PI3K/AKT pathway regulates cell survival as a result of extracellular stimuli. In our lab we have
shown that in several cell types activation of GqPCR results in inhibition of the PI3K/AKT pathway
and as a result activation of the apoptotic pathway that leads to cell death. this mechanism is being
regulated by the protein phosphatase PP2A. which is bound to PI3K in resting cells and upon
activation of GqPCR, PP2A is phosphorylated on specific Serine 24 residue on the C subunit. This
leads to detachment of PP2A from PI3K and binding to AKT, thus rendering both proteins inactive.
We have shown that in this pathway, the regulatory B subunit, IGBP1 remains as a part of the
heterotrimer complex of PP2A.
Since phosphorylation events can alter molecular processes such as protein-protein interactions,
we decided to study whether the phosphorylation of PP2A on Serine 24 in the C subunit plays a
role in the PP2A switch between PI3K and AKT.
Our results clearly demonstrate that this phosphorylation is the driving force of the PP2A switch as
PP2Ac S24A mutant that is unable to be phosphorylated, PP2A remains bound to PI3K and does
not switch to AKT even after PKC activation..
In addition, PP2Ac S24E mutant, that is always phosphorylated, is mainly found in interaction with
AKT and not PI3K even without PKC activation.
In conclusion, we found that the stimulation in prostate cancer cells regulates the binding of PP2A
c subunit at Serine 24 to PI3K. So in this kind of cells the PKC gets activated by stimulation and
initiates cell death instead of cell proliferation. It was found in our lab that the phosphatase PP2A
binds to PI3K in resting cells, inhibiting the cell proliferation pathway through inactivating PI3K by
unbinding the PI3K and instead binding to AKT, which is thereby also inactivated. In our
experiments we found that the specific phosphorylation of S24 is an essential regulator targeting
PP2A to PI3K or AKT.
Since extensive and uncontrolled cell proliferation often lead to malignancies, we concluded that If
we could express the PP2Ac S24E mutants in other cells, it would be possible to cure diseases
caused by overproliferation, for example cancer.
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Abstract
Electron Paramagnetic Resonance (EPR) manipulates electron spins to determine the presence and
structure of paramagnetic species in a sample. This study aims to explore the possibilities of EPR
spectroscopy in three separate experiments. Experiment A used stock solutions with various
concentrations of manganese to generate a calibration curve of EPR signal intensity Vs
concentration. This was successfully used to determine the concentrations of manganese in multiple
tea samples. Experiment B measured the EPR spectra of copper complexes at 180K: Cu(IDA),
Cu(Gly)2, and Cu(Chelex). By comparison with simulated spectra, it was revealed that Cu(Chelex)
displayed apparent isomerism: an unexpected result, especially since no such study was ever
conducted before. Experiment C developed an in-situ EPR electrochemistry technique to study
organic radical intermediates using electrochemistry. The 1,4-benzoquinone (BQ) electrochemistry in
-

ACN successfully generated an EPR spectrum of the intermediate, revealing the formation of BQ .

Introduction
Through the manipulation of the spin properties of unpaired electrons, Electron Paramagnetic
Resonance (EPR) can provide unique insight into the structures of radical species and their roles in
chemical reactions. Similarly to Nuclear Magnetic Resonance (NMR), EPR studies samples by
applying a magnetic field with simultaneous microwave radiation (fixed). As the magnetic field sweeps
through a range of strength values, an EPR spectrum is generated: the “fingerprint” of the
paramagnetic species. Spectra vary based on the electron spin and their interactions with nuclear
spin [1]. Thus, EPR can be a valuable tool in studying the presence of free radicals in samples as well
as their structures and properties [2-3]. The aim of this study is to explore some of the applications of
a variety of EPR techniques in three separate experiments.
Experiment A uses a calibration technique based on the linear dependency between signal intensity
and the amount of a paramagnetic species to develop a method of estimating the concentrations of
given radicals in solution.
Experiment B studies Chelex resin, which is an essential component of PCR methods for DNA
extraction and sample protection [4]. It aims to use EPR techniques to learn more about this complex.
No such study has ever been conducted before.
Experiment C develops an in-situ electrochemistry technique to study short-lived radical
intermediates.
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Methods
A. Manganese Calibration Curve
MnCl2 and deionized water were used to prepare stock solutions at concentrations of 0.2 mM, 0.4
mM, 0.6 mM, and 0.8 mM. EPR spectra were recorded for each sample on a Bruker ELEXSYS E500
X-band spectrometer operating at 9.5 GHz, equipped with a Bruker ER4102ST resonator in a Wilmad
flat cell for aqueous solutions (WG-808-Q) at room temperature. Experimental conditions were 1024
points with microwave power of 20 mW, 0.1 mT modulation amplitude and 100 kHz modulation
frequency. Sweep range was 110 mT.
Since the intensity of the EPR signal is linearly dependent to the concentration of a sample, the
amplitude of the first peak of the manganese spectrum for each sample was calculated and used to
create a linear fit (intensity vs. concentration) in Origin 7. This fit created a calibration curve which can
be used to determine the concentration of manganese in any sample.
Brewed tea samples (one bag and one cup of hot water) were prepared from Wissotzky Green Tea
Earl Grey, Wissotzky Green Tea Lemon Honey, Wissotzky Green Tea Massala Chai, Impra Green
Tea, Peppermint Mint Tea, and Jasmine Green Tea. EPR spectra were recorded for each with the
same parameters as for the manganese stock solutions. The first peak amplitudes were calculated for
each tea sample’s spectrum and placed into the line of fit to determine manganese concentration in
the tea samples.

B. Copper Complexes
Copper (II) nitrate and glycine (GlyH) were used to prepare Cu(Gly) 2 at pH values of 7.0-7.4 and a
metal/ligand concentration of 1:3. The Cu(IDA) complex was prepared using copper(II) carbonate and
iminodiacetic acid, using the methods described in [5-7]. The Cu(Chelex) complex was prepared in a
1:1000 ratio by weight. Deionized water was used to prepare three separate samples with 1 mM of
CuIDA, 1 mM of Cu(Gly)2, and 1 mM of CuChelex respectively.
EPR spectra were recorded for each sample on a Bruker ELEXSYS E500 X-band spectrometer
equipped with a Bruker ER4102ST resonator in a Wilmad flat cell for aqueous solutions (WG-808-Q)
at 295 K and with quartz capillaries at 180 K for each sample. Experimental conditions were 1024
points with microwave power of 20 mW, 0.1 mT modulation amplitude and 100 kHz modulation
frequency. Sweep range was 110 mT.

C. In-Situ Electrochemistry
A 1 mM solution of 1,4-benzoquinone (BQ) was prepared with ACN solvent in a de-oxygenated
nitrogen gas environment. Through cyclic voltammetry measurement in electrochemistry, a reduction
reaction was observed at -0.87 V and oxidation at -0.76 V as shown in Figure 1 below. Thus, an insitu electrochemistry EPR analysis of the reduction reactions was run at -0.87 V. EPR spectra were
recorded for each sample on a Bruker ELEXSYS E500 X-band spectrometer equipped with a Bruker
ER4102ST resonator Wilmad electrolytic cell (WG-810-Q) for aqueous solutions at room temperature.
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Experimental conditions were 1024 points with microwave power of 20 mW, 0.1 mT modulation
amplitude and 100 kHz modulation frequency. Sweep range was 110 mT.

Figure

1:

represents

The

figure

the

cyclic

voltammetry

curve

generated by the 1 mM BQ
solution

in

ACN.

The

reduction reaction is clearly
seen at -0.87 V and the
oxidation reaction follows at
-0.76 V.

Results and Discussion
A. Manganese Calibration Curve
Generating EPR spectra for various samples of tea revealed the presence of manganese, as
confirmed by simulations of corresponding manganese spectra. This is demonstrated in Figure 2,
which shows the results for Wissotzky Green Tea with Earl Grey flavoring. Using stock solutions, a
calibration line of fit was created to estimate the relationship between EPR signal intensity and
manganese concentration (all other conditions kept the same) as shown in Figure 3. This was used
to estimate manganese concentrations in all tea samples; the results are shown in Figure 4. This
study demonstrates the use of EPR as a tool in discovering and measuring the presence of free
radicals in samples and the concentration.

Figure 2: The figure on
the left represents in
blue the recorded EPR
spectrum of the Earl
Grey tea sample and in
red, the simulation of a
manganese

spectrum

with a g-factor of 2.0026
(free
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electron)

and

hyperfine value of 94 Gauss. It’s clear from this overlay that there are manganese ions in the tea.
Simulations were run with Easyspin 5.1.11 [8].

Figure 3: Each point in the
graph represents the amplitude
of the first peak of the EPR
spectrum. The samples are
MnCl2 with the concentration
of 0.2 mM, 0.4 mM, 0.6 mM
and 0.8 mM respectively. By
plotting this data It is possible
to observe that the amplitude is
directly

proportional

to

the

concentration of the sample
according to the following line
of fit calculated with Origin
(OriginLab, Northampton, MA): (Intensity) = (6.5366)(Concentration)

TEAS

Intensity

Concentration (mM)

Wissotzky (Green tea with Earl Grey flavor)

0.1572

0.024

Wissotzky (Green tea Lemon and Honey flavor)

0.1741

0.027

Wissotzky (Green tea with Masala Chai flavor)

0.1589

0.024

Impra (Green tea)

0.1607

0.025

Pepper (Green tea)

0.1647

0.025

Store (Green tea)

0.1184

0.018

Figure 4: The figure above represents the estimated concentrations of manganese in the various teas
based on peak intensity of the EPR spectra and the line of fit calculated in Figure 3 above.

B. Copper Complexes
Since Copper Chelex has never been studied with EPR methods before, the goal of this study is to
gather any structural information possible by comparison to two well-known complexes: Cu(Gly)2 and
Cu(IDA). Figure 5 below shows the experimentally generated spectra in blue (A is Cu(IDA), B is
Cu(Gly)2, and C is Cu(Chelex)). Simulations were run to fit the curves and discern the identities of the
structures. Notably, a simulation with two different molecules had to be run for Cu(Gly) 2 since it is
well-known that it has cis- and trans- isomers which both influence the spectrum [9]. It was originally
expected that Copper Chelex would not be like this but could rather be fitted with one molecular
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configuration, similarly to Cu(IDA). However, as it soon became apparent that this was impossible, a
two-molecular specieswas used to fit the curve (red line in Figure 5C below). Thus, there must be two
isomers with 60-40 relative abundance in the Cu(Chelex) solution.
Figure 5: The figure on the
left

represents

the

EPR

spectra for Cu(IDA) in A,
Cu(Gly)2 in B, and CuChelex
in C. The blue lines show the
spectra

generated

experimentally and the red
lines show simulated spectra
for the complexes (with the
parameters

in

Figure

6).

Simulations were run with a
program

(MATLAB

2010b,

The MathWorks, Inc., Natick,
MA, U.S.A., 2000) written by our mentor, Dr. Raanan Carmielli.

g1x

g1y

g1z

g2x

g2y

g2z

A1x

A1y

A1z

A2x

A2y

A2z

2.057

2.29

-

-

-

10

3

175

-

-

-

Cu(Gly)2 2.0517 2.0517 2.257 2.0753 2.0753 2.3594

1.3

1.3

187

28

28

100

CuChelex 2.0409 2.0409 2.2450 2.0797 2.0797 2.2183

16

16

184

13

13

140

Complex

Cu(IDA) 2.05

Figure 6: This figure presents the simulation parameters used to fit the experimental data for each
copper complex shown in Figure 5. These g-tensor and hyperfine values provide structural
information for these complexes. Especially, Cu(Gly) 2 and CuChelex require two sets of values due to
the presence of isomers in solution.

D. In-Situ Electrochemistry
The in-situ electrochemical setup was
able to generate effectively an EPR
-

spectrum for BQ radicals formed in the
reduction

of

BQ

during

electrochemistry. The five peaks of the
spectrum are a result of the hyperfine
interactions, interaction between the

Figure 7: The figure on the left represents the EPR
spectrum of BQ- formed during the in-situ electrolysis

unpaired electron and its neibouring nuclie, reaction. The blue shows the experimentally generated
spectrum. The red shows the spectrum generated in
simulation with a g-value of 2.0026 free electron) and a
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hyperfine value of A = 2.4. The simulation was run with
Easyspin 5.1.11 [8].

with four nuclei, as confirmed by the simulation. This demonstrates the utility of in-situ
electrochemistry in EPR as a method to determine and study radical intermediates using
electrochmistry.

Conclusions
At the end of these experiments, it was possible to visualize the capabilities of the EPR spectroscopy
while also elucidating new information on the studied species, especially Cu(Chelex) where the
presence of isomers in solution was discovered (Experiment B). Future Electron-Nuclear Double
Resonance (ENDOR) studies will hopefully give more information on their identities and structures.
Experiment A confirms the utility of EPR in measuring radical concentration. Additionally, the results
of Experiment C shows promise towards the future use of in-situ electrochemistry in EPR due to the
-

relative ease in capturing the intermediate radical spectrum for BQ .
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Abstract
In order to understand the survival of pines in semi-arid regions throughout summer, one has to
understand their interactions with their environment and the atmosphere. A crucial part of this
relationship is the photosynthetic activity. In the Yatir forest, on July 2017, diurnal cycles of
photosynthetic activity were measured on the ecosystem and leaf scales. They were then compared
with data from different seasons that was already gathered by the eddy covariance tower system. It
was noticed that the pines undergo a shifted annual cycle in their photosynthetic activity with peak
activities in winter and spring. Furthermore, a direct relation between the leaf scale and the ecosystem
scale could be concluded from measurements with an IRGA 6400 (Infra-Red Gas Analyzer, LI-COR)
system. The observed parallelisms may enable scientists to understand the complex aspects of
forests faster, even in situations with less equipment, and give them more resources and time to deal
with pressing problems affecting Earth today.

Introduction
Relevant Information/Previous Studies
The amount of CO2 that humans have been emitting into the atmosphere has been increasing rapidly
since the mid-20th century. This speeds up the process of global warming due to the greenhouse
effect, the trapping of heat inside the Earth’s atmosphere, since CO2 is a greenhouse gas. From 1880
[1]

until 2012, there was a global increase in temperature of 0.85° C . Forests, acting as carbon sinks,
play a key role in combating global warming by taking one quarter of anthropogenic emissions from
[2]

the atmosphere per year . Thus, it is of critical importance to understand the complex interactions
between the land biosphere and the atmosphere in order to help us understand how to mitigate the
effects of global warming.
Forests are not only important due to their role in taking CO 2 from the atmosphere. There are
also many complex mechanisms in which the forests interact with the atmosphere. The primary
example of this is the carbon cycle, a biogeochemical process (the chemical composition of the CO 2 is
[3]

changed). However, there are biogeophysical cycles such as water, heat, and radiation fluxes . The
biogeochemical fluxes of CO2 between the surface and the atmosphere is also known as the Net
Ecosystem Exchange (NEE; eq 1). NEE is comprised of the Gross Primary Production (GPP) of the
[4]

ecosystem, or how much CO2 the system absorbs, and of the ecosystem respiration (R eco; eq 1) .
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Ecosystem respiration is the heterotrophic respiration (R het, by animals) combined with the autotrophic
[5]

respiration (Raut, by plants) .
1.

NEE = Reco – GPP

2.

Reco = Raut + Rhet

One of the main factors affecting carbon sinks is the net radiation (Rn). It is composed of the solar
radiation (shortwave) reaching the surface subtracted by the radiation reflected back to space (albedo),
minus the thermal (longwave) radiation that is emitted by the earth, plus the thermal radiation reflected
[6]

back by the atmosphere (by the greenhouse gases) . The net radiation is dissipated by non-radiative
fluxes, which are the sensible heat flux (H; convection of hot air rising from the surface into the
atmosphere), the latent heat flux (LE; the heat required to vaporize water, transported via
[6]

evapotranspiration) and the heat stored in the environment (G; eq 3), which is negligible .

3.

Rn = H + LE + G

In this project, we are studying Aleppo Pines (Pinus halpensis) in the semi-arid region of the Yatir
forest in Israel. It was artificially planted in the desert about 50 years ago, in an area of 2,800 ha. The
forest is interesting for researchers as it is not obvious how it can survive in the middle of the desert. In
such a dry environment, the trees have adapted to the 280 millimeter of annual precipitation that is
concentrated in four months of the year. One adaptation they had to make to survive is the shift of
their peak photosynthetic activity from July and August in Europe to March and April in Yatir

[7]

.

There is existing data from the Yatir Ecophysiology research group on the photosynthetic
activity of the pines during fall, winter, spring, and summer. These measurements were made on the
branch and ecosystem scale, but not on the leaf scale. From these experiments, the Yatir group
discovered the “convector effect,”

[7]

a way in which the Yatir forest cools itself down almost exclusively

via sensible heat flux (H). We chose to experiment on the leaf scale to corroborate the findings of
previous measurements as well as to investigate whether the leaf scale and ecosystem scales
corroborate each other. For these reasons, we have chosen to study these pines on the leaf scale in
summer.

General goal: To understand the survival of pines in semi-arid regions during summer and their
importance and influences on their environment and the atmosphere.

Specific Goals:
1. To find out correlations between the leaf and ecosystem scale measurements.
2. To validate the hypothesis that the activity during summer is lower compared to the other
seasons.
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Methods
We were looking at pines in the Yatir forest in the south of Israel. The ecophysiology group has
conducted measurements in this forest for many years, and thus contains abundant reference data.
We used the IRGA (Infra-Red Gas Analyzer) unit LI-6400 from LI-COR to measure the photosynthetic
activity of the trees at the leaf scale. The CO2 flux is proportional to the photosynthetic activity, which is
calculated from the CO2 fluxes, H2O fluxes and temperature. We used the CO2 fluxes measurement in
order to compare it to the ecosystem scale measurements, where the CO2 fluxes are also measured.
The instrument has a 2 x 3 cm measurement chamber in which leaves can be clamped into without
interference from outside factors (such as wind, gas fluctuations, etc.). Inside the chamber, a constant
CO2 and H2O concentration is provided by the machine, as well as a temperature regulator and a UVLED light source that can be dimmed in order to simulate the desired conditions. The IRGA then
measures the difference between the reference CO2 value and the sampled one. This difference is
assumed to be only due to emission or absorption by the leaf stomata and can therefore be calculated
into photosynthetic activity.

Picture 1 - The scaffold for the leaf scale

Picture 2 - The eddy covariance tower system

measurements
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We used a scaffold to reach a height of 6 meters, roughly half of the tree’s height (Picture 1).
th

The measurements in Yatir took place on Wednesday, 12 of July, 2017, from 9AM – 6PM. One tree
was studied for two sessions consisting of two or three measurement periods lasting ten to fifteen
minutes each. Measurements on the ecosystem scale were taken automatically throughout the whole
day with an eddy covariance tower system (Picture 2) as well.

Figure 1: Comparing different months, representing each season, measured in the ecosystem scale.

Results
The following results were obtained by taking measurements with the IRGA on the leaf scale as well
as further analyzing existing ecosystem scale data from the Yatir research group.
In Figure 1 one can see the diurnal CO2 fluxes in the Yatir forest, which directly correlates to the
photosynthetic activity, measured on the ecosystem scale. There are four curves, each representing
one season (November: fall, February: winter, April: spring, July: summer). Negative CO2 fluxes
represent an uptake by the trees (photosynthesis). Positive values represent emission by the trees
(respiration). It is evident from Figure 1 that significant photosynthetic activity only occurs mainly in the
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colder seasons - winter and spring - and not during the summer. This indicates that the pines in the
Yatir forest do decrease their photosynthetic activity in summer, resulting in a shifted cycle of
photosynthetic activity throughout the year.

Figure 2: Comparing CO2 fluxes in the leaf and ecosystem scales.

In Figure 2 one can see the correlations between measurements of the ecosystem scale and the leaf
scale. One cannot tell whether there is a direct proportional relationship between the two due to lack of
data. However a general correlation may be observed: when the ecosystem scale shows
photosynthetic activity (06:30-10:30) the leaf scale does so as well. When the ecosystem scale shows
respiration (15:00-16:00), the leaf scale does as well. Variations within small timeframes on the leaf
scale may be due to the measuring of different leaves on different branches under different insolation
conditions. However, even without more supporting data, one can conclude this relationship between
the leaf and ecosystem scales.

Discussion
The data collected from the leaf and ecosystem scales show the assumed correlation between both.
As seen in figure 2, each scale shows photosynthetic activity and respiration on the same timescale.
This supports the reliability of the ecosystem scale measurement, which has been done for years and
so can keep its place as a significant measurement technique in the future. As this kind of comparison
was hardly ever done before this research, it is especially important for future work in the same
field. Differences between the ecosystem and leaf scale may nevertheless still occur due to local
variations (e.g. inhomogeneous gas concentrations, wind).
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Another crucial finding is that the pines in the Yatir forest undergo a suppression of activity during
summer. The photosynthetic activity is much smaller during summer than during other seasons. This
is presumably due to the extreme heat the trees undergo in the semi-arid region (up to 40˚ C) as well
[8]

as the lack of available water in the soil. According to previous research , trees close their stomata
when exposed to such high temperatures and drought in order to prevent water loss. This stomatal
closure also restricts the amount of CO2 uptake, limiting photosynthetic ability. In conclusion, this
behavior of decrease in photosynthetic activity during summer can be described as “aestivation”,
similar to hibernation (in winter) which is practiced by many animals and plants. These findings have
potential to be applied to other semi-arid regions as well, and may play a significant role in choosing
an ideal location and conditions for planting future forests.
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Abstract
Efficient implementation of proteins into hybrid junctions might result in devices with specific
electronic functions, an ultimate goal of bio-electronics. Electron transport in proteins can be studied
by sandwiching proteins between two metal contacts and measuring current across different voltages.
Here we report the first use of InGa as top contacts to measure current density-voltage (J-V) and
ln(J)-V of azurin protein (Az) monolayered on Au (Au-Az/InGa). The results obtained here were then
compared with previously reported results from LOFO and Hg drop methods. The characterization of
the monolayer was carried using UV-Vis spectroscopy and by PMIRRAS. Attempts were also made to
understand how removing the Cu and tryptophan residues would affect the electron transport
measurements through Az. The I-V measurements were repeated using Apo-Az, i.e. without copper
and Tono-Az, i.e. without the Trp amino acid. The I-V results obtained were then compared with Az
results.

Introduction
Biological electron transfer (ET) processes such as photosynthesis and respiration are
generally mediated by a chain of different redox proteins by efficiently shuttling electrons over long
distances. Interest in bio-electronics, i.e. exploring the possibility of using biomolecules as part of
electronic circuits, has joined forces with the fundamental scientific pursuit of achieving basic
understanding on natural phenomena involving charge transport such as photosynthesis and
1

respiration . Over the past decade, attempts have been made to
integrate proteins in solid state configurations (with only tightly
bound, structural water retained), to study electronic conduction

Cu

across the complete protein (electron transport, ETp, to distinguish

Centre

it from ET), by positioning it in a non-destructive manner between

Trp

2

two electronically conductive electrodes .
Electron

transport

in

proteins

can

be

studied

by

resid

sandwiching proteins between two metal contacts and measuring
current across different voltages. Individual proteins can be studied
with microscopic top contacts like in AFM, STM, etc. where the
3

measurements are very difficult to conduct and time consuming .
Another method is by macroscopic contacts which are relatively
easier. It involves a variety of techniques for example lift-off float-
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disulfide
Figure 1: PDB simulation of Az
protein with copper head in
yellow, Tryptophan functional
group in blue and di-sulfide
bridges in red.

4

on (LOFO) , which lifts a metal leaf onto a liquid and floats it onto the monolayer. Liquid metal Hg is
another commonly employed method which ensures a soft contact with the protein monolayer, and
can be easily and quickly employed for measurements. but its high toxicity and easy formation of
3

alloys with many metals makes it limiting to use . These characteristics have led to interest in
alternatives, such as a eutectic alloy of In and Ga (InGa). Its fast surface oxidation protects the bulk of
the alloy, making it both low toxicity and inert.
Here we report the first use of InGa as top contacts to measure current density-voltage (J-V)
and ln(J)-V of azurin protein (Az) monolayered on Au (Au-Az/InGa). Az a naturally occuring electron
transport bacteria commonly found in bacteria like Pseudomonas for electron transport. Its di-sulfide
bridge connecting amino acids Cys-3 and Cys-26, upon contact with Au, opens to form Au-S bonds.
This mechanism guides controlled, well-oriented self-assembly of protein monolayers that are
sufficiently robust for ETp measurements at room and cryogenic temperatures in solid state. The
results obtained from InGa were then compared with previously obtained results from LOFO and Hg
drop methods. The characterization of the monolayer was carried using UV-Vis spectroscopy and by
PMIRRAS.
Attempts were also made to understand how removing the Cu and tryptophan residues would
affect the electron transport measurements through Az. Az is known for its blue color from a Cu ion
2

that serves as a redox site. The Cu ion has previously been shown to boost current density . Another
part of azurin that may also assist electron transfer significantly is the single aromatic group on the
tryptophan amino acid residue. The presence of delocalized pi electrons could reduce resistivity in
azurin and therefore help increase electron flow. The I-V measurements were repeated using ApoAz, i.e. without copper and Tono-Az, i.e. without the Trp amino acid. The I-V measurements obtained
were then compared with Az results.

Methods
Preparing Au Contacts: Au contacts, the substrate for
protein

monolayers,

were

formed

by

thermally

evaporating 5nm of Cr onto SiO2 wafers, and then 50nm
of gold onto Cr. The Cr is important as an adhesion layer,
Au adheres poorly to SiO2. The wafers were then diced
into small pieces. The diced wafers were Initially cleaned
by ultrasonication in acetone, followed by ethanol, 5 mins
each. The substrates after sonication were dried using N2
gas. The substrates were then further cleaned using mild

Figure 2 – PDB simulation of an Az
single protein bonded to an Au
surface through the di-sulfide
bridges.

ozone radiation which removes the adsorbed organic molecules, which then immediately treated with
hot ethanol for 20 mins to activate the Au surface. The activated Au substrate were then immediately
incubated using Az to form monolayers.

However, after observing a large distribution in I-V

measurements, it was assumed that the Au surface obtained by this method is too rough causing the
liquid metal contact tip to measure not only proteins, but also tiny points of gold.
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To reduce surface roughness, Au substrates were further prepared via template stripping
method. Gold was directly thermos-evaporated onto SiO2, instead of Cr, and then glue covered glass
squares were placed over the Au. Since SiO2 does not adhere well with Au, the Au contact was
removed along with the glass when its peeled off. The SiO2 surface is very smooth, giving the
templated Au similar lack of roughness. The Au contact also does not have to be cleaned any further
since it was not exposed to any air or dust before peeling, unlike Au contacts from before which are in
air at least a day after creation. The Au substrate were immediately used for protein incubation after
peeling it off from Si.

Protein Monolayer Formation: Tono-Az, Az, and Apo-Az (1mg/ml), can self-assemble into
monolayers on Au contacts using their terminating amino acids cysteine residues. Therefore, protein
solution was directly deposited on to Au substrate. It was important to do this immediately after
preparation via hot ethanol or peeling to reduce any surface adsorption of dust. The Au contact was
incubated for 3 hours in a moist environment at room temperature. Afterwards, the substrates were
rinsed with deionized water and gently blow dried with N2 gas.

Monolayer Characterization: Monolayer thickness were measured using ellipsometry and
o

compared with the crystalline thickness from the Protein Data Bank (PDB). A thickness of ~27A was
expected for Az monolayers from previously reported experiments. The presence of adsorbed
proteins was measured using Polarization Modulation-Infrared Reflection-Adsorption Spectroscopy
-1

(PM-IRRAS). Peak observed around 3000 cm corresponds to the C-H stretching peak and the peaks
-1

at 1640/1520 cm correspond to the Amide I and amide II bands, and are widely used to inform on
the secondary structure of proteins.

I-V

Measurements:

The

electrical

transport

measurements of the protein monolayers was carried out
using 2Wire measurements. The modified Au electrode
were connected to the bottom holder using a Cu tape
wrapped around opposite sides of the Au substrate (Fig
3). Resistance between both sides of the Cu was
measured to ensure its ohmic contact with the substrate.

Figure 3 – The Cu wrapped substrate
to connect the first electrode to the Au
surface

The second electrode was the metal needle of a syringe filled with InGa. At the end of the needle was
an InGa contact tip touching the opposite side of the monolayer (Fig 4a). This tip was formed by
extruding a drop of InGa, pressing it down on a flat surface (Fig 4b), and pulling the syringe upwards
slowly to create a Hershey Kiss shaped drop on the surface (Fig 4c), and a sharp conical tip on the
syringe needle (Fig 4d).

Figure 4: The process of forming a stable InGa contact tip and touching it to the monolayer surface.
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After forming a stable tip on the syringe, it was then used to gently touch the protein
monolayer surface to form a junction that complete the circuit. Between these 2 electrodes, a LabView
program fluctuated with the voltage in 0.02V jumps from 0V to 0.5V to 0V to -0.5V to 0V, were used
for recording the resulting current. The radius of the InGa tip was measured with a screen ruler and
used to approximate the area of the contact tip, and thus the current density (J).
The experiment was repeated for 5 samples and for each sample, 5 to 6 junctions were
measured. Shortages were apparent when the current jumped from the nA to mA range, and those
results were discarded.

Results & Discussion
We first deposited Holo-Az protein on cleaned gold. Since the I-V measurements using InGa
was never done before on Au substrates we started with four cleaned Au samples (from which only
two were finally measured), which was modified using protein. After measuring the I-V curve using
InGa for the first sample we observed high distribution of I-V curves at a given bias on different
junction. We attribute this distribution to the large surface roughness of the gold substrate. We then
decided to make two new samples with stripped gold (less rough) method and looked at the
distribution of the I-V curves in different junctions on the same sample. The stripped gold sample gave
smaller distribution of I-V curves and so for the rest of the measurements presented here, stripped Au
samples were used. For all the samples, ellipsometry measurements were done. The Holo Az
o

monolayers made after hot ethanol cleaning were with thickness of 26 to 70 A and on stripped gold it
o

was ~28 A .
Fig. 5 shows the ln(J)-V curves comparison
-0.5

results between the two samples one obtained by

-0.3

Voltage [V]

-0.1

0.1

0.3

0.5

-4

cleaning gold method and the other with stripped
gold sample. The J-V curves for the monolayers on

-6

than the one after cleaning procedure. The results
fall within the error bar, indicating that the results are
not far off. The distribution of the I-V curves from the
different junctions on the stripped gold sample was

ln (J [A/cm^2])

stripped gold were observed to be more conductive
-8
-10
-12

smaller than the distribution observed in samples
that were deposited on the gold with the cleaning
method. This is probably because of smaller
surface roughness in the stripped gold samples
resulting in a more ordered monolayer of proteins.
After measuring the I-V curves for different
samples of the Holo Az using InGa, we wanted to

-14
-16

Sample 4 Cleaned Au
Sample 5 Stripped Au
Sample 1 Cleaned Au

Figure 5 – ln of J [A/cm^2] as a function of
voltage applied using the InGa method on
Holo Az monolayers deposited on gold
samples.

compare our results to previously reported Az transport measurements using different top contacts
(Hg and LOFO). Since this method was used for the first time it’s interesting to know how results fits
with the previous experimental results. Fig 6 shows the comparison results indicating that our results
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are similar to the results obtained for Az monolayers on Si substrate using Hg drop top electrode than
using LOFO (50nm Au strip) as top electrode. The data

0

average of the values from the 75-90 I-V curves
measured from different samples, which represents the
the final I-V curves given in Fig. 5. The data presented
here supports that InGa can be used as a top electrode
for future experiments for proteins on Au substrate.
InGa possess certain advantages over other

ln(J at -0.05[V] [A/cm^2])

we took from our experiment for comparison was an

-2
-4
-6
-8
-10

methods that were mentioned before. Firstly, InGa

-12

method is a soft contact method, meaning that it won’t

-14

Au-Az-InGa

destroy the measured monolayer. Secondly, because it’s

a liquid metal contact, it fills all the ridges and gaps which allows better contact with the protein
measured, and it can detect poor surface coverage. This
is because that when there is poor surface coverage the
metal fills the gaps between the protein and form direct
metal to metal contact causing electrical shorts during
the

I-V

current

measurements.

Beyond

these

advantages which are also true for Hg top contact, InGa

Figure 6 – Values of ln of J [A/cm^2] at an
applied voltage of -0.05 [V] through Holo
Az monolayers macroscopic junctions
measured using different measurement
methods.

is not poisons unlike Hg, furthermore, it can be used for measuring protein monolayers on Au, which
is not possible using Hg drop since it forms amalgam when it gets in contact with gold. InGa can also
be used for low temperature measurements up to 10K, which is not possible using Hg which
evaporates (Vapor pressure of Hg is lower than InGa) in low vacuum for low temperatures I-V
measurements.
To understand how the transport measurements changes with the protein structure, we used
modified Az i.e., without a copper head (Apo Az), The thickness and the FTIR spectra was measured.
Although the samples showed reasonable thickness to the PDB, only one of the four samples
measured gave I-V results, all other three samples gave electrical shorts indicating that the monolayer

1.00

Sample 10 - Apo Az

0.80

Sample T4 - Tono Az
Sample 4 - Holo Az

0.60
0.40
0.20
0.00
1500

1600

1700
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Noramalized Absorbance

Normalized Absorbance

is not good. which was further confirmed using the AFM measurements indicating low surface

1800

Wavelength [nm]

Sample 10 - Apo Az

1.00

Sample T4 - Tono Az

0.80
Sample 4 - Holo Az
0.60
0.40
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2980
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coverage.
Figure 7 – FTIR measurements taken for different Az monolayers (Holo Az, Apo Az and Tono Az)
deposited on gold surface.
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Another modified Az- Tono Az (where the Trp residue was removed) monolayers were made
on stripped Au. Since it was not done before different concentrations of Tono-Az solution were used
for 3h incubation as a trial. Two samples each were incubated with 1 mM and 2 mM and one sample
with 5 mM solution respectively. These samples show a major difference in thickness which was
o

mainly divided in to two sets, samples with thickness around 42-52 Å and the others with thickness
o

around 10-16 Å . The thickness measurement was carried out using ellipsometry. After measuring
the FTIR spectra for one of the thicker samples, the I-V curves were measured. All samples showed
electrical shorts over the entire surface suggesting poor surface coverage and the observed thickness
also indicates partial agglomeration of proteins on the Au substrate. In order to create a better
monolayer, a further attempt was carried out using a low concentration i.e., 0.5mM solution and
leaving it for incubation overnight. The films thickness was measured and one of them showed a
o

thickness of 16 Å , which seems reasonable. After trying to measure the I-V curves for both samples
the results were the same (shorted), More controls have to be done to make the monolayers of Tono
Az before doing the InGa measurements. AFM experiments should also be carried out.
FTIR measurements given Fig. 7 shows clearly that the FTIR spectra of the Holo Az samples,
and the modified Az samples align well. This suggests that there is clearly Az on the surface of all
films, but the fact that InGa measurements showed shortage for the Apo Az and the Tono Az samples
suggests metal to metal contact that can happen due to incomplete coverage creating gaps between
the proteins on the surface. This also explains some of our unexpected thickness measurement that
o

sometime shows very low thickness, 0-10 Å , whereas sometime shows incredibly high thickness, 52o

100 Å .. Other factors that could affected the poor surface coverage of Tono-Az is that the samples
were sometimes dropped during handling, which could easily disrupt the monolayer. To deposit
uniform monolayers of Apo-Az and Tono-Az, we suggest longer incubation times with lower
concentrations. High concentrations favor aggregation of proteins on the surface, instead of a
monolayer, which easily results in shortages during J-V measurements. More experiments and large
statistics has to be carried out under this direction to come to a final conclusion regarding the effect of
Cu and Trp residues in Az transport measurements.
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Abstract
Disulfide bonds between cysteine side chains are post-translational modifications that stabilize protein structures.
Quiescin sulfhydryl oxidase (QSOX) is an enzyme that forms disulfide bonds. Two QSOX mutants, P389L and A453T,
were recently linked to hypertension (high blood pressure). We examined structural and functional differences
between the mutants and the wild-type (wt) enzyme. Using the previously determined structure of wt QSOX (Alon et
al., 2012) to model the mutants, we hypothesized that the mutations are significant enough to produce functional
changes. To test this hypothesis, we compared the disulfide bond-forming activity of the mutants with that of wt
QSOX. Preliminary results showed that the mutants were significantly less active than the wt enzyme. Thus, our
research suggests that QSOX activity is important in blood pressure regulation. Further research is necessary to
confirm the differences in enzymatic activity and to investigate other potential functional differences, such as in
extracellular matrix assembly.

Introduction
For proteins, form is function. Protein structure is determined by various types of interactions. Covalent bonds connect
amino acids during protein biosynthesis to generate the primary structure. Hydrogen bonds, van der Waals
interactions, and salt bridges then create secondary, tertiary, and quaternary structures. Although non-covalent
interactions are largely responsible for protein folding, additional covalent bonds can also be introduced to cross-link
proteins after synthesis. One such cross-linking occurs between thiol groups on cysteines (Fass et al., 2017). The
vast majority of de novo disulfide bond formation occurs in the endoplasmic reticulum, the site of most protein
construction. However, some disulfide bonds are formed downstream in the secretory pathway at the Golgi apparatus
or even in the extracellular environment. Quiescin sulfhydryl oxidase (QSOX), which comprises two modules (each
with two domains), is responsible for downstream cysteine cross-linking (Gat et al., 2014). QSOX is unique not only
because of its localization in the Golgi apparatus and secretion into the extracellular space, but also because of its
multi-step enzymatic mechanism. QSOX module 1 oxidizes the thiol groups on two cysteine side chains in the
substrate to create a disulfide bond. QSOX module 2, with the help of the flavin adenine dinucleotide (FAD) cofactor,
reduces oxygen to form hydrogen peroxide and regenerates the original structure of module 1, enabling it to interact
with a new substrate. Figure 1 shows the oxidation of substrate and reduction of oxygen.
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Figure 1: Electron transfer during the creation of a disulfide bond in QSOX. The blue line
represents QSOX module 1; the green line represents QSOX module 2; gray represents an
oxidized state; yellow represents a reduced state; black arrows show transitions between
states; red arrows show nucleophilic attack.

QSOX activity must be important physiologically, as QSOX enzymes are present and the general catalytic domain
structure is conserved in many organisms (Ilani et al., 2013). However, QSOX function is not well defined, and no in
vivo QSOX substrates have been identified yet. Accordingly, research on QSOX currently focuses on describing the
role of QSOX in the body. For example, Ilani et al. associated QSOX activity with the presence of laminin in the
extracellular matrix (ECM) and showed that QSOX activity contributes to the migration of tumor cells (Ilani et al.,
2013). Researchers are further elucidating the role of QSOX in the ECM using scanning transmission electron
microscopy to visualize the effects of the presence and absence of QSOX on the organization of ECM fibers and
networks. Researchers are also using QSOX knockout mice to investigate a link between QSOX deficiency and
gastrointestinal defects. Recently, in an effort to characterize the genetic components of hypertension, Nandakumar et
al. performed whole genome analysis on thousands of African Americans and found independent associations
between two mutant forms of QSOX—each caused by a different single nucleotide polymorphism (SNP)—and
hypertension (Nandakumar et al., 2017).

To explore whether catalytic defects in the QSOX mutants underlie the correlation with hypertension, we performed
structural and functional analyses of the two mutant enzymes. After identifying the location of the SNPs, we created
models of the structures of the two mutants using the wild-type (wt) structure and analyzed the resulting structural
differences. This comparison revealed that the mutations likely affect the structure or stability of one of the catalytic
domains. To perform functional comparisons, we transfected the two mutant and wt QSOX genes into human
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embryonic kidney cells (HEK cells), collected and purified the produced protein, and measured the rate at which the
different QSOX forms oxidized a substrate. We found that the mutations had significantly lower enzymatic activity than
did the wt QSOX, suggesting that lower QSOX enzymatic activity is related to hypertension.

Methods
We compared the structures of wt QSOX and those of the mutants. The structure of wt QSOX is known. To find the
two mutant structures, we undertook the following steps: (1) we used an SNP database to locate the positions of the
mutations in the QSOX gene; (2) we translated the mutant QSOX genes into amino acid sequences and identified the
substitutions from the wt sequence; (3) we changed the corresponding amino acids in the wt QSOX structure and
viewed the resulting structures in PyMOL. This enabled us to speculate on the structural effects of the mutations.

To determine whether the structural changes lead to functional differences, we expressed the mutant and wt QSOX in
mammalian cells, collected and purified the QSOX, and compared the enzymatic activities of the different forms. A
member of the lab previously created plasmids containing the sequences of mutant and wt QSOX. E. coli were used
to produce these plasmids, which were then purified with the NucleoBond® Xtra Maxi Plus kit. The plasmids were
used to transfect mammalian cells. After several days, the supernatant, containing the produced protein, was
collected. QSOX was purified using nickel column chromatography, and protein concentration was measured by
TM

absorbance at 280 nm using a NanoDrop

spectrophotometer. The activity of the purified proteins was assayed with

a Clark electrode, which measures the oxygen concentration in the solution. As QSOX reduces oxygen to hydrogen
peroxide when forming disulfide bonds, a decrease in oxygen concentration corresponds to QSOX activity.

Results
We identified two independent amino acid substitutions: P398L and A453T, representing a change from proline to
leucine at position 398 and a change from alanine to threonine at position 453 in QSOX module 2. Figure 2 shows the
sites of the mutations, the location of the FAD cofactor, and the disulfides involved in the electron transfer shown in
Figure 1.
Figure 2: The locations of
the mutations and the
FAD cofactor in QSOX.
Cyan spheres represent the
sites of the mutations;
orange sticks represent the
FAD cofactor; yellow
spheres (sulfurs) and green
spheres (other atoms)
represent disulfide bonds.
The yellow and green
spheres close to 453
represent the disulfide
involved in electron
transfer.
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Because the mutations are close to the active site, even a small deviation in structure caused by the amino acid
substitutions could affect enzymatic activity. As shown in Figure 3, the amino acid substitutions are expected to
produce structural changes. The change from proline to leucine affects the polypeptide backbone in the region
because the rigidity provided by proline’s nitrogen ring structure is lost. Given that this mutation is almost directly
above the FAD cofactor, even a slight relaxing of the backbone could decrease access to the cofactor, affecting
enzymatic activity. In addition, the change from the small, non-polar alanine to the larger, polar threonine might have
steric or electrostatic effects. In addition, several of threonine’s rotamers—i.e., stable orientations of atoms around
side-chain bonds—do not fit well in alpha helices. Constraining threonine in a helix thus decreases the available
degrees of freedom, causing thermodynamic destabilization. Overall, the structural analysis of the mutations showed
that they potentially affect enzymatic activity.

Figure 3: Representations of the substitutions. The top row of images shows the side
chains and their environments in PyMOL. Cyan sticks represent the wt amino acids; gray
sticks represent the mutant amino acids. The amino acid differences are highlighted with an
arrow. Red sticks represent oxygen atoms; blue sticks represent nitrogen atoms. The bottom
row of images shows the chemical structures of the highlighted side chains.
We obtained oxygen consumption rate data from the Clark electrode to investigate these possible effects. Figure 4
shows the average rates of oxygen consumption and the standard deviations over three trials for each of the three
QSOX types (P398L, A453T, and wt). The average rates for the two mutants are significantly lower than the average
rate for wt QSOX (P = 0.009 for P398L, P = 0.003 for A453T).
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Figure 4: Enzyme rate data for the different QSOX types. The differences in the average
rates between P398L and wt QSOX and between A453 and wt QSOX are significant (P =
0.009, P = 0.003). Error bars show ± 2 standard error of the mean.

Discussion
As P398L and A453T are recently discovered mutations, we first had to analyze them structurally to ensure that they
are significant enough to cause structural changes. If, for example, the mutations were changes from one polar side
chain to another polar side chain and were far from the FAD cofactor, then the link between the mutations and
hypertension would more likely be correlative than causal. However, Figures 2 and 3 show that the mutations result in
different side chain chemistry and are close to the active site. In addition, both P398L and A453T are less than 10
Ångstroms from QSOX module 1 in the closed state (i.e., when electrons are transferred from module 1 to module 2),
and A453T is located next to the cysteine amino acids that are involved in the electron transfer shown in Figure 1.

Because the mutations evoke important structural changes, we investigated whether the mutations show different
enzymatic activity compared to wt QSOX. As Figure 4 shows, the enzymatic activities of the mutants are significantly
lower than that of wt QSOX. This observation is consistent with the possibility that QSOX activity contributes to tissue
structures or metabolic processes that maintain proper blood pressure. To confirm this result, the experiment should
be repeated with fresh wt QSOX; the wt QSOX used here was prepared using a different batch of HEK cells than the
mutant QSOX proteins were, which could explain the difference in activity. In addition, we should conduct other
experiments using assays that measure other facets of QSOX activity, such as the formation of the ECM. For
example, future research should determine whether cells that produce mutant QSOX form an abnormal ECM and
whether the mutants can rescue ECM production in cultured cells that do not produce QSOX.
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Abstract
Reliable identification and classification of images is currently one of the major challenges in the
development of effective algorithms for object recognition, motion analysis, and many other tasks.
Explicit algorithms and programs are unsuitable, as these approaches require the formalisation of
(6)
tasks that humans do not approach in a procedural manner . This paper experiments with several
machine learning approaches and predictors - each one being more accurate and precise in specific
scenarios - to develop an algorithm that can successfully classify handwritten digits. Binary
classification test results and theoretical observations were used to compare the approaches. The
resulting algorithm, after undergoing supervised learning using a convolutional neural network (CNN),
successfully classifies over 99 percent of the 10,000 test images selected from the Modified National
(2)
Institute of Standards and Technology (MNIST) database .

Introduction
Today, the capacity to gather images from numerous devices and share this data through the internet
has led to the prevalence of images as a means of communication, information sharing, localisation
and mapping. The vast amount of image data available has numerous current applications, including
facial recognition, topographical modelling, and medical image analysis.
One of the most significant obstacles hampering many potential applications of this data is the reliable
identification and classification of images. Explicit procedural algorithms for image classification have
struggled, as these approaches require the formalisation of tasks that are executed implicitly by the
human brain.
Machine learning is a subfield of computer science which develops algorithms that learn from data.
These algorithms are ideally suited to tasks such as image identification and classification, as they
can deduce previously hidden insights without explicit programming.
Supervised learning is a subfield of machine learning which aims to infer a function from labelled
training data. Consider an input data set S = {(xt , yt ) } in Euclidean space comprised of m
observation vectors (x′s) and labelling’s (y′s) for all t = 1, 2..., m , and assume that S was generated
by some unknown distribution D , where each instance is independent of the other. The aim of a
supervised learning algorithm is to find a predictor h such that when drawing a test sample of size k ,
the approximation or test error is low with high probability.
In other words, a supervised learning algorithm finds a mathematical rule which explains the data,
enabling previously unseen samples to be successfully predicted.
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The purpose of this paper is to experiment with several machine learning predictors in order to
develop an algorithm that successfully classifies handwritten digits with a low error rate.

Methods
k Nearest Neighbours Algorithm (KNN):
(7)

The k nearest neighbours (KNN) algorithm is based on the intuitive idea that there is a correlation
between instances that are close to each other and their target values. Given an instance x , the
algorithm computes the k nearest neighbours of x and returns the majority vote on the labellings of
the k neighbours. In order to compute the k nearest neighbours of x the distance between instances

x and y was defined by the metric

, where d is the dimension of the

instances. For example, the Voronoi diagram in Figure 2 is produced when the KNN algorithm is run
on the data in Figure 1 for k = 1 and p = 2. This algorithm was implemented using the MATLAB
programming language and was tested on the MNIST 4-7 database - a subset of the MNIST database
containing only 4’s and 7’s that is used to test binary classification.

.

Linear Support Vector Machine (SVM):
The Support Vector Machine (SVM) is a supervised learning model that is used to train linear
predictors, whether the data is separable or inseparable. A linear predictor is any predictor of the form

the data set, the SVM

. In order to find the predictor that minimises the training error on
then seeks to find the
weight vector w that minimises the expression

, where l(y, y′) = max { 0, 1 − y.y′}
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is the hinge loss function. This expression is

minimised using stochastic gradient descent, an algorithm which updates the value of the weight
vector w depending on the gradient of randomly selected parts of the loss function until the gradient
converges to zero and a minimum is reached, as shown in Figure 3.

The SVM algorithm was implemented and trained using
MATLAB, and was subsequently tested on the MNIST 4-7
database to determine training and test errors.

Kernel Support Vector Machine (Kernel SVM):
The Kernel Support Vector Machine (Kernel SVM) algorithm that extends the SVM to the training of
polynomial predictors. It is possible to embed the data in high dimensional space and apply the linear
SVM algorithm. However, this is computationally infeasible on a large database such as MNIST. In
general, to train a polynomial predictor of degree n on d -dimensional data would require a mapping
to a space of dimension

(

n+ d
n ), which requires too much space in memory to be computationally

feasible. To circumvent this problem, the algorithm performs the computations using the Kernel
function

. It can be shown that minimising

n+ d

in ( n ) dimensional space is equivalent to minimising
in m dimensional space. The vector α can then be determined using stochastic gradient descent (as
earlier). The algorithm was implemented in MATLAB and the training and test error were determined
through testing on the MNIST 4-7 database.

Artificial Neural Networks (ANN):
Neural Networks are supervised learning algorithms inspired by the workings of the human brain. A
neural network consists of an input layer, multiple hidden layers, and an output layer of neurons.
Applied to the MNIST database, each input neuron represents a pixel in the image, while each output
neuron represents an output digit. In the regime used here, called fully connected feed-forward neural
networks, each neuron is connected to every other neuron in the previous and next layer, and weights
are assigned to these connections.
An individual neuron in a hidden layer takes in an input x and maps it to an output σ (<w, x> + b) ,
where σ is a non-linear activation function. In this manner, a neuron can be represented by the
mapping x → σ (< w, x> + b). Similarly, a layer of neurons can be represented by the mapping
, where

M1-3

.

The weights are updated based on the training data in order to minimise a loss function using
stochastic gradient descent, and the chain rule is used to update intermediate weights more
efficiently. This process is known as backpropagation.
In this manner, a neural network can model a class of hypotheses with broad expressive power. In
(4)
fact, the Universal Approximation Theorem
states that any continuous function on a bounded
domain can be approximated by a 2-layer neural network.

Setting up and improving the ANN:
Several properties were considered in setting up the neural network, including the choice of activation
function, the choice of loss function, the learning rate and the number of epochs (sweeps over the
training data), and the number of layers in the neural network.
Neural networks with one and two hidden layers was chosen for this problem, as networks with three
hidden layers were more difficult to train.
Several non linear activation functions for a single neuron were considered, including sigmoid,
(8)
threshold and rectified linear unit (ReLU) activations. The neural network applied on MNIST utilised
the ReLU activation σ = max{0, x} , as illustrated in Figure 4. This activation function was used in
order to make training times more efficient.
The learning rate controls the value of the gradient step. While a low learning rate may impede the
efficiency of training, a high learning rate could cause the algorithm to miss a local minimum. After
several experiments with different learning rates, a learning rate of 0.5 was found to produce the best
networks for this particular problem.
The number of epochs controls the number of sweeps the algorithm conducts over the training data.
While small numbers of epochs were used to decide the values of parameters that would improve the
network, large numbers of epochs (greater than 100) were used to train the network fully before
testing commenced.
The neural network was then improved by introducing a dropout rate of 0.2, and a softmax activation
and corresponding cross entropy loss (a type of activation and loss functions used for multiclass
labelling which speeds up computational time) for the second hidden layer.
The neural network with the following properties was implemented in MATLAB and tested on the
MNIST 4-7 database as well as the full MNIST database.

Convolutional Neural Networks (CNN):
(3)

Convolutional Neural Networks
(CNN) are very similar to the Artificial Neural Networks (ANN)
described above, but contain two important modifications. While an ANN connects each neuron to
every other neuron, neurons are only locally connected in a CNN. This allows for location invariance
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which is useful for image detection and classification tasks. In addition, the weights of neuron groups
are forcibly connected, which reduces the dimensionality of the problem and accelerates the training
(5)
of the network. Figure 5 illustrates the application of a convolutional layer on an input image .

The CNN was implemented in MATLAB and run with the same parameters as the ANN, and was
subsequently tested on the MNIST 4_7 database as well as the full MNIST database.

Results
Error for the MNIST 4-7 database:
Error Type

K Nearest Neighbors

Linear SVM

Kernel SVM

Artificial Neural
Networks

Convolutional Neural
Networks

Training

NA

0.51%

0.23%

0.80%

0.05%

Test

0.7%

1.75%

0.95%

0.95%

0.35%

Error for the full MNIST database:
Error Type

Artificial Neural Networks

Convolutional Neural Networks

Training

7.20%

0.85%

Test

7.97%

0.98%

Discussion
The initial approach using the k Nearest Neighbours algorithm achieved a test error of 0.7% on the
MNIST 4-7 database. Although this error was lower than all of the other algorithms with the exception
of CNN’s, we believe that this result was obtained due to the unique clustering of digits that arose
from the embedding the database in high dimensional Euclidean space. This property is not
generalizable to the full MNIST data set, due to larger similarities between digits. In addition, the
correlation between the labelling of an instance and its k nearest neighbours significantly decreases
as the number of digits increases. Due to these problems, we discarded this approach in favour of
using linear predictors.
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Linear and Kernel SVMs achieved lower training errors than Neural Networks on the MNIST 4-7
database. However, Neural Networks performed better than Linear SVM on the test set and achieved
an error similar to that of Kernel SVM’s. The large gap between the training and test errors for the
SVMs compared with Neural Networks suggested that Neural Networks would generalise better to the
full MNIST database than SVM’s. Hence, we additionally tested both Neural Networks and
Convolutional Neural Networks on the full MNIST database. This approach was successful, and the
relatively low errors obtained by these networks on the full MNIST database illustrates that this
hypothesis was correct. However, these networks were also more difficult to train than approaches
using SVMs, as the optimisation problems resulting from Neural Networks are not convex.
Finally, convolutional neural networks significantly outperformed other machine learning approaches
on the binary classification tests and the MNIST databases, with a test error of 0.35% on the MNIST
4-7 database and an 0.98% on the full MNIST database. The network could have been improved by
increasing the number of epochs and employing other optimisation techniques such as regularisation
and momentum parameters. Regularisation would have allowed the algorithm to more effectively
generalise to the test set, while the introduction of a momentum parameter would have stabilised the
gradient descent, allowing the algorithm to find better local minima.
The final algorithm, using supervised learning with a convolutional neural network, classified 99.02%
of the 10,000 handwritten digits selected from the full MNIST database correctly. Although this
algorithm did not achieve a result better than human performance (0.2% error) or state of the art
machine learning approaches (0.23%), it illustrates that machine learning algorithms can achieve
satisfactory levels of accuracy without large amounts of training time (given enough data). In the
future, this algorithm could be extended to classify handwritten characters and words, which would
allow it to achieve the potential it has successfully demonstrated on handwritten digits.
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Abstract
We will show that every natural number can be represented as a sum of four integer squares, a result known as Lagrange’s
four squares theorem. Also we will proof Fermat’s two squares theorem, that claims all prime numbers, which are not
of the form 4z + 3 can be represented as the sum of two squares. In order to do this we will use results from a field of
mathematics called the geometry of numbers. It studies integer vectors and convex bodies in the Rn space. We define
lattices and explain Minkowski’s theorem. Using these we will prove the results on sums of squares.

Introduction
Number theory is branch of mathematics concerned with the study of the positive integers and their properties. It is also
sometimes called “higher arithmetic” or “the Queen of Mathematics”, as it is among the oldest and most fundamental
mathematical studies.
There are two main branches of number theory: analytic and algebraic. Analytic number theory deals mostly with
divisibility, prime numbers and arithmetic functions using analytical techniques such as real or complex analysis, whereas
algebraic number theory approaches the problems algebraically.
Number Theory many open questions that have not been solved at all. The most famous examples are the Millennium Prize Problems, such as the Riemann Hypothesis or Birch Swinnerton-Dyer conjecture, and twin prime numbers
conjectures. For example, the infinitude of the prime numbers has been proven by Euclid circa 300 BC, yet the infinitude
of the twin prime numbers (pairs of primes that differ by 2) still remains unproven and only conjectured, though it has
been tested for all numbers up to 2 · 1016 .
Other famous conjectures include Collatz conjecture. Starting with an arbitrary integer n, one applies the operation
3n + 1 when it is odd and applies the operation n2 when it is even, and then repeat this over andover again. No matter
which integer you start with, the numbers will always converge to the sequence of 4, 2, 1. Goldbach’s conjecture states
that every integer greater than 2 can be expressed as the sum of two primes. Both conjectures have been repeatedly
checked for many numbers, yet remain unproven.
In our project, we focused on the geometry of numbers, which is concerned with the study of integer coordinates in
space. We proved the validity of Minkowski’s theorem and applied it to further number theory problems, such as several
sums of squares theorems, that claim a certain set of numbers can be written as a sum of several integer squares. Can
you guess how many integer squares are needed to represent every natural number as their sum?

Methods
One of the most important mathematical objects we dealt with in our project were lattices. Lattices are often used
in Discrete Mathematics with applications in Pure and Applied Mathematics, Physics and Cryptography, among many
more. The theoretical study of lattices is often called “Geometry of Numbers” and was first introduced by Hermann
Minkowski in 1910.
Definition. A lattice Λ is a subset of Rn that can be represented as Λ = {a1 v1 + a2 v2 + · · · + an vn | a1 , a2 , . . . , an ∈ Z}
where the vectors v1 , . . . , vn are a basis of Rn .
An easy example for a lattice to think of is the set of points you obtain, when you mark all the intersections between two
lines on quad-ruled paper. If your small squares have side length 1, this lattice is actually Z2 ! Another three-dimensional
example from nature are crystaline structures. The arrangement of atoms (or molecules, or ions) in primitive crystals in
general can be described by a 3D-lattice, primitive cubic crystal systems in particular can be described as a Z3 lattice.
A few general properties of lattices to be aware of are:
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1. The choice of basis vectors {v1 , . . . , vn } that are used to describe the lattice is not unique. On our quad-ruled
paper, we could describe the lattice with the basis vectors v~1 = (1 0) and v~2 = (0 1), but with w~1 = (1 1) and
w~2 = (−1 0) we get the same lattice.
2. All lattices can be linearly transformed into Zn . This means we can transform any 2D lattice into our point grid from
before by rotating and strechting or compressing the x- and y-axis (and all the other axes in higher dimensions).
3. All lattices are discrete
Definition. The fundamental parallelogram of a lattice Λ, which we denote as F(Λ), is defined as F(Λ) = {t1 v1 + t2 v2 +
· · · + tn vn | 0 ≤ ti < 1}
On our quad-ruled paper, the fundamental parallelogram is one of the small squares. In R2 in general, one can imagine
this as a parallelogram, which sides are described by the two basis vectors. In R3 the fundamental parallelogram looks
like a parallelepiped with edges formed by the three basis vectors. In the special case of Z3 , this is actually a cube of side
length 1.
It is easy to see that Rn = F(Λ) ⊕ Λ, i.e. every x ∈ Rn can has a unique representation of x = λ + f where λ ∈ Λ
and f ∈ F(Λ). This also means translating the fundamental parallelogram by all the points of the lattice forms a disjoint
covering (tiling) of Rn .
In two dimesions, on quad-ruled paper, this can be visualized as painting our little square from before pink, taking a
vertex of it, moving the vertex to any other point on the paper, and painting the square we landed on. This can be done
for all points and thus for all our little squares, so eventually the whole paper becomes pink.
In our project we also proved that the volume of the fundamental parallelogram does not depend on the choice of the
basis vectors {v1 , . . . , vn }. Thus we can define the “Determinant of the lattice”, to be det(Λ) = det(v1 |v2 | . . . |vn ) =
Vol (F(Λ)) which is the volume of the fundamental parallelogram.
Now that we have introduced lattices, we want to find out how they interact with sets in Rn . Before we begin with this,
we have to define a few basic geometric properties we want these sets to have:
Definition. A set K ⊂ Rn is convex, if for each a, b ∈ K also {t · a + (1 − t) · b | 0 ≤ t ≤ 1} ⊂ K
The scary looking term t · a + (1 − t) · b just describes the line between the points a and b, which, for a convex K, has to
lie inside of it, regardless of our choice of a and b.
Definition. K ⊂ Rn is symmetric, when −a ∈ K for all a ∈ K.
This means, that our set K is point symmetric to 0.
The first result that one can conjecture very intuitive is Blichfeldt’s Theorem, which will not be proved explicitely,
but the ideas will be used to describe how it works on our quad-ruled paper.
Blichfeldt’s Lemma. For any bounded set K ⊂ Rn and lattice Λ ⊂ Rn , where Vol (K) > Vol (F(Λ)), there exist some
a, b ∈ K such that a–b ∈ Λ \ {0}.
Imagine our paper to be transparent, and our shape K to be colored pink. Now we cut out all of the small squares
that have some pink on them and pile them on each other. Because the area of K is bigger than the area of the small
square, some of the pink areas in the pile will overlap. If two pink points a, b on the pile overlap, this means that the
corresponding points in K satisfy that a–b lies on Λ and a–b 6= 0.
A much more applicable theorem follows very easily, if we give some extra restrictions for K:
Minkowski’s Theorem. For every lattice Λ ⊂ Rn and every convex, symmetric, and bounded K ⊂ Rn that satisfies
Vol (K) > 2n Vol (F(Λ)), there exists x ∈ K ∩ Λ \ {0}.
An important property of the volume is, that Vol (s ∗ K) = sn Vol (K), where s ∈ R and s ∗ K = {s · x | x ∈ K}, i.e. s ∗ K
is the pointwise scalar multiplication by s. In 2D this can be imagined as taking the x- and y-axis and stretch them by
the factor of s.

n
With this, we see that Vol 21 ∗ K = 12 Vol (K) > det(Λ) = Vol (F(Λ)). Thus, we can apply Blichfeldt’s Theorem to



1
1
1
by symmetry −2b
2 ∗ K , i.e. there must be a, b ∈ 2 ∗ K such that a − b ∈ 2 ∗ K ∩ Λ \ {0}. Obviously 2a, 2b and

1
1
1
are in K. Now we use the fact that K is convex and set t = 2 in order to see that 2 (2a) + 1 − 2 (−2b) = a − b ∈ K.
Since we already know that a − b ∈ Λ \ {0}, it follows that a − b ∈ K ∩ Λ \ {0}.
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Results
The main theorem we proved in our time at Weizmann’s was the following:
Lagrange’s Theorem. For every n ∈ N exist a, b, c, d ∈ Z such that n = a2 + b2 + c2 + d2
Or, in other words, we showed that ever natural number can be written as a sum of four squares. To begin with, we
reduce the problem to only odd numbers. If n can be written as the sum of four squares a2 , b2 , c2 and d2 , the number
2n can be written as the sum of four squares as follows:
2n = (a + b)2 + (a − b)2 + (c + d)2 + (c − d)2

= a2 + 2ab + b2 + a2 − 2ab + b2 + c2 + 2cd + d2 + c2 − 2cd + d2

= 2a2 + 2b2 + 2c2 + 2d2

Thus in order to show that all natural numbers can be written as the sum of four squares one need only show that all
odd natural numbers can be written as the sum of four squares. Fix m odd. One can write m as the sum of four squares,
if one can find a lattice which satisfies the following:
1. Every point on the lattice represents the sum of four squares; i.e. Each point on the lattice has integer coordinates.
2
Focusing on the square of the norm of a latice point x = (x1 x2 x3 x4 ), we see that kxk = x21 + x22 + x23 + x24 ,
which is a representation as a sum of four squares.
2
2. kxk is a multiple of m for every point x on the lattice
2
3. There exists a point on the lattice such that kxk < 2m
In order to define the lattice, we proved the following lemma (we will not give a proof here):
Lemma. For all odd m there exist natural numbers a and b such that a2 + b2 + 1 is a multiple of m.
We then define a lattice satisfying all the criteria above, as the lattice with basis vectors:
 
m
0
 
v1 =  
0
0

 
0
m
 
v2 =  
0
0

 
a
b
 
v3 =  
1
0




b
−a
 
v4 =  
 1 
0

From looking at the basis vectors it is clear that every point on the lattice has integer coordinates, thus satisfies criterium
1. Calculating the square of a norm of a point on the lattice gives us some terms that are multiples of m plus terms with
a common factor of (a2 + b2 + 1), which, as mentioned earlier, is a multiple of m, so we have verified criterium 2.
In order to show that the lattice satisfies criterium 3, one uses Minkowski Theorem. The set used here is a ball of
√
radius 2m, centred on the origin. The volume of the ball is 2π 2 m2 , and the volume of the fundamental parallelogram of
the lattice is m2 . So we can apply Minkowski’s theorem, to get that there is a point inside the ball which is not zero and
on the lattice, thus criterium 3 is satisfied. Therefore odd natural numbers can be written as the sum of four squares,
hence all natural numbers can be written as the sum of four squares.
Another similar theorem is about the sum of two squares:
Fermat’s Theorem. A prime p can be represented as the sum of two squares if and only if p 6≡ 3 (mod 4).
Firstly, any natural number, that is the sum of two squares, cannot be ≡ 3 (mod 4). This is because a square is
≡ 0or1 (mod 4). This can be seen by:
02 ≡ 0 (mod 4)

12 ≡ 1 (mod 4)

22 ≡ 0 (mod 4)

32 ≡ 1 (mod 4)

The notation a ≡ b (mod c) is used to describe that a has the remainder b, when it is divided by c. Readers who are not
familiar with modular arithmetic can easily repeat the steps by writing p in the form of 4k, 4k + 1, 4k + 2 or 4k + 3 and
taking their square.
Therefore the sum of two squares is ≡ 0, 1, or 2 (mod 4). Thus any number ≡ 3 (mod 4) cannot be represented as
the sum of two squares.
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p 6≡ 3 (mod 4) means p = 2 = 12 + 12 or p ≡ 1 (mod 4) for all p > 2. Showing that a prime p ≡ 1 (mod 4) can always
be represented as the sum of two squares can also be done by using Minkowski’s theorem. In this case, we use the result
very similar to the lemma in the last proof:
Lemma. For p prime with p ≡ 1 (mod 4) there exists j such that j 2 ≡ −1 (mod p)
We use this to define a two-dimensional lattice with the basis vectors
!
!
p
j
v1 =
v2 =
0
1
2

in order to achieve that Vol (F(Λ)) = p and that p divides kxk for all x ∈ Λ just like in the proof of Lagrange’s theorem.
This time we only need two dimensions instead of four, as there are only two squares in question.
√
The set K is again defined to be the ball of radius 2p centered in 0. By that Vol (K) = 2π p > p = Vol (F(Λ)),
2
meaning we can use Minkowski’s to say we have x ∈ K ∩ Λ \ {0} which also satisfies kxk = p, which again proves our
original statement.

Discussion
One can further the exploration into sums of squares by making the form more general. What kinds of numbers can be
represented as the sum of n squares with arbitrary coefficients; i.e. What numbers take the form a1 x21 + a2 x22 + a3 x23 +
a4 x24 . . . where ai , xi are integers? Expressions of this form are known as quadratic forms and their nature would depend
on the coefficients and restrictions placed on ai and xi . What would happen if the integer restriction were removed?
What rational numbers or real numbers can be represented using rational or real xi or ai ?
One can also explore the computational question of once a quadratic form is obtained, given a number and a quadratic
how does one find all the ways of representing that number using that quadratic form?
It’s also possible to take the powers to be higher. What’s the least number of n-th powers such that every natural
number can be represented as the sum of that many n-th powers?
Similarly, one can ask about the theorems used to prove the Lagrange’s sum of four squares theorem. What other
uses are there for Minkowski’s Theorem? Where else could lattices be useful?
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Abstract
In this project we will try to use mathematical models such as game theory, and in-silico simulations to
gain insights on evolutionary processes. We built a general spatial model of a population of individuals
that can cooperate or defect with each other by playing Iterative Prisoner’s Dilemma on a Conway’s
Game of Life board. We try to use the model to answer biologically inspired questions and see how
different factors like mutations affect the evolutionary dynamics of a population.

Introduction
Evolution and population genetics are one of the most mathematically studied topics in biology for the
past few decades. Mistakes made in transcription of genetic code along generations results different
phenotypes in nature. Darwin’s Natural Selection acts on the phenotypic space: the better fit you are in
a specific environment, against specific opponents – the longer you survive and the more offspring
you’ll have.

One of the most active study fields in this regard is Evolutionary Game Theory which tries to capture
evolutionary processes and dynamics using various methods. In Game Theory, players are rationally
seeking to make the best decisions in order to maximize their profits. Thus, various strategies are
employed to that end. The interest in Evolutionary Game Theory focuses in finding winning strategies
and investigating the rate of change of strategies in the presence of artificial natural selection.

Common way to model competing species is using Iterative Prisoner’s Dilemma (IPD). In the IPD two
rational players choose their tactics in order to maximize their payoffs. Each player has some memory
of the opponent’s previous and current moves that can be used to devise strategies. You can either
defect (tell on the other prisoner) or cooperate (stay silent) with the other prisoner. There are 4 cases
how each round can end; in case P [See Table 1] both players defect. In case R both players
cooperate. In case T the first player defects and the other cooperates. In the last case S the first player
cooperates and the other player defects. Moreover, to make the dilemma interesting and to encourage
cooperation the following inequalities are important [1]:


T>R>P>S



R > (T+P)/2
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Player 1\Player 2

Cooperate
Defect
Reward of
Punishment
Cooperate
Cooperation for Defection
Temptation Sucker’s
Defect
to defect
payoff
Table 1: Payoff matrix of the Prisoners Dilemma.
In the 1980s Robert Axelrod made a tournament with different strategies, which scientist had sent him
from around the world. The winner of this tournament was Tit for Tat, which starts with cooperate and
after it makes the same as his opponent in the previous round. This was a strong result trying to
explain emerging cooperation in nature.
Another insight on biology can be taken from Game of Life (GOL) devised by the British
mathematician John Conway in 1970. Imagine an infinite 2D grid in which each cell can be alive or
dead. The rules of the game are:


Any live cell with fewer than two live neighbours dies, as if caused by underpopulation.



Any live cell with two or three live neighbours, lives on to the next generation.



Any live cell with more than three live neighbours dies, as if by overpopulation.



Any dead cell with exactly three live neighbours becomes a live cell, as if by reproduction

So, by determining the initial state of the game, you decide the board state for future generations. The
interesting and surprising result was the emergence of very complicated patterns as time moved on
(See Figure1).

Figure 1: How Conways Game of Life Board might look like after a few generations.
Using these models, we will try to answer in the following sections the questions below:


In what cases in spatial prisoner’s dilemma (IPD & GOL combined) does cooperation emerge?



How quick and what’s the minimal amount for strategies to invade the ‘habitats’ of others?



What is the influence of the mutation rate on the development of a population?

Methods
The main method for answering the questions posed above, was to conduct experiments insilico that try to isolate some parameters.
In order to mimic biological life, we give players strategies, which is a sequence of Defection (D) or
Cooperation(C) moves that can depend on the other player’s current and previous moves.
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PD and Game of life:
Each player plays the prisoners dilemma with a certain amount of rounds against each of his 8
neighbours. He gets for each round a payoff like it is defined in Table 2:

Player 1\Player 2

Cooperate(C) Defect (D)

Cooperate (C)
Defect (D)

3

0

4.5

1

Table 2: Payoff matrix for our simulation
After he had played against each neighbour, he looks which of his neighbours has the highest payoff
and compares it with his own. If the payoff of his “best” neighbour is larger than his own - he adopts
the strategy of his neighbour. Here the model simulates natural selection in that only the fittest strategy
is inherited in the next generation.
Other layers of complexity that we added to our model include:


Noise: One cell make a move (C or D) but the other cell is thinking it makes the opposite.



Mutation: One cell adopts not the strategy from its best neighbour, it takes a random strategy.



Different ways of initialization

Note that to investigate the questions above, we built a general mathematical model on a computer
using Python 3.5 with Axelrod package and code from jakevdp github for Game of life.
When needed, we also tried to analytically calculate the simulation results using Game Theory known
tools.

Figure 2.1: Game of life with
Cooperator (red, the virus)
and Defector (blue, the
infected), without mutation.

Figure 2.2: Random
initialisation of cells within
a population. Blue:
APavlov2011; Red: Tit for
Tat; Green: Neural
Network player

Figure 2.3: How
population in 2.2 evolved
after 20 generations.
Mutations and noise
included.

Results
Experiment 1: Tit For Tat versus defector
Tit for Tat – a strategy which cooperates at the beginning and continuing so as long as you are.
Defector – always defects
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We found that the rate of spread/invasion of one strategy to another’s habitat is the fastest when we
infected a population of defectors with a small amount of TFT cells. The minimum amount to infect the
whole population was three TFT cells. The infection even withstood high chances of mutation.

Figure 3.1: The graph
shows how populations of
defectors versus tit for tat
changes over 25
generations. Blue line
represents tit for tat and
orange represents
defectors.

Figure 3.2: Generation 0 of
Defector (red, 2497 cells)
and Tit for Tat (blue, 3
cells), without mutation.

Figure 3.3: Generation 25
with colours the same as in
3.2. Defector at 106 cells,
Tit for Tat at 2394 cells.

This experiment is might be similar to the way in which a virus or cancer spreads through a population
of healthy organisms. To completely dominate the field of defectors, Tit for Tat needs three cells, one
of them has to be in touch with the other two, otherwise they die off.

Tit for tat can be a stable strategy against Cooperators, because they reach an equilibrium given that
no mutation occurs. This happens because both strategies always cooperate hence no change occurs
and payoffs are equal for every cell.
We tried to find a possibility that Tit for Tat loses. So we put in Tit for Tat cells against different
strategies like we had done by Cooperator and Defector. The result was that TFT either wins or that
both strategies can co- exist. In other words – cooperation prevails.

Experiment 2: Cooperator versus Defector versus Tit for Tat with mutation rate
Cooperator – always cooperates
We conducted this experiment in order to see how
the mutation rate would alter the population size of
each strategy.

We found out, that by this combination of
strategies, the mutation rate doesn’t make a big
difference.
Tit for Tat wins by a big margin, meaning this
Figure 4: Relationship between the final
size of each population and increasing
mutation rate.

strategy is very resistant to small mutation within its
population [See Fig. 4]. The other strategies survive
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by either cooperating with Tit For Tat or defecting against the always cooperating players. If you play
the animation, no defector survives being around Tit For Tat, and every defector which survives must
have some cooperating neighbours.

Experiment 3: Cooperator versus Tit for Tat versus Defector with mutation over time
We found out that over long time (in our case hundred generations) mutation has an influence. As
seen on Figure 4.1-3, which exhibits frames from different generations, big islands disappeared and
made room to a lot of small Cooperators islands. Defector which appears through mutation destroys
islands of cooperators and Tit for Tat eradicates Defectors. Over time the amount of cooperator gets
bigger and the amount of Tit for Tat gets smaller.

5.2: 100th generation
Figure 5.2: 50thFigure
generation

Figure 5.1: 10th generation

On Figure 5.1-3 Blue is defector, green is Tit for Tat and red is Cooperator. These Figures show the influence of
mutation over time.

Discussion
Q: In what cases in spatial prisoner’s dilemma (IPD & GOL combined) does cooperation
emerge? How quick and what’s the minimal amount for strategies to invade the habitats
of others?
As a result of our simulations we found out that Tit For Tat (TFT) is the most dominant strategy.
Nowak [1] mentioned that it’s a dominant strategy as long as there is little noise involved, however
because our simulations included comparing with 8 different neighbours, noise didn’t have that much
effect. That’s the reason why generous Tit for Tat isn’t stronger as Tit for Tat. In other words
cooperation emerge in this model as well, just as in Axelrod’s tournaments.

The reason why TFT beats defector is due to the fact that if TFT has TFT neighbours he will always
cooperate with them, hence its payoff will equal n*R, n is the number of neighbours. This will be
greater than the payoff of defector cells which are surrounded by defector cells. This is also aided by
the fact that R > (P + T)/2. Hence the defector cells inherit the more dominant strategy and become
TFT cells.
In our model, the critical mass of Tit for Tat is 3 cells. So if we have more than or equal to 3 Tit for Tat
initially, the final state will be Tit for Tat. On the other hand, if we have initially less than 3 Tit for Tat
cells, then the final state will be Defector [See Figure 6].
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Figure 6 Blue is Tit for Tat, Red is Defector. Three Tit for Tat cells in a defector field with payoffs.
Explains why 3XTFT cells takes over.
Q: What is the influence of the mutation rate on the development of a population?
We originally think that mutations will strongly affect the development of the population. In experiment
2, as you can see in the attached graph above, we change the mutation rates, but surprisingly there
wasn’t any change in the final number of organisms. That's because the strategies are very resistant
to small mutations. Also, since our models calculate payoffs of a cell as the sum of all 8 cells around
the cell, the value of payoffs can be buffered against mutations.

Q: Can mutations alter population structure overtime?
In the simulation we saw that mutation has long run affects. Only small amount of defectors left at the
th

100 generation. This phenomenon is similar to directed evolution in which a new mutation takes over
after a long time period. At the end, there were more little islands of cooperators (TFT & Cooperator)
since they can co-exist. That’s like in nature, different genotypes (being the strategies) can result
similar phenotype (cooperation). Natural selection acts on the phenotype, not on the genotype.

There are still a lot of questions left that could be answered with more time or by a more complex
model. (How will different combinations of GOL & IPD will affect the results? What is the importance of
the payoff matrix? etc.) Therefore, there is a lot of research that still could be done in this area.
Different biological diseases could be studied using similar models and we could see how a more
complex population with more attributes and individual would evolve.
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Abstract
The project was done under the supervision of Maayane Soumagnac, postdoctoral fellow
in Astrophysics at the Weizmann Institute of Sciences. It was based on observations of
eclipsing binaries: systems of two stars, which gravitate around their mutual center of mass.
After an introduction on eclipsing binaries and observational astronomy -a theoretical
background necessary for further steps-, it was learned how to use the SABRES code,
a code that classifies binary stars according to their spectral type. The objective was
then to test SABRES and assess its performances, a key step before SABRES can be
released to the scientific community

in future

publications. To do that, basic Linux

commands and programming in Python was necessary, so we did a short tutorial on both
of them. SABRES and its reliability will be used in a publication in preparation about GOSGe, a system that has been observed from Earth and Space in the visible light and the
UV light. Some preparation about UV light was done and it was completed with the
assistance to several conferences on UV astronomy at the Tel Aviv University of Science.

Introduction
Some stars that were thought to be individuals have turned out to be a system of
two or more stars.

In order to study their composition and behavior, there exists a

stellar classification, which catalogues the stars according to their spectral type. To do
so with binary

stars,

a program

called SABRES was developed to, based on the

templates of the types of stars used by astrophysicists, when given a spectrum from a
binary system, offer the best couples that fit the spectrum with a linear combination of
individual spectra. The main objective of this project is to create a code that verifies
and quantifies the reliability of the SABRES code, regarding the level of noise present in
the data that has to be analyzed. It will be useful to complete a publication about GOSGe, a system that has been observed from Earth and Space in the visible light and
the UV light.

It was discovered that the types of stars that formed the system defined

in the catalogue

were incorrect.

SABRES, as well as its verification through

this new

program, can therefore be a public tool to analyze these systems. In order to learn more
about the UV light analysis and this publication that is being carried out, we attended a
series of conferences in the Physics

department of the

Tel

Aviv University

different uses of UV light and its different applications in astronomy.
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about

Theoretical Background
The project is located in the branch of astrophysics, and it consists on the classification
of eclipsing binaries according to their spectral type. To understand the work developed,
some definitions and a theoretical background must be set.
A star is a luminous sphere of plasma held together by its own gravity, and it behaves like
a black body. It produces its own energy, unlike planets that reflect light. The formation
is produced by gas (mainly hydrogen) that starts condensing and eventually ignites and
produces nuclear fusion.

A black body is an idealized physical body that absorbs all

electromagnetic radiation incident to it. When it is in thermal equilibrium, at a constant
temperature, it emits what is called black body radiation, or electromagnetic radiation,
which depends solely on the temperature of the body.
The stars are classified into what we know as Stellar Classification, which is based upon
the stellar spectrum:

a measure of the energy emitted by the star as a function of the

wavelength or the frequency. This measure exhibits the colors scattered with absorption
lines, each one of them indicating the abundance of an ion of a certain chemical element.
Therefore, the spectrum and the changes on it provide information about the composition
of the star, as well as its temperature and luminosity, as shown in the figure below.

Figure 1: Graph of temperature over
luminosity and classification of different
types of stars according to their spectra

We can set 7 main types of stars: O, B, A, F, G, K, M, being O the hottest and more
luminous and with radiation located in the ultraviolet range. Class M is the most common
(around 76% of the known stars belong to this type) and its brightness is so dim that most
of them can’t be seen with the unaided eye.[1]
The types of stars we’re working on in this project are eclipsing binaries: a type of stellar
variable system -stars whose brightness fluctuates over time to an external observer-.
As binary stars, two or more stars orbiting each other around their center of mass, the
variation in light intensity in this case is caused by eclipsing, one star passing in front of
each other, and this happens when they orbit in a plane containing our line of sight. As
they are a type of variable stars, they are discovered by measuring the change in brightness
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over time with a light curve, a type of graph useful in astrophysics and the study of these
bodies.[2]
Nevertheless, once detected the eclipsing binary, the goal is to determine the type of stars
that form it, and in order to do so the electromagnetic spectrum of the binary system is
used. As the radiation received is the combination of the radiation emitted by both stars,
the observed spectrum is the combination of the spectra from both stars. The procedure
consists on separating this global function into two separated functions that belong to the
individual stars using a linear combination,
two electromagnetic spectra,

a and

e  af  bg , where e is the combination of the

b are constants and f and

g the

isolated

electromagnetic spectra which tells the type of star analyzed.

Procedure
SABRES code is a code developed in Python

that classifies systems of binary stars

according to their spectral type. The input files that it receives is the spectrum of the
binary system, and it tries to fit the graph obtained through a linear combination of a
series of templates saved in a folder attached to the program.

Figure 2: SABRES code (this part shows the introductory steps:
creation of dictionaries and obtaining of data).
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The output consists on the best ten fitting solutions, with the couple used and the chi
squared test for each one, the worst solution and the evolution of chi squared along with
the solutions obtained.

Figure 3: Best fitting solution of the fake data with noise value of 3 and its chi square value

To work with SABRES, a Fake data code was developed to create different sets of data
controlled by the user. It takes two functions and produces a linear combination between
them, with the creation of random noise around it. This second program receives as inputs the constants a and b of the linear combination and the level of noise desired around
the functions - as in real data noise can vary depending on the conditions and the object
studied.
The third code - the main objective of the project- tries to combine the two last ones
and analyze the truthfulness of SABRES: the input is a value α that states the precision
of chi square. It creates then a grid showing, for each couple of templates f and g, the
signal-to-noise ratio that allows to differentiate between the first best couples, being α the
difference between the chi squared of the solutions.
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Results
We successfully developed a program that increments the level of noise in the
fake data and analyze when there is a certain level of error in SABRES’s output
functions from the real functions of the fake data.

Figure 4: Code to state the reliability of SABRES depending on the level of
noise on the fake data.

Discussion
What was most interesting in our results was understanding why the code we wrote is an
important element to the process of releasing SABRES to the scientific community.
Most astronomers create their own programs for analyzing data from stars and other stellar
objects, and don’t release their programs to the public. The aim of our mentor and her
team is to provide the scientific community with a program that can be used by anyone
to analyze data from binary systems.

Before our mentor and her team can give the

rest
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of the world access to SABRES, it is imperative that they know how accurate SABRES
really is. SABRES would be a useless program if no one was sure how often it was correct
in analyzing data from a binary system and offering couples of stars that fit the data
collected.
Our code is the last step SABRES needs to go through in order to be released.

By

testing SABRES’s ability to analyze data with different levels of noise, its accuracy can be
determined. If SABRES passes the test, it will be ready to be released to the astrophyisics
community.
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Abstract
High precision measurements are crucial in condensed matter physics, allowing the structure of materials to
be seen, and behaviour of electrons to be observed. However, the data collected is often obscured by noise.
In this project, two methods are compared that help to reveal the desired signal: mathematically smoothing
the raw data, and using an external device to amplify the signal and decrease the noise. This report compares
the two methods quantitatively and discusses their use in the lab environment.

Introduction
Scanning Tunnelling Microscopes (STMs) are widely used to study the behaviour of electrons in different
materials. They do so by using the quantum nature of electrons and measuring a tunnelling current between
the probe and the material to create a topographic picture of the surface of the material or measure the
Density of States (DOS). Knowing the DOS and band structure can provide information about the behaviour of
electrons in materials, and thus crucial in the study of different electronic states. In order to obtain these
measurements accurately a Lock-In Amplifier is used. The project came in two stages; programming a
Graphical User Interface (GUI) to acquire spectroscopic data from the Lock-In Amplifier remotely and then
comparing the results for DOS and current measurements.

Theoretical Background
Density of States
In an atom electrons sit in orbitals, or resonances, and each resonance has more than one quantum state
available within it. In a crystal structure, orbitals of single atoms overlap and create complex band structures,
with many different quantum states available for electrons to sit in. The number of quantum states in a small
[1]

range of energies can be measured and is called the Density of States .

Noise
An STM measures incredibly small currents in order to map out the topography of a material or measure the
[2]

DOS . Due to the noise in the measurements of currents, it is incredibly difficult to take raw data and extract
the important signals without using an external device, the Lock-In Amplifier.
Noise can be caused by electrical noise coming from the power grid or mechanical vibrations in the
equipment, both of which influence the tip-sample distance which is then translated into the tunnelling current.
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In the STM there are many features designed to minimise the effects of vibrations, such as springs attached
to the microscope which subsequently reduces the impact of noise by functioning as absorbers. The system is
also placed in vibration isolation by allowing pneumatic legs to sit on a concrete block with separate
foundations from the building so the STM is not in direct contact with it.

Quantum Tunnelling and Scanning Tunnelling Microscopes
Quantum tunnelling allows quantum particles to pass through potential barriers which classically would not be
possible. Scanning tunnelling microscopes use this property to generate a current between the probe and the
material (of the order of a Nano- or even Pico- ampere) when a potential bias is placed across them.
The current drops exponentially with the distance:
I ∝ e−dc . ∫

0

DOS(E)dE

−𝑒𝑉

Where d is the distance between the probe and the material, and c is a constant. This constant depends on
the material, and due to the exponential dependence in the distance, the STM can produce topographic
pictures with a resolution of about 1 angstrom. For the material in this project, changing the distance between
the probe and material by 1 angstrom will cause the current to drop by an order of magnitude.
It can also be seen that:
dI
∝ DOS(E, x, y)
dV
This equation is used by the Lock-In device to measure the DOS, and shows how the differential of the
current is proportional the DOS.

Lock-In Amplifier
Lock-In Amplifiers use phase-sensitive detection to amplify a signal and reject noise signals. This allows
[3]

measurements of very small alternating voltage signals .
The signals received by the STM come in the forms sin(nω0 t) and cos(nω0 t).
T

∫ sin(nω0 t) ∙ sin(mω0 t)dt = π ∙ 𝛿𝑚.𝑛
0

The equation above shows that all the functions are orthogonal apart from when m = n. Using this, the LockIn Amplifier uses a reference frequency and is able to cut out most of the noise and extract the desired
[4]

signal .
Parameters are also implemented in order to reduce the effects of noise, such as the period of the alternating
current (AC). The reference frequency is found prior to the experiment in preliminary tests.

GUI
Using LabVIEW, a GUI was programmed that allows a user to remotely control the Lock-In Amplifier.
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The aim was to have a perfect replica of the Lock-In Amplifier’s front panel on the computer screen, however,
whilst completing the code it was evident that using tab controls would be far easier to visualise.

Figure 1:
The above block diagram shows
the GUI designed and used.

Methods
In order to see the atoms, the surface of the Highly Oriented Pyrolytic
Graphite (HOPG) must be cleaned. This is done using scotch tape by
exfoliating the top atomic layers to reveal a clean surface. This technique
[5]

can be used for all van-der-Waals materials, and is known as cleaving .
The most effective way to carry out cleaving is in situ, in order to prevent
contamination from foreign materials, however, as HOPG is quite inert, it
can be done ex situ, provided it is quickly moved into the STM.
The data is collected using AC and direct current (DC) voltages. The DC

Figure 2:

voltage comes from the STM controller and the AC voltage comes from
STM circuit sketch.

the Lock-In Amplifier. For the topography, only the DC voltage is
required. However, the AC current is very important for measuring the
DOS.

Before the DOS is measured a topography can be generated to identify and locate areas of interest on the
material surface for the DOS measurement.
Figure 3:
The photos to the left show
the topography of the
HOGP before the DOS
measurements were taken.
For the measurements of DOS, the bias voltage (DC) is kept constant at some value V0 for a time period in
which the Lock-In demodulates the AC current, and hence measures

𝑑𝐼

|

𝑑𝑉 𝑉=𝑉0

. After this is measured, the DC

bias voltage is altered and a new measurement is taken. In turn, this allows for the measurement of DOS at
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each bias voltage, which was plotted. The AC voltage has a fixed amplitude and frequency throughout the
experiment, which were set to amplitude 15mV, and frequency 773Hz.
In order to get measurements for the DOS and the current, a piece of HOPG was scanned by the STM. The
probe was placed in a specific location and fixed height, and then the DOS was measured for each point
across the bias sweep. This was carried out ten times and an average taken. The Lock-In Amplifier filters the
noise and amplifies the signal from the tunnelling current, as to obtain cleaner results.

Results
The values of DOS can be taken or read directly from the Lock-In Amplifier, which has been plotted against
the bias voltage as one of the comparisons. This curve would be the one usually used by the lab. As shown
previously the differential of the current is proportional to DOS, and so calculating this from the current values
directly taken by the STM, is another way to obtain the trend of DOS against bias voltage.
Smoothing was a technique used to check whether a similar trend could be seen in the differentiated current
with respect to bias voltage, as with the DOS. By doing this, a more effective comparison of trends could be
made of the two plots, using a moving average trend line. The smoothing works by using a low pass filter with
[6]

filter coefficient of a fifth .The code was written in a way to allow smoothing to be done a numerous amount
of times in order to obtain the most accurate representation of the trend.
Figure 4 shows the data which has been smoothed a different number of times: none, five, ten and one
hundred. The more the data was smoothed, the closer the trend line appeared to the DOS plot, as shown by
figure 5. Figure 4 shows the trends of the plots, however due to the arbitrary units being different on the axis,
it was not possible to directly compare the graphs within figure 4, therefore they had to be normalised in order
to do so. The comparison of the normalised graphs, as shown in figure 5 confirmed that once the raw data
was smoothed it resembled the same trend shown by the DOS.
Despite needing to smooth the

𝑑𝐼
𝑑𝑉

graph for a clearer comparison, it is still evident from figure 5 that the raw
data
has
som
e
simil
aritie
s in
the
Figure 4:

trend
,

The graphs above and left
show the raw differential of the
current followed by the fifth
iteration of the smoothing, the
th
tenth and the 100 . The final
graph (closest left) shows the
raw DOS data as a
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such
as
the
troug

h at around zero volts.

Figure 5: The graphs above show the comparison between the DOS and dI. The left graph shows the
normalised comparison of the two data sets (with 10 smoothing iterations and then 100) and the right
graph shows the comparison of the raw data.

Discussions
Data taken from previous runs was used

[7]

and plotted as results from the code written in MATLAB. However,

the program was coded in such a way that future measurements could be easily imported to achieve more
recent results. This allows the opportunity to take new measurements using the GUI program and process
them in order to compare mathematical manipulation and the Lock-In Device. The code would also work for
larger data sets.
It was then tuned to quantitatively calculate the noise reduction the Lock-In Amplifier grants, and to visualise
the trends a code was written in order to plot the differentiated values, and then compared to that of the DOS
plot. The

𝑑𝐼
𝑑𝑉

and DOS graphs had different arbitrary units, so it was necessary to normalise them both in order

overcome this difference and therefore be able to compare their trends and corresponding values on the

Figure 6: The graphs above show the difference between the smoothed trend and raw trend, giving an
indication of how much noise there is.
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same graph.

From MATLAB, it was possible to calculate the range of the graphs in figure 6 by taking the difference
between the two peaks. The range for the

dI
dV

graph was found to be 1.2848 and the range for the DOS graph

was found to be 0.0958. Given that the DOS graph has a much smaller difference, it is evident that it is more
accurate to measure the DOS as opposed to differentiating the current, since it is more effective at dealing
with noise.

The code could be improved by adding an offset. The offset would be generated at a value that would make
the main trough of the graphs overlap (where they are currently just close together). By having a reference
point identical in every graph it would be easier to compare the trends as well as increase the accuracy in
each comparison.

Improvements could also be made to the GUI. Though currently it is able to set and change the set-up of the
Lock-In device, a while loop would increase its efficiency. There are also more controls on the Lock-In which
are currently not part of the GUI. These could be added until every set-up variation currently possible
manually could be controlled remotely.
The conclusion from the results is clear. As the data for the differential of the current is smoothed it resembles
the trend of the DOS with bias voltage more and more. After several iterations of smoothing however, it
becomes unclear as to what has been affected by the smoothing, just the noise or the tunnelling current signal
as well. Together this suggests that even with the small amount of noise it affects the results for the DOS it
shows the trend much accurately than mathematically manipulating the data of the differentiated current.
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Abstract
Non-equilibrium plasma (NEP) draws a great deal of interest from the scientific community. Technological
development has allowed plasmas to be produced at atmospheric pressure (AP) while keeping intact their nonequilibrium nature (when electron temperature is much greater than gas temperature), which can be used for many
applications in various scientific fields. These developments, however, are only possible with advanced diagnostics
of NEP in order to optimize its properties under various operating conditions. The main focus of this project is to
obtain plasma parameters from spectroscopic data. Using argon gas as an example, a collisional-radiative (CR)
model is designed to simulate the parameters of NEP. Experimental spectroscopy results are then evaluated by
the model to obtain the plasma parameters. This non-invasive spectroscopic technique contributes to NEP being
applicable to various fields of technology.

Introduction
Spectroscopy is one of the most useful and convenient diagnostic tools available to physicists. In regard
to plasmas, it enables non-invasive measurements that allow plasma parameters to be obtained, such as electron
temperature and population densities. In this project, a model is developed for non-equilibrium plasma (NEP), a
type of plasma that has many promising uses. For example, it can be used for environment protection, synthesis
of materials, nanotechnology and medicine as well as for other useful applications. For many of these procedures,
such as in disinfection treatment, the plasma needs to be energetic enough to have desired effects, without being
overly heated so that healthy cells are left unharmed. While plasma parameters can be controlled, without proper
diagnostic techniques, there is no feedback. This signifies that lacking proper diagnosis, there is no accurate way
to set and maintain plasma parameters in variable environmental conditions. In this project, the objective is to
obtain plasma parameters using non-invasive spectroscopy-based techniques. A collisional radiative (CR) model
must be designed that simulates plasma as accurately as possible. This model takes into consideration electron
excitation, atom excitation, natural decay and wall quenching.

Experimental spectroscopy data from non-

equilibrium argon plasma is compared to the simulated emissions in order to approximate the electron temperature.

Methods
To mathematically simulate plasmas, all species of interest have to be modeled independently (i.e. 1s2,
1s3…). Each species has population processes and depopulation processes which, after a short amount of time,
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reach an equilibrium. This means that the rate at which each species is populated is equal to the rate at which it
depopulates:

𝑑𝑝𝑜𝑝
=0=𝑃−𝐷
𝑑𝑡

(1)

The magnitude of these processes is the sum of all the individual populations [1].
5

𝑃=

𝑔𝑠−𝑒𝑥𝑐
𝑛𝑒 𝑛𝑔 𝐾𝑔𝑠→𝑥

+

10

1𝑠−𝑒𝑥𝑐
𝑛𝑒 ∑ 𝑛𝑦 𝐾𝑦→𝑥
𝑦=2

𝑎𝑡−𝑡𝑟𝑎𝑛
+ 𝑛𝑔 ∑ 𝑛𝑦 𝐾𝑦→𝑥

(2)

𝑦=1

𝐷 = 𝑛𝑥 ∑ 𝐴𝑥→𝑦 + 𝑛𝑥 𝑄𝑥𝑤𝑎𝑙𝑙

(3)

In Equations 2 and 3, the variable x represents the state being modeled and y represents the state from
which the transition originated. n with various subscripts denotes the density of different species (ne being electrons,
ng being gas and nx being density of excited state x). K coefficients are the rate constants for the specified
transitions. The A coefficients represent Einstein's number for natural radiative decay. Q denotes a quenching
coefficient that is calculated based on gas density, the diffusion coefficient and the physical size of the plasma.
The transitions taken into consideration in
this model are ground state to excited levels (gsexc), 1s excitation to 2p levels (1s-exc), 2p atom
collision

transitions

(at-tran),

radiative

de-

excitation (A) and wall quenching (wall).

For

natural radiation and wall quenching, the rate is
calculated by multiplying the density of the
species by a constant value (not dependent on
energy). However, all other transitions modeled
result from collisions; the rate constant (K)
changes as a function of the energy in the system.
To calculate the rate, experimental cross section

The x-axis represents electron temperature and the y-axis is

data (σ(E)) is used.
Experimental

Figure 1: Two EEDFs overlaid with a cross section function.

normalized.
cross

section

data

represents the likelihood of a transition happening at a given energy level. In Figure 1, this information is overlaid
with Maxwell electron energy distribution functions (EEDF) at the energy of interest (Figure 1 shows two energy
levels). The area that is bounded by both the EEDF and the cross section function represents the rate of transition
at a specific energy level [2]. The model computes this integral for EEDFs of many different energies to find the rate
constant on a range of electron temperatures.
For every individual species modeled, Equation 1 is compiled which takes into consideration all processes.
Population processes can also represent depopulation channels; if an electron populates one state, it must have
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come from another. The densities of all modeled states are left as unknown variables. These equations are put
together into a matrix with all common terms being simplified and ordered so that each column contains a distinct
variable:

𝑛1𝑠2 (𝑃1𝑠2 − 𝐷1𝑠2 )
⋯
⋮
⋱
[
𝑛1𝑠2 (𝑃2𝑝10 − 𝐷2𝑝10 ) ⋯

𝑛2𝑝10 (𝑃1𝑠2 − 𝐷1𝑠2 )
⋮
]
𝑛2𝑝10 (𝑃2𝑝10 − 𝐷2𝑝10 )

𝐷1𝑠2 − 𝑃1𝑠2
⋮
[
]
𝐷2𝑝10 − 𝑃2𝑝10

(4)

The first matrix of Equation 4 contains all the terms that are dependent on concentrations denoted by the n
terms. The second matrix is complementary and contains constant processes with opposite signs. The rows contain
the rate equations for every state and the columns represent the dependencies on other states (i.e. first column is
dependent on 1s2, second on 1s3… last on 2p10). The result is a column matrix containing densities of all states
modeled. Equation 4 is solved for several different electron temperatures (Te) in order to obtain population densities
as a function of Te.
A more simplified approach is to assume that only the species of interest is variable while all others are
constant. This process was used to create a basic model before moving on to the system of equations (4) needed
for the more complex CR model.
Once all the populations have been established, line emissions can be predicted using natural radiative
decay (Einstein's number). This process is repeated on a range of different electron temperatures. Finally, to
determine the electron temperature of experimental spectroscopic data, which is obtained by placing an optic fiber
in close proximity to the NEP, the notable line emissions can be compared to the modeled line emissions. For each
eV, the sum of the absolute normalized differences between each notable line emission (modeled and experimental)
is calculated. The electron temperature at which this difference is minimal is a good approximation of the plasma’s
energy level [3].

Results
As a whole, the results demonstrate the model’s attempt to simulate NEP by considering the following
transitions that occur for the electrons in this type of plasma: ground state to excited levels, 1s excitation to 2plevels,

Figures 2 and 3: The following graphs were obtained by the technique outlined in the methods. They
demonstrate the rate constant of transition for gs-1s5 and 1s5-2p1 respectively as a function of electron
temperature.
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2p atom collision de-excitation, radiative de-excitation and wall quenching. The individual characteristics of the
simulation are illustrated and described below.
Data in Figure 2 and 3 was obtained by integrating areas bounded by EEDFs at different energies and
experimental cross section data. It is noticeable that there is a minimum energy required for a transition to happen.
This minimum energy is higher in Figure 1 than in Figure 2 since the peak is at a higher energy level in Figure 1.
This can be explained by the transitions themselves: a transition between the ground and excited state requires
much more energy to achieve then a transition between two different excited states. However, both Figures
demonstrate the same trend: the rate increases sharply as the minimum energy is reached and then there is a
gradual decrease as the electron temperature (eV) increases. The decrease in rate is explained by the fact that
more energy means that there are more transitions possible and therefore each possible transitions is less likely.
While the rate constant tends to zero as energy increases, it will never reach zero since there are a finite number
of possible transitions.
Figures 3 shows that as electron temperature increases,
the density of the 2p orbital increases. The model that is
used to achieve these results simulates species 1s2
through 2p10, where 2p orbitals are the highest energy
levels taken into consideration. Since, in this model, there
is no higher energy level, as Te increases, most of the
species populate the highest energy orbitals (2p).
Although this model is accurate for low electron
temperature, as the energy increases, the model loses
precision; the 2p density increases indefinitely with eV,
Figure 4: Data obtained by using a simple radiative
model that only takes into account simple excitation
(gs-exc and 1s-2p) and natural decay.

even though in reality, at higher temperatures,
electrons move on to higher levels that are not taken
into account by this model.

Figures 5 and 6: Natural radiative decay is used to calculate the intensity at each wavelength. The
ratio of two line emissions is then compared as a function of the electron temperature.
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As seen in Figures 5 and 6, there is a significant correlation between the intensity of wavelengths as Te
increases. Such correlations are very useful when trying to determine the plasma parameters, since comparing the
ratio of two line emissions can approximate the electron temperature of the plasma. However, when choosing which
wavelengths to compare, it is important to make sure that there is a strong correlation on the electron temperature
range of interest. For example, Figures 4 and 5 are only relevant for lower temperatures; after 2 to 3 eV, the ratio
reaches a plateau.
Line Emission Comparison
1

Noramlized intensity

0.9
0.8
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0.7
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0.6
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0.4
0.3
0.2
0.1
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763.51
794.82
800.62
801.48
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811.53
826.45
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0
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Figure 7: Indicates the temperature at which the model

Figure 8: Shows the line emissions at

is most accurate.

different wavelengths for the simulated and
experimental values at the most accurate
indicated in Figure 7.

deded
Using Figure 7, the electron temperature of the sample low pressure NEP can be estimated. The point at
which the absolute difference in intensity between simulated and experimental data is at a minimum represents the
most likely electron temperature. Figure 8 represents the simulated and modeled line emissions at 0.4ev (the best
fitted eV). Some of the line emissions (696 – 751, 800-801 nm) are very accurate and are better for plasma
diagnostics then line emissions such as 826-866nm wavelengths.
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Discussion
The CR model designed for this project takes into account more characteristics that allow it to simulate
NEP at low pressures with more accuracy than the basic model. However, its accuracy is still limited due to how
many population/depopulation factors are taken into account. The five factors that were selected (electron
excitation from the ground state, electron excitation from 1s, atom excitation, natural decay and wall quenching) are
the ones that contribute most to populating and depopulating different states in the conditions studied. There are
other elements to consider, although they are not significant contributors in low pressure NEP. Since they do not
add much precision to the model, they are not worth being included.
The models devised in this project are only accurate for low pressures and temperatures of NEP. The
processes taken into consideration make them accurate only for 1e12<ne<1e18, 1e15<ng<1e21 (m^-3).
When using the basic radiative model to determine electron temperature, only a ratio of two line emissions
is used. The CR model compares 13 distinct line emissions. The increase in accuracy comes at the price of
measurement speed, since the spectrometer requires more time when a wider spectrum range is measured. In
some instances, the environment changes quickly and the feedback mechanism has to be very fast (i.e.
milliseconds). In these cases, it may beneficial to use a ratio of two line emissions instead of using a full
spectroscopic range.
Using spectroscopy for NEP diagnosis is a very useful and effective process. It is better than the electrical
method, which requires maintenance and disturbs the plasma.

Additionally, spectroscopy is a non-invasive

diagnostic technique, allowing the plasma to be analyzed without changing its nature. These techniques are easy
to implement and can greatly benefit fields of medicine, material science as well as other industries.
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