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Abstract:

With the ongoing battle against antibiotic resistance, scientists must find a way to develop improved
treatments against bacterial infections as bacteria continues to quickly evolve. Many antibiotic and
bacterial studies are conducted using bioluminescent proteins that can function as biosensors. These
biosensors are crucial to the efficient and accurate detection of certain analytes in a solution. Our research
resides in the improvement of these biosensors, specifically the Gamillus fluorescent protein. To improve
these biosensors, we will be facilitating directed evolution onto the proteins and selecting for the optimal
traits which we observe. With this approach, we will improve the sensitivity and specificity of these
fluorescent biosensors.

Introduction:

One of the major health problems our generation faces is antibiotic resistance. As bacterial species
continue to evolve, mankind’s use of antibiotics is becoming decreasingly effective against harmful
infections. Much of this is due to the overuse of antibiotics, allowing bacteria to adapt to antibiotic
methods. Researching how antibiotics combat bacterial cell life along with discovering new solutions is
critical to this battle against antibiotic resistance. One facet of this issue includes improving fluorescent
biosensors to better facilitate the detection of antibiotic resistance in an efficient and accurate manner. The
fluorescence of biosensors can be detected by photo spectrometers to visualize the presence and
concentration of target analytes, but to do so effectively, these biosensors must have a desired level of
sensitivity and specificity for an analyte. To improve the performance of our specific biosensor, MalF
Gamillus, we will implement techniques and strategies of directed evolution. Directed evolution includes
inducing mutations in our genetic code, then selecting desirable phenotypes.

In our case, we are searching for mutations of the Gamillus biosensor that show evidence of improved
sensitivity and specificity to allow for more effective detection of redox states in experimental testing.
This will allow scientists alike to better understand the antibiotic effect of known antibiotics on bacteria
while also enabling the discovery of new antibiotics with greater proficiency. Altogether, this research
will aid in the effort to overcome antibiotic resistance and its harmful effects on mankind.

Background:

The first biosensor implemented in clinical trials was B-Galactosidase. This was a biosensor that detected
the presence of the lactase enzyme. The lactase enzyme is a protein that breaks down lactose in a cell.
Scientists were able to create a molecule that was of similar structure to lactose, however, when this
molecule was broken, it released a blue pigment that was observable to the human eye. This allowed
scientists to detect the presence disulfide bonds in a solution, proving itself as the first functional
biosensor. Biosensors have vastly improved since.

Regarding our experimental purposes, the periplasm of the cell is an area of utmost importance. The
periplasm is the area between the inner and outer membranes of bacterial cells, and it contains a multitude



of important proteins that facilitate nutrient transport and cell wall synthesis. The state of the periplasm
and its proteins is heavily dependent on the state of its environment. Proteins can be denatured through
environmental alterations, one of these alterations being the reduction of the protein’s environment.
Reducing a domain that contains proteins breaks down vital cysteine bonds that give each protein its
unique shape. When these proteins’ shapes are altered, they lose their function, rendering them denatured
and useless. When the periplasm is experiencing this reduced state, it has a profound effect on a cell’s
ability to facilitate its necessary functions. This often leads to a reduced rate of reproduction or cell death.
In theory, our biosensor will be able to detect such a circumstance, emitting fluorescence when its
cysteine bonds are broken, signifying that the periplasm is in a reduced state.

Preliminary Studies:

In our studies, the specific fluorescent biosensor in which we will be working is MalF-Gamillus. Gamillus
is a fluorescent protein that originates from the species Olindias formosa, also known as the flower hat
jellyfish. A special characteristic of this protein is its tolerance for low pH environments. Most other
discovered fluorescent proteins lose their functional properties when exposed to acidic environments with
a pH below 6. Many testing environments where these proteins are applied involve environments with
low pH levels, making Gamillus especially useful for such circumstances.

The Gamillus biosensor has four cysteine residues in its genetic makeup, allowing it to form two disulfide
bonds. These disulfide bonds, as mentioned earlier, are consequential to a protein’s structure, thus crucial
to its function. However, these biosensors are designed to emit their fluorescence when these cysteine
bonds are broken instead of when they are formed. This allows scientists to observe the fluorescent state
of these proteins when the periplasm is reduced. This is critical for research and development of
antibiotics and antibiotic resistance.

We hypothesize that when our Gamillus protein is oxidized, and Disulfide bonds are formed between the
Cysteine residues, there will be little to no emitted fluorescence that can be observed as a result of protein
misfolding.

Methods:

To first clone our Gamillus DNA sequence, we used Polymerase Chain Reaction (PCR) techniques to
amplify the amount of target DNA we possessed. We have since then used this DNA to induce the
Gamillus protein gene into the Escherichia coli cells, allowing for the sequential procedures to further
improve the Gamillus protein.

To implement the DNA sequence into the E. coli cells, we initially attempted electroporation to
incorporate the plasmid into the cytoplasm of our cells. This consisted of creating a solution containing
HK317 cells, our PCR product, and Lysogeny Broth (LB). After this solution was made, we then applied
an electric shock, creating temporary pores in the cell membrane. This allowed the plasmid DNA to enter
the cell and undergo translation.

After encountering low efficiency of translation with this method, we switched our process to include
chemically competent DH10B E. coli cells instead of the HK317 variant. These DH10 cells could be
transformed using heat shock instead of electroporation. We prepared a solution similar to the one before,
substituting DH10p for HK317, and induced a heat shock of 42 degrees Celsius for one minute. This
technique led to a significantly higher transformation efficiency, allowing for a successful incorporation
of our Gamillus gene into our bacteria cells.

With our cells transformed, we then performed mutagenesis to begin directed evolution with the aim of
improving the Gamillus biosensor. This mutagenesis, the first part of directed evolution, begins with the
exposure of the Gamillus protein to mutagens, generating variations of our original protein. This included



seven different PCR reactions with a form of polymerase that makes occasional mistakes. After we
confirmed the presence of our target product with DNA Gel Electrophoresis, we then observed the
phenotypes of the different progeny proteins. Through these observations, we picked out phenotypes and
properties desirable for an effective biosensor. For our purposes, these ideal variants exhibited higher
fluorescence readings on our photo spectrometer.

To provide further confirmation on our results, the experiments also featured a positive control; a plasmid
that is designed to express a reduced environment. In theory, this would ensure consistent fluorescence.
This helped us ensure that a change in fluorescence in our mutagen and/or wildtype plasmids was a
product of intended manipulations and not external factors, thus improving the reliability of our results.

Another important adjustment we made was regarding disulfide bond formation. After switching from
HK317 to chemically competent DH10B E. coli cells, we encountered a new issue. The chemically
competent cells include a Dsb gene, which encodes a protein prominent in disulfide bond formation.
Extraneous disulfide bond formation would have interfered with our experiments, and we needed a
solution to prevent this protein from altering our results. With this in mind, we included a specific
inhibitor that blocked the active site of the Dsb protein during our evolution process. As a result of
including this inhibitor, we maintained the integrity of our experiments.

Given additional time, we would have selected specific colonies to implement in subsequent rounds of
directed evolution. Repeated cycles of directed evolution could have enhanced the Gamillus biosensor’s
ability to fluoresce at a high level while maintaining high specificity towards its analyte.

Results:

Throughout our research, the first verifiable result that we obtained was the successful sequencing of our
PCR products. After performing PCR cloning, we sent our product to an external sequencing company,
from which we received a detailed sequencing analysis. Of the three members of our team that performed
the PCR sequencing, two successfully received a product containing no mutations, allowing for the
continuation of our experiments.

Following the PCR cloning process, we moved to transformation. As discussed previously,
electroporation did not yield a successful transformation of our product. With that process, we struggled
to obtain colonies for the Wildtype, Mutant, and Control simultaneously. When we had finally received
colonies on all plates, we began reading the fluorescence of our variants, finding that our Wildtype
returned a higher fluorescence than our Mutant (Figure 1). This was an unexpected result that
contradicted our hypothesis and suggested a possible error in our testing process.

In response to these results, we changed our approach, altering the cell type and the transformation from
HK317 to DH10p cells and from electroporation to heat shock transformation. This transition led to much
greater success, yielding hundreds of colonies across all three of the experiment types: Wildtype, Mutant,
and Control.

After the transformation process, we conducted further fluorescence testing. We selected 96 of our
colonies from the agar and distributed them into two 96 well plates: one containing the inhibitor and one
without. When we took our absorbance and fluorescence readings, we charted the data onto a spreadsheet
to compare the fluorescence levels across each well. Initially, we noticed some colonies with much higher
fluorescence levels than the others (Figure 2). However, we soon came to a larger realization. The
majority of our variants with no inhibitor returned as a higher fluorescence than our samples containing
the inhibitor (Figure 3). This meant that once again, our sample within an oxidized environment returned
a higher fluorescence than the reduced. This result aligned with our previous findings, further increasing
confidence in the validity of our testing strategies.



Based on this data, we recognize that our findings have gone against our original hypothesis that the
oxidized state of the periplasm would show a lower fluorescence than a reduced state.

Discussion and Conclusion:

Our original hypothesis stated that our biosensor would show increased fluorescence when present in a
reduced environment rather than an oxidized one. Detecting redox states has crucial applications not only
in the search for new and improved antibiotics, but also in any circumstance where the monitoring of a
redox state is important.

Within our research, we have found strong evidence indicating an alternate behavior for our protein that
deviates from our original hypothesis: that Gamillus recorded a higher fluorescence when present in an
oxidized environment rather than reduced. This was observed in both types of cells, seeing consistent
results in the HK317 and the DH10 types. This was a further reinforcement of our results.

After careful consideration of these findings, we have developed a few new hypothesis that might have
led to these unexpected fluorescence patterns. One possibility is that our biosensor might have
unintentionally developed an alternate mutation before directed evolution. This could have altered its
folding, leading to different fluorescent properties. Alternatively, it could be true that our Gamillus
biosensor fluoresces more strongly in an oxidized environment where cysteine bonds are formed,
contradictory to our original hypothesis. It is also possible that flaws in our testing process contributed to
the reversed fluorescence trends observed.

Another facet that we have considered is the pH tolerance of the Gamillus protein. As stated previously,
the Gamillus protein is especially tolerant towards environments that hold an acidic, low pH. This
tolerance of low pH environments could have been a factor in our performed experiments since the pH of
the periplasm is near neutral, and we believe it may have had a large influence on our results. The
significance of this should absolutely be considered for any future experiments. Another team working
with mKeima, similarly more resistant to pH has observed similar results than ours. Thus, further
hypothesis testing will be needed to demonstrate that neutral pH reverses the folding of fluorescent
proteins.

To further investigate this system, several different approaches should be considered. First, sequencing
the DNA of our protein variants would help confirm or deny the presence of any spontaneous mutations
that occurred before directed evolution. Repeating the previous experiments would also provide
additional confirmation of our results. Furthermore, the testing of Gamillus biosensor under different
media with lower pH would also help confirm whether Gamillus is an exception to our hypothesis due to
pH: biosensors should exhibit higher fluorescence within a reduced environment.

In conclusion, our collected data did not match our original hypothesis; instead, our results relayed the
opposite trend. Multiple experiments provided data showing that our protein portrays a higher
fluorescence when exposed to an oxidized environment rather than reduced. Considering these strong
results and the current inability to perform further testing, we conclude that the Gamillus biosensor might
be more suitable for detecting oxidizing reactions in the periplasm rather than reduced, contrary to our
initial hypothesis.
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Figure 2.
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Figure 3.

A chart detailing the
normalized readings of
our fluorescent levels.
They are normalized
because they have
been divided by their
corresponding
absorbance.

Fluorescence Minus Inhibitor (Normalized)

I Mmoo ®>

1 2 3 4 5 6 7 8 9 10 11
39676 40389 37704 39043 39960 45031 41099 47085 38315 38279 11774
46834 42338 41846 48407 11601 43583 49852 45978 42705 42685 45825
38806 49872 45116 51242 46657 45785 47725 44649 36686 42268 45760
41318 $- 48134 44078 45175 46709 11506 42996 12475 46303
41080 40736 44413 45302 47413 48697 47294 45611 44809 43836
43508 41057 42052 46923 46903 42734 33870 12200 45482 43416 46183

44804 40008 42937 47141 47337 75883 47460 45164 42143 47553 41100
43211 43758] 11304 39960 38164 41805 47181 48992 42609 13591 10261

Fluorescence Plus Inhibitor (Normalized)

IoTMmoonom>

1 2 3 4 5 6 7 8 9 10 11
40577 35565 38009 31684 29798 29360 85271 36733 35668  37906)11 8587
37578 32190 35918  36550[08343 31106 33291 35753 35043 32200 36559
31750 35549 32229 31305 28475 28812 36668 38608 30667 36464 32958
31311 33991 37087 20387 27438  34432[ 7936 33000] 8058 33590
31608 30834 35875 27303 30168 32936 24744 36417 31641 37018
36622 32438 37628 35380 30544 36687 37888 33226 37311

30824 36084 33885 33490 29518 35083 20029 51341 33404 32761
34673 31140/ 8210| 32804 30087 32140 37726 32136 38602/ 91318057
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