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ABSTRACT
Microorganisms can be engineered to produce a wide range of chemical products
including therapeutic drugs, consumer plastics, and biofuels. These advancements are made
possible because there is a direct relationship between the genetic information of an organism and
the composition of its functional protein machinery. The relationship is described by the central
dogma, which states genes are first transcribed from DNA to RNA, and the RNA in turn is
translated into proteins.

By manipulating the DNA of an organism we can alter its protein

machinery to modify its metabolic pathways so as to make products of our interest.
In order for protein translation to occur, a ribosome reads the triplet codons on the
messenger RNA and synthesizes a polypeptide adding a specific amino acid for each codon.
There are 64 possible codons, of which 61 code for 20 amino acids. Consequently, some amino
acids are coded for by a degenerate set of codons. Previous research suggests that there are
differences in efficiency of amino acid incorporation for different codons within a degenerate set,
as well as between amino acids. Here we design experiments to quantify these differences. We
designed and constructed an expression construct in order to quantitatively estimate translation
elongation rates when introducing synonymous rare codons into the protein’s coding sequence.
We hypothesize that adding adjacent, repetitive, rare codons will affect the ribosome’s elongation
rate in a codon-dependent manner, which can be measured by using our expression system.
We designed a genetic construct containing an mCherry fusion protein with an Nterminus leader peptide sequence followed by our varying codon repeats. Fluorescence levels of
cells containing these constructs, measured at steady-state conditions, will provide a quantitative
estimate of the elongation rate of the protein. Comparing the elongation rates for our different
variants will help establish the relative speeds of codons within and between degenerative sets.
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Overall, the project will measure how protein elongation rate is affected by introducing
synonymous, codon repeat sequences, for the amino acids: threonine, alanine, and serine.
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Chapter 1
Introduction
In the constantly advancing world, industries are now routinely employing the use of
genetic engineering to develop new consumer products. Chemical products such as therapeutic
drugs, consumer plastics, and biofuels can be made by engineering. These types of advancements
are made possible because of the direct relationship between an organism’s genetic information
and the composition of its functional protein machinery.
The essential relationship is known as the central dogma of biology, which explains the
genetic flow of information within an organism.

An organisms’ genome is composed of

deoxyribonucleic acid, DNA, which can be translated into proteins. In order for protein
production, the DNA must first be transcribed into messenger ribonucleic acid, mRNA, which
can then be read by ribosomes, complex molecules that catalyze the building of proteins (Crick,
1970). A ribosome must read sets of triplet nucleotides, called codons, on the mRNA strand in
order to know which corresponding amino acid for each codon to add to the growing peptide
chain. Each codon sequence is recognized by a complementary anticodon sequence located on
the corresponding transfer RNA (tRNA), a carrier molecule that delivers the correct amino acid
for incorporation in to the protein (Voet, Voet & Pratt, 2013; “Concepts in Biochemistry Structure Tutorials,” 2002).
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Figure 1: Translation Diagram-Ribosome reading codons on mRNA with tRNA bringing in
corresponding amino acids (Karp 2008).

In the genome, there are more codons than the amino acids they code for. For example,
in Escherichia coli (E. coli) there are 64 possible codons, with 61 coding for 20 amino acids
(Voet, Voet & Pratt, 2013). As a result, some amino acids are coded for by a degenerate set of
codons, each such codon being considered “synonymous” for the purposes of translation.
However, many genes show a non-random choice between synonymous codons, and this choice
can influence the gene expression (McLachlan et al, 1984; Cannarozzi, 2010).
The codon usage and codon bias within an organism’s genes is important for
understanding what the achievable protein expression levels could be in E. coli or another
organism (Elf, Nilsson, Tenson, & Ehrenberg, 2003). With this information, we can identify a
codon from the degenerative set to use if we wanted to maximize protein translation rates in that
organism. Measures often employed to assess codon translatability in an organism include:
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genomic codon abundance, tRNA availability in the cell, and tRNA adaptation index (tAI) (Elf,
Nilsson, Tenson, & Ehrenberg, 2003;Dos Reis, 2004).
It has been observed that codon abundance in the genome and the concentration of
charged tRNA in the cell affect translation speed are often highly correlated (see Figure 2 for
Codon Abundance and 3for for %tRNA availability). It is commonly seen that the most abundant
tRNA isoacceptors are the ones that coincide with the codon appearing with highest frequency
within the degenerate set in highly expressed genes (Elf, Nilsson, Tenson, & Ehrenberg, 2003).
On average, the ribosome can read around 11 codons in one second (Pedersen et al., 2011), but if
there is not enough tRNA charged with the correct amino acids in the cell, then the translation
rate will be decreased and the ribosome’s reading will be slowed.

In this case, to translate a

codon whose cognate tRNAs are limited in the cell, the translation process will have to compete
with more non-specific codon-tRNA interactions, both with near-cognate and non-cognate tRNAs
(Gouy and Gautier, 1982).
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Figure 2: Codon Abundance in E. coli. The graph shows the Codon Abundance/1000 for each codon in descending. (“Codon
Usage Database” from www.kazusa.or.jp/codon). Yellow bars indicate the 12 codons we tested in this work, coding for amino acids
Threonine, Alanine, and Serine.
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Figure 3: % tRNA availability out of total tRNA in the cell for E. coli. The graph indicates the % tRNA that corresponds to
specific codons out of the total tRNA in the cell at doubling time of 0.4 per hour (Dong et al., 1996). Yellow bars indicate the
12 codons we tested in this work, coding for amino acids Threonine, Alanine, and Serine.

During elongation, the tRNA is moved through the ribosome’s A, P and E sites and the
correct tRNA must be selected in order to add the amino acid to the peptide chain (Marshall,
2008). The ribosome’s search for a cognate or near-cognate tRNA is the rate-limiting step in the
elongation stage. There is competition between tRNAs from the pool of available charged tRNA
to attach to the ribosome A-site.

Additionally, since there is an imbalanced concentration of

tRNA in the cell, this can lead to variations in translation rates. Competition between cognate,
near-cognate, and non-cognate tRNA determines translation rate (Fluitt, 2007).

For example,

quicker recognition of a cognate tRNA leads to more efficient translation elongation. If near-

6
cognate tRNA binds to the ribosome, there will be a delay in translation, because during a
proofreading step it could be rejected (Marshall, 2008). Regardless of the outcome, the nearcognate and non-cognate tRNA use causes delays in translation rate. Along with these delays, the
higher competition can lead to higher number of errors occurring and lowering the translation rate
(Fluitt, 2007). Competition between the tRNA is an important factor in determining translation
rate and which tRNA binds to the ribosome A-site.
While codon abundance and tRNA availability are independently reasonable indicators of
the efficiency of codon translation, the tRNA adaptation index (tAI) offers a more comprehensive
index of the codons’ translatability. The tAI is the tRNA adaptation index, and it is a measure of
tRNA usage by coding sequences. The developed index gives us an understanding of codon
usage based on tRNA gene copy number and genome size of the organism.

The tAI gives us

values for each codon to help us understand further and compare codon usage (Figure 4 shows a
graph of the tAI values for the codons in E. coli) (Dos Reis, 2004).
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Figure 4: tAI abundance for E. coli- The graph indicates the tRNA adaptation index values for each of the codons (Dos Reis, 2004).
Yellow bars indicate the 12 codons we tested in this work, coding for amino acids, Threonine, Alanine, and Serine.

Codon translatability factors influence the choice for optimal codons within a degenerate
set, but other factors that increase accuracy and speed of translation and the content of the
genome will also play a role (Hershberg & Petrov, 2009). In general, maximized speed of
elongation and maximized accuracy of translation is beneficial for the cell (Stoletzki & EyreWalker, 2007). There can be almost a six-fold difference in the rate of translation and then
elongation depending on the use of common (major) codons, which often correspond to the
amount of charged tRNAs, versus the minor codons (Chen & Inouye, 1990) (Smensen, Kurland,
& Pedersen, 1989). The elongation rate will not be uniform or maximized if there are infrequent
codons mixed with major codons in the sequence (Smensen, Kurland, & Pedersen, 1989). So to
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ensure the elongation speed will be maximized and near constant, the ideal sequence would
include the major synonymous codons over the infrequent codons.
Additionally, to maximize the accuracy of translation, the cell would want to eliminate
two types of translational errors: missense and nonsense errors. Missense errors occur when an
incorrect amino acid is incorporated into the growing peptide chain, and nonsense errors are when
the peptide synthesis terminates prematurely (Stoletzki & Eyre-Walker, 2007). These types of
errors should be minimized because it costs the cell energy and wastes amino acids by making
these malfunctioning or non-functioning proteins (Stoletzki & Eyre-Walker, 2007). To minimize
these errors, biases to certain codons have evolved (Stoletzki & Eyre-Walker, 2007). For
example, as the length of the gene increases, there is a greater codon bias due to the fact that the
missense and nonsense errors should be prevented from forming in these long genes, because if
there was an error it would be a large waste of energy and amino acids for the cell (Stoletzki &
Eyre-Walker, 2007). Codon biases have evolved to increase the speed of elongation along with
minimizing the possible translational errors.
The nucleotide content and the genes in the genome are other factors that play important
roles in affecting the choice for optimal codons for translation efficiency (Hershberg & Petrov,
2009). It has been observed that favored codons correlate to the nucleotide composition of the
genome in general. Appropriately, G and C rich organisms normally have GC rich favored
codons; whereas, organisms with A and T rich genomes show favored codons with AT
incorporated into them (Hershberg & Petrov, 2009).
The idea that the codon bias coincides with the composition of nucleotide content of the
genome also agrees with the fact that under the “genome hypothesis” there is a species-specific
pattern to codon usage (Sharp et al., 1988). Certain codons from the degenerate sets would have
been chosen by natural selection for translation efficiency and accuracy in different organisms
and species (Hershberg & Petrov, 2009). Closely-related organisms have similar codon usage
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patterns since their genome composition would resemble each other’s’, such as Salmonella
typhimurium and E. coli (Sharp et al., 1988).

On the other hand, synonymous codons that the

most abundant isoaccepting tRNA respond to are different between the unrelated E. coli and
yeast, which shows how there are organism-specific codon choices and how each type of genome
has a particular coding strategy (Ikemura, 1985). The organism-specific codon choice is related
to the organism-specific population of isoaccepting tRNAs (Ikemura, 1985). And since the
availability and abundance of certain tRNAs show similarities within organisms in the same
species, the codon bias shows similarities as well (Ikemura, 1985).
Along with the actual nucleotides that comprise the genome, the genes within organisms
help to establish and define codon biases. There exist species-specific genes that show
similarities in codon frequency within the organisms (Sharp et al., 1988). It is predicted that
since selection is a cause of synonymous codon usage biases, then there should be a more
pronounced bias in the highly expressed genes than in the rest of the genome (Lynn, Singer, &
Hickey, 2002). Highly expressed genes generally have high levels of codon bias in order to
ensure these important genes can be translated (Hershberg & Petrov, 2009). Additionally, in E.
coli, the major trend shows that the heavily favored codons are the ones that are seen in highly
expressed genes (Sharp et al., 1988). Examples of genes that are highly expressed and important
for the cell would be ribosomal genes or translation elongation factors (Hershberg & Petrov,
2009) and especially the outer membrane lipoprotein, which is the most abundant in E. coli, and
these all show a strong bias for codons (Chen & Inouye, 1990).
Organisms have codon biases towards using specific codons within degenerate sets for
amino acids based on the codon translatability overall, maximized translation rate and minimized
errors, and the composition of the genome. The cell’s codon bias and amino acid usage have an
impact on translation efficiency because it influences the elongation rate (Guimaraes, Rocha, &
Arkin, 2014). To test for differences between codons within a set and between amino acids, we
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designed and constructed an expression construct in order to quantitatively estimate translation
elongation rates when introducing synonymous codons into the protein’s coding sequence. We
predict that adding adjacent, repetitive codons will affect the ribosome’s elongation rate in a
codon-dependent manner, which can be measured by using our expression system. The design
includes an mCherry fusion protein with an N-terminus leader peptide sequence followed by our
varying, tandem codon repeats, or homopolymeric tracts. Fluorescence levels, measured at
steady-state conditions, of cells containing these constructs will give a quantitative estimate of the
elongation rate of the protein. Comparing the elongation rates for our different variants will help
establish the relative speeds of codons within and between degenerative sets. Overall, our project
will measure how protein elongation rate is affected by introducing synonymous, codon repeat
sequences, for the amino acids: threonine, alanine, and serine.
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Chapter 2
Methods and Materials
Construct Design:
In order to test for codon effects on elongation rates, an initial construct was designed in
order for different codon repeat sequences to be placed into the plasmid DNA, so we could
monitor the effect of placing tandem rare codons on the elongation of the protein. The first
portion of the construct designed for testing included the two restriction sites, EcoR1 and Xba1
before the promoter J23100. To place the designed insert into the vector, the restriction sites
were needed, and the promoter was needed to start the translation of the protein. Following the
promoter, was the first ribosome bind site, RBS34, where the ribosome will bind to start the
translation. To test the strength of the ribosome binding sites, we used the RBS Library
Calculator from Dr. Salis’ lab at Penn State University and found its translation initiation rate to
be 28k au (Salis, 2011). Then, an AHL leader sequence was placed after to ensure that the
mRNA structure near the start codon is preserved. Without the leader sequence, the translation
initiation rate could be affected, which would affect the initiation and elongation. Next, there is a
restriction site, BamH1, and then the varying repeat sequence, and then a second restriction site,
HindIII. The two restriction sites are placed there so the different codon repeat sequences to be
tested could easily be created and could be ligated into the plasmid. Following the repeat
sequences, there are detector proteins so the fluorescence can be measured and indicate the
elongation rates of the proteins with the various codon repeats introduced into the sequence.
To test the protein expression to give us a measurement of elongation rates, the plasmid
was designed to have two different fluorescent proteins downstream from the codon repeat
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sequence. After the codon repeat sequence, mCherry, a form of red fluorescent protein (RFP),
was placed to measure the fluorescence, which correlates to the elongation rate of the protein.
The higher mCherry expression, the more optimal that codon repeat sequence is for that specific
amino acid. The reason is the fact that if the codon sequence is optimal, then there are more
abundant amounts of charged tRNA in the cell that match those repeat sequences, so once the
ribosome reads that repeat sequence and the charged tRNA matches up, the peptide chain will
continue to be made. So, if the repeat sequence is optimal, then the protein will be made faster,
and the mCherry expression will be high. Following the mCherry, there is another ribosome
binding site, RBS30 from the iGEM registry, and then green fluorescent protein (GFP). The first
ribosome binding site, which was used in the original construct, had a translation initiation rate of
7.1k au (Salis, 2011). Because there is a second ribosome binding site, GFP was set up as a
control fluorescence because we predicted each cell should have the same level of green
fluorescent. The GFP fluorescence values should also support the idea that the codon repeat
sequence is what affects the mCherry expression and the varying amounts will demonstrate which
codon repeat sequence is optimal for that specific amino acid in E. coli. After the GFP, there are
two restriction sites, SpeI and PstI, which are convenient in order to digest the large insert into the
dRBS1 vector, and the whole vector sequence is seen in Figure 5 below along with the construct
designed to be placed into dRBS1 vector in Figure 6. The dRBS1 vector was used because of the
iGEM specifications for submitting parts into the registry; additionally, the vector was used
because of its chloramphenicol resistance.
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Figure 5: dRBS1Plasmid Map- sequence map with EcoRI and PstI restriction sites

Figure 6: Designed Insert- Piece of construct designed to be placed into the vector. Also this design
shows the Codon Repeat region (yellow rectangle), which is the place where the tandem, repetitive
codons will be placed. For a complete list of sequences see Table 1.
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Protocols:
These are the protocols from the Salis laboratory at the Pennsylvania State University
used to make the construct and run further tests. The order and when these protocols are used are
described in the following sections-Construct Construction and Testing:
1. Restriction Digest vector:
o

Digestions are done in order to cut the plasmid DNA into pieces. To cut the
DNA, restriction enzymes are chosen that will bind to the DNA and cut at the
correct place in the sequence where the restriction sites are.

o

To

digest

a

plasmid,

add

the

appropriate

NEBuffer*

(5µL), BSA (1µL), two correct restriction enzymes (1 µL each), calculated
amount of DNA **and deionized water (enough to total 50 µL in the tube).


*Check NEB’s chart of restriction enzymes and their corresponding
buffers to use in correlation with them, and then choose one of the
buffers to use in the digest.



**To calculate the amount of DNA to add: 1000/ DNA concentration
(ng/µL).

o

After the total 50 µL were added to a microcentrifuge tube, let incubate for 6
hours hours in a 37ºC water bath. Some digestions need to have a heat kill for 20
minutes in a 80ºC water bath; however, it the normal procedure is to then run the
digested product on a gel in order to separate the two segments of DNA.

2. PCR:
o

PCR acts as a way to amplify a certain piece of a DNA plasmid and to make
many copies of the desired section. Two primers, a forward reading primer
upstream of the desired sequence and a reverse reading primer downstream of the
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sequence, are needed for PCR, so they will bind to the plasmid and then only the
sequence between the two binding primers will be amplified. These primers can
be designed based on the sequence of the construct as well as using the following
software: NEB Tm calculator (“Tm Calculator | New England Biolabs”), IDT
Oligo Analyzer (“Oligo Analyzer.”), and Primer 3 (“Primer3: WWW Primer
Tool”).
o

50 uL total reaction with 5X High Fidelity Buffer (10µL), dNTPS (1 µL), the
forward and reverse primers for each section ( 0.25 µL each), Phusion (0.5 µL),
then the construct, which acted as the template (0.1 µL), and finally deionized
water (37.9 µL) are all added together into a PCR tube.

o

This mixture was then put into the PCR machine with a specific cycle. The initial
melting step was at 98ºC for 30 seconds. Then the next three steps were repeated
30 times: 98ºC for 10 seconds as the initial denaturation step, 72ºC for 30
seconds for annealing, then 72ºC again for 30 seconds for extension stage. Next,
72ºC for 5 minutes as the final extension step, and finally there is a hold at 4ºC.

o

After the PCR run, the piece will be complete and ready to digest to allow the
sticky ends to be cut and then the piece can be ligated to another DNA piece.

3. PCR Clean-up:
o

This step is done to eliminate the enzymes and buffers and also increase the
concentration of the PCR product.

o

Five times the volume of the PCR product of DNA Binding Buffer should be
added to the product. Then, it should be run through a collection column in the
centrifuge at 14000 rmp for 1 minute. Secondly, two wash stages should be done
with 200 µL of DNA Wash Buffer. Finally, 10 µl of ddH2O should be added to
the column to elute the final PCR product.
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4. Gibson Assembly (cBAR Reaction):
o

A Gibson Assembly allows multiple pieces of DNA to be assembled together.

o

The reaction needs 10 fmol of the backbone portion of DNA and 20 fmol of each
insert piece of DNA to be added with ddH20 to equal a total volume of 5µL.

o

This can be added to 15 µL of cBAR mixture.

o

The total mixture ran in the PCR machine at 50º C for one hour.

5. Gel Electrophoresis:
o

Gel Electrophoresis is a common method for separating DNA fragments because
the smaller length fragments will travel further on the gel.

o

Agarose (1.4 g) is added to TBE buffer (1X, 100 mL) and microwaved for 60
seconds. Stir the solution until it cools (50 ºC). Use thawed 10,000X GelStar gel
dye and add (10 µL) to the gel solution. Pour the gel into the casting bay and put
the well-forming comb in place, and let cool until the gel becomes opaque and
solid. Remove the comb so the wells are created in the gel, and the DNA
samples could be inserted.

o

The entire gel electrophoresis should be filled with TBE buffer so the liquid
covers the gel and fills both wells on each side. To load the DNA samples, add
48 µL of the restriction enzyme digestion product and 8µL of the loading dye
together and pipette into the wells.

o

A ladder needs to be in the gel as well. The ladder is used as a reference to
estimate the size of the unknown DNA samples. 1 µL of 1 kb ladder should be
added with 1 µL of 6x loading dye along with 4 µL and then placed into one well
of the gel. The electrodes are hooked up to the plastic cover that goes over the
gel. DNA should run from the black to red electrode. The gel is run for one hour
at 80 V.
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6. Gel Clean up:
o

After the gel is run, the correct band of DNA can be identified by comparing its
length to the ladder in the gel. Use a clean, sharp scalpel to cut out the desired
band of DNA and then continue to clean the agarose gel from it. The Salis Lab
uses the Gel Extraction Kit for gel clean ups from OMEGA bio-tek, and the kit
includes all of the needed solutions.

o

After the gel was cut out, the band needed to be weighed to determine the
volume. The density can be assumed to be 1 g/mL, so the weight is easily
determined (example: 0.5 g will have a volume of 0.5 mL). Then, add the same
volume of Binding Buffer (XP2) and allow it to incubate in a water bath (70 ºC)
for 2-3 minutes. A HiBind DNA Mini Column is prepared by placing it in a 2
mL collection tube, and then the DNA/agarose solution is added to the column
and centrifuged at 10000xg for one minute. The flow through liquid is discarded,
and then Binding Buffer (XP2) (100 µL) is added to the column and is
centrifuged at 13,000 X g for 1 minute and the flow through can be discarded.
Then, SPW Wash Buffer (700 µL) is added to the column and centrifuged, and
this step is repeated a second time. After the flow through liquid is discarded,
centrifuge the empty column for 2 minutes.

o

To elute the DNA from the column, place the column in a microcentrifuge tube
and add warm water (15 µL) to the column. Centrifuge the tube and then discard
the column, so the remaining liquid is the DNA product.

7. Ligation:
o

A ligation is way to put two or more pieces of plasmid DNA together. The
pieces are cut at corresponding restriction sites, so during the ligation the end
pieces of DNA can be joined together with the help of DNA ligase. DNA ligase

18
helps to put two pieces of DNA together because it is a catalyst for the
phosphodiester bond formation. In order to perform the ligation, several
calculations must be done in order to understand what volume to add of the insert
and vector piece of DNA.
o

To calculate the amount of vector that needs to be added, the equation is:


20x10

-15

/

(B x 10-4 / (#base pairs x 660))= V1, where B is the

concentration in ng/ µL and V1 is the volume of the vector.
o

Generally, the insert needs to be at a higher concentration than the digested
vector. If the insert piece is a PCR product, then around 1000 fmol is needed.
The calculation would in turn become:


1000 X10-15 = (B* V2 * 10 )/ (#base pairs in part x 660), where B is the
-9

concentration of the sample in ng/µL and V2 is the volume to solve for.
o

However, if the insert is an annealing product, then the calculation is :


o

3000 x10-15 = 5X 10 V2, where V2= 0.6 µL
-6

Depending on which type of insert the piece is will determine the calculation
performed for the volume. Once the two calculations are complete, T4 DNA
Ligase Buffer (10X, 2 µL), vector (V1 µL), insert (V2 µL), T4 DNA ligase (1
µL) and deionized water (17-V1-V2 µL) are all added into a tube to equal 20 µL
total volume. The tube needs to sit at room temperature for 7-9 minutes, and
then a DNA cleanup is performed on the sample.

8. DNA clean up:
o

Once the DNA is ligated, the ligation product needs to have a DNA clean up.
The lab uses the MicroElute DNA Clean-up Kit from OMEGA bio-tek, which
has all of the required solutions.
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o

The volume of the ligation reaction is measured and then 3xs that volume of DP
Buffer is added. The MicroElute HiBindDNA column is placed in a 2 mL
collection tube and prepared by added Equilibration Buffer ( 100 µL) and
centrifuged at 10,000 xg for 30 seconds and discard the flow through. Add
Deionized water (500 µL) to the column and centrifuge again for 30 seconds.
Now, apply the sample to the column and centrifuge for 1 minute. Add SPW
Wash buffer (700 µL) to the column twice and centrifuge for 30 seconds at
13,000xg and discard the flow through liquid both times. Centrifuge the empty
column for 2 minutes and then place the column in a new microcentrifuge tube.

o

To elute the DNA, use warm deionized water (4 µL) and centrifuge for 1 minute.
Discard the column and keep the liquid in the tube as the ligation product.

9. Transformation:
o

Transforming a plasmid into electrically competent cells is a method to place a
specific DNA plasmid into the cell, so those cells can be grown. The electrically
competent cells (EC cells) need to be thawed on ice, and then the desired DNA
plasmid solution (2-4 µL) can be pipetted into the cells. Transfer this mixture to
a electroporation cuvette and place the cuvette into electroporator. The settings
should be set at 2500 V for E. coli.

o

Shock the cells and the time constant on the machine should be 4.6 to 5.6 for
optimal electroporation. Then, immediately add SOC media to the cuvette and
place in the 37 ºC incubator shaker for an hour. These cells can then be plated.

10. Plate Cells/Pick colonies:
o

Once cells are transformed, they can be plated on plates with specific antibiotics
in order for the cells with the desired plasmid to grow colonies. 100-200 µL of
the transformed product can be pipetted and then spread onto the plate.

20
o

The plates are set in the 37 ºC overnight, and once colonies grow they can be
picked and then used to inoculate broth.

11. Growth:
o

To grow up colonies in broth, pick a colony by placing a pipette tip into the
colony and then inoculate a test tube filled with 5 mL of LB media ((10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl).

o

Add the correct antibiotic (for using chloramphenicol use a 1:1000 dilution-5 µL)
to the test tube as well, and let the cells grow overnight (around 12-16 hours) in
the shaker in the 37 ºC incubator.

12. Mini-Prep:
o

A mini-prep is used to isolate the DNA plasmid from the cells. The lab used the
E.Z.N.A. Plasmid Mini Kit I from OMEGA bio-tek, which included the needed
solutions for the protocol.

o

After the cells are grown up in LB broth, centrifuge the test tube for 10-15
minutes to form a pellet at the bottom of the tube. Decant the supernatant, and
re-suspend the pellet in Solution I / RNase A Solution (250 µL) and transfer the
solution to a microcentrifuge tube #1. Add Solution II (250 µL) to the tube and
mix gently by inverting the tube and allow it to rest for 2- 3 minutes. Next, add
Solution III (350 µL) and invert the tube until a white precipitate forms.

o

Centrifuge the tube for 10 minutes at 13,000 RPM so the white pellet will form in
the bottom. To continue, a Hi-Bind Spin Column will be prepared by adding
Equilibration Buffer (100 µL) and centrifuged for 1 minute at 13,000 RPM and
then the discard the flow through liquid. Now, use the clear supernatant from the
tube #1 and place in the column, while making sure that none of the white pellet
is disturbed or transferred. Again, centrifuge the column for 1 minute and

21
discard the flow through. Add HB Buffer (500 µL) and centrifuge for 1 minute
and discard the flow through. Use DNA wash buffer (700 µL) and centrifuge for
1 minute and discard the flow through, and repeat this step. Now centrifuge the
column for 2 minutes and discard the flow through liquid.
o

Finally, place the column into a microcentrifuge tube #2 and place warm water
(12-15 µL) into the column and centrifuge for 2 minutes to elute the DNA. This
final flow through is the mini-prep product and the column can be discarded.

13. Sequencing:
o

After mini-prep of the desired DNA product, it can be sent to the Penn State
Nucleic Acid Facility for sequencing results. A tube of 5 µL of mini-prep
product, with 200-300 ng/µL concentration must be prepared along with a primer
to sequence the DNA. Place 5 µL of the primer in a tube and these can be turned
in for results.


Primer Design: To read a sequence, an 18-22 bp long primer is designed
from a sequence around 100 bp upstream of the desired sequence and the
GC content, melting point, and possible hairpin conformations were
tested on IDT’s SciTools Oligo Analyzer. The GC content is desirably
around 40-60%, while the melting temperature should be around 50-56
ºC (or if there are more than one primers being used, design primers with
the

same

melting

temperature

or

very

similar

temperatures).

Additionally, hairpins are sometimes unavoidable, but ensure that the
designed primers have as few as possible and that its melting temperature
is less than the melting temperature of the primer. Also, the hairpins
should have a Gibbs free energy of anything higher than a -6 kcal/mol so
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that the hairpin will not be very stable. With these parameters, primers
are designed with careful consideration and manipulation.
14. TECAN run:
o

The samples can be run on the TECAN M1000, which is a spectrophotometer
with monochromators and incubation capability, to measure the level of GFP and
mCherry (RFP) fluorescence. The Tecan is run with the Magellan software, and
there is a specific program setup to run my samples so it is the same each time.
As a part of the program, the mCherry is inputted as having excitation of 587nm
and emission of 610nm, and GFP was set with a excitation of 504nm and an
emission of 515nm.

o

Before the samples can be run in the Tecan, they must be grown up overnight in
Luria-Bertani (LB) media with the appropriate antibiotic, for my constructs the
antibiotic is chloramphenicol.

The next morning, these samples must be

transferred to transparent microplate filled with M9 minimal media (;1X M9
salts: 6.8 g/L Na2PO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl; 2 mM
MgSO4, 100 µM CaCl2 selective antibiotic; and 0.4% glucose, adjusted to a pH
of 7.4) and a 1:5000 dilution of the antibiotic chloramphenicol. The inoculation
is a 1:100 dilution.

Next, the samples are placed in the Tecan to start

measurements, and they are measured during their growth stage until they
reached steady state and with an optical density (OD) of 0.15 to 0.20.

After, the

samples are transferred to a fresh microplate with M9 media and the selective
antibiotic with a 1:5 to 1:10 dilution as well as addition 10 µL of each sample
into a microplate containing PBS and 2 mg/ML kanamycin, which stops bacterial
protein production, for flow cytometer measurements.
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o

This process is repeated two more times so there would be a total of 3
microplates measured in the Tecan and 3 microplates prepared for the Flow
Cytometer measurements.

o

Once the data are collected, the fluorescence levels for the colonies of one
construct are averaged to find the fluorescence measurements for each construct
overall.

15. Flow Cytometer run:
o

The flow cytometer with the correct lasers and detectors for measuring specific
fluorescent proteins in a high-throughput microplate format is used to measure
the fluorescence from individual cells.

o

In general, the flow cytometer records the forward scatter (FSC), side scatters
(SSC), and fluorescence (FLU) data for one cell taken from the cell culture
sample. To avoid collecting data for cell debris or clumped cells, there are
specific ‘gates’ set up for the measurements to only allow data that matches the
specified criteria to be recorded. The criteria are: (i) the fluorescence is greater
than zero; (ii) the FSC to SSC ratio is greater than 0.5 and less than 1.50; and
(iii) the FSC and SSC values are inside a circle, drawn with its center position at
the average FSC and SSC data and with its radius being 10,000.

o

The samples were transferred to microplates containing PBS and kanamycin after
the samples were measured in the Tecan. Now, the cell cultures in the plates can
be taken to run in the flow cytometer.

o

Once the flow cytometer measurements are recorded and exported, the values are
analyzed using computer software called FlowJo.

These specific gates

mentioned before are also applied to the data in this software. The program
allows average fluorescence values to be calculated for each construct.
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16. Data Analysis:
The data collected from the Tecan and the Flow Cytometer were analyzed and then used
to plot for comparison.
Tecan: The Tecan measurements were exported to Microsoft Excel for calculations and
plotting. For the Tecan data, the following calculations were used to correct for the OD.
Variables:
Flusample: Fluorescence of Sample
Flumedia: Fluorescence of Media (LB or M9)- (background)
FludH10B: Fluorescence of dH10B- (negative control)
ODsample: Optical Density of samples
ODmedia: Optical Density of Media (LB or M9)
mCherry(RFP) Fluorescence corrected for OD:

GFP Fluorescence corrected for OD:

Once the fluorescence levels were corrected, mCherry fluorescence levels were
normalized to GFP fluorescence levels (mCherry/GFP). To calculate the average
mCherry/GFP corrected fluorescence of the colony in each well, six time points
in the exponential phase of cell growth during the Tecan run were used. Each
construct had 3 different colonies, so to find the average for each construct; the
mCherry/GFP values were averaged together to find one value to represent the
construct. The graphed Tecan results for all of the constructs for each of the
three amino acids are shown in Figures 7a, 8a and 9a.
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Flow Cytometer: For the Flow Cytometer data collected, the values were exported and
analyzed using FlowJo and mean fluorescence values were calculated. These were then
exported to Microsoft Excel for further calculations and analysis. The exported FlowJo
data give the mean fluorescence values for all of the cells within one well along with the
standard deviation of those fluorescence and the number of cells measured to acquire
those fluorescence values. From this information, the fluorescence values are corrected
by subtracting the fluorescence values from the empty backbone plasmid. Then the
mCherry and GFP fluorescence values were divided for each well.

Finally, the

mCherry/GFP values for each well were averaged together to have one value for each
construct. The graphed results from the Flow Cytometer showed the same trends as the
Tecan data and are found in Appendix A: Figures A.2-A.3.

Sequence Construction:
The above protocols were used to build my constructs. Initially, my first design was
developed from several of Mike Speer’s previous pieces he designed. To build the construct with
all of the desired sequences in it, two of Mike’s pieces, which were also built in the dRBS1
vector, were used. None of his previously made pieces had the complete sequence (as described
previously), so two were chosen to digest and: one was used as an insert while the other was used
as the vector. The vector piece was named T1 MCH GFP, which had the mCherry and GFP
complete sequences included. The piece used as the insert was named J23 T2 MCH, which was
digested at EcoRI and HindIII to cut out the desired promoter, AHL leader sequence, and repeat
sequence section. PCR was run on the insert piece to amplify the piece of DNA using the generic
forward iGEM primer and a designed primer (AIA primer). Then, the piece was digested at
EcoRI and HindIII while the vector piece was also digested at those corresponding restriction
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sites. After the digestions, each piece was put through a DNA clean up and then ligated together
following the protocols above. The ligated DNA was transformed into electrically competent
cells, plated, let grow, and then the appropriate colonies were picked and grown in broth. After
growth, the samples were mini-prepped and sent for sequencing to ensure the construct was
correct.
From this stage in my research, I thought the construct was correct, so I continued with
my experiment by inserting various codon repeats and collected fluorescence data.
Unfortunately, the data were incorrect, which we discovered after data analysis. (To see a full
explanation of the incorrect data, trouble-shooting, and how it was fixed, refer to Appendix B: A
Tale of Troubleshooting.)
After troubleshooting and redesigning a correct construct sequence, a new promoter and
GFP sequence needed to be inserted. First, PCR reactions were done on the various pieces that
we would need to assemble together. Then, a Gibson assembly was done with one of the existing
constructs, a dRBS2 construct with the correct GFP protein, and a dRBS1 construct to extract my
backbone, which were both lent to me by Iman Farasat. After the Gibson assembly, the cells
were transformed, growth, and once the sequences were correct; the construct was ready for
further testing.

Testing:
1. Preparing the Vector:
To continue to test each repeat sequence, the same protocols were used in order
to prepare the cells with new plasmids for fluorescence readings in the TECAN. The
designated construct was digested at BAMHI and HindIII in order to digest out the
generic codon repeat sequence, which was already in the plasmid. After a six hour
digestion, a gel clean up would be performed on the plasmid. Following, the sample was
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prepared and loaded into the gel electrophoresis and run for an hour on 80 V in order to
separate the bands of DNA. The longer band of DNA, 3618 to 3612 base pairs long,
moved the least amount, and remained close to the top of the gel wells. The length of the
DNA piece was also be verified based on the position relative to the ladder, which is also
run on the gel. A 1 kb ladder ran alongside the DNA on the gel in order to verify the
lengths. After the DNA finished separating on the gel, the desired piece was cut out of the
gel and a gel clean-up was performed on the piece. This piece would be considered the
“vector” in the ligation. Following, the vector would be prepared according to the
ligation protocol mentioned above, and the “insert” would be the various annealed oligos
product of the codon repeats.

2. Designing Codon Repeat Sequences as Inserts:
The different codon repeats were designed as oligos and annealed together. The
specific codons for the three amino acids and their corresponding repeats that were
chosen for testing are listed in Table 1. Each codon was then designed with varying
numbers of the repeat sequence: 3, 6, and 9 repeats of the three nucleotide codon
sequence.
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Table 1: Chosen Codon Repeats with their Specific Nucleotide Sequence

Amino Acid # of Repeats
and Codon #
Threonine:
Codon 1

Threonine:
Codon 2

Threonine:
Codon 3

Threonine:
Codon 4

Alanine:
Codon 1

Alanine:
Codon 2

Alanine:
Codon 3

Alanine:
Codon 4

Serine: Codon
1

Serine: Codon
2

Serine: Codon
3

Serine: Codon
4

Nucleotide Sequence
Abbreviations

3

Thr ACT X3

6

Thr

ACT X6

9

Thr ACT X9

3

Thr ACC X3

6

Thr ACC X6

9

Thr ACC X9

3

Thr ACA X3

6

Thr ACA X6

9

Thr ACA X9

3

Thr ACG X3

6

Thr ACG X6

9

Thr ACG X9

3

Ala GCA X3

6

Ala GCA X6

9

Ala GCA X9

3

Ala GCT X3

6

Ala GCT X6

9

Ala GCT X9

3

Ala GCC X3

6

Ala GCC X6

9

Ala GCC X9

3

Ala GCG X3

6

Ala GCG X6

9

Ala GCG X9

3

Ser TCT X3

6

Ser TCT X6

9

Ser TCT X9

3

Ser TCC X3

6

Ser TCC X6

9

Ser TCC X9

3

Ser TCA X3

6

Ser TCA X6

9

Ser TCA X9

3

Ser TCG X3

6

Ser TCG X6

9

Ser TCG X9

ACTACTACT
ACTACTACTACTACTACT
ACTACTACTACTACTACTACTACTACT
ACCACCACC
ACCACCACCACCACCACC
ACCACCACCACCACCACCACCACCACC
ACAACAACA
ACAACAACAACAACAACA
ACAACAACAACAACAACAACAACAACA
ACGACGACG
ACGACGACGACGACGACG
ACGACGACGACGACGACGACGACGACG
GCAGCAGCA
GCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGCAGCAGCAGCA
GCTGCTGCT
GCTGCTGCTGCTGCTGCT
GCTGCTGCTGCTGCTGCTGCTGCTGCT
GCCGCCGCC
GCCGCCGCCGCCGCCGCC
GCCGCCGCCGCCGCCGCCGCCGCCGCC
GCGGCGGCG
GCGGCGGCGGCGGCGGCG
GCGGCGGCGGCGGCGGCGGCGGCGGCG
TCTTCTTCT
TCTTCTTCTTCTTCTTCT
TCTTCTTCTTCTTCTTCTTCTTCTTCT
TCCTCCTCC
TCCTCCTCCTCCTCCTCC
TCCTCCTCCTCCTCCTCCTCCTCCTCC
TCATCATCA
TCATCATCATCATCATCA
TCATCATCATCATCATCATCATCATCA
TCGTCGTCG
TCGTCGTCGTCGTCGTCG
TCGTCGTCGTCGTCGTCGTCGTCGTCG

29

a. Sticky-end Design:
In order to design fragments of DNA that would be easily ligated into the
plasmid vector, the pieces needed to have the proper sticky-ends to easily attach
to the digested vector. In the construct, the repeat sequence is inserted between
the two restriction sites: BAMHI and HindIII. In order to ensure that the repeat
sequences will insert in the proper place, the DNA piece must have the BAMHI
and HindIII ends. Both restriction sites are six base pairs long, but during the
digestion the six base pairs will be broken apart. For example, BAMHI is
GGATCC, but when digested, the first G will be left behind, so the piece to be
inserted must start with GATCC, which is the remaining part of the restriction
site. And to flank the other end of the repeat sequences, they needed to be
designed with only one extra base pair-an A, because the restriction site at the
other side of the insertion site is HindIII, which has AAGCTT as its sequence. In
its orientation, the last five base pairs will remain in the plasmid, so the repeat
sequence will need the A. By designing each repeat sequence to have a GATCC
and then an A flanking the repeat sequence, the designed insert will have the
correct “sticky” ends in order to easily ligate into the digested vector plasmid.

b. Oligo Design:
Once the repeat sequences were designed with the proper restriction site
sticky-ends, they needed to be ordered. To make these repeat sequences, the
DNA sequences were submitted to IDT and ordered as oligos, single strand of
DNA, in varying lengths (depending on the length of the repeat sequence). For
every repeat sequence, there were two oligos ordered: one was designed 5’ to 3’
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and then the second was 3’ to 5’. The 5’ to 3’ oligo ordered was the correct
orientation of the sequence designed. The 3’ to 5’ end was the reverse
transcriptase of the designed sequence and had alternate sticky ends in order to
ensure proper ligation. The two different oligos ordered would then be annealed
together to make the insert piece of the repeat codon sequences. The final insert
would be two stranded DNA, which would then then be ligated into the digested
vector (‘construct’).

c. Annealing:
To make the final insert piece, the oligos must be put together. These
oligos were designed as 5’ to 3’ and then 3’ to 5’, so the pieces of DNA would
bind together. In order to stick these two oligos together, the samples were
annealed together. Deionized water (80 µL), oligo #1 (5 µL), oligo #2 (5 µL)
and T4 DNA Ligase Buffer (10X, 10 µL) were all added into a microcentrifuge
tube and placed in boiling water bath for 3-4 minutes. After completion, the
tubes were set on the bench at room temperature overnight.

3. Building the Constructs with Codon Repeats:
The annealed oligo product of the desired repeat sequence and the clean, digested
vector were ligated together. Then, the ligated product was put through a DNA clean up,
only eluting with 4uL of distilled water. The clean ligated product then was transformed
into electrically competent cells, by using 2 µL of the DNA product. After transforming
into the electrically competent cells, Escherichia coli :strain K12 / dH10B, the cell
mixture was plated onto chloramphenicol plates to ensure only the cells that picked up
the designed DNA plasmid would grow. After a day of growth in the 37ºC incubator, the
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plates were checked for cell growth and cells fluorescing green under the blue light and
were red to the visible eye after a second day. Only these colonies were picked and then
grown up in 5 mL of LB medium and 5 µL of chloramphenicol antibiotic. The test tubes
with the cells growing in them were set in the 37ºC incubator on a shaking rack to allow
the colonies to grow. After 16 hours of growth, the cells were to create a safe culture of
the samples and the majority of the cells and medium in the test tubes were centrifuged
for ten minutes in order for a pellet to form. Before continuing with a min-prep, the
pellet must be red to the visible eye. The excess broth was decanted and the pellet was
used for mini-prepping.

4. TECAN and Flow Cytometer Measurements:
Once the sequencing results were verified as being correct, the constructs were
tested in the TECAN and then the Flow Cytometer for the fluorescence levels. For
TECAN measurements, the samples are measured as they grow until they reach steady
state, and then the plate will be split. The growth and plate splitting will be done twice to
give a total of three plates run in the TECAN.
a. Control Measurement for TECAN:
For the TECAN run, the samples were inoculated in LB media to grow
over night. In the morning, the samples were used to inoculate TECAN plates
with M9 media. The blank control was set by using empty LB media to inoculate
wells in the TECAN plate.
b. Reference Plasmids for TECAN and Flow Cytometer:
Along with the plasmids with the corresponding codon repeat sequences
and the base measurements of the media, two reference plasmids were designed
and made to test along with the samples to see the compare the mCherry and
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GFP fluorescence levels. The first control was the empty dRBS1 backbone. The
piece was digested at Xho1 and Not1 to remove the inserts, and then the ends
were blunted together. Additionally, the non-repeat sequence was designed by
doing a cBAR reaction to remove the area where the codon repeat sequences
would be placed in. The restriction sites BamHI and HindIII were now adjacent
in this design, which created a construct with no repeats so it can easily be
compared to the fluorescence of the other samples with the specific repeat
sequences for a certain amino acid.
After each plate was done running in the TECAN, these samples were used to inoculate
PBS media in separate plates and taken to be measured in the Flow Cytometer.

We

knew that the data acquired from the TECAN are average values of all of the cells within
the same well, so we wanted to also acquire measurements from the Flow Cytometer
since it evaluates the fluorescence of each cell. The same sets of constructs run in the
TECAN were measured in the Flow Cytometer to ensure that we had both data sets to
ensure that the fluorescence trends correctly corresponded.
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Chapter 3
Results
We specifically wanted to study the effects of introducing synonymous and repetitive
codon sequences on translation elongation by monitoring the fluorescence of the protein. We
chose to test Threonine, Alanine, and Serine as the inserted repeats. Threonine and Serine were
chosen because of their low codon abundance (Figure 2), and because we knew they would be
affected by starvation conditions (Dittmar et al, 2005; Subramaniam et al, 2013). In starvation
conditions, their corresponding tRNA species concentrations decreased (Dittmar et al, 2005).
Alanine was chosen to use as a comparison since it is abundance in the genome, and its tRNAs’
concentrations are not lowered due to starvation conditions (Dittmar et al, 2005). We expect that
because of its higher availability, we would not expect to see any changes due to the addition of
repeats.
The measured fluorescence level can be used to indicate the protein elongation rates.
All of my constructs were measured for their fluorescence values in the Tecan as well as in the
Flow Cytometer. Since the Tecan is an average measure of fluorescence for all of the cells in a
particular well, we also wanted to verify the results by taking measurements at the Flow
Cytometer, which gives fluorescence values of each cell.
Additionally from the Tecan data, growth rates for each construct were calculated using
log of OD measurements during the exponential growth period for the cells and dividing by the
time difference. The fluorescence values from the Tecan and the growth rates for the constructs
are below in Figures 7, 8, and 9. The graphed results from the Flow Cytometer showed the
similar trends as the Tecan data and are found in Appendix A: Figures A.2-A.3.
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Threonine Constructs:
Figure 7a: Threonine Constructs: mCherry/GFP from Tecan- This graph indicates the corrected mCherry/ GFP
fluorescence values for the constructs with four Threonine codons with 3, 6, and 9 codon repeats inserted before the mCherry
protein. The error bars represent the Standard Deviation between the fluorescence of cells from 3 different colonies of the
same construct.

The fluorescence data for the constructs with the repetitive Threonine repeats inserted, showed a
general trend of increasing fluorescence level with increasing number of repeats. And the highest
fluorescence levels for these constructs peaked well above the No repeats control construct.
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Figure 7b: Growth rates of Threonine Constructs- The growth rates were measured for each of the constructs from the
Tecan data by using the log OD values and the time intervals.

The growth rates for the constructs with Threonine repeats inserted showed that there was a
significant decrease in growth rate for the constructs than the empty backbone. The trend
corresponds to the fluorescence values of these constructs, since they have higher expression than
the control No repeats construct, they will have a lower growth rate. Growth rates between
constructs however did not show any significant differences.
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Alanine Constructs:
Figure 8a: Alanine Constructs: mCherry/GFP from Tecan- This graph indicates the corrected mCherry/ GFP fluorescence
values for the constructs with four Alanine codons with 3, 6, and 9 codon repeats inserted before the mCherry protein. The
error bars represent the Standard Deviation between the fluorescence of cells from 3 different colonies of the same construct.

The fluorescence values for constructs with repetitive Alanine codons showed the same general
trend as seen above with the Threonine data. There was a general increase in fluorescence levels
as the codon repeat sequence increased in length. There was one exception to the rule, where we
saw an increase in fluorescence and then a decrease as more repeats were added for the construct
with Alanine codon GCT.
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Figure 8b: Growth rates of Alanine Constructs- The growth rates were measured for each of the constructs from the Tecan
data by using the log OD values and the time intervals.

Similarly to the growth rates of Threonine, the growth rates of these constructs are also lower
than the empty backbone and No repeats control constructs. There seems to be a trend between
the constructs: higher protein expression corresponding to lower growth rates. However, there is
not a specific trend in growth rates between many of the three, six, and nine repeats within a
codon set. The general observation is that the rates are lower once these inserts are added, which
presumably is an effect of increased heterologous protein expression in these cells.
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Serine Constructs:
Figure 9a: Serine Constructs: mCherry/GFP from Tecan- This graph indicates the corrected mCherry/ GFP fluorescence
values for the constructs with four Alanine codons with 3, 6, and 9 codon repeats inserted before the mCherry protein. The
error bars represent the Standard Deviation between the fluorescence of cells from 3 different colonies of the same construct.

The constructs with Serine codon repeats added indicate a varied trend. For the first two codons
TCT and TCC, there is not a significant difference in fluorescence between the constructs with
varying repeat lengths. However, codons TCA and TCG follow the trend seen previously: with
increasing number of repeats, there is an increased expression. In general, these fluorescence
values indicate that adding repetitive inserts of Serine codons increases the expression above the
control fluorescence of the No repeats construct.
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Figure 9b: Growth rates of Serine Constructs- The growth rates were measured for each of the constructs from the Tecan
data by using the log OD values and the time intervals.

Once again, the growth rates for the Serine constructs show there is a decrease in growth rate
when the inserts are added into the coding sequence. Between the constructs with three, six, and
nine repeats for the same codon, there is not a significant difference between the rates. The only
exception is for codon TCC, where there is a significant increase in growth rate with increasing
repeats added.
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Chapter 4
Discussion
Initially, we had hypothesized that addition of more repetitive rare codons would cause a
decrease in protein elongation rates, and therefore a decrease in expression.

However, on

analyzing our data, we found some intriguing results from the fluorescence levels observed from
cells containing the different constructs. For most of our constructs, addition of rare codon
repeats results in increased expression.
To rule out the possibility that our results were due to a change in structure of the
mCherry protein, we first analyzed folded protein structure predictions. To verify that the
varying codon sequences would not disrupt or drastically modify the protein structure, we used
the PHYRE2 Protein Fold Recognition Sever to test the sequences and visualize their protein
structures. From the structures presented in Figure 10, we conclude that the codon sequences do
not affect the protein structure. The protein remains as a stable β-barrel for each of the designed
constructs, and only the beginning strand indicates any change due to the new introduced
sequences. Comparison of the protein structures of each construct was used to make sure the
protein remained constant and that the change in fluorescence levels was not affected by changing
protein structures. Since the protein structure did not change, this leads to the question of why
did the protein expression increase?
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Figure 10: Protein Folding Structure Comparisons (The predicted protein structures were obtained
using PHYRE2 Protein Fold Recognition Sever and the images created using PyMol) (“PHYRE2 Protein
Fold Recognition Server,” n.d.). No repeats structure is the protein without any inserts in the designated
area and is used as a control. The other three protein structures for Threonine, Alanine, and Serine show no
change in β-barrel structure due to the additional insert. The dotted circles indicate the area where the
inserts were added, but that did not affect the core mCherry protein structure.

Protein Folding Structures Comparison
No repeats

Threonine (9 codon repeats added)

Alanine (9 codon repeats added)

Serine (9 Codon repeats added)
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Why would insertion of a slow/ rare codon increase the expression?
Based on many codon usage analyses across protein coding genes in prokaryotes and
eukaryotes, low efficiency codons are found at the N-terminus (first 30-50 aa) (Clarke & Clark,
2010; Fredrick & Ibba, 2010; Makhoul & Trifonov, 2002; Tuller et al., 2010, 2011; Zhang,
Hubalewska, & Ignatova, 2009). The trend of low efficiency codons, codons recognized by rare
tRNA, placed at the beginning of the mRNA strand is common genome wide but is more
predominant in highly expressed genes (Fredrick & Ibba, 2010).

The position of these low

efficiency codons at the N-terminus also correlate with high ribosome densities, which further
increases under amino acid starvation conditions (Ingolia et al. 2009; Tuller et al., 2010).
Experiments showed slower translation during the first 30-50 aa, which promotes the idea that
these low efficiency codons act as a “ramp” at the beginning of the mRNA strand. By slowing
translation elongation immediately after initiation, it would promote more evenly spaced
ribosomes further downstream on the mRNA strand. Since multiple ribosomes simultaneously
load onto the transcript, this ramp would promote less ribosome crowding downstream and
therefore promote more efficient protein synthesis, conserving energy for the cell ((Fredrick &
Ibba, 2010; Navon & Pilpel, 2011; Tuller et al., 2010).
In agreement with the ramp model, a study using a kinetic model of protein translation
predicts that maximal protein production happens when elongation is the rate limiting step in
translation kinetics at ~92% maximal rate (~44 aa/s), as opposed to translation being initiation- or
termination-limited (Zouridis & Hatzimanikatis, 2007).

This prediction agrees with the

observation that mRNAs of most genes, even highly expressed genes, were occupied by less than
the theoretical maximum or ribosome density (Picar et al, 2012). The prediction also agrees with
the fact that elongation factors greatly influence on translational efficiency (Guimaraes, Rocha, &
Arkin, 2014).

Our data agree with these findings since there is a high ribosome binding site
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(RBS) strength in our system, which causes translation initiation to be high, so initiation will not
be the rate limiting step. The slowing ramp happens at the beginning of elongation, so the protein
expression should be elongation- limited.
In the “ramp” model the ribosomes, analogous to cars on a highway, travel along the
mRNA strand.

After cars start moving from a green light ;( the translation initiation site,) these

cars can be stalled by a speed breaker, or a ramp (the inserted codon repeat sequences) when
entering the highway, which corresponds to the mRNA. If cars are crowded together, the speed
breaker on the ramp would allow them to slow down before entering the highway and allow the
cars to spread out more evenly on the highway as they travel along, seen in Figure 11. For cell
growth in low-nutrient media, we hypothesize this same idea applies to the ribosome reading the
mRNA strand. The ribosome starts once it binds to the mRNA strand at the translation initiation
site, the green light. As the ribosomes are entering the mRNA strand, the highway, they would be
stalled by inserted repetitive, tandem, codon repeats, acting as the ramp. This speed break would
allow the ribosomes to slow down before continuing along the mRNA strand, which would
spread out the ribosomes moving along the mRNA strand and lead to more efficient protein
synthesis and consequently higher protein expression (Tuller et.al. 2010).
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Figure 11: Cars on highway “ramp.” This diagram illustrates the cars entering the highway; an analogy
we hypothesize represents our system. The cars (ribosomes) are entering the highway (mRNA) via a ramp
(my repetitive codon inserts), which slows them down, after they start driving the green light (translation
initiation). This initial slowing down process allows the cars to be evenly spaced along the highway.

Trend shown in Threonine, Alanine, and Serine Results:
Fluorescence Levels:
The analyzed results indicate all four Threonine codons follow along with the
highway analogy. They display the trend of increasing the length of the repeat insert
increases the fluorescence levels. For the nine codon repeats, the fluorescence level goes
above and beyond the control fluorescence level of the No repeat construct. These high
peaks in fluorescence levels could represent how the long repeats of less efficient codons
(see Threonine Codon abundance in Figure 2) allowed for the ribosomes to slow down
and then allow for the correct ribosomal spacing further along the mRNA strand. This
ramp-based redistribution of ribosome allows for efficient protein synthesis and higher
fluorescence levels. For Threonine codon ACT, effective ribosomal spacing is obtained
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only after adding nine codon repeats to sufficiently slow down the ribosome, and not with
three or six codon repeats.
As seen in the results for Alanine fluorescence levels, there is one exception to
this overall increasing fluorescence with increasing repeat length trend. Alanine codon
GCT shows an increase in fluorescence when there are three repeats added, but then as
more repeats are added there is a decrease in fluorescence. Alanine overall is abundant in
E. coli, but GCT has lower codon abundance compared to the other Alanine codons, seen
in Figure 2. Also, GCT is the slowest incorporated codon since it does not have a
cognate tRNA, so it has a weak codon anti-codon binding with near-cognate tRNA
(Dong, Nilsson, & Kurland, 1996). We predict that the addition of three GCT would be
enough to increase expression because just one speed breaker on the ramp would allow
for the optimal ribosomal spacing. But further addition of GCT repeats, more speed
breakers, would cause an overall decrease in expression of the protein.
For the other three Alanine codons, we do see a trend of increasing fluorescence
when longer codon repeat sequences are added. However, when the nine repeats are
added for codons GCA, GCC, and GCG, their fluorescence levels do not increase
significantly higher than the No Repeats control construct, unlike the Threonine results.
Since Alanine is one of the more abundant codons and has high levels of tRNA (see
Figures 2, and 3), we hypothesize the addition of these repeat codon sequences should not
slow down the ribosome at the beginning of the translation as much as a rarer codon
would. As stated previously, less efficient codons, codons recognized by rarer tRNA, act
to slow down the ribosome and allow for optimal ribosome spacing along the mRNA
strand, which allows for more efficient protein synthesis ((Fredrick & Ibba, 2010; Navon
& Pilpel, 2011; Tuller et al., 2010).

When highly efficient codons were placed in the

“ramp” area, then the ribosomes would have greater tRNA availability and the ribosomes
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would be able to move along the ribosome strand at a similar speed without slowing
down to allow for correct spacing.

This prediction would indicate why the protein

expression is similar to fluorescence of the No Repeats construct.
Serine data showed a mix of trends. The four Serine codons tested are low in
abundance (see Figure 2). The first two codons TCT and TCC show an increase in
fluorescence above the control fluorescence for the No Repeats construct. However, with
three repeats, these constructs had the highest fluorescence values, with the values
decreasing as the number of repeats increased. Because the fluorescence value peaked
above the No Repeats value, this observation still demonstrates the ramp hypothesis.
Based on our predicted ramp model, the inserted repeats slow down the ribosomes at the
beginning of translation and allow for optimal spacing as they move along the transcript.
However, for TCT and TCC, we anticipate three repeats is the correct length the “ramp”
and allows for correct ribosomal spacing, which leads to increased fluorescence.
The other two Serine codons TCA and TCG show the opposite trend. The
fluorescence values for these constructs also rise above the No Repeats values, but their
fluorescence increases as the number of repetitive codons increase. For these codons,
nine repeats was the correct length for the steepest “ramp,” which allowed for most
optimal ribosomal spacing.
Growth Rates:
The growth rates were also calculated for each of the constructs. For Threonine,
Alanine, and Serine the growth rates in general were lower than the growth rate for the
empty backbone and the No repeats construct. The empty backbone had the highest
growth rate, and then once the large insert was placed in the vector for the No Repeats
construct, the growth rate slowed. Then the rates decreased further once the varying
repeats were added into the construct. This observed trend corresponds to the fact that
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when there is higher heterologous protein expressions then the growth rates are lowered,
presumably due to stress response activation.

Are slow codons the only feature of the ramp?
For the ramp model, we suggest that the addition of the repetitive codons after initiation
is the ramp, but the ramp may not depend only on these slow/rare codons. Based on previous
research, there are other factors that can contribute to the slowing of the ribosomes entering the
mRNA strand such as the mRNA secondary structure and if the charge of the amino acid (Tuller,
Veksler-Lublinsky, & Gazit, 2011). The mRNA folding structure after the start codon will affect
the speed of translation, because a strong folding structure would obstruct translation initiation
and decrease the protein synthesis (Kudla et.al, 2009). On the other hand, weak RNA structures
are shown to increase expression since the ribosome can attach to the mRNA and read it without
having to unfold the structure (Goodman et al. 2013).

Because the mRNA structures of all of

the constructs did not have significantly different RNAfold energies, our designs eliminated the
possibility of secondary mRNA structures causing the change in fluorescence.
To check the RNA structure and verify that the RNA structures were not affecting the
translation initiation, we used the RNAfold web server was used to analyze the mRNA structures
of each of my constructs (“RNAfold web server” University of Vienna.) (Hofacker et al., 1994).
The RNA structures for each of the designed constructs were analyzed and there were not
significant differences between the energies of the ensemble (See Table A.2 for a detailed table of
RNAfold energies). By analyzing these structures, we could see the translation initiations due to
RNA structures would not be altered in a significant amount between constructs. So, the changes
in fluorescence between constructs were not due to differences in translation initiation, but it was
related to the protein elongation rates. Amin Espah Borujeni has found that RNA structures
placed 14-34 nucleotides downstream of the start codon with folding energies as high as -12
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kcal/mol can be effectively unfolded by an elongating ribosome without any significant change in
protein expression (personal communication). Since the insertion of my repeat sequences never
results in an RNA structure stronger than that (Table A.2), it is unlikely that differential RNA
folding is the reason for the observed differences in fluorescence.
Our designed repetitive codon inserts also avoided the issue of positively charged amino
acids as a factor for the ramp.

If the amino acids are positively charged, then they could slow

translation because the exit tunnel of the ribosome is negatively charged.

Since Threonine,

Alanine, and Serine are uncharged amino acids and were the only repetitive codon repeats tested,
this design avoids this putative confounding factor in slowing down of translation. However, this
factor would have to be considered with further testing of other amino acids in an expansion of
this project.

What role does mRNA- antiSD binding play in the elongation rate?
It has been seen in previous research, mRNA- anti-Shine-Dalgarno sequence interactions
will slow translation elongation rates (Li et al, 2012). The Shine-Dalgarno sequence appears on
the mRNA strand to help recruit the ribosome to attach and initiate protein synthesis. However,
if there are similar Shine-Dalgarno-like sequences along the mRNA strand, then the ribosome
could be attracted to this sequence, causing ribosomal pausing during elongation (Li et al, 2012).
We wanted to verify that my constructs did not have varying SD- anti SD binding, because if they
did then that could be the cause of changing fluorescence levels/ elongation rates (“RNAfold web
server” University of Vienna.) (Hofacker et al., 1994). According to RNAcofold calculations
(kindly done by Amin Espah Borujeni) of mRNA-antiSD binding does not vary between my
constructs (except for Alanine codon GCG 3, 6, and 9 repeat), so this should not affect the
elongation rates for the other constructs (Figure 12). Additionally, the listed study shows the
mRNA-antiSD binding effect of slowing translation is more prevalent in nutrient rich media (Li
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et al, 2012). This finding would coincide with my findings that SD-antiSD binding did not affect
the elongation rates of my constructs since the cells were tested in nutrient poor media, M9
Media, and would further explain why the GCG repeat constructs does not appear to be
significantly different than the other Alanine codon repeats.
Figure 12: mRNA-rRNA binding energy for each construct- The graph indicates the binding energies between the mRNA and
rRNA for each of the designed constructs (“RNAfold web server” University of Vienna.)(Hofacker et al., 1994). The data were
collected with a 9 nucleotide widow and increasing with 3 nucleotide step each measurement. The area where the insert region is
changing is indicated with a bracket. The only constructs with an exception for the energy in that region is Alanine codon GCG
repeats 3, 6, and 9.

How could ribosome crowding be a negative effect?
Ribosome crowding occurs when there are excessive ribosomes close together on the
mRNA strand. This crowding could also lead to ribosome stalling, which has been shown to
cause frame shift errors, ribosome hopping, and premature termination (Goldman et.al, 1993;
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Olines & Lee, 1993). To avoid ribosome crowding, the cell would want to space the ribosome
out along the mRNA strand for efficient protein synthesis.
Slowing down elongation rates has been employed as a method to ensure correct protein
folding in the past. By modulating the ribosomes’ speed, the reduced elongation speed allows for
correct protein folding to happen (Cortazzo et al., 2002; Makhoul & Trifonov, 2002; Siller,
DeZwaan, Anderson, Freeman, & Barral, 2010; Zhang et al., 2009). In agreement with these
observations, it has been predicted that translational bottlenecks positioned at the beginning of the
transcript are evolutionarily favored to having them further downstream, the latter of which
would be costlier (Tuller et al, 2010).

If a bottleneck was earlier in the transcript, then the

ribosomes would be slowed at the beginning of the transcript, which would prevent them from
crowding and then stalling.
This type of bottleneck at the beginning of the transcript is similar to the system we have
designed.

By inserting the repetitive codon sequences before the mCherry protein, we

hypothesize that we have caused the ribosomes to slow down at the beginning of the transcript
and spread out further along the mRNA strand. This control at the beginning of the transcription
process causes higher protein expression when longer repeat sequences are added.

Could there be other causes for an increased expression due to codon repeats?
There could be other possible explanations for the increased expression seen due to the
addition of codon repeats. Two studies using yeast and mammalian system suggest that in some
cases repeated use of the same codon possibly enhances the local concentration of the cognate
tRNA, thereby, improving expression due to this localized pooling of the specific tRNA
(Cannarozzi et al., 2010; Stapulionis & Deutscher, 1995). Data indicate that there is tRNA
recycling, because tRNA diffusion is slower than translation (Cannarozzi et al. 2010). However,
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molecular mechanisms that could confirm the localized tRNA pooling and reuse hypothesis are
hitherto unknown.

.
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Chapter 5
Conclusion
Our constructs were designed to test the effects of introducing tandem, repetitive, codon
sequences on the elongation rate. We saw a general trend, with a few explained exceptions, of
increase fluorescence levels/ elongation rate as longer codon repeat sequences were added at the
beginning of the translation phase. This observed trend can be demonstrated with an analogy to
cars entering a highway. After the cars enter the road, the cars (ribosomes) must drive on a ramp
(the inserted repetitive, tandem codon sequences) to slow them down before entering the highway
(the rest of the transcript). This slowing down at the beginning allows for the cars to be equally
spaced downstream on the highway.
With this system, the “ramp” would allow for the ribosomes to have correct spacing
along the mRNA and allow for efficient protein synthesis, which would increase the fluorescence
levels that correlate to elongation rates. We verified these changes in fluorescence are due to the
addition of these repetitive codon sequences before the mCherry protein. We checked other
factors that would contribute to the ramp: mRNA structure and amino acid charge. Since mRNA
structures do not significantly change between constructs, and the three amino acids tested are not
positive, we can assume the factor affecting the ramp is the addition of slow/ rare codons.
Additionally, we checked the effect of mRNA-antiSD binding, and because our constructs did not
show changes in this binding and because the cells were grown in nutrient-poor media, we can
neglect the effect of SD-antiSD binding on elongation rate (Li et al, 2012).

We also saw the

“ramp” model correlated to the idea that it is beneficial for correct protein synthesis / folding for
elongation to be slowed at the beginning as well as allow for ribosome to spread out (Goldman
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et.al, 1993; Olines & Lee, 1993) (Cortazzo et al., 2002; Makhoul & Trifonov, 2002; Siller et al.,
2010; Zhang et al., 2009). Finally, we considered other reasons why repetitive codon sequences
would increase protein expression such as the idea of tRNA recycling and localized tRNA pools
(Cannarozzi et al., 2010; Stapulionis & Deutscher, 1995).
Overall, this research gave us a further knowledge of how repetitive, tandem codons can
increase the elongation rate of proteins.

Understanding the effect of codon usage more

thoroughly can help us control ribosome speed, and optimize translation rates to increase the
efficiency of protein synthesis (Fredrick & Ibba, 2010). This type of knowledge can be used to
further the research and understanding of the inter-workings of the cellular mechanisms, so we
can use this to create new products ranging from biofuels to medical treatments.

Future work:
To verify the ramp hypothesis for cells growing in low-nutrient media, further
experiments would have to be designed and done using the current construct system.

First, to

prove the ramp hypothesis would apply to our constructs, we could use the ribosome profiling
technique to measure the ribosome density along the mRNA. This technique was developed
based on deep sequencing of the ribosome-protected mRNA fragments, ribosome footprints,
which would allow us to track the ribosomes’ positions during translation (Ingolia et al, 2012).
The mRNA footprints can be converted into a library of DNA molecules and then sequenced
(Ingolia et al, 2009). The sequencing results will indicate the section of the mRNA strand the
ribosome was sequencing at the time as well as the position along the transcript (Ingolia et al,
2012). With this technique, we could understand the ribosome density along the transcript to see
if the ramp hypothesis is correct. We would be looking to see if there is indeed a greater
ribosome density at the beginning of transcription and then if the ribosomes do spread out further
down the transcript during the translation of our constructs. Similarly, we would want determine
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the ribosome density at the termination site to see if it causes a bottleneck. If this is rate-limiting
at the end of the protein translation, then there would also be a higher ribosome density at the end
of the transcript. This process would overall enable us to check the hypotheses that these inserted
codon repeats are causing transcription to follow this ramp analogy.
An additional step to improve the constructs’ design could also be done for future
experiments to test the validity of the ramp hypothesis.

As seen in graph of mRNA-rRNA

binding energy, (Figure 12) before and after the insert section, there is a large peak in binding
energy before and after the inserts, indicating the current coding sequence has Shine–Dalgarno
(SD) like sequences. By adding the repetitive inserts, these strong peaks in binding energies are
being spread further apart, which could be affecting our translation elongation rates. The future
construct should be designed to eliminate all/ most of the mRNA-antiSD binding to eliminate the
possible ribosome pausing as confounding factor (Li et al, 2012).
After testing the ramp hypothesis, another further experiment would be to address the
question of what will happen when we introduce these repetitive codon repeats into the same
construct with a lower translation initiation rate. Currently, the initiation step is fast since the
ribosome binding site preceding the mCherry is of higher strength, so this causes the elongation
of the protein to be the rate limiting step. However, if we lowered the ribosome binding strength,
then the translation initiation step would be now rate limiting. By doing this further experiment,
we could see if introducing the tandem, repetitive codons affected the elongation rate in the same
way.
For a variety of comparison, a future experiment would be to analyze the effects of
inserting the same codon repeats at a different position in the mCherry sequence. The mCherry
fluorescent protein has a β-barrel structure composed of a 11 β-sheets, so these codon repeats
could be inserted at the junction between two β-sheets, instead of before the first one. This
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experiment would allow us to test the effect on translation if these sequences were introduced
further from the translation initiation site.
Finally, for a more comprehensive analysis of the effects of introducing repetitive,
tandem codon repeats in varying lengths on the elongation rates, all of the codons could be tested
in the same positions within the construct. Once all of the codons were tested, constructs with
similar codons could be compared to each other to see if the fluorescence levels showed similar
trends. For example, one of Alanine codon sequences would have a weak binding to the anticodon sequence on its corresponding tRNA, so another codon set with one codon sequence with
similar weak binding should be compared to Alanine codons’ fluorescence levels. By having all
of the codons tested in this design, a more complete analysis and comparison could be done
between the codons to look for similar trends and patterns in the effects of the sequences on the
elongation rates. Overall, the initial portion of this project can be expanded much further, so we
have a more concrete understanding the effect of adding repetitive codons to the translation rate.

56

Appendix A
Additional Figures and Tables

Figure A.1: “No Repeats” Plasmid Map-Plasmid map for the construct with no repeats inserted before the
mCherry sequence.
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Table A.1: Specific Nucleotide Sequences

Name of Sequence

Nucleotide Sequence

Promoter: J23100
RBS Binding Site
before mCherry
mCherry

TTGACGGCTAGCTCAGTCCTAGGTACAGTGCTAGC
TACTAGAGAAAGAGGAGAAAtactag

GFP

^

AtgactataatgataaaaaaatcggattttttggcaattccatcggagGGATCC AAGC
TTgccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctccgtgaacggccacga
gttcgagatcgagggcgagggcgagggccgcccctacgagggcacccagaccgccaagctga
aggtgaccaagggtggccccctgcccttcgcctgggacatcctgtcccctcagttcatgtacggct
ccaaggcctacgtgaagcaccccgccgacatccccgactacttgaagctgtccttccccgagggc
ttcaagtgggagcgcgtgatgaacttcgaggacggcggcgtggtgaccgtgacccaggactcct
ccttgcaggacggcgagttcatctacaaggtgaagctgcgcggcaccaacttcccctccgacggc
cccgtaatgcagaagaagaccatgggctgggaggcctcctccgagcggatgtaccccgaggac
ggcgccctgaagggcgagatcaagcagaggctgaagctgaaggacggcggccactacgacgc
tgaggtcaagaccacctacaaggccaagaagcccgtgcagctgcccggcgcctacaacgtcaa
catcaagttggacatcacctcccacaacgaggactacaccatcgtggaacagtacgaacgcgcc
gagggccgccactccaccggcggcatggacgagctgtacaagtaa
ATGCGTAAACTCGAGGAACTTTTCACGGGGGTCGTCCCAAT
TCTGGTAGAATTAGACGGTGATGTAAACGGGCACAAGTTT
AGCGTCAGCGGAGAGGGCGAGGGGGACGCCACCTACGGTA
AACTTACCCTTAAGTTTATTTGCACGACGGGCAAATTACCC
GTTCCGTGGCCAACGCTCGTCACTACTTTCGGCTACGGCGT
TCAGTGCTTCGCGAGATATCCGGATCACATGAAGCAGCAC
GATTTCTTCAAGTCGGCCATGCCAGAGGGTTACGTTCAGGA
GAGAACTATATTTTTCAAGGACGACGGCAATTACAAGACA
CGCGCCGAAGTCAAGTTCGAAGGCGATACCCTGGTTAACC
GTATCGAGTTAAAAGGTATCGATTTTAAAGAAGACGGAAA
CATTCTCGGTCACAAACTCGAATACAACTATAACAGCCATA
ATGTCTACATTATGGCTGACAAACAGAAGAACGGCATTAA
GGTTAACTTCAAAATTCGCCACAACATCGAAGACGGTAGC
GTCCAACTAGCAGACCATTATCAACAAAATACTCCTATCGG
CGACGGCCCAGTCCTTTTACCAGACAACCATTACCTTAGCA
CACAAAGCGCCCTTAGCAAAGATCCCAACGAGAAGCGCGA
CCACATGGTCCTTCTCGAATTTGTCACAGCGGCAGGGATCA
CCCACGGCATGGACGAACTCTACAAATAATAA

^: Indicates the region where the codon repeat sequences would be
inserted before the mCherry sequence
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Figure A.2: Threonine Constructs: mCherry/ GFP from Flow Cytometer- Data indicate the corrected mCherry/GFP
fluorescence values taken from the Flow Cytometer, which indicate the same trend in fluorescence as the Tecan data for
the Threonine constructs.
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Figure A.3: Alanine Constructs: mCherry/ GFP from Flow Cytometer- Data indicate the corrected mCherry/GFP
fluorescence values taken from the Flow Cytometer.
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Figure A.4: Serine Constructs: mCherry/ GFP from Flow Cytometer- Data indicate the corrected mCherry/GFP
fluorescence values taken from the Flow Cytometer.

The serine data measured from the Tecan does not exactly match the trend we have seen in the
Tecan data. Because Serine has low abundance, low tRNA concentrations as well as being
quickly depleted in in nutrient rich media (Li, Oh, & Weissman, 2012), there are several
confounding factors.
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Table A.2: RNAfold Energies. The table indicates the energies of the mRNA structures analyzed using
the RNAfold web server (“RNAfold web server” University of Vienna.)(Hofacker et al., 1994).

No repeats

Minimum Free Energy
(kcal/mol)
-10.30

Free Energy of Ensemble
(kcal/mol)
-12.03

Thr ACT X3
Thr ACC X3
Thr ACA X3
Thr ACG X3
Thr ACT X6
Thr ACC X6
Thr ACA X6
Thr ACG X6
Thr ACT X9
Thr ACC X9
Thr ACA X9
Thr ACG X9

-9.50
-12.70
-9.50
-11.00
-9.00
-11.20
-9.0
-11.0
-8.50
-10.70
-7.60
-14.20

-11.32
-13.81
-11.00
-12.98
-11.05
-12.55
-10.66
-13.55
-10.98
-12.10
-10.14
-16.13

Ala GCA X3
Ala GCT X3
Ala GCC X3
Ala GCG X3
Ala GCA X6
Ala GCT X6
Ala GCC X6
Ala GCG X6
Ala GCA X9
Ala GCT X9
Ala GCC X9
Ala GCG X9

-13.20
-14.10
-16.00
-15.30
-15.50
-16.20
-16.20
-22.10
-19.00
-20.80
-19.50
-28.10

-15.58
-15.59
-17.07
-17.99
-18.38
-18.43
-17.70
-23.74
-21.88
-22.87
-21.27
-30.71

Ser TCT X3
Ser TCC X3
Ser TCA X3
Ser TCG X3
Ser TCT X6
Ser TCC X6
Ser TCA X6
Ser TCG X6
Ser TCT X9
Ser TCC X9
Ser TCA X9
Ser TCG X9

-12.80
-17.40
-11.00
-13.70
-12.90
-16.20
-9.50
-15.10
-12.30
-15.70
-13.81
-20.00

-14.62
-18.79
-12.55
-15.40
-14.50
-17.79
-12.59
-16.91
-14.06
-17.27
-13.81
-21.78
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Appendix B
A Tale of Troubleshooting

Predicted Results:
The predicted results for this experiment would be that the mCherry expression would
vary among the different constructs with the synonymous codons in them. The construct with the
highest mCherry fluorescence would indicate that it has the repeat sequence with the optimal
codon sequence. The GFP fluorescence should be higher than the empty backbone construct as a
control, and it would have similar expression between the constructs. GFP is set up as a control,
so it can be used to normalize the data of the mCherry expression. We had predicted this for the
constructs before we tested them in the TECAN to see the fluorescence levels.
Some of the first constructs made were tested by end point measurements in the TECAN.
The measurements were analyzed in Excel based off of these data analysis techniques. The
results were analyzed by comparing the fluorescence of RFP between the plasmids to see which
of the four different repeat sequences caused the most RFP expression. Additionally, the GFP
levels were checked to ensure they were constant throughout the samples.
After the calculations were performed, bar graphs were made to compare the RFP and
GFP data for each of the amino acids repeat sequences, see Graph 1. There were 12 constructs
built and tested by measuring the end point fluorescence in the TECAN, but the results were not
correct. One incorrect set of results are shown below to indicate how we realized there was a
problem and started to trouble shoot. As shown below in Figure B.1: Threonine Codons (9
Repeats) Fluorescence Levels, the GFP fluorescence was very low, which was an indication that
something was wrong with our designed plasmid.
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Figure B. 1: Threonine Codons Incorrect Fluorescence Data- (9 repeats of each codon) Fluorescence
Levels

Troubleshooting:
During the testing of the first 12 constructs designed and tested in the Tecan, the results
were not showing the predicted results. For some reason, the GFP fluorescence was very similar
to the control dH10B cells, which had no GFP in their sequence at all. The data showed similar
values of green fluorescence, or even less than the control. With the help of Manish and Amin,
we started to look into what some of the problems could be. We checked the sequencing results,
and at first glance everything seemed to be okay since the mCherry was intact as well as the
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important portion of the plasmid with the repeat sequence. Then, I re-digested the constructs and
inserted new repeat sequences to see if there was a problem with the digestions (possibly the
restriction enzymes not working); however, the digestion on the gel ran and showed the desired
two bands, and the new ligation worked well. But then I finally realized the cell colonies were not
turning green. I originally thought that I should be looking for red colonies, but Mannish
explained that some should at least turn green. For a second look, we examined the sequencing
results more closely, and we found a deletion in the GFP gene further along in the plasmid. The
cells were not green or showing any green fluorescence since the GFP was mutated. This small
base pair deletion caused all of the results to that point to be invalid. After about a week of
troubleshooting and extra tests, Manish helped to plan for the next steps.

Fixing the problem:
To fix the construct’s GFP gene, a cBar, or Gibson assembly, needed to be done with the
correct portion of the plasmid along with the correct GFP region. In the original plasmid, there
was not restriction site between the mCherry and the GFP, so while designing the primers for the
Gibson Assembly, the restriction site Asc1 was chosen to insert into the piece. Manish helped me
to completely design a new construct including three different pieces from existing constructs.
We used the promoter, RBS, leader sequence, repeat sequences, and mCherry from one of my
constructs originally made and used. To obtain the correct GFP gene, Iman Farasat lent me
dRBS2 construct, and he also let me use one of his dRBS1 constructs to extract my backbone
sequence. By using the three pieces, the new construct should be set up as in Figure B.2.
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Figure B.2: Block Diagram and Plasmid Map of Re-Designed Construct
Figure B.2.a: Block Diagram of New Construct-Piece of construct placed inside of the dRBS1
backbone

Figure B.2.b: Plasmid Map of New Construct
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To put all of these pieces together, Manish showed me how to design four different
primers that would have the correct overlaps to build these pieces together. We used the
following programs to design the proper primers with correct annealing temperatures, length,
melting points, and few hairpins. The four primers were set up to amplify the mCherry and GFP
regions and then attach them to the backbone. Each region had forward and backwards primers.
We used the following software to develop the primers and test for their melting
temperatures and hairpin formations: NEB Tm calculator ((“Tm Calculator | New England
Biolabs”), IDT Oligo Analyzer ((“Oligo Analyzer.”), Primer 3 ((“Primer3: WWW Primer Tool”),
and Dr. Salis’ RBS calculator (Salis, 2011), which was used to understand the ribosome binding
site strength that was at the beginning of each gene.
After the primers were designed and ordered, the next step was to prepare the three pieces
for the cBAR. I did separate PCR amplification on the mCherry and GFP regions. These two
PCR products were then run on a gel along with the digestion product of the dRBS1 backbone
piece (a plasmid map is located in Figure 2 in Chapter 2), digested at XhoI and Not1I for six
hours then one additional hour with DpnI. These three pieces were let to run on the gel and then
the corresponding bands were cut from the gel. The backbone piece was 1.8kb, the mCherry
piece was 855 bp, and the GFP region was 720 bp. The successful bands, which separated the
digestion, also indicated the PCR products were the correct and predicted size.
Gel cleanup was completed on the extracted three bands, and then the concentrations of
the products were used to determine how much would be added in the cBAR reaction. After the
cBAR reaction, the product was purified and then used 2-4 µL to transform into electrically
competent cells. Then electroporation was used to shock the cells, which allowed the new
plasmid to enter the cells. After the electroporation, the time constant was measured. The time

67
constant is optimal when it is closest to 6, which indicates the cells have a larger resistance and
there are less salt solutes. So, it indicates the chance the cells will be disturbed and the plasmid
transformed into them. With these cells, they were set to culture for an hour and then plated for
the colonies to grow.
After cells grew on the plate, isolated colonies had to be picked and used to inoculate LB
+ chloramphenicol antibiotic media and let grow for around 16 hours. Then the cells could be
plasmid-prepped and sent for sequencing to check if the new construct was correct at how we
designed it. To continue to verify that the three regions were in the cBAR product, a diagnostic
digestion was run using some of the mini-prep product from this cBAR reaction. The pieces were
digested at SpH1, Asc1, and BamH1. The digestion showed there were three bands at the
predicted band lengths of 1.8kb, 893 bp, and 723bp, which indicated the three sections put in the
cBAR reaction were present in the product. The sequencing results were used as a more thorough
check of the exact nucleotide sequence and to verify that it matches the designed plasmid.
The sequencing results indicated that the three regions properly were put together in the
cBAR reaction. Unfortunately the sequencing results showed there was a point mutation in the
J23100 Promoter region, which could be a reason why the colonies themselves were not
fluorescing under the blue light or appearing red to the naked eye. To fix the promoter sequence,
two overlapping new oligos were designed with correct sticky ends and then annealed together.
This annealed product is the corrected J23100 promoter and would need to be ligated into the
construct. The successful construct made from the cBAR reaction is used as the backbone and
digested at XbaI and NhEI to extract the old promoter sequence. The new annealed piece of the
J23100 promoter piece was ligated into this backbone to create the construct. After transforming
this ligation, the following day some of the colonies appeared to be fluorescing green under the
blue light, which was a good indication the sequence was correct. Those colonies were picked,
and grown in LB media overnight. Once pelleted down, the cells were red to the naked eye and
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still fluorescing green, which was also a good sign, so the construct was prepared and sent for
sequencing. The sequencing results verified that the construct was correct to how we designed it.
Now this is the final construct that will be used to continually replace the codon repeats and test
for fluorescence levels.

Double checking of finer points:
Initially, it was difficult to determine if the cells growing on the plates were actually
fluorescence green or not. To determine if there were any other errors or complications that we
may have over-looked, we continued to talk to the other graduate students in the Salis lab to
ensure our designed plasmid would be correct for testing the varying codon repeats and still being
able to use GFP as a control. Two main issues we discussed were the transcript stability and
coupling between genes.
It is important for there to be transcript stability throughout the entire mCherry and GFP
regions, since those are the two fluorescence levels being measured. The GFP is set up
downstream from the mCherry gene, and the GFP is a control for the transcript stability so the
mCherry expression levels can be normalized to the GFP values and then the normalized values
can be compared between the constructs. We wanted to make sure that the construct was set up
correctly so the GFP is actually acting as this type of control.
There are two main aspects to transcript stability. First, the density of ribosomes that are
on the mRNA strand will affect the transcription of the gene and how likely it is to degrade. The
argument is if the ribosome binding sites for each of the two genes are different, then if the
second RBS is lower, the second gene is more likely to degrade and degrade quicker than the first
gene. If the RBS is stronger for the first gene, more ribosomes can attach to the mRNA strand
and continue to read along the strand and the density of the ribosomes are higher, and less of a
chance for an RNase to attach and “chew” away the strand. A lower RBS strength on the second
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gene could be a possible reason why the cells are not visibly fluorescing green under the blue
light. The GFP is the second gene and its RBS translation initiation rate is 7.1 k au whereas the
mCherry’s RBS has a larger value of 28k au. This lower strength RBS could cause the GFP to
degrade faster and more likely to degrade compared to the mCherry gene further upstream, so this
could cause the colonies not to be green in color. The GFP fluorescence can be determined with
TECAN runs in further detail (personal communication with Manish).
Secondly, the transcript stability is dependent on the structure of the mRNA strand. If the
mRNA is changing dramatically between the varying constructs, then the constructs’ stabilities
would vary as well. Also, if the changing region of the constructs, where we are constantly
putting different codon sequences in, would be too close to the RBS region, it could affect the
RBS strength and the stability as well of the transcriptase. The currently designed construct
accounts for both of these issues. The introduced varying codon sequences only cause slight
changes in RNA structures, which were tested by looking at the RNA structures and RNAfold
energies (seen in Table A.2). Since there is no significant difference in RNA structure or folding
energy, we don’t expect the structure to have a major effect on stability. Also, the location of the
inserted codon repeats is far enough away from the RBS to prevent changing its strength.
Overall, both aspects that could affect the transcript stability are addressed and avoided in the
construct designed (personal communication with Tian and Manish).
Another area to check about the construct created was the idea of gene coupling. Since
the mCherry and the GFP are within the same operon, set of genes all under the control of the
same promoter, there is a chance for coupling, which could complicate our interpretation of the
results.

Coupling happens with two genes close to each other, and there is a chance that the

expression of the first will affect the second gene downstream of it. For example, if the second
gene is too close to the first gene, then there may be some ribosomes that stop translating the first
gene, but could “slip” further downstream to the second gene (personal communication). The
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close proximity of genes could allow more ribosomes than there should be on the second gene,
which affects the translation of this second gene. Coupling would not give true measurements of
the fluorescents of the two genes. Two factors for coupling were addressed for our construct we
created with the cBAR reaction as well (personal communications with Tian).
The first factor is the RBS strength should remain constant between all of the constructs
if we need to compare between constructs. Since the spot where the varying codon repeats will
be place is far enough from the RBS before the mCherry gene and the RBS before the GFP gene
is never changed, the RBSs are staying the same in all of the constructs, so if coupling did happen
it would be constant in all of the constructs made and tested. Secondly, another issue, which
could change the coupling effect and alter the fluorescence values, is the mRNA sequence
changed between the two genes. In our designed construct, the sequence between the two genes
does not change from construct to construct, so this region would remain constant. Both issues
that could skew the possible coupling of the genes were addressed, and the designed construct
should avoid these nuances.
After the new construct was designed and put together, it was important to verify based
on previous research and other known information that the construct was correctly set up and to
reduce the chance of errors with the transcript stability and coupling of genes.
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