In Vivo Detection and Signaling of Arbitrary DNA Sequences

Bui]ding ]iving medical machines and making microorganisms work for us

Project Goals

The long-term goal of this project is to create a synthetic microorganism capable of
breokirig down a blood sorripie and scanning it for known poihogeris. An organism like
this would be a natural continuation of the trend towards POC* Jrechrroiogies in the field
of disease diognosis.

POC Jreciririoiogy has made it possibie to move didgriosis out of the lab and into areas
of the world that don't have easy access to modern medical equipment and trained
personnel. Today, examples of POC technology can be found everywhere (the most
idiomatic example is the over-the-counter pregnancy test — a LFIA* that is designed to
detect the presence of HCG in urine). LFIA technology, however, is a very blunt tool. It
can be invaluable in sirripie diagnoses — like the pregnancy test exorripie — but more
corripiex assays may require soirripie preparation by a technician beforehand and, as
sensitivity increases, it becomes much more difficult to reproduce results in the presence of
chcrrigirig environmental coridiiiorisl.

In an attempt to overcome these limitations, the medical community is now turning
towards microfluidics and idb—on—o—chip Jrechrioiogies which allow for the increased
automation and complexity of biological O.SSO.YSl. While these devices are becoming
exporieriiioiiy more copdbie and inexpensive to manufacture, getting these devices to the
deveiopirig world still requires extensive organization and can cost oriywhere from
$4,000 to $7,000%3

By engineering an organism to carry out this process in vivo, we can save
significorriiiy on both cost and hassle. The test doesn't need to be ordered or shipped when
suppiy runs low; rather, because it is a iivirig cell culture, it can just be grown up when
more of it is needed. Ariywhere that yeast can grow, this organism can provide
valuable medical insight to countless people.

As a short-term gooi, [ve set out to create a proof of concept for the DNA detection
portion of the system in E Coli. The gooi is to engineer a strain of the bacteria that will

chorrige color from tan to red when a porriicuiorr sequence of DNA is detected inside the

cell

Project Design

In this proof—of—coricepi experiment, [ will be Jrrdrisforrriirig two pidsmids into E. Coli. The first pidsrriid, pdCosQ—Dei, is a modified version of
the pdCo59 pidsmid and contains all of the genetic circuitry necessary for the detection of an drbiirory DNA sequence. The pdCos9 piosrriid on
its own expresses the mutant dCas9 for biridirig the DNA in addition to the tractRNA* and ctRINA* sequences that guide the dCas9 to its
target. My version, the pdCosQ—Dei pioisrriid, has an additional operon that contains the codirig sequence for RFP* as well as a second, different
crRNA sequence. The expression of this operon is requlated by LacO* In order for the LacO repression system to work correctly, I also added
the codirig sequence for Lacl* under a constitutive promoter on the same piorsrnid.

What makes this system work are the two ctRNA sequences that it contains. The first crRINA sequence, which is coriiiriuoiiiy expressed
under normal conditions, targets the promoter of the RFP operon. The trick here is that the ctRNA does not perfeciiy match the sequence of the
lac promoter. [t does, however, perfeciiy match the sequence of the target DNA. This means that, in the absence of the target DNA, the dCas9
will repress the sigridiirig gene. If however, the target DNA is introduced, it will compete the dCas9 off of the promoter oiiowirig the RFP gene
to be expressed.

When the sigrroriirig gene is activated, in addition to the RFP protein, a second crRNA is expressed. This second crRINA sequence causes the
dCas9 to target the expression site of the first cfRNA sequence. This is desigried to produce a runaway effect — ensuring that, even after all of
the target DNA has been used up, the cell will continue to produce RFP. By repressing the first ctRNA sequence, we have taken away the
information that dCas9 needs to repress the sigrioiiirig gene.

The issue with this system is that, in its current form, there is no way to guarantee that the first c’RINA sequence will be expressed first and
the second sequence expressed second. If the second sequence hdpperis to be expressed first, then the cell will turn red iorig before it has the
chance to detect any DNA. What we need is a way to ensure that the equilibrium is established in favor of the first sequence so that the cell
doesn't chorige colors prerridiureiy and so that the dCas9 is properiy bound to the promoter of the sigridiirig gene.

We can control this equiiibriurri via a secondory repressor. This second repressor, Lad], also represses the sigrioiiirig gene but unlike dCas9 it is
not controlled by crRNA sequences; rather, the Lacl will stay bound to the promoter until an Allolactose dndiog, like IPTG*, is introduced. The
cells are first grown up in the absence of IPTG so that the equiiibriurri is established in favor of the first c'RNA and, when the cells are reody to
receive the target DNA, the system is armed via the introduction of IPTG. This deactivates the Lacl and leaves oriiy the irnperfeciiy—moiched
and loosely bound dCas9 repressing the RFP.

Finally, I will introduce the target DNA via a second, high copy-number plasmid: pUK21-Tar. This plasmid will duplicate itself hundreds of
tHimes and should compete the dCas9 off of the sigrioiirig gene, turning the cell red.

In my experiment ! will be testing 15 different crRNA sequences containing a variety of mismatches with the promoter sequence. | am

iookirig for a sequence that is eosiiy corripeied off, but is also strong erlough to repress the gene when the target is not present.
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Bdckground

CRISPR-Cas9* is an adaptive immune system, originally discovered in bacteria, that has been widely adopted and repurposed by scientists as a flexible gene
targeting tool. Cas9*, the protein that carries out the gene targeting work, can be progrorrrirned using a standardized tractRNA* and a Jtcrrge’t—specific ccRNA*,
The ctRNA sequence is corripierrieriiory to (matches up with) the sequence of the target DNA and has a separate section that binds to the tractRINA. The
tracrRINA then, in turn, binds to the Cas9 protein; effeciiveiy iirikirig the ctRNA to the Cas9. The Cas9 protein then looks ihrough the DNA in the cell for a
match to the crfRNA sequence that is adjacent to a PAM* sequence (usually NGG). The PAM sequence check is necessary for the CRISPR-Cas9 system to avoid
biridirig to itself. If it were not required, then the Cas® would sirnpiy bind to the DNA where the ctRNA was origirroriiy created and not to the target (as
intended). Once the Cas9 has located a match to the c’RNA sequence that is adjacent to a PAM, it binds to the DNA and creates a double stranded break —
cutting the DNA stand in two. What makes CRISPR-Cas9 such a powerfui tool is its progrorrnrno]oiiiiy. By chorrigirig the ctfRNA sequence, scientists can direct the
Cas9 protein anywhere in the genome. Think of Cas9 as a bounty hunter that will track down whatever sequence it is told to target. Not all variants of Cas9
create double stranded breaks in the sequence; for exompie, ‘dead” Cas9 or dCas9 is a mutant that will bind to the target site, but won't cut the DNA4.

Another important concept to understand is that of competition and affinity. These related concepts describe the behavior of systems that involve the boridirig
of two or more species with a shared and finite substrate. Imagine you are at a table with four other friends — five of you in all. Each of you has a die to roll.
You decide to pioy a game with the dice. The rules are, if you roll orriyihirig other than a six, you let the die sit for one second and then re-roll the die. If you roll
a six, you let the die sit for 10 seconds before re—roiiirig. You and all of your friends start roiiirig your dice at the same time and pidy by these rules for a minute
or two. Then a sixth person walks in the room and looks at the table. What number is he or she most iikeiy to see on each of the five dice on the table? The
answer is six. Even ihough you are far more iikeiy to roll a one, two, three, four, or five, the six has a higher offiriiiy (it stays on the table for ioriger; 10 seconds
as opposed to one) so over time the substrate (the table of dice) tends to contain more sixes than any other number. In bioiogy, molecules are corisioriiiy rriokirig
and breokirig bonds in a random fashion. Some materials, however, have a higher offiriiiy for the substrate and bond more sirorigiy to it than others (ihey stay
bonded for ioriger). This means that after an amount of time, just like the dice, the substrate will be bonded to far more of the high—dffiriiiy material than to the
iow—dffiriiiy materials. When this horpperis, the higher—offiniiy material is said to have compeied the iower—orffiriiiy material off of the substrate. This is relevant
because Cas? does not always perfectly match the crRINA sequence when it binds to the DNA. Sometimes there are small mismatches. When there are,
however, the offiriiiy of the bond is lowered. This makes the imperfeciiy-rndiched Cas9 subject to competition. If a perfeciiy moichirig sequence comes oiorig, the
Cas9 will abandon the irnperfeci match for the perfeci one, ieorvirig the irriperfeci match naked without a Cas9 bound to it.

The last major concept that piorys a role in my project has to do with how genes are expressed and how proteins are orciuoiiy made in the cell. Gene
expression occurs in two stages: transcription and translation. Transcription is the step during which the DNA is read and an RNA copy is produced. Translation,
on the other hand, is the step in which the RNA is orciucriiy turned into protein. The step relevant to gene reguioiiori is transcription: the amount of protein
produced via the expression of a given gene is proporiionori to the number of RNA transcripts present in the cell. On a microscopic level, the RNA is formed ]oy a
protein called RNAP* which slides along the double helix of DNA like a zipper. Genes can be turned on and off by blocking this zipper with another protein. If
another protein is bound to the DNA, it acts as a roadblock and doesn't allow the RNAP to possS. In my case, without anything bound to the DNA, RFP* is

expressed and the cell turns red. However, when either Lacl* or dCas® are bound to this gene, the zipper is blocked and no color chorige takes picrce.

G].OSSC].IY

CRISPR - Clustered Reguidriy iriierspoced Short Palindromic Repeats. An
ordctpiive immune system discovered in bacteria that has been Wideiy
adopted and repurposed for genome engineering.

Cas9 - CRISPR Associated Protein #9. A protein belonging to Type II
CRISPR systems that forms a corripiex with a tractfRNNA and ctRNA and
cuts DNA where matches to the ctRNA sequence are found.

tractRNA - Trans-activating CRISPR RNA. Binds the ctRINA and feeds it
to the Cas9 protein.

crRNA - CRISPR RNA. An approximately 20bp sequence that instructs
Cas9 to target a cornpiernerriorry sequence.

PAM - Protospacer adjacent motif. A short (usuoriiy pr) iorig sequence
that must follow the idrgeied sequence for Cas9 to bind and cut the DNA.
LacO - Lac Operator. A section of DNA that binds to Lacl.

Lacl - Lac Repressor. The protein that binds to LacO and prevents
transcription.

RNAP - RNA Polymerase. A protein capable of reading DNA and
creating an RNA copy. This is the protein direciiy resporisibie for the
process of transcription.

RFP - Red Fluorescent Protein. A red colored protein that fluoresces in UV
iigi’ii.

POC - Point-of-care. Medical care and diagnosis that is on-site and doesn't
require the transport of sornpies or patients to obtain results,

HCG - Human Chorionic Goriddoiropiri. A hormone produced by the
body when a fertilized egg irnpiorriis in the uterine wall. The presence of
this hormone indicates the begiririirig of pregnancy.

LFIA - Lateral Flow irrirnurioAsscry. A POC assay in which a fluid
sorripie travels across a device and binds to antibodies that indicate the
presence of a porriicuidr substance within the sornpie.

IPTG - Isopropyl B-D-l-thiogalactopyranoside. Used to induce genes
repressed by Lacl.

Conclusion & Future Work

So far this project has just been an exercise in the theoretical design of genetic circuits and the in silico
desigri of pidsmids. While my system is built upon solid research and scientific priricipie, it is yet to be
proven. irnpiernenioriiori is orireody underwoy, but the bulk of the work so far has been in figuririg out how
to assemble these plasmids and in obtaining the genetic material needed to do so. Currently I'm on track to
finish the first round of testing this upcoming summer.

As mentioned previously, this project is a proof-of-concept for a much larger body of work that wrill
enable gerieiicoiiy modified microbes to dioigriose diseases and perforrri basic DNA testing without the need
for expensive rnorchiriery. Lots of work still needs to be done to improve the sensitivity of the assay (the
competition mechanism currently relies on an impractically large amount of the target DNA being present)
and the sorripie preparation in vivo will be a project on its own. That beirig said, this experience has ioughi
me a lot about moving from idea to impiemeriioriiori and ['ve come away from it swimming in new
biological knowledge and laboratory skills. I plan to continue work on this project throughout my time at
the University of Sheffield and plan on applying my new-found knowledge to my studies in

Bioerigirieeririg.
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