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Abstract

In the generation of msDNA the recombinant E. coli cells are transformed by a msDNA generating
precursor plasmid, whereupon expression of the Tel protelomerase enzyme, acting on the pal target
sequence present in the precursor plasmid, generated linear covalently closed (LCC) msDNA.
However, the in vivo recombinant platform to produce msDNA results in a mixture of plasmids
including unprocessed precursor plasmid, unwanted LCC bacterial backbone, and their topological
isoforms, which interferes with the purification of the target species. For larger scale synthesis, the
plasmid extract needs to be pretreated with commercially available restriction enzymes before
being purified through chromatographic columns. Meanwhile, at the laboratory scale, msDNA is
purified from agarose gels based on their size. These purification processes are time-consuming

and inefficient and therefore, there is a need to optimize the process.

To address this issue, we developed two in vivo recombinant systems for digesting the unwanted
prokaryotic backbone and unprocessed precursor plasmid. These systems are the PI-Scel homing
endonuclease enzyme system and the clustered regularly interspaced short palindromic repeats-
Cas3 (CRISPR-Cas3) system. Homing endonucleases are highly specific DNA cleaving enzymes.
The homing endonuclease PI-Scel, encoding gene vma from Saccharomyces cerevisiae was
successfully integrated into the tel integrated bacterial chromosome via site-specific recombination
using conditional replication and integration (CRIM) plasmid. The double integrants, both vma
and tel integrated recombinant bacteria, were transformed with msDNA synthesizing precursor
plasmids and induced the msDNA synthesis and vma gene overexpression. Even though the double

integrants were able to overexpress the homing endonuclease enzyme and digest the precursor



plasmid, they were not able to synthesize msDNA. Therefore, the Tel protelomerase enzyme was
expressed episomally inside the vma integrated recombinant bacteria. This vma gene is under the
control of an inducible Psap promoter. In the presence of L-arabinose in the media, the Tel
protelomerase enzyme was episomally expressed and synthesized msDNA by acting on the
precursor plasmid. Subsequently, the overexpressed PI-Scel homing endonuclease enzyme
digested the undesired byproducts of msDNA synthesis as expected. Introducing homing
endonuclease enzyme recognition sequences into the Tel protelomerase enzyme-expressing
plasmid will further improve the purification process. The other recombinant system that was
developed is the utilization of the CRISPR-Cas3 system which is naturally present in W3110 E.
coli K-12 bacteria. A pre-crRNA targeting the origin of replication (ori) of the msDNA
synthesizing precursor plasmid was successfully designed and cloned into the low copy number
plasmid. The pre-crRNA expressing gene cassette was placed under the control of the Pgap
promoter. Upon overexpression, crRNA was synthesized inside the W3110 E. coli K-12 bacteria.
The crRNA bound to the expressed CRISPR-Cas3 protein cascade of the bacteria, guided the
effector complex to the target sequence and successfully digested the targeted precursor plasmid.
Even though the W3110 tel* recombinant bacteria synthesized msDNA in a pre-crRNA expressing
background, an efficient degradation of the unwanted by-products of msDNA synthesis was not
observed. This could be due to the disruption of the CRISPR locus of W3110 tel™ recombinant
bacteria. Episomal expression of the CRISPR-Cas genes inside W3110 tel™ recombinant bacteria

will enhance the digestion of the non-msDNA species.



Acknowledgements

First of all, I want to express my sincere and utmost gratitude to my supervisor, Dr. Roderick
Slavcev, for giving me the opportunity to pursue a master’s degree under his guidance. It was truly
an honor to work under his supervision, and | am grateful for all the support he has provided
throughout the years. | extend my thanks to the committee members, Dr. Emmanuel Ho, Dr.
Bernard Duncker, and Dr. Bernard Glick, for serving as committee members and for their long-

standing support and guidance.

My sincere gratitude goes to Dr. Shawn Wetting and Mrs. April Wetting for introducing me to the
School of Pharmacy for my graduate studies. | am honored to have met such humble individuals,
and | appreciate their unconditional support at the beginning of my graduate journey. | take this
opportunity to express my sincere gratitude to Dr. Diana Duca for encouraging me to pursue a
master’s degree. My enthusiasm for molecular biology was ignited while working with her in
Glick’s lab during her Ph.D. Thank you for encouraging me and providing guidance and support
during the initial stages of my graduate studies. I would like to express my sincere gratitude to Dr.
Shirley Wong from the Slavcev Lab for the mentorship and knowledgeable insights she provided
at the beginning of my graduate studies. | would like to thank Ahsan Ayub for valuable insights

into my thesis proposal editing, which I found very helpful.

Special appreciation to Deborah Pushparaja for her exceptional assistance in lab work and for
providing valuable insights while editing the thesis. Since I pursued my master’s part-time, |
needed help with lab work on some of the days, and she never said no when | required assistance.
Her humble and honest support in making my part-time graduate studies a success is tremendous.
| thank Talia Fiaani for her assistance with my CRISPR-Cas3 project, which was her honors thesis
project, and for her support in completing it. | express gratitude to Dr. Steven Hersch from
Mediphage for his insights and knowledge contributed to the CRISPR-Cas3 project. My sincere
thanks also go to Dr. Nafiseh Nafissi from Mediphage for her knowledgeable insights at the
beginning of my graduate studies. | extend my thanks to the Slavcev lab group (Rohini Prakash,
Julia Lumini, Heba Alattas, Hayden Huh, Anetta Ille, Jessica Nicastro, Jaya Li, Nicholas Cheng,
and Jesse St Jean) for all their support. | would like to thank Melinda Recchia for the support she
provided me throughout the years.



My deepest gratitude goes out to my family. | want to express my sincere gratitude to my husband,
Menaka Silva, my daughter, Manisha Silva, my father, Flavian Fernando, and my mother, Quinta
De Silva, for their continuous support over a long period and for enduring my monotonous student
life.

Vi



Dedication

To my beloved daughter, Manisha Silva

vii



Table of Contents

I TS 0 B = o] [T RTR Xi
LEST OF FIQUIES. ...ttt b bbbt b et e bbbttt Xii
LiSt Of ADDIEVIALIONS ....c.eieiee et nreas Xiv
I L1 oo [8 [od £ o] o 1TSS SR RUT PRSPPI 1
I 1= o[- 1 1= =T o) V7SR 1
1.2 Viral and NON-VIiral GT VECIOIS......c.coeiiiiiriesie ittt 6
1.3 Non-viral gene delivery vectors Used iN GT ........cccovveieiiieiieie e 8
1.4 SyNthesis OF MSDINA ........o oot e s e s be e e e e sraenee s 13
1.5 PUrification OF MSDINAL. ... ..ottt aeeneenreene s 22
1.6 HOMING ENUONUCIBASES ..ottt bbbttt 24
1.7 Conditional-replication, integration and modular (CRIM) plasmids.............cc.cceevnune 26
1.8 CRISPR-Cas3 system of E. coli K-12 DaCteria .........cccccevveiiiiiiniiieiecienese e 30
1.8.1 Type 1E CRISPR-CAS SYSIEIM ....cciiiieiiiiiiiiieiiie e it e siieessree s siveesssbee s ssneesssaeessnneesnsneeans 32
1.8.2 Strategies employed by phages to evade CRISPR immunity...........ccccooeviveveiiieieenns 34

2. Rationale, hypothesis, and ODJECTIVES.........cccciiiiiiiciece e e 38
2. L RALIONAIE ..ottt b e s e et e b et st renneene s 38
2.2 OB JBCTHIVES: ...ttt bbbttt bbbt bbbttt b bbb ere s 39
3. Materials and METNOAS .........ooiiiiee et eneenns 41
3.1 Strains and PIaSMUIAS .......c.oiiiiiieee e 41
3.1.1 Media and Culture CONAITIONS .........ccvireerieiie e e see et enee e neeenee e 42

3.2 PIaSmid CONSTIUCTION.......c.uiuiiieiieieieite ettt ettt neeneeneas 42
3.2.1 Construction of pPSW3 plasmid...........ccoveiiiiiiiiii et 42
3.2.2 Construction of the pACYC184-CI-857-tel plasmid construct............ccccceecveveerneennenn. 44
3.2.3 Construction of pDMS-tel recombinant plasmid...........c.cccccoveiiiiiiiciicce e, 46
3.2.4 Construction of the CRISPR Cas3 pre-crRNA expressing plasmids ...........c.ccccevenee 47
3.2.4.1 Phosphorylation and cleanup of PCR amplified product............ccccccoevnvreninnnnns 50
3.2.4.2 Ligation and transformation of the phosphorylated PCR product..............c........ 50
3.2.4.3 Confirmation of the insertion of the pre-crRNA encoding gene sequence........... 50

3.2.5 Construction of pcrRNA120-KmR plasmid (PL20K)........ccviveeeeeeeseeeeeeeee e, 51

3.3 Integration of the pSW3 plasmid into the bacterial chromosome............cccccceevvveinnne. 53

K I 1 0T [0 Tox £ o] o S F OO P PRRTRPP 56



3.4.1 Regulated expression of the vma gene in recombinant bacteria...........c.cccccccevverieennenn. 56

3.4.2 Induction of ministring DNA (MSDNA) SYNtNESIS.......ccceeiviieiieiecieseese e 57
3.4.3 Induction of ministring DNA generation and endonuclease expression in tel™ vma®
(0 (101 o] Lo ] T =T TSR 57
3.4.4 Induction of msDNA synthesis in JM109 tel'vma™ double integrants......................... 59
3.4.5 Episomal expression of the Tel protelomerase enzyme ...........ccocevvvieienenenc s 59

3.4.5.1Induction of msDNA synthesis in pACYC-CI-857-tel (pACYC-tel) carrying
W3110/JM109 recombinant bacteria in the presence of pDMS/pNNS precursor plasmids

........................................................................................................................................... 60
3.4.5.2 Induction of msDNA synthesis in recombinant bacteria carrying pACYC-tel-T7

and pDMS/PNN9 precursor PlasmidS........coooeieiiiiiinieiee e 60
3.4.5.3 Induction of msDNA synthesis in W3110 bacteria carrying p-pBAD-tel and
PDMS/PNNO PIASINIUS .......eiiiieiiiieieee e 61
3.4.5.4 Induction of msDNA synthesis in W3110 vma™ bacteria carrying pXG-pBAD-tel

and PDMS/PNINO PIASIMIAS ..o 62
3.4.6 Induction of CrRNA OVEr EXPIeESSION ......ccueiveiiieieeeiesteeste e seeste e s e sreeste e e e sre e 63
3.4.6.1 Induction of msDNA synthesis in W3110 tel” recombinant bacteria carrying the
CRISPR PIASMI ...ttt et e te e e sreenneenne e 63
3.4.6.2 Induction of msDNA synthesis followed by crRNA overexpression................... 63

3.5 TrANSTOFMALION. .....eiiii ettt ettt sbesnesneeneas 64
3.6 In vitro digestion of the pDMS plasmid...........cccooi i 64
3.7 Integration of the vma gene into JM109 tel* recombinant bacteria using P1 transduction
................................................................................................................................................... 65
TN 0 I o = 5T [ 4 o SR 65
3.7.2 Regeneration OF the PLIEVE ..........ccoiiieiiieie e 66
3.7.3 Spot plate technique to determine the phage titer..........cccoovveiieie s 67
3.7.4 Preparation of P1 vma™ transducing IySate...........c.cceeveviiiieiieiiicieece e 68
3.7.5 Generation of IM109 tel*'vma* double integrants...........ccccccevveeiievicecceeeee e, 69
3.8 Designing of the CRISPR Cas 3 pre-crRNA encoding gene SeqUENCe ...........cccvevuveene. 70
A RESUITS ..ottt bbb bR Rttt R e e b e bRt nre e e enee e 72
4.1 Integration of the P1-Scel homing endonuclease encoding gene (vma) into the bacterial
CRFOMOSOIME ... ettt ettt bt e bt et et et e neesne e e 72
4.2 Expression of the vma homing endonuclease gene upon integration into the E. coli
(01 L0 1 PP PP 74
4.2.1 Transformation of the pDMS precursor plasmid into the positive integrant................ 74

iX



4.2.2 Induction of the vma overexpression in recombinant bacteria.............cccccoeevverirnnnenn. 75
4.2.3 Induction of the vma gene over expression in both tel and vma integrated recombinant

0T (=] £ - USSP PR TTRURPRIN 77
4.2.4 Ministring DNA synthesis in vma and tel integrated double integrants....................... 79
4.2.5 Ministring DNA synthesis in double integrants with pNN9 precursor plasmid........... 81

4.3 Generation of JIM109 tel*vma* double integrants via P1 transduction......................... 85
4.3.1 Induction of msDNA synthesis and homing endonuclease enzyme overexpression in
JM109 tel"vma™ double INTEGrants ...........cooviiiireiiee e 86

4.4 Episomal expression of the Tel protelomerase enzyme ..........c.ccocveieieneic s 90
4.4.1 Induction of msDNA synthesis in W3110/JM109 recombinant bacteria carrying the
pACYC-CI-857-tel plasmid in the presence of pDMS/pNN?9 precursor plasmids................ 92
4.4.2 Induction of msDNA synthesis in recombinant bacteria carrying pACY C-tel-pBAD and
PDMS/PNNO precursor PIASMIAS .......cc.viiiiiee e sre e 97
4.4.3 Induction of msDNA synthesis in recombinant bacteria carrying pACYC-tel-T7 and
PDMS/PNN9 recombinant Plasmids ..........ccccceiieiieiiiie e 98
4.4.4 Induction of msDNA synthesis in W3110+pXG-pBAD-tel+pNN9/pDMS carrying
FECOMDBINANT DACTEIIA. ... ..veveiviiiiciieee et bbb 103

4.5 Digestion of the msDNA synthesizing precursor plasmid upon over expression of the
pre-crRNA targeting the bacterial backbone............c.ccooiiii i, 110
4.5.1 pre-crRNA over expression in W3110 recombinant bacteria ............cccoceeeviieieennnns 110

4.6 Determination of msDNA synthesis in pre-crRNA synthesizing recombinant bacteria
................................................................................................................................................. 114
4.6.1 Expression of msDNA Synthesis in pre-crRNA expressing W3110 tel” recombinant
0T (=] £ - OSSOSO 114
4.6.2 Induction of MSDINA SYNTNESIS. ........oiiiiiiiiiieieiere e 115
4.6.3 Induction of msDNA synthesis followed by CRISPR RNA over expression............ 116

T I S0t U3 o] o S PRSSS 120
6. Conclusion and FULUIE dIFTECTIONS ..........cueiiiieiieieeie et nee s 129
R R ] (5] ] 1= OSSP PRRTRPPRRN 133
F AN o] o 1< Lo ot ST ROPPUPRTRPOR 143
F AN o] o1 g Lo [ PSRRI 143



List of Tables

Table 1:Core attB sequences (highlighted) of various lambdoid phages. .........c.ccceceeveiverieennnne. 29
Table 2:Bacteria and plasmids used in the eXperiment............ccccccveieiieiiiere e 42
Table 3:Cycling instructions for amplification of the 3.4 kb gene fragment. ..........cccccoecveveennnne. 45
Table 4:Forward and reverse primers used to generate the pre-crRNA encoding gene sequence.
....................................................................................................................................................... 48
Table 5:PCR steps for insertion of the pre-crRNA encoding gene sequences into the pACYC-

L L0 (] B TN o I 0] 1] 1 [ OSSR 49
Table 6:Primers used in Gibson assembly to replace the CmR gene. .......ccccccvveveeveecvcececennn 52
Table 7:Gibson assembly PCR steps for replacing the CmR gene with the KmR gene................ 53
Table 8:Primers used in PCR test to confirm the chromosomal integration of the CRIM plasmid..
....................................................................................................................................................... 54
Table 9:Summary of the expected test results after msDNA synthesis and PI-Scel enzyme over
expression in different bacterial STraINS.. .........ccooiiiiiiii e 58
Table 10:Sizes of msDNA and bacterial backbone fragments in the presence of pNN9 and
0111 TSSOSO P PRSP 88
Table 11:Plasmid and msDNA fragment sizes after digestion with ECOR1. ..............cccccvevvennne. 88
Table 12:Expected test results upon heat induction in W3110 bacteria carrying p-Tel plasmid
and PreCcurSor PIASMIAS. .......eciuiiie ettt e s te e e et e e ae e e e nas 93
Table 13:Expected test results upon heat induction in JIM109 bacteria carrying pDMS and p-Tel
PLASIMIEAS. ..ttt bt bbbt b et bbbt 94
Table 14:Summary of the expected fragment sizes versus the observed fragment sizes upon
heat-dependent induction of msDNA synthesis in W3110 recombinant bacteria. ...............c....... 95
Table 15:Summary of the expected fragment sizes versus the observed fragment sizes upon
heat-dependent induction of msDNA synthesis in JM109 recombinant bacteria. ........................ 97
Table 16:Summary of the expected fragment sizes versus the observed fragment sizes upon
IPTG-dependent induction of msDNA synthesis in BL21(DE3) recombinant bacteria............. 101
Table 17:Summary of the expected fragment sizes versus the observed fragment sizes upon
IPTG-dependent induction of msDNA synthesis in W3110 recombinant bacteria. ................... 103
Table 18:DNA fragment sizes obtained after digesting the plasmid extract with EcoR1. ........ 109

Table 19:Summary of the expected fragment sizes versus the observed fragment sizes upon L-
arabinose-dependent induction of msDNA synthesis in W3110 vma* recombinant bacteria. ... 109
Table 20: The expected fragment sizes versus observed fragment sizes upon CRISPR RNA

(0N Ty d oL =TT (o] PRSPPSO 114
Table 21: The expected fragment sizes versus observed fragment sizes upon msDNA synthesis
followed by CRISPR RNA OVEreXPreSSION. ... .iuutitt ittt e et 119

Xi



List of Figures

Figure 1:Summary of the number of clinical studies that have been conducted, along with their

current phase of study from year 2010 t0 2020. .........ccoveiieiieiieie e 1
Figure 2:Different approaches of using GT in treating genetic diSEases. .........cccovvvevererererennnas 3
Figure 3:Vectors used in GT clinical trials from 2010 t0 2020. ........ccccceveeievieeii e 8
Figure 4:Vector integration into bacterial Chromosome. ... 11
Figure 5:Development of MIDGE and MILV VECIOIS.........cccciviiieiiieiiie e 12
Figure 6:Temperature regulated expression of the Tel and TelN enzyme encoding genes in
recombinant E. coli (R-cells) bacterial CellS. ..o 15
Figure 7:msDNA pNN9 (5.6 kb) precursor parental plasmid. ..........ccccoovriiiininiinnncenee 18
Figure 8:Synthesis of LCC msDNA vectors using the pNN9 precursor plasmid. ...................... 19
Figure 9:Schematic representation of the msDNA synthesis using the pDMS precursor plasmid.
....................................................................................................................................................... 21
Figure 10:Isolated plasmid DNA extraction after msDNA generation using a pNN9 precursor
plasmid on @ 0.8 % agaroSe Gl ......ccvciiiieii e e 24
Figure 11:PI-Scel homing endonuclease 30 bp recognition sequence and the cleavage site. ..... 26
Figure 12:Integration of the bacterial plasmid via site-specific recombination into the bacterial
(o101 £0] T o] o= TSRS 27
Figure 13:The highlighted 15 bp A attB sequence which is identical to the attP site.................. 28
Figure 14:The chromosomal location of bacterial attB present in wild type E. coli K-12 bacteria.
....................................................................................................................................................... 29
Figure 15:Stages of CRISPR iMMUNE FESPONSES. ......ccueiuiriiiiieiieieiesie sttt 31
Figure 16:Bacterial CRISPR-CAS SYSIEM. ....ccucoiuiiiiiiciieee sttt sae e 34
Figure 17:Transcription and maturation of pre-CrRNA ..o 36
Figure 18:CRISPR INTEIEIENCE. ....c.eoivieiice ettt sae e 37
Figure 19:pSW3 plasmid map used in the STUAY. .........cccoiiiiiiiiiiie e 44
Figure 20:pACYC-CI-857-tel recombinant plasmid. ..........cccccveviiiieiieiiiicse e 46
Figure 21:Generation of pre-crRNA expressing plasmid. ... 49
Figure 22:Schematic representation of the integration of pAH120-vma (pSW3) into the bacterial
chromosome via site Specific recomMDINATION. ..........cooiiiiiiiic e 55
Figure 23:Plasmid map of pXG-pBAD-tel plasmid. ..........ccccovveiiiiiiieccecceee e 62
Figure 24:Preparation of phage dilution SEriesS. ... 67
Figure 25:Spot Plate Technique to determine the phage titer............cccoeiieiieece i 68
Figure 26:Designing of pre-crRNA encoding gene SEQUENCES. ..........cocerverirereeieeneeriesiesiesienneans 71
Figure 27:Colony PCR test results on a 1 % agarose gel confirmed the integration of pSW3 and
the presence of the integrated vma gene in the bacterial chromosome.............cccccevviiiiiieieenne, 73
Figure 28:pDMS precursor plasmid digested with the PI-Scel endonuclease enzyme. .............. 75
Figure 29:Extractions of plasmids after induction of the PI-Scel enzyme in vma-integrated W3110
and BW25113 recombinant DACTEITA. .........ceveiiiiieiiee e 77
Figure 30:The induction of PI-Scel enzyme expression in double integrants carrying the pDMS
Q1= 4o PSPPSR 78
Figure 31:Heat Induction of msDNA synthesis in pDMS carrying W3110 tel 'vma*, BW25113
tel "'vma®and W3110 tel” recombinant bacteria. ...........ccccovveviierieiiiiiicicie e 80

Xii



Figure 32:Heat induction of msDNA synthesis in BW25113 tel* recombinant bacteria carrying

PDMS Precursor PIASIMIT. .........oiiiiiieieie bbb 81
Figure 33:msDNA synthesis upon heat induction in double integrants carrying pNN9 plasmid.82
Figure 34:Chromosomal location of the tel and vma genes in double integrants................c....... 84
Figure 35:Transducing JM109 tel* with vma lysate. ..........c.ccccevveiiiiiciiiicecece e 85
Figure 36:Colony PCR for positive transductant COIONIES. ...........ccoceieiiriniiniciee e 86
Figure 37:msDNA Synthesis in IM109 tel'vma* double integrants with pNN9 and pDMS msDNA
SYNthesizing Precursor PIASMIGS. .........ooiiiiiiieee e 89

Figure 38: Induction of msDNA synthesis and homing endonuclease enzyme over expression. 90
Figure 39:Induction of msDNA synthesis in recombinant wild type bacteria carrying p-Tel

plasmids and pNN9/pDMS precursor Plasmids. ........c.covveiviieiieeie e 91
Figure 40:Induction of msDNA synthesis in vma integrated recombinant bacteria.................... 92
Figure 41:Induction of msDNA synthesis in W3110 bacteria carrying pACYC-CI-857-tel and
PININOG PIASIMIAS. ... bbbttt ettt 94
Figure 42:Induction of msDNA Synthesis in JM109+pACY C-CI-857-tel+pDMS recombinant
0T 0 (= T DO OSSR 96
Figure 43:Induction of msDNA synthesis in BL21(DE3) recombinant bacteria ..................... 100
Figure 44:Induction of msDNA synthesis in W3110 recombinant bacteria..............ccoccovruenne. 102
Figure 45:Induction of msDNA synthesis in W3110+pXG-tel+pNN9/pDMS recombinant
0 0 (7 1 T USSR 105
Figure 46:Colony PCR to confirm chromosomal integration of vma gene in W3110 vma* single
110 =g KU USSP PP PP PRSPPI 107
Figure 47:Induction of msDNA synthesis in W3110 vma*+pXG-tel+pNN9/pDMS recombinant
0 0 (7 1 T USSR 108
Figure 48:Induction of pre-CrRNA OVEr eXPreSSION. .....ccveveiieiirerieceesieesie e se e sre e sree s 112
Figure 49:Digestion of the plasmid extract With ECORV .........cccccooiiiiiiiiiiiicc e 113
Figure 50:Induction of msDNA synthesis in recombinant bacteria carrying pNN9 and pcrRNA120
PLASIMIEAS. ..ttt b bbb bttt bbb 116
Figure 51:Induction of p120k over expression followed by msDNA synthesis..............c.......... 118
Figure Al: Confirmation of the cloning of pre-crRNA (targeting the ampicillin resistant gene of
the msDNA synthesizing precursor plasmid) encoding crRNA90 gene sequence................. 143

Xiii



AAV
ADA-SCID
ALL

Ap

ATP

bp
CART-T cell
CCC
CCRS5
CGSC

Cm

CpG
CRIM
CRISPR
DNA

DSB
dsRNA

E. coli
EMA

FDA

GT

List of Abbreviations

adeno-associated virus

adenosine deaminase severe combined immunodeficiency
acute lymphoblastic leukemia

ampicillin antibiotic

adenosine triphosphate

base pairs

chimeric antigen receptor T cell

circular covalently closed

C-C chemokine receptor type 5 CCR5

coli genetic stock center

chloramphenicol antibiotic

cytosine-guanine dinucleotide

conditional replication and integration plasmid

clustered regularly interspaced short palindromic repeats
deoxyribonucleic acid

double-stranded break

double-stranded RNA

Escherichia coli

european medicines agency

US Food and Drug Administration

gene therapy

Xiv



HDR
HF
HIV
H-NS
HSC
IPTG
Km

LB
LCC
LPLD
MIDGE
MiRNA
MRNA
NBRP
NHEJ
ori
oTC
PCR
PFU
phage
PNK
RNA
RPM

rSAP

homology-directed repair

high fidelity

human immunodeficiency virus
histone-like nucleotide structuring repressor protein
hematopoietic stem cells

isopropyl 3-D-1-thiogalactopyranoside
kanamycin antibiotic

luria-bertani

linear covalently closed

Lipoprotein lipase deficiency
minimalistic immunogenically defined gene expression vectors
micro RNA

messenger RNA

national bio resource project
non-homologous end-joining

origin of replication

ornithine transcarbamylase
polymerase chain reaction

Plaque forming units

bacterio phage

polynucleotide kinase

ribonucleic acid

revolutions per minute

shrimp alkaline phosphatase

XV



siRNA
SOB
SOC

SS

T4 PNK

TALENS

small interfering RNA

super optimal broth

super optimal broth with catabolite repression
super sequence

T4 polynucleotide kinase

transcription activator-like effector nucleases

XVi



1.Introduction

1.1 Gene therapy

Gene therapy (GT), first introduced in 1970 after the discovery of recombinant DNA technology,
is best defined as the use of nucleic acids to treat or prevent diseases by either repairing, replacing,
or regulating the genes relevant to the disease (Friedmann, 1992;Berling et al., 2023). Even though
the concept of GT had existed for several years, the clinical investigations only started in 1990,
with the first clinical study for the rare immunodeficiency disease, adenosine deaminase severe
combined immunodeficiency (ADA-SCID) taking place at the US National Institute of Health.
Since then, numerous clinical studies have been conducted for different diseases, and they can be
categorized into three main groups: monogenic and polygenic diseases (genetic diseases),
infectious diseases, and cancer. The GT clinical trials with their current phases of study from 2010

to 2020 are as indicated in Figure 1 (Arabi et al., 2022).
phase 4 ’

phase 3

phase 2 I
phase 1 -

L] 200 400 600 800
Mo. of trials

minfection mGenetic Diseases mCancer

Figure 1:Summary of the number of clinical studies that have been conducted, along with
their current phase of study from year 2010 to 2020. Even though most of the clinical trials for



cancer were in phases 1 and 2, they didn't smoothly transition into phases 3 and 4. The majority of
phase 3 gene therapy clinical trials are focused on genetic diseases. There are more gene therapy
products available for genetic diseases than for cancer. Adapted from Arabi et al., 2022.

GT methods are categorized based on the following criteria: the class of disease (either genetic or
complex acquired disease), characteristic of the gene delivery vehicle (either integrating or non-
integrating); and based on the way the vector is administered: in vivo delivery (directly into the
patient cells ) or ex vivo delivery (transgene is delivered into the cultured cells taken from patients
and transplanted back after modifications are done)(Anguela & High, 2018). There are multiple
approaches to using GT for therapeutic purposes: to replace a mutated gene with a functional copy
to restore the lost cellular function (augmentation GT), knock-down of a mutated gene that encodes
defective proteins, which is toxic to cells and introducing new genes to combat the disease. In GT
nucleic acids are used to elicit a specific effect in a cell and the therapeutic effect is obtained by
the expression of the introduced gene (Komor et al., 2016). The nucleic acids introduced could
either be a DNA, messenger RNA (mRNA), small interfering RNA (siRNA), micro-RNA
(miRNA) or antisense oligonucleotides (Yin et al., 2014). The goal of augmentation GT of genetic
diseases is to confer a controllable expression of the transgene (healthy copy of the mutated gene)
at suitable levels and durability to confer therapeutic effect (Figure 2 a) (Anguela & High, 2018).
For example, the application of the ex vivo GT approach to treating X-linked severe combined
immunodeficiency disease replaces the mutated, common gamma chain encoding gene function
using retroviral vectors (Salima et al., 2003). Another application of GT is to suppress the
expression or knock down the detrimental gene using an RNA interference strategy or gene
silencing by degrading the messenger RNA (mMRNA) by double-stranded RNA (dsRNA) or
genome editing techniques (Figure 2 b) (Anguela & High, 2018; Komor et al., 2016). Genome

editing techniques use sequence-specific DNA cleaving nucleases such as zinc-finger nucleases,
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transcription activator-like effector nucleases (TALENS), and clustered regularly interspaced short
palindromic repeats (CRISPR-Cas9) (Benjamin et al., 2016;Buchholz, 2009). After the DNA
cleaving nucleases introduce the double-stranded DNA breaks at the target site, the DNA breaks
can be repaired by two major DNA repair pathways — homology- directed repair (HDR) pathway
(via homologous recombination) and non-homologous end-joining (NHEJ) (Lieber, 2010). As
shown in Figure 2 (c) in the presence of an exogenously supplied healthy gene copy of the mutated
gene, the mutated gene can be corrected via the HDR pathway. The mutated gene can also be
knocked-down via a non-homologous end-joining DNA repair pathway if the repair is imperfect.
An example of gene editing using CRISPRs, and zinc-finger nucleases is the blocking of the entry
of the human immunodeficiency virus (HIV) into cells by disrupting the host endogenous C-C

chemokine receptor type 5 (CCR5) (Anguela & High, 2018;Benjamin et al., 2016;Du et al., 2021).
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Figure 2:Different approaches of using GT in treating genetic diseases. A. In gene
augmentation, the loss of cell function due to the mutated gene will be restored by introducing a
healthy functional copy of the defective gene in trans, while the mutated gene is still in the cell. B.
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Gene suppression is required when a detrimental gene expression results in an accumulation of a
toxic product. The detrimental gene expression is suppressed by employing RNA interferences. C.
The defective gene can be repaired using genome editing techniques. After introducing a double-
stranded cut in the defective gene and in the presence of the functional copy of the mutated gene
template, via homologous recombination corrects the defective gene. The defective gene is being
knock-down by introducing a double-stranded cut and performing non-homologous end-joining
results in imperfect repair causes the knock-down of the defective gene. The third approach is the
insertion of the corrective gene via non-homologous end-joining. In this approach rather than
correcting the defective gene, there is an addition on to the defective gene. Adapted from Anguela
& High, 2018.

Yet another approach of GT is the introduction of toxic genes to tumor cells. GT is used to modify
cancer cells by introducing tumor-suppressor antigen encoding genes, and suicide genes, where
upon expression, causes apoptosis or initiates autonomous cell death in the presence of prodrugs.
For example, injection of suicide-gene, thymidine kinase gene (TK), expressing adenoviral vectors
to tumor cells increases the susceptibility of the tumor cells to prodrugs, which initiates
autonomous cell death (Oldfield et al., 1993). Another example is the injection of adenoviral
vectors expressing tumor antigen p53 (p53 tumor suppressor gene) into tumor cells, inducing
apoptosis and tumor regression. Another example is the injection of oncolytic viruses that may
only replicate and initiate tumor-specific cell lysis (Ginn et al., 2018;Ginn et al., 2013;Parato et
al., 2005).

The newly developed “smart drugs” and recombinant vaccines represent further applications of
GT. Smart drugs are composed of genetic material and enzyme activities and in the presence of
external stimuli change conformation resulting in excising microRNA, which initiates RNA
interferences (Bicho D et al., 2015;Lukashev & Zamyatnin, 2016).

Ex vivo GT often uses predominantly integrating vectors to introduce the genetic material into the
targeted cells. The vectors are integrated into the genome of stem cells and when the stem cells

(undifferentiated cells, replicates, and undergo cell division either to self-renew or to differentiate



into specific cells) replicate, the introduced gene passes onto the daughter cells. In ex vivo GT due
to the use of integrating vectors, the generation of insertional mutagenesis is a risk. The stability
and long-term expression of the episomal, transferred gene is the goal of in vivo GT. Additionally,
for in vivo GT the deleterious immune responses due to the administration of vectors into cells is
always a risk (Hardee et al., 2017;Manno et al., 2006;Raper et al., 2003).

The first successful stories of gene therapy applications involved ex vivo approaches to treat
primary immunodeficiency diseases using autologous hematopoietic stem cells (HSC; self-
renewing cells that give rise to all types of blood cells). Since then, several GT treatments have
received regulatory approval to date (Anguela & High, 2018;Arabi et al., 2022). In 2012, Glybera,
an adeno-associated virus (AAV) based GT drug got conditional marketing approval from the
European Medicines Agency (EMA). This drug is used to treat the autosomal recessive genetic
disease, familial lipoprotein lipase deficiency (LPLD) (Bryant et al., 2013). The US Food and Drug
Administration (FDA) approved another GT-based drug, Imlygic, in 2015. Imlygic utilizes a
genetically modified herpes simplex virus type 1 oncolytic virus to treat unresectable lesions in
patients with melanoma. Strimvelis, a retrovirus-based ex vivo GT drug was approved by EMA in
2016. This is used to treat ADA-SCID (Rehman et al., 2016). Kymriah and Yescartar are chimeric
antigen receptor (CAR-T cell) based immunotherapies targeting CD19 antigens present on the
surface of B-cell malignancies. These two GT drugs got the FDA approval in 2017 and they are
used to treat Non-Hodgkin lymphomas. Kymriah is also used to treat acute lymphoblastic leukemia
(ALL) (Brown et al., 2016). Luxturna got FDA approval in 2017 and is being used to treat a rare
congenital genetic disease which causes blindness. AAV vectors are used in this GT treatment to
replace the mutated biallelic retinal pigment epithelium-specific 65 kilodalton (RPE65) gene

function, which results in retinal dystrophy (Anguela & High, 2018;Maguire et al., 2019).


https://www-sciencedirect-com.proxy.lib.uwaterloo.ca/topics/pharmacology-toxicology-and-pharmaceutical-science/visual-pigment

1.2 Viral and non-viral GT vectors

Vectors are used to deliver transgenes or therapeutic genes to the target cells, and they are broadly
categorized as viral and non-viral systems. Viral vectors are widely used in transgene delivery
because of their natural ability to invade/transfect target cells very efficiently (Boudes,
2014;Rodriguez, 2004). In contrast, non-viral vectors have to be complexed with molecules such
as cationic lipids and polymers to transfect specific target cells or must otherwise be forced into
target cells using techniques such as electroporation or hydrodynamic injection. However, the
transfection methods of non-viral vectors are rapidly being developed (Al-Dosari & Gao,
2009;Lukashev & Zamyatnin, 2016). As indicated in Figure 3, in clinical trials, viral vectors are
most commonly used for gene delivery to target cells, because of their higher transfecting ability
and efficient expressions in target cells. In comparison, the use of non-viral plasmid DNA vectors
accounts for only about 11 % of the transgene delivery methods (Ginn et al., 2018). Even though
viral vectors are used more commonly they are not without their own set of shortcomings such as;
immunogenicity, cytotoxicity, generation of insertional mutagenesis (ectopic chromosomal
integration of viral DNA), difficulty in vector synthesis and low transgenic capacity are few of the
drawbacks of their usage in GT (Cooney et al., 2016;Glover et al., 2005).

Almost 70 % of the GT based clinical trials so far have used modified viral vectors such as
lentiviral, retroviral, adenoviral and AAV vectors for transgene delivery (Yin et al., 2014).
Lentiviral and retroviral vectors are designed to insert genes into the genome of target cells, but
using these vectors has a higher risk of gene disruption (Loring et al., 2016). The use of AAV
vectors also carries the risk of insertional mutagenesis. Even though the AAV vectors usually exist
episomally inside target cells, they may still illegitimately integrate and may further cause issues

of toxicity and immunogenicity (Lesch et al., 2009). Certain adenovirus-based viral vectors such
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as adenovirus serotype 5 (AdV5) or adeno-associated virus type2 (AAV2) vectors cannot be used
in transgene delivery because many people already have a pre-existing immunity against those
viruses, leading to their rapid clearance upon administration. Another disadvantage with viral
vectors is that the same serotype construct of a viral vector cannot be used repeatedly in transgene
delivery in the same patient as they will build immunity against it. The death of Jesse Gelsinger
who was in a phase 1 clinical trial to treat ornithine transcarbamylase (OTC) deficiency using
adenoviral vectors, was due to a vector-mediated inflammatory response that led to organ failure.
In another clinical trial, four patients developed T-cell leukemia due to undirected retroviral vector
insertion. These safety concerns have stimulated heavy research in the development of safer
vehicles for gene delivery (Ponder, 2003;Samson et al., 2008).

Compared to viral vectors, non-viral vectors are far less immunogenic. Plasmids have been
recognized as non-viral gene delivery vectors since 1990. Plasmids are extrachromosomal, self-
replicating, double-stranded, mostly circular DNA molecules (occasionally linear plasmids and
also plasmids made from RNA exit) that are transferable from one bacterial cell to another. The
plasmids are found in bacteria, algae and in some eukaryotes. These plasmid vectors are easier to
produce, ship and store and also have a longer shelf life than viral vectors (Liu & Huang, 2002).
Moreover, plasmid vectors are easy to manipulate, easy to design for use in therapeutic
applications and can be used repeatedly into the same patient in transgene delivery (Ramamoorth
& Narvekar, 2015;Rao & Zacks, 2014). Although non-viral vectors have drawn attention owing
to properties such as biocompatibility, lower immunogenicity, and less cytotoxicity over viral
vectors, the use of non-viral vectors in GT has been limited. This is primarily due to their poor
transfection efficiency, which results in poor introduction and low transient expression in target

cells. Recently, there has been an increase in the use of non-viral vectors, with noticeable



improvements in their transfecting efficiency, specificity, duration of the gene expression, and
safety (Nafissi & Slavcev, 2012). Gene therapy via non-viral vectors offers immense therapeutic
promise, however, both the safety as well as the efficiency of the delivery vectors must be
improved in order to exploittheir full therapeutic potential (Liu & Huang, 2002;Nafissi,

Algawlaq, et al., 2014).

Retrovirus

Within the 30% B AAV
non-viral  vector B Adenovirus
category, RNA
accounts for 13 %o,
plasmids make up Non-viral vectors
1 %, DNA Pox Virus
constitutes 3 9%,
and the remaining
3 % falls under VSV
other non-viral \accinia
vector category.

M Lentivirus

Measles Virus

HSV

Figure 3:Vectors used in GT clinical trials from 2010 to 2020. During this period, viral vectors
were used 70 % of the time, while non-viral vectors were employed in GT only 30 % of the time.
Adapted from. Arabi et al., 2022.

1.3 Non-viral gene delivery vectors used in GT

In order for GT to be successful, the non-viral DNA vector carrying the gene of interest should
traverse the cell membrane barrier, overcome cytoplasmic barriers such as endosomes, and enter
the host nucleus through the nuclear membrane, and express the gene (Miller & Dean, 2009).
Conventional, non-viral plasmid DNA vectors often result in the delivery of unwanted prokaryotic

sequences, such as CpG motifs, antibiotic resistance genes, and the bacterial origins of replication



to the target, which may lead to unwanted immunological responses. Unmethylated CpG motifs
present in bacterial plasmid DNA (exist abundantly in prokaryotic DNA) activate host Toll-like
receptors and polyclonal B-cells which results in the activation of both innate and adaptive immune
responses inside the host (Klinman et al., 1996). These plasmid vectors may also impart the
potential for chromosomal integration, thus potentiating oncogenesis (Spies et al., 2003).
Generation of mutations in the host proto-oncogenes, DNA repair genes, or tumor suppressor
genes due to the non-target vector integration could cause cancer. The plasmid DNA vectors must
also be immuno- and bio-compatible to be able to traverse cellular membranes. Modified gene
delivery techniques such as synthetic carriers or physical methods are used to enhance transfection
efficiency. This can be also achieved by changing the conformation and the composition of the

DNA vectors (Darquet et al., 1997).

DNA minivectors: Smaller DNA minivectors devoid of unwanted prokaryotic sequences have
shown great promise as non-viral GT vectors. Mini circular covalently closed (CCC) DNA
vectors (DNA minicircles) are synthesized using bacteriophage A integrase (Int)-attP or phage P1-
derived Cre-loxP site-specific recombination systems (Darquet et al., 1997;Chen et al.,
2003). DNA minicircles are devoid of unnecessary prokaryotic elements and are comprised of only
the eukaryotic expression cassette. Therefore, they have been shown to enhance the immune and
biocompatibility profiles of conventional plasmid vectors. These attributes coupled with their
small size enhances the vectors’ bioavailability and biocompatibility. Even though these mini
vectors have higher nuclear translocation and extended gene expression capabilities compared to
the conventional plasmid vectors, their circular profile could still potentially lead to vector

insertional mutagenic events (Nafissi & Slavcev, 2012). In contrast, the use of linear vectors avoids



the risk of insertional mutagenesis since integration of a linear plasmid into a chromosome results

in a cytotoxic double-stranded break (DSB) that is lethal to the cell (Figure 4).

Another modified set of plasmid vectors known as linear covalently closed (LCC) DNA
vectors have been investigated. These torsion-free, double-stranded DNA molecules are not
subject to degradation by ExoV exonuclease activity as the ends of the double-stranded DNA
molecules are covalently closed (Hertwig et al., 2003). LCC DNA vectors impart a higher level of
safety compared to their circular counterparts. As shown in Figure 4A, LCC DNA vector
integration into the bacterial chromosome results in the disruption of the bacterial chromosome at
the site of integration, which ultimately results in cellular death. Therefore, non-target vector
integration of LCC vectors reduces the risk of insertional mutagenesis. In contrast, integration of
the minicircle vector or plasmid (Figure 4B), into the non-target sites in the chromosome results
in insertional mutagenesis as the integration does not break the chromosomal DNA. As a result,

the cells continue to divide with the insert, perpetuating the mutation (Nafissi & Slavcev, 2012).
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A, Linear vector integration into the
chromosome.
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Linear vector integration disrupts chromosomal DNA via
double-stranded breaks at the site of integration.

B. CCC vector integration into the
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Figure 4:Vector integration into bacterial chromosome. A. Linear vector integration into the
chromosome results in the disruption of the chromosomal DNA by making double-stranded breaks
at the site of integration. B. Undirected, mini CCC DNA vector integration into the chromosomal
DNA does not disrupt the chromosome, instead imparts molecular continuity. Adapted from
Nafissi & Slavcev, 2012.
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These LCC DNA vectors are prepared by using different in vitro systems. LCC minimalistic
immunogenically defined gene expression (MIDGE) vectors (Figure 5A) are synthesized by
endonuclease excision of the prokaryotic backbone and in vitro capping of the open ends with
hairpin loops. These minimal DNA vectors are comprised of a eukaryotic expression unit
(promoter, coding gene) and RNA stabilizing sequences (Schakowski et al., 2001). According to
Darquet et al.,1997 reduction in the vector size increases the nuclear translocation of the vector,

which results in higher gene expression rates. Compared to conventional plasmid vectors, MIDGE
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vectors impart higher transfection efficiency and higher gene expression rates due to the efficient
nuclear translocation of the smaller size MIDGE vectors. Another LCC DNA vector named micro-
linear vector (MiLV) is synthesized similarly to MIDGE vectors with an additional step of further
amplification of the LCC vector by polymerase-chain-reaction (PCR) (Figure 5B) (Darquet et al.,

1997;Schakowski et al., 2001;Wang et al., 2012).
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Figure 5:Development of MIDGE and MiLV vectors. A. MIDGE vectors are synthesized by
the excision of the bacterial backbone of the parent plasmid by endonucleases; followed by ligation
of the open linear ends with hairpin loops. B. MILV vectors are synthesized similar to MIDGE
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vector synthesis which is followed by PCR amplification of the synthesized MiLV. Adapted from
Schakowski et al., 2001;Wang et al., 2012.

Large-scale in vitro production of MIDGE and MiLV vectors are costly and time-consuming due
to the process requiring multiple steps to be completed. As such, there is a need for an efficient
and inexpensive way to synthesize LCC vectors. Nafissi & Slavcev (2012) developed an
inexpensive, in vivo recombinant platform for the synthesis of LCC DNA vectors, named DNA-
ministrings (MSDNA), exploiting the Tel/Pal recombination system (Nafissi & Slavcev,
2012). DNA ministrings are LCC DNA mini vectors used for high-efficiency transgene delivery.
Like MiLV and MIDGE, these vectors contain only the gene of interest and regulatory sequences.
Compared to conventional plasmid vectors, msDNA vectors are much safer as they lack unwanted
immunostimulatory prokaryotic sequences and minimize the potential for malignant vector
integration events. The smaller size of msDNA enhances transfection efficiency and also increases
the copy number per unit mass. The LCC msDNA is redosable and possesses the highest level of
sequence fidelity compared to in vitro synthesized versions of LCC vectors. Previous studies have
shown that compared to conventional pDNA vectors, msDNA conferred enhanced in vivo
transgene expression in target cells (Talebnia et al., 2023). Furthermore, modifying the LCC DNA
vectors with DNA nuclear targeting sequences (DTS) and covalently linking nuclear localization

signals (NLS) enhances nuclear translocation (Miller & Dean, 2009).

1.4 Synthesis of msDNA

The E. coli N15 bacteriophage is the first bacteriophage to exist as a LCC plasmid in its lysogenic
(prophage) state which is achieved by the protelomerase enzyme TelN acting on the 56

bp telRL recognition sequence (Rybchin & Svarchevsky, 1999). The cleaving and joining activity
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initiated by TelN protelomerase enzyme results in the generation of LCC double-stranded plasmid
DNA (Grigoriev & Lobocka, 2001;Heinrich et al., 2002). Similarly, the bacteriophage PY54,
derived from Yersinia enterocolitica, possesses a paralog of the N15 TelN protelomerase enzyme,
named Tel. This enzyme acts on the 42 bp palindromic target sequence, leading to the formation
of LCC plasmid DNA (Hertwig et al., 2003). DNA ministrings are produced in a recombinant
platform in vivo by utilizing Tel-pal and TelN-telRL recombination systems. Tel-mediated
recognition and binding to the pal target sequence result in a cleaving-joining activity of the
precursor plasmid, producing LCC DNA vectors (Huang et al., 1997;Nafissi & Slavcev, 2012).

Recombinant E. coli cells (R-cells) are constructed by integrating the Tel or TelN protelomerase
enzyme encoding gene cassette into the bacterial chromosome lacZ gene via homologous
recombination. These Tel or TelN enzyme encoding genes are placed under the control of the
strong A pL and pR promoters. This promoter activity is regulated by the temperature-sensitive A-
repressor, CI[Ts]857. At 30 °C the promoter is at an inactive state as the A-repressor abrogates the
promoter activity and when shifting the temperature to 37 °C and above, dissociation of the A-

repressor, CI[Ts]857 results in the activation of the strong promoter activity (Figure 6).
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Figure 6: Temperature regulated expression of the Tel and TelN enzyme encoding genes in
recombinant E. coli (R-cells) bacterial cells. Tel or TelN enzyme-encoding genes are under the
control of the strong A promoters pL and pR in recombinant cells. This expression cassette is
integrated into the bacterial chromosomal lacZ gene via homologous recombination. The promoter
activity is regulated by the temperature-sensitive A- repressor CI[Ts]857. At 30 °C the promoter is
in the repressed state as the A- repressor binds to the operators and abrogates the promoter activity.
When the temperature shifted to 42 °C the promoter gets activated as the repressor dissociates from
the operators. Adapted from Nafissi & Slavcev, 2012.

The plasmid carrying the enhanced green fluorescent protein (egfp) expression cassette as
indicated in Figure 7 (referred to as pNN9) was constructed and transformed into the R-
cell systems. This plasmid contains two 343 bp, multi-target sequences, named super sequence
(SS), that are placed upstream of the SV40 promoter and downstream of
the polyadenylation signal-sequence of the egfp expression cassette (Figure 7). This multi-
target SS consists of a modified pal target site of Tel, to include telRL (TeIN), and loxP (Cre)
target sites between Tel-binding sites of pal. Both pal target sites in the SS are flanked by SVv40

enhancer sequences, which enhances nuclear translocation. The purpose of having a parental
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plasmid with SS, with multiple target sites for Tel, TelN, Cre enzymes is to introduce the same
parental minimal expression plasmid construct into different R-cell systems for the generation of
either mini LCC or mini CCC conformations of the minimal expression cassette. In the pNN9
plasmid, the gene of interest (GOI) is flanked by SS, and its bacterial backbone consists of an
ampicillin resistance cassette (ApR) and a bacterial origin of replication. As shown in Figure 8,
when the pNN9 precursor plasmid is introduced into Tel /TelN integrated R-cells, shifting the
temperature to 42 °C activates the expression of tel/telN Telomerases. Tel/TelN acting on
the pal/telRL target sites present in the pNN9 precursor plasmid results in the formation of LCC,
msDNA (~2.6 kb in size) and also the LCC bacterial backbone (~3.0 kb) (Nafissi & Slavcev,

2012;Nafissi, Sum, et al., 2014).
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Target Sequence Start End

SV40E 1 72
pal 73 87

loxP 88 120
FRT 121 154
pal 160 201
telRL 203 256
pal 257 271
SV40E 272 343

Figure 7:msDNA pNN9 (5.6 kb) precursor parental plasmid. A. The map of the PNN9
precursor plasmid, consisting of the egfp expression cassette flanked by SS, the origin of
replication and the ampicillin resistance gene in the bacterial backbone of the plasmid. B. Multi
target SS consisting of the target sites for Tel, TelN, and Cre recombinases. The modified pal
target site is flanked by two SV40 enhancer sequences, and the rest of the target sites are positioned
in the pal non-binding sites in the plasmid. Adapted from Nafissi & Slavcev, 2012.
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Figure 8:Synthesis of LCC msDNA vectors using the pNN9 precursor plasmid. The pNN9
precursor plasmid is transformed into the Tel /TelN integrated recombinant cells. Shifting the
temperature in the growth media to 42 °C activates the expression of the protelomerase. Expressed
Tel acting on the pal target sites present in the pNN9 precursor plasmid results in the synthesis
of LCC, msDNA and LCC bacterial backbone. Adapted from Nafissi, Sum, et al., 2014.

Another msDNA synthesizing precursor plasmid, pDMS, used in this study, was constructed
based on pNN9 precursor plasmid (Figure 9). The pNN9 and pDMS plasmids can be distinguished
by the presence of specific components. Notably, the pDMS plasmid features a 128 bp PI-Scel
homing endonuclease enzyme recognition sequence (containing 30 bp three tandem repeats of the

homing endonuclease enzyme recognition sequence) and a 585 bp internal ribosome entry site
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(IRES) sequence, as illustrated in Figure 9A. The eukaryotic minimal expression cassette in the
pDMS plasmid includes a polylinker, which allows for the insertion of any desired gene in
transcriptional fusion with the green, fluorescent reporter (GFP) gene (Wong et al., 2016). The
bacterial backbone consists of beta-lactamase encoding gene for ampicillin-resistance and PI-
Scel homing endonuclease recognition sequences, as indicated in Figure 9 A.

The E. coli K-12, W3110, and BW25113 bacterial strains are being used in this study. The araB-
araD genes have been deleted from the genome of BW25113 bacteria, and a genetic alteration has
been implemented in the lacZ gene on the chromosome of the BW25113 bacteria (Grenier et al.,
2014). The tel gene has been integrated into the chromosome of BW25113 bacterial strain using
bacterial phage P1 transduction. E. coli K-12 W3110 and BW25113 E. coli bacterial strains are
well studied and have been widely used in many applications. As shown in Figure 9B, msDNA is
synthesized in a simple one-step, heat-inducible process. The tel-integrated, genetically
engineered W3110 and BW25113 R-cells are transformed by pDMS precursor plasmid. They are
grown at 30 °C and their protelomerase enzyme expression is activated by shifting the temperature
to 42 °C to inactivate the repressor. Protelomerase acting on the pal sites present in
the SS synthesizes msDNA (~3.3 kb) and LCC bacterial backbone (3.1 kb). Finally, the plasmids
are isolated using commercially available kits and the msDNA is agarose gel-purified at laboratory
scale. The same procedure is employed to synthesize msDNA in the presence of the pNN9
precursor plasmid, resulting in the production of msDNA with a size of 2.6 kb, along with

unwanted bacterial backbone with a size of 3.0 kb.
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Figure 9:Schematic representation of the msDNA synthesis using the pDMS precursor
plasmid. A. The circular maps illustrate the differences between the pNN9 and pDMS msDNA
synthesizing precursor plasmids. Notably, pDMS contains the 585 bp IRES sequence and the 128
bp PI-Scel enzyme recognition sequence, resulting in the production of msDNA and unwanted
bacterial backbones of different sizes. B. Schematic representation of the synthesis
of msDNA, using a simple one step-heat inducible procedure. The pDMS transformed R-cells are
grown in LB media at 30 °C and shifting the temperature in the media to 42 °C activates the
expression of the Tel gene. Telomerase activity on the pal sites in the SS generates msDNA and
the LCC bacterial backbone. Finally, the plasmids are extracted. C. When the temperature is
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shifted to 42 °C, Telomerase is over expressed and acts on pal target site. As a result, it synthesizes
3.1 kb msDNA and 3.3 kb LCC bacterial backbone. Adapted from Wong et al., 2016.

1.5 Purification of msDNA

The LCC msDNA is synthesized from CCC precursor pDNA, using a heat-inducible, scalable, in
vivo recombinant platform. Generally, pPDNA extractions consist of different monomeric,
topological isoforms such as: supercoiled CCC pDNA, open circular (OC) and linear
open forms (LO) (Sum et al., 2014). In pDNA extraction, generally, the most predominant form is
the supercoiled CCC pDNA. Figure 10 illustrates the isolated plasmid isoforms when run on an
agarose gel, after msDNA synthesis, using pNN9 as the precursor plasmid. It is a mixture of
different DNA isoforms such as open linear, supercoiled, LCC bacterial backbone, and the
LCC msDNA. The LCC msDNA must be purified from the mixture. At the laboratory scale, the
synthesized msDNA is purified via agarose gel extraction, while at larger scale synthesis, it is
purified using anion exchange chromatography. In the anion exchange chromatography procedure,
the negatively charged DNA binds to the positively charged ligands on the stationary phase. When
a salt gradient is applied, this displaces the ionic interactions and as a result, elutes the DNA in the
order of increasing charge density. The interactions between the DNA and the ligands on the
stationary phase depend on the net charge and the charge density of the DNA molecule.
Supercoiled CCC pDNA has a higher charge density, which binds strongly with the stationary
phase and elutes last with the salt gradient. Anion exchange chromatography relies upon molecule
separation based on charge density as a function of length, which is not always attainable when
there are two or more species similar in size. DNA ministring purification based on size from

agarose gels also has its own limitations; for instance, the plasmid has to be pre-treated with
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enzyme to cut and degrade the un-wanted LCC bacterial backbone if the size of the plasmid
backbone is similar to the msDNA. Moreover, the laboratory-scale purification of msDNA by
agarose gel extraction provides low yields and bottlenecks the scalability of the manufacturing
system (Chen et al., 2005;Sum et al., 2014).

In the process of minicircle production, unprocessed parental precursor plasmids and unwanted
bacterial backbones are digested by restriction enzymes after minicircle synthesis. Next, the
minicircles are purified via cesium chloride ultra-centrifugation. This purification process is time-
consuming, expensive and labour-intensive. Therefore, to overcome these issues the investigators
introduced a homing endonuclease I-Scel encoding gene (discussed below) along with the
endonuclease recognition site into the minicircle synthesizing parental precursor plasmid. After
the parental plasmid is converted into the minicircle DNA and the bacterial backbone DNA,
endonuclease activity is induced to digest the backbone plasmid leaving only
the episomal minicircle vector DNA in the bacteria. The minicircle is then isolated using
commercially available one-step affinity columns (Chen et al., 2005). Similarly, for the current
research one-step, homing endonuclease recombinant purification technology is being introduced
in order to enhance the msDNA purification. The underlying principle of the one-
step msDNA purification system is to destroy the unwanted bacterial plasmid DNA after
protelomerase mediated msDNA synthesis, leaving msDNA as the only episomal DNA species in
the cell after processing.

Another approach utilized in the study involves the utilization of the CRISPR-Cas 3 system, which
is naturally present in E. coli K-12 bacteria. In this method, pre-crRNAs targeting the bacterial
backbone portion of the precursor plasmids are expressed, and the cr-RNA guides the CRISPR-

Cas3 cascade protein complex to bind with the targeted sequence, digesting the unwanted bacterial
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backbone portion of the precursor plasmid. This approach results in the digestion of the unwanted

byproducts of msDNA synthesis.

Amp
Parental supercoiled

PNN?  ecEp CCC pDNA

5.6 kb LCC Backbone DMNA

\——/ Gﬁ* LCC msDNA I
CuIEl

Figure 10:Isolated plasmid DNA extraction after msDNA generation using a pNN9
precursor plasmid on a 0.8 % agarose gel. There is a mixture of different DNA isoforms
generated in the process of MmsDNA synthesis. 1. OL form of the parental CCC plasmid
(~5.6 kbp) 2. Super coiled parental CCC plasmid (~4 kbp). 3.LCC bacterial back bone (3.0 kb) 4.
LCC msDNA (2.6 kb). Adapted from Sum et al., 2014.

1.6 Homing endonucleases

Homing endonucleases are highly specific DNA cleaving, rare cutting enzymes (Grindl et al.,
1998). According to Wende et al.,1996, homing endonucleases are found in eubacteria, archaea,
and eukaryotes (Wolfgang Wende, 1996). Homing endonucleases are encoded by open reading
frames (ORFs — DNA sequences that provide genetic instructions to synthesize proteins)
embedded within introns and inteins. They are classified into four groups based on the following

sequence motifs. They are; LAGLIDADG, GIY-YIG, H-N-H, and the His-Cys Box (Perler et al.,
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1994). The introns in the gene are spliced out during RNA processing, and the remaining exons
are joined together to form mature mRNA. The open reading frames inside these intervening intron
sequences encode homing endonucleases, which recognize specific DNA sequences and cleave
the DNA. Similarly, within the proteins, the intervening inteins are self-spliced out, and homing
endonucleases are synthesized (Chevalier, 2001). Homing endonucleases transfer their host
genetic materials to an allele that lacks introns or inteins through a process called homing. The
nucleolytic enzyme PI-Scel belongs to the LAGLIDADG family and is naturally synthesized
in Saccharomyces cerevisiae (Grindl et al.,, 1998). PI-Scel, previously known as VDE
(VMAL derived endonuclease), results from a protein-splicing reaction. VMAL gene encodes a
119 kDa precursor protein which undergoes protein-splicing, leading to the formation of a
69 kDa vacuolar membrane-bound H+-ATPase and a 50 kDa endonuclease (Gimbles et al.,
1993).

PI-Scel recognizes larger DNA sequences (depending on the substrate, the recognition sequence
varies and may exceed 40 bps) and nucleotide site recognition is not very stringent like in type 1l
restriction enzymes. In the presence of divalent cations such as Mn?* and Mg?*, PI-Scel cleaves
the double-stranded DNA molecule into two DNA fragments. This endonuclease is not only a
nucleolytic enzyme but also acts as a splicing enzyme (Gimble et al., 2003). The nucleolytic
activity of the enzyme is due to the presence of two LAGLIDADG motifs. According
to Thorner and Gimble. (1992), PI-Scel recognizes a 30 bp sequence and the recognition site is
not stringent as in other restriction enzymes. Therefore, single base-pair changes do not affect the
cleavage of the target by endonucleases. The recognition site indicated in Figure 11 is one of the

known recognition sites of this Homing endonuclease (Gimble & Thorner, 1992).
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5. ATCTATGTCGGGT G(%GAGAAAGAGGTAATGAAATGG. S &
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Figure 11:PI1-Scel homing endonuclease 30 bp recognition sequence and the cleavage site.
The 30 bp PI-Scel recognition sequence is as highlighted. PI-Scel, unlike other restriction
enzymes, does not have a very stringent recognition and they do not have a defined cleavage site.
The one shown above is a common cleavage site known so far, but it could have several other
cleavage sites, which are still unknown. A single base-pair mutation of the recognition site does
not affect the binding of the enzyme to the target site. Adapted from Gimble & Thorner, 1992.

1.7 Conditional-replication, integration and modular (CRIM) plasmids

Recombinant enzymes are overexpressed by cloning the enzyme encoding genes into expression
plasmids, but the high-copy number artifacts generation due to this could adversely affect
physiological studies (Hasan et al., 1994;Metcalf et al., 1994,Glick, 1995). Therefore, integrating
genes into the bacterial chromosome helps the studying of the corresponding gene function in
single copies and this leads to the creation of novel E. coli, bacterial strains stably expressing
multiple foreign genes in the same cell (Landy & Ross, 1977). In this study CRIM plasmids are
used to integrate the P1-Scel homing endonuclease encoding gene into the bacterial genome. These
plasmids consist of an R6K origin of replication, a lambda phage attachment (attP) site, and an
antibiotic-resistance marker. The R6K origin of replication requires the transacting protein ,
which is synthesized in pir™ bacterial cells, to replicate (Haldimann & Wanner, 2001;Izsvak et al.,
2009). CRIM plasmids integrate into the bacterial chromosome through site-specific
recombination which takes place between the phage attachment site present in the CRIM plasmid
and the corresponding bacterial attachment (attB) site present in the bacterial chromosome
of pir-bacteria. Figure 12 illustrates the schematic representation of the integration of the

integrative plasmid via site-specific recombination into the bacterial chromosome. In order to
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integrate the plasmid via site-specific recombination, the phage derived integrase (Int) and
the integration host factor (IHF) encoded by E. coliis required (Haldimann & Wanner,

2001;Martinez-Morales et al., 1999;Zucca et al., 2013).
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Chromoseme REG'ON PART REGION Chromosome B 0 PI PART P O B'

Homologous recombination Site specific recombination via att sites

Figure 12:Integration of the bacterial plasmid via site-specific recombination into the
bacterial chromosome. A. In the integrative plasmid, the region highlighted in red is homologous
with the region highlighted in red in the bacterial chromosome. After a single crossover event
generated by the bacterial recombination system, the whole plasmid is integrated into the bacterial
chromosome. In the RecA E. coli cells the homologous recombinases are provided by a helper
plasmid. B.  The integrative  plasmid has the phage attachment site  (attP)  which
is homologous with the bacterial attachment site present in the bacterial chromosome (attB),
where  site-specific  recombination  takes place. = The homologous region (common
core) “O” is flanked by two different arms of attP (P and P’) and attB (B and B’) sequences. The
single crossover event generated by the phage integrases encoded by helper plasmids integrate the
plasmid into the bacterial chromosome. Adapted from Zucca et al., 2013.

Generally, bacteriophages insert their DNA into the bacterial chromosome either through
transposition like phage Mu or through site-specific recombination as for phage A. The phage A
inserts their DNA at a specific location in the chromosome, through site-specific recombination.
Also, certain ~ plasmids integrate  into the  bacterial chromosome by  site-
specific recombination. This concept was utilized when generating CRIM plasmids; this is by

inserting different attP sites into the CRIM plasmid to facilitate integration at various phage

27



attachment sites in the bacterial chromosome. The site-specific recombinases, belonging to the
integrase family, perform site-specific recombination activity between the attP site in the CRIM
plasmid and the corresponding attB site present in the bacterial chromosome (Argos et al., 1986;Xu
et al., 2001). In orderto insert the ADNA to the bacterial chromosome, there has to be
a minimum 21 bp long attB and a 234 bp attP. As shown in Figure 13, the highlighted 15-bp A
attB core gene sequence is identical to the 15-bp gene sequence present in the 234-bp attP site

(Campbell, 1992).
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Figure 13:The highlighted 15 bp A attB sequence which is identical to the attP site.
Adapted from Campbell, 1992.

There are five different phage attachment sites that are used by phages A, HK022, ¢80, P21, and
P22 for integration. The location of the corresponding bacterial attachment sites present in the
chromosome of the wild type E. coli K-12 is as indicated in Figure 14. The corresponding core
gene sequences of attB of different phages are shown in Table 1. CRIM plasmids are integrated
into the bacterial chromosome by supplying integrase (Int) enzymes in trans. This is achieved by
transforming helper plasmids carrying the Int enzyme-encoding genes. The integrated CRIM
plasmids can be retrieved from the bacterial chromosomes by supplying excisionase in trans by
transforming helper plasmids carrying the Xis-encoding genes (Barzel et al., 2011;Boyd et al.,

2000;Haldimann & Wanner, 2001).
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Figure 14:The chromosomal location of bacterial attB present in wild type E. coli K-12
bacteria. Adapted from Haldimann & Wanner, 2001.

Phage Core gene sequence of the corresponding attB present
in the bacterial chromosome.

2 (36) CtgCTTttTtatActAACTTG
HKO022 gtgaCTTTaggtgaatAAGGtTgA
(58,73)

P21 (65) AgATGatGCtGCgcCATAT
P22 (37) CagCGCATTCcgtAATGCGAAG
®80 (37) AACACTTTCcttAAAtgGTT

Table 1:Core attB sequences (highlighted) of various lambdoid phages. Adapted from
Haldimann & Wanner, 2001.
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1.8 CRISPR-Cas3 system of E. coli K-12 bacteria

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) — CRISPR-Associated
Systems (Cas) are RNA-dependent immune systems used by bacteria and archaea to defend against
nucleic acids from invading viruses and mobile genetic elements (MGE) (Sorek et al., 2013).
CRISPR-Cas systems are found in both bacteria and archaea and consist of one or more CRISPR
arrays and Cas genes (Xue & Sashital, 2019). The CRISPR array is comprised of target-specific
spacer sequences alternating with repeat sequences (Bolotin et al., 2005). The spacer sequences
are acquired from nucleic acids present in invading viruses. The Cas genes encode Cas proteins
which form the effector complex. CRISPR immune responses in bacteria can be broken down into
three stages. Adaptation, expression and maturation and interference. In the adaptation process,
foreign DNA sequences are acquired (protospacers) and inserted between the repeat sequences as
“spacers” in the CRISPR array (Barrangou et al., 2007). The memory within the realm of adaptive
immunity is established through the acquisition of new spacers. In the expression and maturation
stage, the long transcripts of the CRISPR array (pre-crRNA) go through processing to form a
mature functional truncated crRNA (Carte et al., 2008). In the CRISPR interference, the crRNA
acts as a guide to recognize incoming nucleic acids by binding to complementary protospacer
sequences present in the target sequence. The binding of crRNA with the effector complex guides
the effector complex to the target sequence (Marraffini & Sontheimer, 2008). The nucleases

present in the effector complex digest the target sequence (Figure 15) (Xue & Sashital, 2019).

CRISPR-Cas systems are divided into two main classes (Class 1 and Class 2), six types, and 30
subtypes. The primary distinction between the two classes lies in the composition of the effector

complex. Types I, Il, and IV belong to Class 1 of the CRISPR-Cas system, where the effector
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complex is composed of a multiprotein cascade consisting of several Cas proteins. Class 2 effector

complexes are comprised of a single multidomain Cas protein (Murugan et al., 2017).
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Figure 15:Stages of CRISPR immune responses. CRISPR immune response can be broken
down into three stages: Adaptation, expression and maturation and interference. Adaptation: when
bacterial cells invade by a phage, the phage DNA pieces are recruited by adaptation complex and
integrate into the CRISPR array. Expression and maturation; CRISPR array transcribed the long
pre-crRNA transcript. Upon processing it forms a matured crRNA consisting of spacer sequences
flanked with partial repeat sequences. Interference: crRNA binds with Cas proteins and form an
effector surveillance complex, where it binds with the invading phage DNA. Nucleases present in
the effector complex degrade the DNA. Adapted from Xue & Sashital, 2019.

Due to the simplicity of the composition of the effector protein complex of the Class 2 system,
they are mostly used in biotechnology for customizable applications for the purpose of cleavage

of specific DNA/RNA nucleic acids. Even though the Class 2 CRISPR systems are simpler, 90 %

31



of bacteria and archaea have a Class 1 system (Makarova et al., 2015). The classification of
different types of CRISPR systems is based on their mechanisms of action and the type of target
nucleic acid. For instance, Type | systems cleave and degrade DNA; Type Il systems cleave DNA
and type Il systems cleave DNA and RNA. Type | and Il systems require the following factors
for effective targeting: complementarity between the crRNA spacer sequence and the protospacer
sequence present in the target nucleic acid, and the presence of a protospacer adjacent motif (PAM)

upstream to the protospacer sequence (Makarova et al., 2011) (Figure 16 B).

1.8.1 Type 1E CRISPR-Cas system

E. coli K-12 bacteria has a Type 1 E CRISPR-Cas system, and its CRIPSR-Cas locus consists of
two CRISPR arrays and a cas operon (Figure 16A). The cas operon expresses eight CRISPR-Cas
genes (cas 1,2,3,5,6,7,8e and 11). Casl and Cas2 proteins are involved in CRISPR adaptation.
Upon expression of the cas genes, a cascade complex is formed. The multi subunit cascade
complex is required for crRNA binding with the target sequence, cleavage, and degradation of the
target nucleic acids (Brouns et al., 2008).The pre-CRISPR RNA is transcribed unidirectionally by
the promoter sequences present in the leader sequence, upstream of the CRISPR array. The pre-
CRISPR RNA, upon processing, results in the generation of mature CRISPR RNAs (crRNA)
consisting of an individual spacer sequence flanked by partial repeat sequences. The pre-crRNA
forms stem-loop structures in the repeat sequences. The Cas6 endoribonuclease recognizes the
stem-loop structures and cleaves it at the base of the stem (Figure 17). Following the cleaving of
the stem-loop structure at the base, Cas6 continues to bind to the 3' end of the crRNA.
Subsequently, the rest of the Cas proteins assemble and form the cascade complex. The cascade
protein in the effector complex binds with the AAG PAM sequence in the target nucleic acid. The

Type 1 E CRISPR-Cas system in E. coli recognizes 5> AAG 3’/ 3° TTC 5 PAM sequences.
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Subsequently, the spacer of the crRNA binds with the complementary protospacer sequence and
forms a DNA-RNA hybrid and initiates the cleavage or degradation of the target nucleic acids
within minutes of invasion. This is called CRISPR interference (Gasiunas et al., 2012). As shown
in Figure 18, the spacer sequence binds with the target strand (T-strand) of the protospacer
sequence and unwinds the target DNA. Cas 3-helicase-nuclease is recruited by the cascade protein
through protein-protein interactions. Cas3 first nicks the non-target (NT-strand) strand of the
protospacer sequence and subsequently digests the T strand at multiple locations and ultimately
degrades the target sequence. There are two types of adaptation that take place in E. coli, known
as naive and primed adaptation. In naive adaptation, the new spacers are acquired from existing or
foreign DNA sequences that are present inside the cell, which have the 5> AAG 3°/3° TTC 5° PAM
motifs. In primed adaptation, the new spacers are acquired from sequences surrounding already
existing spacers targeting protospacers sequences. This way, bacteria strengthen and update its

memory in order to fight against specific invaders in the future (Shiriaeva et al., 2022).
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Figure 16:Bacterial CRISPR-cas system. A. Type 1-E CRISPR-Cas operon of E. coli K-12
bacteria. The promoters are indicated from arrows. The repressors of cas3 and cas8e are
represented from arrows. The CRISPR array consists of spacer sequences flanked by repeat
sequences followed by leader sequence where promoter sequences are present B. Upon processing
of the pre-crRNA forms shorter crRNAs consisting of single spacer sequence flanked by partial
repeat sequences. The spacer sequence is complementary to the target protospacer sequence. The
cascade protein in the effector complex binds with the AAG PAM sequence of the E. coli target
sequence. The 8 bp seed sequence in 5° end of the crRNA is very critical in guiding the effector
complex bind with the target sequence. Adapted from Gomaa et al., 2014;Xue & Sashital, 2019.

1.8.2 Strategies employed by phages to evade CRISPR immunity

Even though CRISPR-Cas immunity is a robust defensive mechanism used by bacteria to fight
against invading bacterial phages, phages have escaped CRISPR immunity (van Houte et al.,
2016). Research is being conducted using the model organism Enterobacteria to test the CRISPR
immune response through phage-challenge and plasmid-based assays. The escape mutations
generated in the protospacer sequences, especially within the PAM sequence and the seed region,

34



inhibit cascade complex binding to the target sequence. Even the presence of a certain number of
mismatches between the spacer sequence and the target protospacer sequence doesn’t disrupt
effective targeting. The mismatches in the “seed region” (8 bases in the 5 end of the spacer

sequence) of the spacer sequence, disrupts effective targeting (Jiang, Bikard, et al., 2013).

Anti CRIPSR proteins encoded by phages inactivate the CRISPR immune response. Anti-CRISPR
genes have been found in the genome of prophages and they encode small proteins which interfere
with CRISPR interference. This is by blocking the CRISPR-Cas cascade complex binding to the
target sequence (Borges et al., 2017). Research indicates that initially, when a bacterium becomes
infected with a phage, the CRISPR immune system effectively eliminates the phage. However,
upon repeated exposure of the phage to bacteria, the phage begins to produce enough anti-CRISPR

proteins that thwart the CRISPR defenses, preventing elimination (Dong et al., 2017).
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Figure 17:Transcription and maturation of pre-crRNA. A. Transcription of the CRISPR array
results in the synthesis of long pre-crRNA transcript. The stem-loop structures are formed in repeat
sequences. Cas6 endoribonulcease cut the at the base of the stem-loop structure. Following the
cleaving of the stem-loop structure at the base, the Cas6 continued to bind to the 3' end of the
crRNA. B-C. Subsequently the rest of the cas proteins assembled in sequence to form the cascade
complex. Adapted from Xue & Sashital, 2019.
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Figure 18:CRISPR interference. CRISPR array consists of spacer sequences flanked by repeat
sequences. The crRNA transcribed from CRISPR array binds with the cascade protein to form the
effector complex. This effector complex binds with the target protospacer sequence which has
complementary sequence with the spacer sequence. The effector complex first binds with AAG
PAM sequence and then the spacer sequence forms the DNA-RNA hybrid with the target T strand.
Cas3- helicase protein is recruited by the cascade protein via protein-protein interactions.
Subsequently Cas3 nicks first the non-target N-strand and the T-strand at multiple locations.
Thereby degrading the target DNA. Adapted from Shiriaeva et al., 2022.
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2. Rationale, hypothesis, and objectives

2.1 Rationale

Considering the advancement of msDNA is expanding, larger scale synthesis and cost-effective
purification is a necessity to eventually use this in clinical applications. The in vivo recombinant
platform to produce msDNA results in a mixture of unprocessed precursor plasmids, unwanted
prokaryotic LCC plasmids, and their topological isoforms (such as supercoiled CCC, circular open
DNA and linear open DNA). Therefore, purifying msDNA vectors from other DNA species and
isoforms is a crucial step in the purification process. Currently, at the laboratory scale, msDNA is
purified using electrophoretic approaches, which results in a significant loss of DNA Yyield.
Additionally, use of standard plasmid isolation, followed by treating the bacterial lysate with
commercially available restriction enzymes to purify msDNA, is not scalable in the mid-to-large
scale setting. This is primarily due to the fact that conducting these downstream steps is both time-
consuming and expensive. Therefore, the need to optimize this process is necessary.

For this project, we focus on the development of an in vivo recombinant system to digest unwanted
prokaryotic precursor plasmid and byproduct DNA species upon processing of msDNA from
precursor parental plasmid in an attempt to improve purification efficiency, using the P1-Scel
homing endonuclease to isolate msDNA. This project focuses on integrating the homing
endonuclease gene (vma), encoding the PI-Scel homing endonuclease, under the control of an
inducible promoter (a system that can be efficiently and rapidly turned on and off) into the bacterial
host chromosome as a single copy cassette.

An additional approach that will be investigated to purify msDNA from unwanted DNA species

is the use of the RNA guided CRISPR-Cas 3 system; an endonucleolytic system that is naturally
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present in E. coli bacteria, to target and degrade the unprocessed precursor plasmid and unwanted

bacterial backbone.

Hypothesis: Recombinant bacteria engineered to encode and express vma homing
endonuclease under the control of an inducible promoter will improve the purification
of msDNA by digesting any unprocessed, non msDNA species following msDNA processing
in vivo. Furthermore, recombinant bacteria carrying a pre-CRISPR RNA encoding genetic
element targeting endogenous Cas3 to the precursor plasmid backbone will improve the
purification of msDNA by digesting any unprocessed, non msDNA species following msDNA

processing in vivo.

2.2 Objectives:

The main objective of the research project is to develop a recombinant system which degrades all
the unwanted DNA by products after msDNA synthesis leaving only msDNA intact, thereby
simplifying purification.

1. Integration of the PI-Scel homing endonuclease encoding gene (vma) into the bacterial
chromosome.

2. Expression of the vma homing endonuclease gene upon integration into the E. coli genome
to determine whether the introduced homing endonuclease imparts any adverse effects on
the synthesis of msDNA.

3. Integration of the vma gene into JM109-tel recombinant bacteria via P1-transduction and

induction of msDNA synthesis, followed by over expression of the vma gene.
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4. Episomal expression of the Tel protelomerase enzyme to induce msDNA synthesis in

recombinant bacteria.

5. Digestion of the msDNA synthesizing precursor plasmid upon over expression of the pre-

crRNA targeting the bacterial backbone.

6. Determination of msDNA synthesis in pre-crRNA synthesizing recombinant bacteria.
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3. Materials and methods

3.1 Strains and plasmids

A complete list of plasmids, bacterial strains and their genotypes used for this study can be found

in Table 2.
Strain / Plasmid Genotype Source
Bacteria

DH5a F-, 4 (argF-lac)169, Coli genetic stock
080dlacz58(M15), AphoA8, gInV44(A4S), /- center (CGSC)
, deoR481, rfbC1, gyrA96(NalR), recAl, endAl, thi- # 12384
1, hsdR17

W3110 F-, X, IN (rrnD-rrnE)1, rph-1 CGSC #4474

W3110 vma* F-, A-, IN (rrnD-rrnE)1, rph-1; Km-vma This study

W3110 tel* F-, A-, IN (rrnD-rrnE)1, rph-1 lacZ: Cm-CI857-tel  This study

W3110 tel'vma™ F-, X, IN (rrnD-rrnE)1, rph-1 lacZ: Cm-CI857-tel  This study
;araC-araBAD-vma

BW25113 F-, A(araD-araB)567, AlacZ4787(: rrnB-3), -, rph- CGSC #7636
1, A(rhaDrhaB)568, hsdR514

BW25113 vma™ F-, A(araD-araB)567, AlacZ4787(: rrnB-3), -, rph-  This study
1, A(rhaDrhaB)568, hsdR514;, Km-vma

BW25113 tel” F-, A(araD-araB)567, AlacZ4787(: rrnB-3), -, rph-  This study
1, A(rhaDrhaB)568, hsdR514, lacZ: Cm-cl857-tel

JM109 F’ traD36 proAB+ laclg lacZAM15/ A(lac-proAB)  New England Bio
endAl gIinV44 thi-1 el4— recAl gyrA96 relAl labs (NEB)
hsdR17

JM109 tel” F’ traD36 proAB+ laclg lacZAM15/ A(lac-proAB)  Mediphage
endAl ginV44 thi-1 el4— recAl gyrA96 reldl Bioceuticals
hsdR17; Cm-CI857-tel

JM109 tel*vma* F’ traD36 proAB+ laclg lacZAM15/ A(lac-proAB)  This study
endAl ginv44 thi-1 el4— recAl gyrA96 reldl
hsdR17; Cm-CI857-tel-vma

BL21(DE3) F-ompT hsdSB (rs~, mg~) gal dcm (DE3) Mediphage

Bioceuticals

Plasmids
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pAH120 attP . integration plasmid (KnR) National Bio
Resource Project

(NBRP)
pint(ts) A ts-int A (ApR) Addgene
PACYC184 Cloning vector;tet?, CmR Accessiond#

X06403.1

Addgene
PACYC184-ClI- CI-857-PL-tel-PR -CmR This study
857-tel
pACYC-tel-T7 pACYC-Duet-T7-tel Mediphage

Bioceuticals
pSW3 pAH120; vma This study
pDMS pGL2-egfp;(2XSS) (second SS downstream of This study

SV40 polyA sequence); 3 tandem PI-Scel target
sequences integrated

Table 2:Bacteria and plasmids used in experiments

3.1.1 Media and culture conditions

Luria-Bertani (LB) broth (pH 7.0) complex media was used to grow bacterial strains. Super
optimal broth (SOB) and super optimal broth with catabolite repression (SOC) were prepared, as
outlined in Cold Spring Harbor Protocols (2018). Antibiotics used to select for plasmid
maintenance and their concentration were as follows: ampicillin (Ap) (100 pg/mL; aqueous),
chloramphenicol (Cm) (25 pug/mL; ethanol), and kanamycin (Km) (50 pg/mL; aqueous). Single
copy integrants (chromosomal integration of the vma gene) were selected using Cm (6 pg/mL) and

Km (10 pg/mL) (Haldimann & Wanner, 2001).

3.2 Plasmid construction

3.2.1 Construction of pSW3 plasmid
The vma (P1-Scel homing endonuclease encoding) gene (NCBI accession no# NC 001136.10),

was previously cloned into the pAH120 integrating plasmid, referred to as, “pSW3”, by Dr. Shirley
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Wong (Figure 19). Using site-specific recombination between the 1 aztP site of the plasmid and
the corresponding bacterial attB attachment site of the bacterial chromosome, the entire integrating
plasmid (including the vma expression cassette) was integrated into the bacterial chromosome. The
glycerol stocks of DH5a bacteria carrying the pSW3 plasmid were streaked on agar plates
supplemented with Km and incubated at 37 °C overnight. LB broth (5 mL) supplemented with 2.5
pL of Km was inoculated with a single colony and grown at 37 °C overnight at 250 RPM. The
culture was then centrifuged for 5 min at 10,000 RPM, and the cell pellet was collected. The
plasmids were extracted from the pellet using the Monarch Plasmid Miniprep Kit (New England
Biolabs (NEB), Ipswich, USA). The presence of the vma gene in the pSW3 plasmid was confirmed
through  gene-specific  polymerase chain  reaction (PCR) using forward (5’
AACCGTTGGCCTCAATCG 3°) and reverse (5° GATGGGCCCTTAGCAATTATGG 3°)
primers. Amplification was performed using One Taq 2X PCR Master Mix NEB for 30 s at 94 °C
for initial denaturation, followed by 30 cycles each of 15 s at 94 °C, 15 s at 52 °C, 1 min 48 s at
68 °C, and 5 min at 68 °C for the final extension to generate a 1832 bp fragment. The presence of
the vma gene in pSW3 was further confirmed using Sanger Sequencing (Centre for Applied

Genomics (TCAG), Toronto, CA).

43



VMA  gERne e

-
H.\. ‘-“"'\,\
"
.
-\..\..\.

__—— AHT rermminator seguence

-\._\_.*.:_ i
__-ActtP
p5W3 .
i REK ¥, origin of
MCS— = 5425hp i teplication
-
araBAD
prarmoter
.. Kamamyzin
ardl “Resistance

Figure 19:pSW3 plasmid map used in the study. The PI-Scel endonuclease encoding gene, vma,
is under the control of the Pgap promoter. This vma-araC-Pgap gene cassette was cloned into the
pAH120 integrating plasmid. The construct is named pSW3, which is 5,425 bp in size.

3.2.2 Construction of the pACYC184-CI-857-tel plasmid construct

The Tel protelomerase enzyme encoding tel gene was cloned into the prokaryotic inducible
plasmid, pPL451, by Dr. Nafiseh Nafissi in 2012 (Nafissi & Slavcev, 2012). The cloned gene was
placed under the control of strong promoters (A pL and pR), under which the expression of the
cloned gene was regulated by the heat-labile A repressor, CI857. The 3.4 kb c1857-pL-tel-tL gene
cassette was amplified using forward (5’- CCCGGGTATGTTATGTTCTGAGGGGAGTG -37)
and reverse (5° - GAGCTCAAGTTGGGTAACGCCAGG - 3’) primers. The italicized regions
denote Xmal and Sacl restriction enzyme sites, respectively. The 3.4 kb insert was PCR amplified
using Phusion Flash High-Fidelity PCR master mix from Thermo Fisher Scientific (Waltham,

USA). The PCR conditions are outlined in Table 3. The pACYC184 (4.2 kb)
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(Accession: X06403.1) low copy number plasmid was subjected to restriction enzyme digestion
using NEB (Ipswich, USA) EcoRV restriction enzyme, followed by blunt end ligation of the PCR
amplified c1857-pL-tel-tL (3.4 kb) insert. The PCR amplified clI857-pL-tel-tL insert was
phosphorylated using T4 Polynucleotide Kinase from NEB. The EcoRV digested pACYC184
plasmid (vector) was dephosphorylated using NEB Shrimp Alkaline Phosphatase. The
phosphorylated cl857-pL-tel-tL insert and the dephosphorylated pACYC184 vector were ligated
using NEB T4 DNA ligase. The ligation was performed at a 5:1 insert:vector ratio and was
incubated overnight at 16 °C. Strain DH5a was transformed with 10 pL of the ligation mixture via
electroporation. Tetracycline sensitive and chloramphenicol resistant (CmR) colonies were picked
and grown at 30 °C overnight to isolate plasmids. The presence of the insert in the pACYC-CI-
857-tel recombinant plasmid (Figure 20) was confirmed by digesting the plasmid with Xmal and
Sacl restriction enzymes from NEB. The cloning was further confirmed by sending the
constructed recombinant plasmid for sanger sequencing (Centre for Applied Genomics (TCAG),

Toronto, CA).

Cycle Step Temperature  Time (Second) Cycles
(°C)
Initial 98 10 1
denaturation
Denaturation 98 1
Annealing 62.5 5 30
Extension 72 51
Final Extension 72 60
4 Hold 1

Table 3:Cycling instructions for amplification of the 3.4 kb gene fragment.

45



p15 ori
o Y 4

gene

telgene
ApL

pACYC-CI-857-tel A PR

7.6 kb
CI857 \ repressor

Figure 20:pACY C-CI-857-tel recombinant plasmid. The tel gene was placed under the control
of strong pL-pR promoters, and the overexpression of the tel gene is regulated by the temperature-
sensitive CI-857 A repressor. A chloramphenicol-resistant recombinant pACYC-CI-857-tel
plasmid was constructed by cloning a 3.4 kb insert into the 4.2 kb pACYC184 vector plasmid
using the traditional restriction enzyme digest-ligation method. The resulting recombinant plasmid
is 7.6 kb in size.

3.2.3 Construction of pDMS-tel recombinant plasmid

The Tel protelomerase enzyme encoding tel gene expression cassette was PCR amplified from the
pPL451 recombinant plasmid, as outlined in section 3.2.2. The cloning of the clI857-pL-tel-
tL cassette into the pDMS msDNA synthesizing precursor plasmid was performed in two steps.
First, the 3.4 kb c1857-pL-tel-tL cassette was PCR amplified from the pPL451 plasmid and blunt-
end ligated into the pUC18 plasmid (2.7 kb) (NCBI accession# L08752) (Norrander et al., 1983).
The pUC18 plasmid was digested with Smal(NEB, Ipswich, USA), which disrupted the lacZ gene
segment in the plasmid. The digested pUC18 plasmid was subjected to dephosphorylation by rSAP
from NEB. The 3.4 kb insert was phosphorylated using NEB T4 Polynucleotide Kinase. The
dephosphorylated vector and the phosphorylated insert were ligated at a 5:1 insert:vector ratio

using NEB T4 DNA ligase. The ligation reaction mixture consisted of 50 ng of vector and 315 ng
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of insert, mixed in a final volume of 20 pL. Electrocompetent DH5a cells (50 uL) were
transformed with 10 uL of the ligation reaction. The blue/white screening on IPTG + X-gal plates
was performed to isolate positive transformants. Recombinant bacteria carrying pUC18-tel
appeared white on IPTG + X-gal plates. The insert was isolated from the pUC18-tel recombinant
plasmid by digesting the recombinant plasmid with Smal and Sacl restriction enzymes. The
digestion mixture was run on a 0.8 % agarose gel and the insert was gel extracted using the NEB
Monarch DNA gel extraction kit. The double-digested insert was ligated with the double-digested
(both Smal and Sacl) pDMS vector using NEB T4 DNA ligase enzyme. Electrocompetent DH5a
cells were transformed with 10 pL of ligation reaction and spread onto selective LB + agar plates

supplemented with Ap. The plates were incubated overnight at 30 °C.

3.2.4 Construction of the CRISPR Cas3 pre-crRNA expressing plasmids

The 90 bp pre-crRNA encoding gene sequence was cloned into the pACYC-pBAD-tel-Duet-1
plasmid via PCR. The forward and reverse primers were designed by including parts of the 90 bp
sequence in their 5’ ends. The pACYC-araC-tel-Duet-1 plasmid is 6,795 bp in size. Primers were
designed to amplify the entire plasmid, avoiding the tel gene. The forward and reverse primer
sequences indicated in Table 4 were used to insert the pre-crRNA encoding 90 bp gene sequence
into the pACY C-araC-tel-Duet 1 plasmid. Each primer contains a part of the crRNA sequence and
a sequence that binds with the pACY C-tel-pBAD-Duetl plasmid upstream of the Peap promoter.
For PCR amplification, Bio-rad (Hercules, USA) C1000 Thermal Cycler was used. The PCR
reaction contained 12.5 pL of the Thermo Fischer Scientific (Waltham, USA) Phusion High
Fidelity PCR Master Mix, 10 ng of plasmid DNA, 0.1 uM of forward and reverse primers, and
sterile water within a final volume of 25 pL. Table 5 describes the settings used for the

amplification of the targeted gene product. The PCR products were run on a 0.7 % agarose gel at
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90 V for 1 h and 30 min. The successful insertion of the pre-crRNA encoding gene sequence into
the pACYC-Duet 1 plasmid, should produce a -5 kb PCR fragment upon amplification (Figure
21). The PCR product was gel purified using the Qiagen (Hilden, Germany) QIAquick Gel
Extraction Kit. The concentration and the purity of gel-extracted DNA was measured using the

Thermo Fisher Scientific (Waltham, USA) NanoDrop 2000.

PRIMER SEQUENCE

Target-1 5" ATCCAGTTCGATGTGAGTTCCCCGCGCCAGCGGGGATAAACCGCTGAAACCTCAGGCATTTGAG 3

FP

Target- 1

s
RP CTCAACAGCGGTAAGATCCEETTTATCCCCECTEGECECEEEGAACTCTGGATTTTCATTATATCTCCTTC
3 b

Target-2 | 5° TCCATAGGCTCCGGAGTTCCCCGCGCCAGCGGGGATAAACCGCTGAAACCTCAGGCATTTGAG 3’
FP

Target-2 5’
RP AAAACGCCAGCAACGCGGCCGGTTTATCCCCGCTGGCGCGGGGAACTCTGGATTTTCATTATATCTCCTTC
3

Table 4:Forward and reverse primers used to generate the pre-crRNA encoding gene
sequence. The designed two spacer sequences are referred to as target 1 and 2. Target 1
protospacer sequence is in the Ap resistant gene of the precursor plasmid. Target 2 protospacer
sequence is in the ori of the precursor plasmid. The text highlighted in green, and blue indicates
the sequences of the forward and reverse primers which bind to the pACYC-araC-tel-Duet-1
plasmid. The text highlighted in pink and grey are the 90 bp target 1 and 2 sequences attached to
the 5° ends of the forward and reverse primers. Each forward and reverse primer contains
approximately half of the crRNA sequence.
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Cycle step Temperature Time Number of
cycles
Initial 98 °C 10's 1
Denaturation
Denaturation 98 °C 1s
Annealing 56 °C (using
target 1 primers)
5
67.7 °C (using
target 2 primers)
Extension 1min20s 30
(Target 1)
72°C
1 min23s
(Target 2)
Final extension 72°C 60 s 1
Incubation 4°C Incubate N/A

Table 5:PCR steps for insertion of the pre-crRNA encoding gene sequences into the
PACY C-araC-tel-Duet-1 plasmid.

p15 ori

cat promoter R

Cm"gene

Figure 21:Generation of pre-crRNA expressing plasmid. The successful insertion of the pre-

pACYC-araC-tel-Duet 1
(6.7 kb)

tel/gene

araBAD

Insertion of 90 bp

pre-crRNA sequence

CrRNA results in generating a 5 kb pcrRNA plasmid.
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3.2.4.1 Phosphorylation and cleanup of PCR amplified product

The gel extracted DNA fragment of the amplified pACYC-Duet 1 plasmid, flanked with crRNA
sequences, was phosphorylated using the NEB (Ipswich, USA) T4 Polynucleotide Kinase (PNK).
Each reaction contained 300 ng of DNA, 5 pL of 10X T4 PNK buffer, 1 uL of T4 PNK enzyme,
5 pL of 10 uM ATP and sterile water in a final reaction volume of 50 puL. The phosphorylation
was conducted to phosphorylate the 3’ ends of the amplified DNA fragment to enable successful
ligation. The reaction was carried out on ice and incubated at 37 °C for 30 min. The reaction
mixture was heat inactivated by incubating at 60 °C for 20 min. The phosphorylated PCR product

was purified using the NEB Monarch PCR & DNA Cleanup Kit.

3.2.4.2 Ligation and transformation of the phosphorylated PCR product

The phosphorylated PCR amplified DNA fragment containing the pre-crRNA encoding gene
sequences, was ligated using the NEB (Ipswich, USA) T4 DNA ligase in a 20 pL final reaction
volume. The reaction contained 300 ng of DNA, 2 uL of 10X T4 DNA Ligase Buffer and sterile
water. The reaction was carried out on ice and incubated at 16 °C overnight. The reaction was then
inactivated by incubating at 65 °C for 10 min. Electrocompetent DH5a cells were then transformed

with 10 pL of the ligation mixture.

3.2.4.3 Confirmation of the insertion of the pre-crRNA encoding gene sequence

Two plasmids were constructed: one referred to as, “pcrRNA90”, which expresses the Target 1
pre-crRNA sequence, and the other referred to as, "pcrRNA120", which expresses the Target 2
pre-crRNA sequence. To confirm the insertion of the 90 bp pre-crRNA encoding gene sequence
in the pACYC-araC-Duet 1 plasmid, positive colonies on LB + Cm agar plates were picked and
cultured in 5 mL of LB broth + Cm overnight at 37 °C. The plasmids were extracted using the NEB
(Ipswich, USA) Monarch Plasmid Miniprep Kit. The extracted plasmid was digested with the High
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Fidelity (HF) EcoRV restriction enzyme obtained from NEB. The 25 pL final reaction volume
contained 500 ng of DNA, 2.5 pL of 10X rCutSmart Buffer, 0.5 uL of HF-EcoRV enzyme and
sterile water. The digestion reaction mixture was incubated at 37 °C for 15 min and run on a 0.8 %
agarose gel to visualize the fragment size difference between the pACY C-araC-tel-Duet 1 plasmid
and the generated pcrRNA plasmids. The insertion of the pre-crRNA encoding gene sequence was
further confirmed by sequencing the generated pcrRNA plasmids. The primers were designed
flanking the inserted pre-crRNA gene sequence and sent along with the plasmids to the Sick Kids
Centre for Applied Genomics TCAG Facility (Toronto, CA) for Sanger sequencing. The sequence
of the primers flanking the pre-crRNA gene sequence in the constructed pcrRNA plasmids were
5> TCCTACCTGACGCTTTTTAT 3’ (forward primer) and 5> CTACCGGAAGCAGTGTGAC

3’ (reverse primer).

3.2.5 Construction of pcrRNA120-KmR plasmid (p120K)

Gibson assembly was used to replace the CmR gene in the CRISPR plasmid with the KmR gene.
The primers to perform Gibson assembly were designed using the Benchling software. The primers
used in the experiment are shown in Table 6. The primers were designed to amplify the entire
CRISPR plasmid excluding the CmR gene (vector). The insert (KmR gene) was amplified from the
pSW3 plasmid and ligated with the PCR amplified vector fragment via Gibson assembly. The PCR
conditions to perform the amplifications are outlined in Table 7. For PCR amplification, the Bio-
rad (Hercules, USA) C1000 Thermal Cycler was used. The PCR reaction was conducted using the
pcrRNA120 and pSW3 plasmids. Each PCR reaction contained 25 uL of the Thermo Fisher
Scientific (Waltham, USA) Phusion High Fidelity PCR Master Mix, 10 ng of plasmid DNA, 0.5
MM forward and reverse primers, and sterile water within a final volume of 50 pL. The PCR

amplified DNA fragments were run on a 0.8 % agarose gel for 1 h and 30 min and gel extracted
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using the Qiagen (Hilden, Germany) QIlAquick Gel Extraction Kit. The concentration and purity
of gel-extracted DNA was measured using Thermo Fisher Scientific (Waltham, USA) NanoDrop
2000. Gibson assembly was performed using the NEB (Ipswich, USA) NEBuilder HiFi DNA
assembly master mix. Each reaction contained 10 pL of the NEBuilder HiFi master mix, a
combined total of less than 0.2 pmol of vector and insert DNA, and sterile water in a final volume
of 20 pL. The mixture was incubated at 50 °C for 1 h in the Bio-rad (Hercules, USA) C1000
Thermal Cycler. Electrocompetent DH5a bacteria was transformed with 10 uL of the assembly
mixture and grew on Km (50 pug/mL) supplemented LB agar plates. Positive colonies were picked
and grown overnight in 5 mL of LB broth supplemented with Km (50 pug/mL). The concentration
of the Km added in the experiment is as outlined in section 3.1.1. The next day plasmids were

extracted from the cultures.

Primers Sequence
1. FP-pcrRNA120 5’ gaaacgatcctcatectgtcttttagettccttagetectg 3°

2. RP- 5’ gataccgtcaaaacttcattagggcagggtcgttaaatag 3’
pcrRNA120

3. FP-pSW3 5’ ctatttaacgaccctgccctaatgaagttttgacggtateg 3’
4. RP-pSW3 5’ aggagctaaggaagctaaaagacaggatgaggatcgtttc 3’

Table 6:Primers used in Gibson assembly to replace the CmR gene. The primers specified in
the table were used in Gibson assembly to replace the CmR gene with the KmR gene in the
pcrRNA120 plasmid. Primers 1 and 2 were used to amplify the CRISPR plasmid excluding the
CmR gene and primers 3 and 4 were used to amplify the KmR gene in the pSW3 plasmid.
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Cycle step Temperature Time Number of Cycles

Initial Denaturation 98 °C 10's 1
Denaturation 98 °C 1s
Annealing 60.6 °C 5s 30

(amplification of
pcrRNA120 plasmid)

59.7°C (amplification
of pSWa3 plasmid)
Extension 72°C 1 min (pcrRNA120
plasmid
amplification)

13 sec (amplification

of pSW3 plasmid)
Final extension 72°C 60s 1
Incubation 4°0C Incubate N/A

Table 7:Gibson assembly PCR Steps for replacing the CmR gene with the KmR Gene. PCR
conditions for the two amplifications are included in the table. The green highlighted text shows
the annealing temperature and the extension time used to amplify the pcrRNA120 plasmid. The
blue highlighted text shows the annealing temperature and the extension time used in the
amplification of KmR gene from the pSW3 plasmid.

3.3 Integration of the pSWa3 plasmid into the bacterial chromosome

Initially, W3110, BW25113, W3110 tel* and BW25113 tel* strains were transformed using a low-
copy number pINT helper plasmid via electroporation. Because the pINT helper plasmid is
temperature-sensitive, the recombinant bacteria carrying the helper plasmid were grown at 30 °C
and made electrocompetent. The electro-competent recombinant bacterial cells carrying the pINT
helper plasmid were transformed with the pSW3 CRIM plasmid via electroporation. The
transformed cells were grown in 1 mL of SOC without antibiotics at 37 °C for 1 h, and then at 42
°C for 30 min. The transformed cells were spread onto selective media and incubated at 37 °C

overnight. Positive integrants were then selected for Km-resistance conferred by the CRIM
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plasmid (carrying vma) and were further screened by colony PCR using four primers (P1-P4), as
highlighted in Table 8. The integration of the pSW3 CRIM plasmid was confirmed using colony
PCR. A single positive colony was chosen and resuspended in 20 pL of nuclease-free water. Then,
5 uL of the cell suspension was mixed with 0.5 U of Tag DNA polymerase (NEB, Ipswich, USA),
1 pL of primers P1-P4, 25 uL of 1X PCR buffer (NEB), and 2.5 mM of MgCl, with
deoxynucleoside triphosphates (ANTPs), in a final volume of 25 pL. PCR amplification was
performed for 25 cycles for 1 min each, starting with the denaturing step at 94 °C, followed by the

annealing step at 63 °C, and then the final extension step for 1 min at 72 °C.

Phage Primer P4 Sequence Temp No Single integrant Multiple
(°Cc) integrant  with P1 and P2, integrant
with P1 P3 and P4 with P1
and P4 and P2, P3
Primer P1 Sequence (expected band 54 pp, p3
(expected size bp) and P4
band size (expected
bp) band size
bp)
N GGCATCACGGCAATATAC TCTGGTCTGGTAGCAATG 63 741 577, 666 577,502,
666
HKO022 GGAATCAATGCCTGAGTG GGCATCAACAGCACATTC 59 740 289, 824 289, 373,
824
D80 CTGCTTGTGGTGGTGAAT TAAGGCAAGACGATCAGG 63 546 409, 732 409, 595,
732
P21 ATCGCCTGTATGAACCTG TAGAACTACCACCTGACC 57 506 568, 620 568, 682,
620
P22 AAGTGGATCGGCATTGGT TTCGTATCGACAGGAAGG 63 735 376, 926 376, 568,
926
P22(EcoB) AAGTGGATCGGCATTGGT CGATTGAACCGCAGATTACG 63 609 376, 801 376, 568,

801

Table 8:Primers used in PCR test to confirm the chromosomal integration of the CRIM
plasmid. Primers P2 (ACTTAACGGCTGACATGG) and P3 (ACGAGTATCGAGATGGCA)
are the same for all attP sites. The four highlighted primers are used to perform colony PCR to
confirm the integration of the pSW3 plasmid into the bacterial chromosome. Adapted from
Haldimann & Wanner, 2001.

The integrative plasmid, pSW3, bearing the A attP homologous region, integrates into the
bacterial chromosome via site-specific recombination (Figure 22). To screen the positive

integrants, four primers—P1, P2, P3, and P4—were used (Table 8). Single copy integrants showed
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two bands when PCR was performed, owing to the loss of the A attB sequence (P1-P4 fragment)
where the pSW3 plasmid was inserted. As shown in Figure 22 A, two bands (577 bp and 666 bp
in size), should be generated upon amplification of the BOP’ region using the P1-P2 primer set,
and the POB’ region using the P3-P4 primer set. Multi-copy integrants were expected to show

an additional gene fragment due to the P3-P2 amplification, as shown in Figure (22 B).

kan

‘E vma

onRRhK]
POP

Chromosomal | Aattp Trcgion X

torS BOB' torT

P et P4

1. Transform host carrying plﬁT-lS

with CRIM plasmid
2. Sclcct antibiotic-resistant transformants
3. Verify copy number using PCR with P1 to P4,

Single copy integrant

torS BOPorR  kan vma POB' torT
PP (AT o)
(8]
Multiple copy integrant
torS BOFPoriR kan vma POPoriR  kan vma POB’ torT
< O >
PIO-Q P2 PO P P3¢ ~N

Figure 22:Schematic representation of the integration of pAH120-vma (pSW3) into the
bacterial chromosome via site specific recombination. A. The 4 attP region, also known as
POP’, has the “O” common core sequence flanked by different arms of 1 attp sequence P and P’.
After a single crossover event, generated by the integrase enzyme encoded by the pINT helper
plasmid, the pAH120 plasmid was integrated into the bacterial chromosome via site specific
recombination. P1, P2, P3 and P4 primers were used for PCR to identify positive integrants. B. In
the event of multiple copy integration of the integrative plasmid, three bands are generated from
PCR instead of two, as a single copy integration event. Adapted from Haldimann & Wanner, 2001.
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3.4 Inductions
3.4.1 Regulated expression of the vma gene in recombinant bacteria

The Pgap promoter is an inducible promoter. It is induced by the presence of L-arabinose which
can be quickly turned off by the addition of glucose or its competitive inhibitor, fructose. Mg?* a
cofactor, is essential for PI-Scel enzyme activity. A final concentration of 2.5 mM of Mg?* is
required in vitro to obtain the maximum enzyme activity, where a higher concentration has an
inhibitory effect on endonuclease activity (Gimble et al., 2003;Gimbles et al., 1993).

Bacterial strains W3110, W3110 vma*, BW25113 and BW25113 vma* were transformed by the
msDNA precursor plasmid, pDMS, via electroporation. Colonies that grew on LB agar + Ap plates
were cultured in 5 mL of LB broth supplemented with Ap and 1 % glucose and grown over night
at 30 °C. The next day, 10 mL of LB broth was inoculated with overnight cultures at a dilution of
1:100 and grown at 30 °C until the As00=0.4. The cultures were centrifuged at 10 000 RPM for 10
min using the Beckman Coulter (Mississauga, CA) Avanti J-E Refrigerated Centrifuge and
resuspended in 20 mL of LB broth supplemented with 1% L-arabinose and antibiotics. The L-
arabinose induced cultures were grown at 37 °C. The plasmids were extracted after 3, 6, and 16 h
of incubation, and were run on a 0.8 % agarose gel at 90 V for 1 h and 30 min to visualize. Based
on the observed results, ideal conditions such as, optimum temperature and the duration of
incubation with the inducer, were determined for optimal endonuclease activity. Densitometry
analysis was conducted using ImageJ software to determine the intensities of bands on the agarose
gel.

A similar approach was followed to induce vma gene over expression in double integrants carrying

the pDMS plasmid.
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3.4.2 Induction of ministring DNA (msDNA) synthesis

Bacterial strains W3110, W3110 tel”, BW25113 and BW25113 tel™ were transformed by the
msDNA generating precursor plasmid, pDMS/pNNO9, via electroporation. W3110 tel™ integrants
were identified using blue/white screening on IPTG + X-gal plates. Cm-resistant (CmR) bacterial
colonies, integrated with the tel gene expression cassette appeared white on IPTG + X-gal plates.
Positive chromosomal integrants were transformed by the msDNA generating precursor plasmid
via electroporation. Single-copy integrants carrying pDMS are Cm and Ap resistant. Considering
the BW25113 strain does not have the complete lacZ gene, tel gene-integrated positive integrants
were identified based on Cm resistance and were further confirmed via gene-specific PCR using
tel gene-specific primers. The tel gene was amplified wusing forward (5’
GGCGTTATGAAAATCCATTTTCGC 3’) and reverse (5 TGTTTCATCGCATCGATAACAC
3”) primers. Amplification was performed using the One Taq 2X PCR Master Mix (NEB, Ipswich,
USA) for 120 s at 94 °C for initial denaturation, followed by 30 cycles each of 15 s at 94 °C, 60 s
at 48 °C, 1 min 51 s at 68 °C, and 5 min at 68 °C for the final extension, to generate a 1,840 bp
fragment. The msDNA was generated following the protocol published by Wong et al., (2016), in

pDMS/pNN9-bearing W3110, W3110 tel*, BW25113 and BW25113 tel™ bacterial strains.

3.4.3 Induction of ministring DNA generation and endonuclease expression in tel* vma*
double integrants

The protocol previously described by Wong et al. (2016), was followed with slight modifications
for the synthesis of msDNA in both BW25113 tel'vma* and W3110 tel*'vma™ double-integrated
recombinant bacteria. An overnight culture of the double integrants was grown in LB media
supplemented with 1 % glucose, Km, Cm and Ap antibiotics. The following day, the culture was

subcultured at a ratio of 1:100 in 10 mL of LB broth supplemented with 1 % glucose and the
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aforementioned antibiotics and grown at 30 °C until Asoo = 0.8. The culture was centrifuged at

10,000 x g for 10 min and the cell pellet was resuspended in 20 mL of LB broth supplemented

with 1 % glucose and antibiotics. The heat induction procedure was then followed to induce

msDNA synthesis by incubating the culture at 42 °C on an orbital shaker for 1 h and then at 37 °C

for 1.5 h. Finally, the cultures were kept at 30 °C for 2 h. Briefly following msDNA synthesis, 20

mL of culture was centrifuged at 10,000 x g for 10 min and was resuspended with LB containing

1 % L-arabinose (inducer) and 2.5 mM MgCl; before incubating at 37 °C for 16 h.

The episomal DNA species were then isolated and separated by 0.8 % gel electrophoresis.

Inductions were performed as indicated in Table 9.

Recombinant bacterial Heat induction: tel L-arabinose

Heat induction

transformed expression induction: followed by L-

with pDMS precursor endonuclease arabinose induction:

plasmid expression tel and endonuclease

W3110 pDMS pDMS pDMS

W3110 tel* pDMS+LCC pDMS pDMS+LCC bacterial
bacterial backbone + backbone +msDNA
msDNA

W3110 tel*vma™ pDMS+LCC *Smear (digested **msDNA
bacterial backbone pDMS)
+msDNA

W3110 vma* pDMS *Smear (digested *Smear (digested

pDMS) pDMS)

BW25113 pDMS pDMS pDMS

BW25113 tel* pDMS+LCC pDMS pDMS+LCC bacterial
bacterial backbone backbone +msDNA
+msDNA

BW25113 tel*vma* pDMS+LCC *Smear (digested **msDNA
bacterial backbone pDMS)
+msDNA

BW25113 vma™ pDMS *Smear (digested *Smear (digested

pDMS) pDMS)

Table 9:Summary of the expected test results after msDNA synthesis and PI-Scel enzyme
over expression in different bacterial strains.* The PI-Scel homing endonuclease enzyme is
over expressed by inducing the vma (PI-Scel encoding) gene which is under the control of the L-
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arabinose promoter. This PI-Scel enzyme digests its corresponding recognition sequence bearing
pDMS plasmid. The exonucleases present inside the bacteria further digest the partially digested
plasmid. As a result, the plasmid extraction when run on an agarose gel will appear as a smear. **
After msDNA synthesis, PI-Scel enzyme over expression is induced by adding L-arabinose to the
media. As a result, the unprocessed pDMS precursor plasmids and unwanted LCC bacterial
plasmids after msDNA generation, are digested by the PI-Scel homing endonuclease enzyme. The
partially digested plasmids are further digested by exonucleases present in the bacteria, leaving
only the msDNA.

3.4.4 Induction of msDNA synthesis in JIM109 tel*vma* double integrants

The msDNA was synthesized in JIM109 tel'vma® recombinant bacteria carrying pDMS/pNN9
plasmids, as described in section 3.4.3. To further confirm msDNA synthesis, both induced and
uninduced plasmid extracts were digested with the NEB EcoR1 restriction enzyme. The 25 pL
reaction mixture consisted of 500 ng of plasmid DNA, 2.5 pL of NEB 10X Cutsmart Buffer, 0.5
pL of NEB High Fidelity (HF) EcoR1 restriction enzyme, and nuclease-free water. The reaction
mixture was incubated at 37 °C for 15 min and run on a 0.8 % agarose gel for 1 h and 30 min at 90

V.

3.4.5 Episomal expression of the Tel protelomerase enzyme

Instead of integrating the Tel protelomerase enzyme-encoding gene cassette into the bacterial
chromosome, Tel protelomerase enzyme expression was achieved episomally. To improve
msDNA synthesis, a low copy number plasmid carrying the Tel protelomerase enzyme encoding
gene cassette was introduced into recombinant bacterial cells along with the msDNA synthesizing
precursor plasmid. The episomal expression of the Tel protelomerase enzyme acts on the precursor

plasmid and synthesizes msDNA upon induction.
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3.4.5.1 Induction of msDNA synthesis in pACYC-CI-857-tel (pACYC-tel) carrying
W3110/JM109 recombinant bacteria in the presence of pDMS/pNNS9 precursor plasmids

W3110 and JM109 bacterial cells were made electrocompetent by following the protocol outlined
in Gonzales et al., (2013). Electrocompetent W3110 and JM109 bacteria were transformed with
pACYC-tel and pDMS/pNN9 msDNA synthesizing precursor plasmids via electroporation. At
first, electrocompetent W3110 and JM109 bacteria were transformed with pACYC-tel
recombinant plasmid via electroporation. Chloramphenicol-resistant, W3110/JM109 bacterial
colonies carrying the pACYC-tel plasmid were grown overnight at 30 °C and made
electrocompetent. Electrocompetent recombinant bacteria carrying pACY C-tel were transformed
with pPNN9/pDMS msDNA synthesizing precursor plasmids via electroporation. Positive colonies,
both Cm and Ap resistant, were grown overnight at 30 °C. The next day, the overnight culture was
subcultured at a 1:100 dilution in 10 mL LB broth and grown until As00=0.8 was reached. Heat
induction was performed to induce msDNA synthesis, as outlined in Wong et al., (2016). Plasmids
were isolated after induction and run on a 0.8 % agarose gel to visualize. The presence of both
plasmids and msDNA was further confirmed by digesting the plasmid extract with BamH1,

obtained from NEB (Ipswich, USA).

3.4.5.2 Induction of msDNA synthesis in recombinant bacteria carrying pACYC-tel-T7 and
pDMS/pNN?9 precursor plasmids

In the pACYC-tel-T7 recombinant plasmid, the tel gene was placed under the regulation of the T7
inducible promoter. The tel gene expression gene cassette was cloned into a low copy number
pACYC-Duet plasmid (ori: p15). This pACYC-tel-T7 recombinant plasmid construct was a gift
from Mediphage Bioceuticals, Toronto, CA. BL21(DE3) and W3110 cells were transformed with
the pACYC-tel-T7 and pNN9/pDMS msDNA synthesizing precursor plasmids via sequential

transformation, as outlined in section 3.4.5.1. Both Cm and Ap resistant positive colonies were
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picked and grown at 37 °C overnight. On the next day, the overnight culture was subcultured at a
1:100 in LB broth supplemented with Cm and Ap. When the A600=0.8, isopropyl R-D-1-
thiogalactopyranoside (IPTG) was added at a final concentration of 0.4 mM or 1 mM and induced

for 6 h. After induction, the plasmids were isolated and run on a 0.8 % agarose gel to visualize.

3.4.5.3 Induction of msDNA synthesis in W3110 bacteria carrying p-pBAD-tel and
pDMS/pNN?9 plasmids

In this study, two plasmids were employed to express Tel protelomerase episomally, where the tel
gene was placed under the control of the Psap promoter. One plasmid contains the ori p15
(pPACYC-tel-pBAD), and the other contains pSC101. W3110 recombinant bacteria were
sequentially transformed with pACYC-tel-pBAD/ pXG-pBAD-tel and pNN9/pDMS precursor
plasmids as outlined in section 3.4.5.1. Both CmR and ApR positive colonies were selected and
grown overnight at 30 °C in LB broth supplemented with Ap, Cm and 1 % glucose. The next day,
the cells were subcultured at a 1:100 dilution in 10 mL of LB media supplemented with antibiotics
and glucose. When the As00=0.8, the culture was centrifuged at 10,000 xg for 10 min. The
supernatant was discarded, and the cell pellet was resuspended in 10 mL of LB broth supplemented
with Cm. L-arabinose was added at a final concentration of 1 % and induced for 6 h at 37 °C. After
6 h of induction, cells were collected through centrifugation and plasmids were extracted. The
extracted plasmids were run on a 0.8 % agarose gel at 90 V for 1 h and 30 min to visualize. The

plasmid map of the pXG-pBAD-tel plasmid is shown in Figure 23.
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pXG-pBAD-tel

6936 bp

Figure 23:Plasmid map of pXG-pBAD-tel plasmid. The tel gene is placed under the control of
Peap inducible promoter. The plasmid is 6.9 kb in size and has pSC101 ori. This is a gift from
Mediphage Bioceuticals, Toronto.

3.4.5.4 Induction of msDNA synthesis in W3110 vma* bacteria carrying pXG-pBAD-tel and
pDMS/pNN?9 plasmids

The presence of the integrated vma gene in W3110 vma* recombinant bacteria was confirmed by
performing a colony PCR, as outlined in section 3.3. W3110 vma* recombinant bacteria were
made electrocompetent and sequential transformation of the pXG-pBAD-tel plasmid and
PNN9/pDMS precursor plasmids was performed, as described in section 3.4.5.1. The msDNA
synthesis was induced in recombinant bacteria carrying the Tel plasmids and the precursor

plasmids as described in section 3.4.5.3.
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3.4.6 Induction of crRNA over expression

The pre-crRNA encoding gene cassette is placed under the control of the Pgap inducible promoter.
W3110 recombinant bacteria were sequentially transformed with CRISPR plasmids and the pDMS
precursor plasmid via electroporation. The pre-crRNA was expressed as described in section 3.4.1.
The induction was performed for 6 h at 30 °C, and the plasmids were extracted using the Monarch
Plasmid Miniprep Kit from NEB (Ipswich, USA). The concentration and the purity of extracted
plasmids were measured using the Thermo Fisher Scientific (Waltham, USA) NanoDrop 2000.
The extracted plasmids (500 ng) were digested with the HF EcoRV restriction enzyme obtained
from NEB (Ipswich, USA). The 500 ng of undigested extracted plasmid DNA and EcoRV-digested

plasmids were run on a 0.8 % agarose gel at 90 V for 1 h and 30 min to visualize.

3.4.6.1 Induction of msDNA synthesis in W3110 tel* recombinant bacteria carrying the
CRISPR plasmid

The msDNA was synthesized in W3110 tel” recombinant bacteria carrying the CRISPR plasmid
and pNN?9 precursor plasmid, as outlined in section 3.4.3. After msDNA synthesis, the plasmids
were isolated using the NEB (Ipswich, USA) Monarch Plasmid Miniprep Kit, and the
concentrations of the extracted plasmid DNA were determined using the Thermo Fisher Scientific
(Waltham, USA) NanoDrop 2000. The 500 ng of extracted plasmid DNA were run on a 0.8 %

agarose gel to visualize the data.

3.4.6.2 Induction of msDNA synthesis followed by crRNA overexpression

msDNA synthesis was induced in W3110 tel™ recombinant bacteria carrying pNN9 and
pcrRNA120 plasmids, as described in section 3.4.3. After msDNA synthesis, the cultures were

centrifuged at 10,000 xg for 10 min and resuspended in LB broth supplemented with antibiotics
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and L-arabinose at a final concentration of 1 %. The induction was performed at 30 °C for 4 h or
overnight (approximately 16 h). The plasmids were extracted and run on a 0.8 % agarose gel to

visualize (300 ng of DNA was loaded to each lane).

3.5 Transformation

The bacterial cells were transformed with recombinant plasmids via electroporation. First, the cells
were made electrocompetent by following the protocol described by Calvin & Hanawalt, 1988.
The 50 ul of electrocompetent cells were mixed with approximately 1000 ng of the recombinant
plasmid of interest and incubated on ice. Subsequently, 100 pl of the cell suspension was added to
an electroporation cuvette, and a voltage of 1000 V was applied. Pre-warmed 1000 pl of LB broth
without antibiotics was added, and the mixture was incubated on a shaker at 37 / 30 °C for 1 h.
Following incubation, 100 pl of the cell suspension was streaked onto selective media containing

antibiotics and incubated overnight at the desired temperature.

3.6 In vitro digestion of the pDMS plasmid

In order to confirm the presence of P1-Scel enzyme recognition sequences in the pDMS precursor
plasmid, pDMS was subjected to digestion with the commercially available NEB (NEB, Ipswich,
USA) P1-Scel homing endonuclease enzyme. In each reaction, 500 ng of plasmid DNA was
digested with 0.5 U of P1-Scel enzyme in a total reaction volume of 25 pL. The 25 uL reaction
mixture consisted of 500 ng of DNA, 2.5 puL of 10X NEB Buffer, 0.2 pL rAlbumin (20 mg/mL),
0.5 pL of the P1-Scel enzyme and sterile water. The mixture was incubated at 37 °C for 1 h and

runon a 0.8 % agarose gel along with undigested pDMS plasmid as a negative control to visualize.
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3.7 Integration of the vma gene into JM109 tel* recombinant bacteria using P1 transduction

3.7.1 P1 transduction
P1 bacteriophage is a temperate phage belonging to the Myoviridae family and is composed of an
icosahedral head and a contractile tail. This bacteriophage transfers gene fragments from one E.
coli bacterial strain to another via a process called ‘transduction’(lkeda & Tomizawa,
1965;Saragliadis et al., 2018). Although the P1 phage is a temperate bacteriophage, it does not
integrate its double-stranded DNA genome into the host chromosome during transduction. Instead,
its genome circularizes and forms a plasmid-like structure and replicates. The P1 bacteriophage
can accommodate ~110 kb of DNA in its capsid. During P1 infection, virus-like particles inside
the bacterial host cells are formed which contain nonphage DNA. These virus-like particles contain
DNA fragments of plasmids and chromosomal DNA of the bacterial host cell. The P1 phage can
aberrantly package fragments anywhere along the bacterial chromosome and inject into recipient
E. coli host cells and facilitate integration of the non-phage DNA into the bacterial chromosome
via homologous recombination. If there is selection for a gene of interest, any region of the host’s
chromosomal DNA can be transferred from one bacterial strain to another through a process
referred to as “generalized transduction”. P1 transduction is carried out by first infecting donor
host cells with P1 phage, resulting in the generation of transducing particles. After sterilization,
lysate is used to infect recipient E. coli cells where non-phage DNA is injected into the host cells
and integrated into the bacterial chromosome via homologous recombination. The positive
recombinants were selected by growing them in selectable media. For transduction, P1 vir phage
was used, which is a lytic mutant of the P1 phage and enters the lytic life cycle upon infection

(Saragliadis et al., 2018).
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P1 transduction was performed to transfer the PI-Scel homing endonuclease enzyme-expressing
vma gene from W3110 vma* to JM109 tel* (Cm resistant) recombinant bacteria. The Km
resistance gene linked with the vma expression cassette was used as a selectable marker to isolate
positive recombinants.

3.7.2 Regeneration of the Plrev6

The variant of P1lvir used for the transduction experiment is called “Plrev6”. To prepare fresh
P1rev6 stock solution, BB4 E. coli cells were grown overnight at 37 °C in 5 mL of LB broth. The
overnight culture was subcultured at a 1:100 ratio and grown at 37 °C until A600=0.4. The 300 pL
of mid log phase culture was then gently mixed with 100 pL of P1lrev6 old stock suspension.
Subsequently, 3 mL of top agar (0.7 % agar in LB) was added to the cell suspension (Bacto
Tryptone and Bacto Agar from Difco Laboratories, Sparks, MD). The mixture was poured into
prewarmed LB + agar plates and incubated overnight at 37 °C. The next day, 10 mL of TN buffer
(0.01 M Tris-HCI and 0.1 M NaCl, pH 7.8; Fisher Scientific, USA) was added to the plate and
kept at 4 °C for 24 h. The soft top agar layer was then scrapped off into prechilled falcon tubes.
Chloroform (50 pL) was added into the mixture and incubated for 5 min. The mixture was
centrifuged at 10,000 RPM for 20 min using the Beckman Coulter (Beckman Coulter Life
Sciences, Mississauga, CA) Avanti J-E Centrifuge. The supernatant was filtered through a 0.45

pum filter.

The phage titer was determined by performing the spot plate technique. A dilution series of the
Plrev6 phage stock was prepared, as shown in Figure 24. The 300 pL of cells was taken from a
BB4 overnight culture and mixed with 3 mL of top agar. The cell suspension was poured onto a
petri plate and incubated at 30 °C for 30 min. From the P1 rev6 dilution series (1 -10%), 10 uL was

added onto the bacterial lawn and incubated at 37 °C overnight.
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Figure 24:Preparation of phage dilution series. A culture dilution series of P1rev6 was prepared
by adding 10 pL from the P1rev6 stock solution into 990 pL TN buffer, which gave a 102 dilution.
10 pL from the 102 was added into 990 pL of TN buffer, making a 10 dilution. This procedure
was continued for the rest of the dilution series. A culture dilution series was prepared from
undiluted to 1078,

3.7.3 Spot plate technique to determine the phage titer

P1 rev6 phage stock solution was regenerated, as outlined in section 3.7.2, in BB4 E. coli cells.
The spot plate technique was used to determine the phage titer in Plaque Forming Unit/mL
(PFU/mL) of the P1 rev6 stock. At a 10 dilution, three plaques were observed, resulting in a

phage titer of 3 x 10°® PFU/mL of P1rev6 stock (Figure 25).
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Figure 25:Spot Plate Technique to determine the phage titer. A. In order to determine the
phage titer, the lawn of BB4 E. coli cells were prepared by mixing the 300 puL of mid log phase
culture with 3 mL of top agar and poured into agar plates and incubated at 37 °C for 30 min. The
10 pL from the dilution series 1-10® were spotted onto the BB4 bacterial lawn and incubated
overnight at 37 °C. The number of plaques were counted to determine the phage titer. B. Phage
Titer in PFU/mL were calculated by adding data into the equation.

3.7.4 Preparation of P1 vma™* transducing lysate

"Generalized transduction," carried out by the P1 phage, is used to transfer the vma gene
expression cassette from W3110 vma* recombinant bacteria to JM109 tel* recombinant bacteria.
The P1 vma®* phage lysate (this is referred to as vma lysate) was prepared by infecting W3110
vma* recombinant donor bacteria with 100 puL of the P1rev6 stock lysate (3x10° PFU/mL). This
resulted in a multiplicity of infection (MOI) at around 1 phage for each bacterium. Phage titer of
the vma lysate was determined using the spot plate technique on a lawn of BB4 cells. The phage

titer of the vma lysate was 5x10° PFU/mL.
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3.7.5 Generation of JIM109 tel*vma* double integrants

The recipient recombinant bacteria IM190 tel* was grown overnight at 30 °C in 1 mL of LB. The
overnight culture was centrifuged at 3000 xg for 3 min using Benchmark Scientific (Brea, USA)
compact centrifuge. The cell pellet was resuspended in 500 pL of P1-LB (1 mL of LB
supplemented with 5 pL of MgCl, (~12.5 mM), 5 pL of CaCl, (~5 mM), and 5 pL of 20 % glucose
(~0.1 %)). To conduct the transduction step, 100 pL of the vma lysate was transferred into a clean
microcentrifuge tube and incubated at 37 °C for 30 min with the cap opened to evaporate the added
chloroform. The 100 pL of the cell suspension was added to the 100 puL of vma lysate and mixed
well. This cell suspension was kept at a 37 °C shaking incubator for 30 min. Subsequently, 200
pL of 1 M sodium citrate (pH 5.5) was added. On top of this, 1 mL of fresh LB broth was added
and incubated at 30 °C for 2 h. This was then centrifuged at 5,000 xg for 5 min. The supernatant
was discarded, and the pellet was resuspended in 100 pL of LB-Citrate (LB broth supplemented
with 100 mM of Na-Citrate, pH 5.5). The entire content was poured into both Km and Cm
supplemented LB agar plates and incubated overnight at 30 °C. The concentrations of Cm (6
pg/mL) and Km (10 pg/mL) added are as indicated in section 3.1.1. The positive transduced
colonies were re-streaked on 5 mM citrate selective media and incubated at 30 °C overnight.
Colony PCR was performed with positive transduced colonies to confirm the presence of the vma
gene. The vma gene was amplified using forward (5° GATGGGCCCTTAGCAATTATGG 3°)
and reverse (5 AAAAGAAAGCCCCCGACG 3’) primers. The PCR reaction contained 12.5 puL
of NEB (Ipswich, USA) 2X Taq PCR master mix, 10 ng of plasmid DNA, 0.2 uM of forward and
reverse primers, and sterile water within a final volume of 25 pL. PCR amplification was
performed for 30 cycles, starting with the denaturing step for 30 s at 94 °C, the annealing step for

1 min at 52 °C, and the final extension for 1 min at 68 °C.
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3.8 Designing of the CRISPR Cas 3 pre-crRNA encoding gene sequence

The pre-crRNA encoding gene sequence targeting the unwanted bacterial backbone of the msDNA
synthesizing precursor plasmid, pPNN9/pDMS, was designed based on the journal article published
by Gomaa et al., (2014). The 90 bp pre-crRNA encoding gene sequence consists of a 29 bp repeat
- 32 bp spacer - 29 bp repeat sequence (Figure 26; this sequence will be referred to as pre-crRNA).
The spacer sequence in the pre-crRNA is complementary with the protospacer sequence within the
target sequence of the plasmid. The repeat sequence in the pre-crRNA is a unique sequence
identified by the bacterial CRISPR cas3 system. The 32 bp protospacer sequence is located
downstream of the AAG protospacer adjacent motif (PAM) sequence of the bacterial backbone
portion of the precursor plasmid. Two protospacer sequences were designed. The first target
sequence is located in the ApR gene of the plasmid, and the second target sequence is located in

the ori of the plasmid (Figure 26; A and B respectively).
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90 bp crRNA encoding gene sequence targeting
the ampicillin resistant gene of the plasmid.

GITCCCCGCGCCAGCGGGCATAAACCGGCCGCGTTGCTGCCGTTTTTCCATAGGCTCCGGTTCCCCGCGCCAGCGGGGATAAACCG
CAAGGGGCGCGETCGCCCCTATTGGCCCGGCGCAACCGACCGCAAAAAGCTATCCCGAGGCCAAGGGGCGCGGTCGCCCCTATTIGGCC
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90 bp crRNA encoding gene sequence targeting the ori of pNN9/pDMS
precursor plasmid (Protospacer sequence is present in the ori of the
PNN9/pDMS precursor plasmid)

Figure 26:Designing of pre-crRNA encoding gene sequences. The 90 bp pre-crRNA sequence
consists of repeat (29 bp)-spacer (32 bp)-repeat (29 bp) sequences. The 32 bp protospacer sequence
is located downstream of the AAG PAM sequence of pDMS/pNN9 precursor plasmids. A. Target
1-The protospacer sequence is in the Ap resistant gene of pDMS/pNN9 precursor plasmids. B.

Target 2-The protospacer sequence is present in the ori of pNN9/pDMS precursor plasmids.
Adapted from Gomaa et al., 2014.
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4. Results

4.1 Integration of the PI-Scel homing endonuclease encoding gene (vma) into the
bacterial chromosome

The vma gene was cloned into the pAH120 integrating plasmid and placed under the control of the
L-arabinose-inducible Peap promoter (this construct is referred to as pSW3; this work was done
by Dr. Shirley Wong in 2016). The pSW3 CRIM plasmid was successfully integrated into the
chromosome of the following bacterial strains: W3110, W3110 tel*, BW25113 and BW25113 tel*.
Both W3110 and BW25113 E. coli K-12 bacteria used in this study are pir—. Since the CRIM
plasmid bears the R6K replicon, (which requires a trans-acting « enzyme for replication, encoded
by pir* bacterial cells) the plasmid cannot propagate in the pir—target cell. It exists as a suicide

plasmid in a pir— cell that can only be replicated if it recombines into the chromosome of the cell.

The pSW3 integrative plasmid was integrated into the bacterial chromosome as a single copy.
CRIM plasmids have a conditional-replication origin and a phage-attachment (attP) site, where
site-specific recombination takes place between the phage-attachment site and the
corresponding attB site present in the bacterial chromosome. This results in recombinant bacterial
strains that carry the vma endonuclease gene with stability. Initially, W3110, BW25113, W3110
tel* and BW25113 tel™* strains were transformed using a low-copy number pINT helper plasmid
via electroporation as described in section 3.3. The expression of the integrase gene, int, within
the pINT plasmid, is controlled by a temperature sensitive A repressor, ts, whereby the induction
of the int is accomplished by shifting the temperature from 30 °C to 42 °C. The integrase (Int)
enzyme encoded by the pINT helper plasmid, facilitated the integration of the CRIM plasmid into
the bacterial chromosome in pir—E. coli. Since the pINT helper plasmid is temperature-sensitive,

the positive integrants (vma integrated recombinant bacteria) are cured of the helper plasmid.
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Upon successful integration of the pSW3 plasmid, positive integrants were selected based on
antibiotic resistance and further screened for positive integrants by colony PCR. As indicated in
Table 8 and described in section 3.3, colony PCR of the positive single copy integrants should
yield two bands corresponding to 577 bp and 666 bp when run on an agarose gel. Figure 27
(lanes;1-4) shows the colony PCR results on a 1 % agarose gel, indicating the positive integrant
bearing the vma gene. The presence of the vma gene in positive integrants was confirmed by
performing a colony PCR using vma gene-specific primers. Obtaining fragment sizes of 1832 bp

upon amplification confirmed the presence of the vma gene in positive integrants (Figure 27; lanes

5-7).
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Figure 27:Colony PCR test results on a 1% agarose gel confirmed the integration of pSW3
and the presence of the integrated vma gene in the bacterial chromosome. 1. W3110 vma™; 2.
W3110 tel'vma*; 3. BW25113 tel'vma™; 4. BW25113 vma™; 5. Positive control of vma gene in
pSW3 plasmid; 6. BW25113 tel'vma™; 7. W3110 tel*'vma*. Mr: 1 kb ladder (FroggaBio).
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4.2 Expression of the vma homing endonuclease gene upon integration into the E. coli
genome

To determine whether the introduced homing endonuclease has any adverse effects on the
synthesis of msDNA, the msDNA-synthesizing precursor plasmid pDMS was introduced into the
vma-integrated single and double integrants (both tel and vma integrated). This pDMS msDNA-
synthesizing precursor plasmid contains the PI-Scel homing endonuclease recognition sequence
cloned into it. Initially, the digestion of the pDMS plasmid upon induction of vma gene
overexpression was tested in both single and double integrants. Then, msDNA synthesis was
induced in double integrants to assess the Tel protelomerase enzyme activity in vma-integrated

double integrants.

4.2.1 Transformation of the pDMS precursor plasmid into the positive integrant

To confirm the presence of PI-Scel homing endonuclease recognition sequences in the pDMS
msDNA synthesizing precursor plasmid, we performed in vitro digestion using commercially
available PI-Scel endonuclease (New England Bio Labs) enzyme. The locations of the PI-
Scel recognition sites are shown in Figure 9 A. The in vitro digestion of the pDMS plasmid with
PI-Scel endonuclease should result in two bands corresponding to 4.3 kb and 1.9 kb in size on an
agarose gel. As shown in Figure 28, these digestion products were observed on the gel, confirming
the presence of the PI-Scel recognition sequences in the pDMS plasmid. After confirming
that pDMS carries the correct PI-Scel recognition sequences, the recombinant bacterial strains
including W3110 tel*, W3110 tel* vma*, W3110 vma*, BW25113 tel™> BW25113 tel* vma™, and

BW25113 vma™ were transformed with the pDMS plasmid.
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Figure 28:pDMS precursor plasmid digested with the PI-Scel endonuclease enzyme. 1. Un-
digested pDMS plasmid; 2. Digested pDMS plasmid; 3. Digested pDMS plasmid; 4. Un-digested
control plasmid provided by the manufacturer; 5. Digested control plasmid. Mr: 1 kb ladder
(FroggaBio).

4.2.2 Induction of the vma overexpression in recombinant bacteria

The recombinant strains (W3110 vma®™ and BW25113 vma") were transformed by the
pDMS precursor plasmid and vma gene over expression was induced as outlined in section 3.4.1.
The plasmids were extracted after 3, 6, and 16 hours of growth at 37 °C, and equal volumes were
loaded onto gels. Compared to the control (Figure 29; lanes 7-10; un-induced), the induced
samples showed lower band intensities (Figure 29; lanes 1-6). The band intensities also decreased
with induction time. Based on densitometry analysis, after 3 h of induction inside W3110, there
was a 26 % decrease in band intensity, and also after 16 h of induction, there was a 29 % decrease

in band intensity. In BW25113, based on densitometry analysis, after 3 h of induction, the band
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intensity decreased by 49 %, and after overnight induction, the band intensity decreased by 53 %.
Equal volumes of the plasmid extracts were loaded and run on a 0.8 % agarose gel. Based on these
results, it is evident that optimal endonuclease activity can be obtained at 37 °C with an induction
period of 16 h. Even though the data is not shown, the following negative controls were run along
the experiment. The W3110 vma* and BW25113 vma* recombinant bacteria carrying the pNN9
precursor plasmid acted as negative controls and didn't show digestion of the plasmids upon vma
gene overexpression, as pPNN9 precursor plasmid doesn't have the PI-Scel recognition sequence
cloned into it. Another negative control was the W3110 and BW2511 bacteria carrying the pDMS
plasmid. Since there is no vma gene integrated, there was no observed digestion of the plasmid.
Compared to the W3110 vma* strain, BW25113 vma* recombinant bacteria exhibited a higher
digestion of the pDMS precursor plasmid. This is likely due to the BW25113 bacterial cells not
being able to utilize the added L-arabinose within the media owing to the deletion mutation in the
araB-araD region of the araBAD A(araD-araB567) gene in their chromosome (Grenier et al.,
2014). As such, a higher concentration of L-arabinose is left within the media for efficient and

consistent induction of the Psap promoter, compared to W3110.
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Figure 29:Extractions of plasmids after induction of the P1-Scel enzyme in vma-integrated
W3110 and BW25113 recombinant bacteria. overexpression of the PI-Scel enzyme was induced
in W3110 and BW25113 single integrants carrying the pDMS precursor plasmid. Overnight refers
to 16 h of incubation. Lanes:1. BW25113 vma'+pDMS (induced for 3 h);2. BW25113
vma +pDMS (induced for 6 h);3. BW25113 vma +pDMS (induced for 16 h);4. W3110 vma™ +
pDMS (induced for 3 h);5. W3110 vima"+pDMS (induced for 6 h);6.W3110 vma +pDMS (induced
for 16 h);7.BW25113 vma +pDMS (Un-induced for 3 h);8.BW25113 vma +pDMS (Un-induced
for 16 h);9.W3110 vma"+pDMS (Un-induced for 3 h);10.W3110 vma+pDMS (Un-induced for
16 h). Mr: 1 kb ladder (FroggaBio).

4.2.3 Induction of the vma gene over expression in both tel and vma integrated recombinant
bacteria

Both vma and tel integrated BW25113 and W3110 double integrants were transformed with pDMS
precursor plasmids and induced the vma gene overexpression as described in section 3.4.1.
As indicated in Figure 30 (lanes 1,3,5, and 7), upon induction of endonuclease enzyme activity,

the precursor plasmid concentration decreased compared to the un-induced cultures (Figure 30;
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lanes 2, 4,6, and 8). According to densitometric analysis, after 16 h of induction, the band intensity
in W3110 double integrants has decreased by 46 %, and the band intensities in BW25113 double
integrants after 16 h of induction have decreased by 76 %. This confirms that the activity of the
homing endonuclease enzyme has digested the precursor plasmid pDMS, which was present in the

double-integrated recombinant bacteria.

Mr
(kb)

Figure 30:The induction of PI-Scel enzyme expression in double integrants carrying the
pDMS plasmid.1. W3110 tel*vma*(Induced); 2. W3110 tel*vma*( Un-Induced); 3.W3110
tel'vma®( Induced); 4. W3110 tel*vma*(Un-Induced); 5. BW25113 tel*vma*(Induced); 6.
BW25113 tel'vma* (Un-Induced);7. BW25113 tel*vma*(Induced);8. BW25113 tel” vma*(Un-
Induced). Mr: 1 kb ladder (FroggaBio).
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4.2.4 Ministring DNA synthesis in vma and tel integrated double integrants

In order to determine whether pSW3 integration into the bacterial chromosome has an adverse
effect on msDNA synthesis, pDMS carrying recombinant bacteria W3110 tel* vma™, W3110 tel*,
BW25113 tel* and BW25113 tel'vma™ were induced for msDNA synthesis (Figures 31 and
32). The tel-integrated W3110 tel* and BW25113 tel™ bacterial strains were used as positive
controls. Positive controls, upon heat induction, synthesized msDNA (Figure 31; lanes 11 & 12;
Figure 32; lanes 1,4,6). The presence of a 3.1 kb LCC bacterial backbone and 3.3 kb msDNA
fragment confirms msDNA synthesis. Recombinant bacterial cells with integrated vma and tel
genes did not synthesize msDNA,; however, the positive controls did. The integration of pSW3
(plasmid carrying the vma gene expression cassette) into the bacterial chromosome appears to have
disrupted the Tel protelomerase enzyme activity. To further investigate the reason msDNA is not
being synthesized, msDNA synthesis using the pNN9 precursor plasmid in double integrants was

conducted.
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Figure 31:Heat Induction of msDNA synthesis in pDMS carrying W3110 tel*vma*, BW25113
tel *vma*and W3110 tel* recombinant bacteria. 1. W3110 tel "vma™ (Induced); 2. W3110 tel
*vma* (Induced); 3. W3110 tel *vma* (Induced); 4. W3110 tel *'vma™ (Un-Induced); 5. W3110 tel
*vma* (Induced); 6. W3110 tel *vma™ (Un-Induced); 7. BW25113 tel *vma™ (Induced); 8.
BW25113 tel *vma* (Induced); 9. BW25113 tel *vma* (Un-Induced);10. BW25113 tel *vma*
(Un-Induced); 11. W3110 tel™ (Induced); 12. W3110 tel* (Induced); 13. W3110 tel* (Un-
Induced);14. W3110 tel* (Un-Induced). Mr: 1kb (FroggaBio).
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Figure 32:Heat induction of msDNA synthesis in BW25113 tel* recombinant bacteria
carrying pDMS precursor plasmid. 1. BW25113 tel™ (Induced); 2. BW25113 tel* (Un-Induced);
3. BW25113 tel” (Un-Induced); 4. BW25113 tel™ (Induced); 5. BW25113 tel™ (Un-Induced); 6.
BW25113 tel™ (Induced). Mr: 1kb (FroggaBio).

4.2.5 Ministring DNA synthesis in double integrants with pNN9 precursor plasmid

Both tel and vma integrated double integrants were transformed with  pNN9 msDNA synthesizing
precursor plasmid and heat induction was performed to induce msDNA synthesis as described in
section 3.4.3. Since there was no msDNA synthesis observed in double integrants in the presence
of pDMS precursor plasmid, the msDNA synthesis with pNN9 precursor plasmid was conducted.
As observed in Figure 33, lanes 3 and 4 show no difference in banding pattern between induced

and un-induced cultures of double integrants upon heat induction. Only the positive controls were
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able to synthesize msDNA, with the double integrants being unable to in the presence of the pNN9
precursor plasmid. Even though the data is not shown here, similar to BW25113 double integrants,

W3110 double integrants didn't synthesize msDNA with the pNN9 plasmid.

Mr (kb)

LCC bacterial backbone in
BW25113 fef* + pDMS
recombinant bacteria (3.3 kb)

—

msDNA in BW25113 fel* +
. pNNO (2.6 kb)

Figure 33:msDNA synthesis upon heat induction in double integrants carrying pNN9
plasmid. msDNA synthesis was induced upon heat induction in BW25113 tel "vma*+ pNN9
recombinant bacteria. Lanes:1. & 2. Not applicable (N/A);3. BW25113 tel *vma *+ pNN9
(Induced);4. BW25113 tel *vma "+pNN9 (Un-Induced);5. N/A;6. BW25113 tel™+pNN9
(Induced);7. BW25113 tel*+pDMS (Induced);8. BW25113 tel*+pNN9 (Un-Induced). Mr: 1kb
(FroggaBio).
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As described in section 1.4, the main difference between pDMS and pNN9 plasmids is the presence
of the PI-Scel homing endonuclease enzyme recognition sequence in the pDMS plasmid (Figure
9 A). PI-Scel binds tightly to its target site and remains bound to the DNA after cleavage of the
DNA occurs. The Tel protelomerase enzyme is also a DNA binding protein and may locate the
Tel protelomerase enzyme binding target site by sliding along the non-specific portion of the
plasmid until the specific target is found. If PI-Scel is bound to the same DNA at its recognition
sites, it might be impeding the protelomerase from finding its target at a high frequency. The
experiment was conducted to determine whether the leaky overexpression of vma gene has an
adverse effect on msDNA synthesis, as indicated in the earlier statement. Since double integrants
were unable to synthesize msDNA even in the presence of pNN9 (which does not contain the PI-
Scel recognition sequences) does not support the above argument. As shown in Figure 34 the
chromosomal locations of tel and vma genes in double integrants are not in close enough proximity
to conclude that vma gene integration disrupted the chromosomally integrated tel gene sequence.
The tel gene expression gene cassette was integrated into the lacZ gene of the W3110 bacteria via
homologous recombination using the pBRINT-cat integrating plasmid by Dr. Nafissi—a previous
member of the Slavcev lab—in 2012. The vma gene expression cassette was integrated into the
JattP site in the W3110 tel” bacterial chromosome via site-specific recombination using pSW3
integrating plasmid. Both tel and vma genes were integrated via site-specific recombination where
chromosomal locations are known. A different approach was used in the generation of BW25113
tel"vma™* double integrants, where P1 transduction was used to integrate the tel gene expression
gene cassette into the bacteria. Despite P1 transduction having been used to transfer gene
fragments from one bacterial strain to another, and the gene integration being through homologous

recombination, the chromosomal location of tel gene is similar to that of W3110 tel™ recombinant
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bacteria. The vma gene was integrated into BW25113 tel* recombinant bacteria, similarly to that
of W3110 tel*vma* double integrants. Since both BW25113 and W3110 double integrants did not
synthesize msDNA, JM109 double integrants were generated. A second approach to generate
JM109 double integrants was employed by integrating the vma gene via P1 transduction into
JM109 tel™ recombinant bacteria, where tel gene was already integrated into the JM109 bacterial
chromosome via P1 transduction. W3110, BW25113 and JM109 bacterial cells with different

stabilities were used to develop a system that favors msDNA synthesis in double integrants.

W3110 tel'vima™ ' BW25113 tel vima*

Figure 34:Chromosomal location of the tel and vma genes in double integrants. A. The
location of the tel and vma genes in W3110 tel*'vma™* double integrants. The tel gene expression
cassette where the tel gene is placed under the control of the heat labile lambda repressor CI-857
was integrated into the lacZ gene in the bacterial chromosome via homologous recombination
using the pBRINT-cat plasmid by Dr. Nafissi in 2012. The vma gene expression cassette was
integrated into the AattP site in the bacterial chromosome via site-specific recombination using
pAH120 integrating plasmid. B. The chromosomal location of the tel and vma integrated double
integrants of BW25113 tel*vma® recombinant bacteria. The tel gene expression cassette was
integrated into BW25113 bacterial chromosome via P1 transduction and the vma gene cassette was
integrated into the chromosome using pSWa3 integrating plasmid via site-specific recombination.
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4.3 Generation of JM109 tel*vma* double integrants via P1 transduction

In JM109 tel* recombinant bacteria, the tel gene expression cassette contained a CmR selectable
marker. Generalized transduction using P1lrevé was used to transfer the vma gene expression
cassette linked with Km resistance into the JM109 tel™ recombinant bacteria. When conducting

the transduction, two negative controls were mixed, as shown in Figure 35.

No growth in

vina-Lysate + LB —

Kan+ Chloramphenicol media

Mo growth in Kant+Chloramphenicol

TM109 tel*+ LB EE— media

Grew 1n both solid and liquid
IM109 tel* + vma-lysate — Kan+Chloramphenicol media.

Figure 35:Transducing JM109 tel* with vma lysate. The vma lysate was mixed with JM109 tel*
recombinant bacteria. Two negative controls were additionally run for the experiment to confirm
the validity of the positive recombinant colonies in both Km and Cm containing LB plates. As
shown in the diagram, two negative controls (vma lysate and JIM109 tel*) should not exhibit growth
in LB media containing Km and Cm.

After the transduction the cell suspensions were streaked on both chloramphenicol and kanamycin
antibiotic containing LB plates. The concentrations of the antibiotics added are as outlined in
section 3.1.1. As expected, there were colonies observed in JM109 tel™ transduced suspension-
streaked plates, not in the negative controls. The positive transductant colonies were picked and

re-streaked on LB+ Km and Cm containing plates. Colony PCR was performed to further
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confirmed the presence of vma gene by amplifying the segment of vma gene using PCR. As in
Figure 36, were able to obtain 1046 bp band in colonies tested. This confirmed the presence of
vma gene in the chromosome. Since the positive transductant grew on LB plates supplemented
with both chloramphenicol and kanamycin antibiotics and also the colony PCR confirmed the

presence of vma gene, confirmed the generation of JM109 tel*vma* double integrants.

Mr (kb)

Colony PCR on positive
IM109 tel"vima®
transductant

—
-
v
-
Lo

T

3kb

1046 bp

Positive control
Presence of 1046 bp

Figure 36:Colony PCR for positive transductant colonies. Colony PCR was conducted for
colonies that grew on both Cm and Km added plates. Lanes;1. Ignore;2. The positive control

(W3110 vma®); 3-7. The colonies that tested positive and showed an ~1046 bp band. Mr: 1kb
(FroggaBio).

4.3.1 Induction of msDNA synthesis and homing endonuclease enzyme overexpression in
JM109 tel*vma* double integrants

JM109 tel*'vma™ double integrants carrying the pNN9 and pDMS msDNA synthesizing precursor

plasmids were subjected to msDNA synthesis via heat induction. The positive controls, JIM109 tel*
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and W3110 tel” recombinant bacteria carrying the pDMS plasmid, synthesized msDNA upon heat
induction; however, the double integrants did not (Figure 37 and Figure 38 (A and B)). The
synthesis of msDNA was further confirmed by digesting the plasmid extract with ECOR1. Tables
10 and 11 summarize the expected DNA fragment sizes upon digestion with EcoR1. Since pDMS
and pNN9 have only one EcoR1 recognition site present in the plasmid, they should give 6.4 and
5.6 kb bands, respectively. If msDNA is synthesized with pDMS and pNN?9 precursor plasmids,
upon EcoR1 digestion, band sizes of approximately 0.6, 2.7, 3.1, 1.2, and 1.4 kb should be
observed, respectively, as shown in Table 10. As indicated in Figure 35, after digesting the plasmid
extract with EcoR1 no bands corresponding to msDNA synthesis were observed. Instead, 5.6 kb
and 6.4 kb bands (Figure 37, yellow highlighted arrows) corresponding to pNN9 and pDMS were
visible. This confirms that there was no msDNA synthesis observed in double integrants. Even
though the double integrants couldn’t synthesize msDNA, they were able to over-express the PI-
Scel homing endonuclease enzyme and digest the pDMS precursor plasmid. As shown in Figure
38 (C; lanes 6-9), both induced and un-induced conditions showed digestion of the pDMS msDNA

synthesizing precursor plasmid.
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Plasmids msDNA (kb) Bacterial backbone (kb)

pNN9 2.6 3.0

pDMS 3.3 3.1

Table 10:Sizes of msDNA and bacterial backbone fragments in the presence of pNN9 and
pDMS.

Sizes of the DNA fragments when digested

Plasmid DNA with
EcoR1 (kb)

PNN9 5.6

pPDMS 6.4
msDNA with pDMS + bacterial backbone 06,27, 3.1
msDNA with pNN9++ bacterial backbone 1.2.1.4, 3.0

Table 11:Plasmid and msDNA fragment sizes after digestion with EcoR1.
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Figure 37:msDNA Synthesis in JM109 tel*'vma* double integrants with pNN9 and pDMS
msDNA synthesizing precursor plasmids. Plasmids were extracted after msDNA synthesis and
run on 0.8 % agarose gel. Lanes;1. IM109 tel 'vma*+pNN?9 (Induced), 2. IM109 tel*vma™+ pNN9
(Induced) Digested with  EcoR1;3.JM109 tel'vma*+pNN9 (Un-Induced);4.JM109
tel"vma*™+pNN9 (Un-Induced) digested with EcoR1;5. JM109 tel*'vma*+pDMS (Induced);6.
JM109 tel'vma®™ +pDMS (Induced) digested with EcoR1;7. JM109 tel*'vma*+pDMS(Un-
induced);8.JM109 tel*vma*™+pDMS (Un-Induced) digested with EcoR1.Mr 1kb Ladder (
FroggaBio).
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Figure 38: Induction of msDNA synthesis and homing endonuclease enzyme over expression.
P1-Scel homing endonuclease enzyme over expression in pDMS carrying JM109 tel'vma™ double
integrant recombinant bacteria. Plasmids were extracted and run on a 0.8 % agarose gel. A. Heat
induction was performed to induce msDNA synthesis; Lanes; 1. JM109 tel*+pDMS (Ind), 2.
JM109 tel*+pDMS (Ind), 3. JIM109 tel*+pDMS (Ind), 4. IM109 tel*+pDMS (Ind), B. Heat
Induction was performed to induce msDNA synthesis. 9. W3110 tel*+pDMS (Ind), 10.W3110
tel"+pDMS (Un-Induced), 11. JM109 tel™+pDMS (Induced), 12. JM109 tel*+pDMS (Un-
Induced) C. vma gene over expression 5. JM109 tel*vma*+pDMS (Induced), 6. JM109
tel*vma*+pDMS (Un-Induced), 7. IM109 tel*'vma*+pDMS (Induced), 8. IM109 tel*vma*+pDMS
(Un-Induced). Mr 1kb Ladder (FroggaBio).

4.4 Episomal expression of the Tel protelomerase enzyme

As described in section 4.2.4, double integrants, both tel and vma integrated recombinant bacteria
didn’t synthesize msDNA upon tel gene over expression. Therefore, experiments were conducted
to express the Tel protelomerase enzyme episomally instead of integrating tel gene into the

bacterial chromosome. In order to enhance the msDNA synthesis episomal expression of the tel
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gene was achieved by cloning the tel gene expression gene cassette placed under the control of
different inducible promoters, such as heat-inducible lambda repressor, Pgap promoter, and T7
promoter into low copy number plasmids. At first wild-type bacteria carrying Tel plasmid and
precursor plasmids were induced for msDNA synthesis (Figure 39). If msDNA synthesis was
observed, induction of msDNA synthesis in vma integrated recombinant bacteria was conducted.
Following msDNA synthesis L-arabinose was added to induce vma gene over-expression to digest
unwanted bacterial backbone and the unprocessed precursor plasmids, leaving only msDNA and

the Tel plasmid (Figure 40).

Inducible

promoter msDNA
synthesizing |
Tel precursor \
protel plasmid (pDMS/ |
tel gene 9 pNN9) ’
Bacterial
backbone msDNA

Figure 39:Induction of msDNA synthesis in recombinant wild type bacteria carrying p-Tel
plasmids and pNN9/pDMS precursor plasmids. The W3110 bacteria were transformed with p-
Tel plasmids and msDNA-synthesizing precursor plasmids. The tel gene is placed under the
control of different inducible promoters (heat inducible, T7, Psap). Upon induction, the p-Tel
plasmid overexpresses the Tel protelomerase, which synthesizes msDNA by acting on the
precursor plasmids.
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Figure 40:Induction of msDNA synthesis in vma integrated recombinant bacteria. After
msDNA synthesis, the vma-integrated recombinant bacteria were induced for vma gene expression
to digest non-msDNA species, such as unwanted bacterial backbone and unprocessed precursor
plasmids. This process resulted in leaving only msDNA and p-Tel recombinant plasmids.

4.4.1 Induction of msDNA synthesis in W3110/JM109 recombinant bacteria carrying the
PACY C-CI-857-tel plasmid in the presence of pDMS/pNN9 precursor plasmids

W3110 and JM109 bacteria were transformed with pACY C-CI-857-tel and pNN9/pDMS msDNA
synthesizing precursor plasmids as described in section 3.4.5.1. Upon heat induction, tel gene
should over-express the Tel protelomerase enzyme and act on pNN9/pDMS to synthesize msDNA.
The expected test results are summarized in Table 12 and Table 13. However, the actual test results
obtained differed from the expected test results (Table 14 and 15). As shown in Figure 41, pACYC-
CI-857-tel and pNN9 plasmids carrying W3110 recombinant bacteria upon heat induction did not
synthesize msDNA, only positive control, W3110 tel* + pNN9 recombinant bacteria, synthesized
msDNA. If msDNA was synthesized there should be 2.6 kb and 3.0 kb DNA fragments
corresponding to msDNA and bacterial backbone respectively. As depicted in Figure 41, under
both induced and un-induced conditions W3110+pACY C-CI-857-tel+pNN9 recombinant bacteria
upon heat induction synthesized ~2.2 kb fragment and a faint 3 kb DNA fragment. These bands

do not match with msDNA and there is no difference in the banding pattern between the induced
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and un-induced cultures. These bands could represent different isoforms of the precursor plasmid
and p-Tel plasmid. Similarly, as shown in Figure 42 upon heat induction JIM109+pDMS+pACYC-
CI1-857-tel recombinant bacteria didn’t synthesize msDNA. If msDNA was synthesized there
should be 3.3 kb and 3.1 kb bands corresponding to msDNA and bacterial backbone respectively.
Even though the insert, CI-857-tel, was successfully cloned into the pACYC184 vector, the over-
expressed Tel protelomerase enzyme might have formed highly aggregated proteins called
inclusion bodies. The following factors favor the argument. Due to pL-pR being a strong promoter,
this could have resulted in high expression of the tel gene. As the tel gene was cloned into a low
copy number plasmid, this likely resulted in the synthesis of a higher copy number of the target tel
gene. This strong promoter is induced by temperature, and hence, continuous supply of heat
resulted in higher expression of the recombinant Tel protelomerase enzyme which could have led

to inclusion body formation.

Recombinant Bacteria-generated Induced Un-induced
(42 °C) 30 °C)

W3110+ pACYC-CI-857-tel No msDNA No msDNA
I\)VN’j’I\lI;O+ PACYC-CI-857-tel + msDNA synthesis No msDNA
W3110+pNN9 No msDNA No msDNA
W3110 + pACYC No msDNA No msDNA
W3110 + pACYC + pNNO9 No msDNA No msDNA
W3110 tel” + pNN9 msDNA synthesis No msDNA

Table 12:Expected test results upon heat induction in W3110 bacteria carrying p-Tel
plasmid and precursor plasmid.
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Recombinant Bacteria generated Induced Un-induced
(42 °C) 30 °C)

JM109+ pACYC-CI-857-tel No msDNA No msDNA

JM109+ pACYC-CI-857-tel + pDMS mSDNA synthesis  No msDNA

JM109+pDMS No msDNA No msDNA
JM109 + pACYC No msDNA No msDNA
JM109 + pACYC + pDMS No msDNA No msDNA
W3110 tel* + pDMS msSDNA synthesis  No msDNA

Table 13:Expected test results upon heat induction in JIM109 bacteria carrying pDMS and
p-Tel plasmids.
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Very lighter bands,
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Figure 41:Induction of msDNA synthesis in W3110 bacteria carrying pACYC-CI-857-tel and
pNN9 plasmids. msDNA synthesis was induced upon heat induction and the plasmids were
extracted and run on 0.8 % Agarose gel. Lanes; 1.W3110+pACYC+pNN9 (Induced), 2.
W3110+pACYC+pNN9 (Un-Induced); 3. W3110 tel*+pNN9 (Induced); 4. W3110 tel*+pNN9
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(Un-Induced); 5. W3110+pNN9 (Induced); 6. W3110+pNN9 (Un-Induced); 7.W3110+pACYC
(Induced); 8. W3110+pACYC (Un-Induced);9.W3110+pACYC-tel(Induced);10. pACYC-tel(Un-
Induced); 11.W3110+pACYC-tel+pNN9  (Induced);12.W3110+pACYC-tel+pNN9  (Un-
Induced);13. W3110 (Induced). 14.W3110 (Un-Induced). Arrows indicate bands of interest; blue
(3.0 kb), green (2.6 kb), orange (2.2 kb). Mr 1 kb ladder (FroggaBio).

Recombinant bacteria Expected fragment sizes The sizes of the observed
upon msDNA synthesis (kb) fragments (kb)

W3110+pACYC+pNN9 No msDNA synthesis No msDNA synthesis
(Induced)

W3110+pACYC+pNN9(Un-  No msDNA synthesis No msDNA synthesis
Induced)

W3110 tel* + pNN9 (Induced) 2.6, 3.0 2.6,3.0

W3110 tel” + pNN9 No msDNA synthesis No msDNA synthesis

(Un-Induced)

W3110+pNN9 (Induced) No msDNA synthesis No msDNA synthesis
W3110+pNN9 (Un-Induced)  No msDNA synthesis No msDNA synthesis
W3110+pACYC (Induced) No msDNA synthesis No msDNA synthesis
W3110+pACYC No msDNA synthesis No msDNA synthesis

(Un-Induced))

W3110+pACYC-CI-857-tel + 2.6, 3.0 ~2.2,3.0
PNN9 (Induced)

W3110+pACYC-CI-857-tel + No msDNA synthesis ~2.2,3.0
PNN9 (Un-Induced)

Table 14:Summary of the expected fragment sizes versus the observed fragment sizes upon
heat-dependent induction of msDNA synthesis in W3110 recombinant bacteria.
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(kb) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 42:Induction of msDNA Synthesis in IM109+pACY C-CI-857-tel+pDMS
recombinant bacteria. msDNA synthesis is induced upon heat induction and the plasmids were
isolated and ran on 0.8 % agarose gel to visualize.Lanes;1.JM109+pACYC (Induced);2.
JM109+pACYC(Un-Induced);3.JM109+pDMS(Induced);4.JM109+pDMS(Un-
Induced);5.JM109(Induced);6.JM109(Un-Induced);7.N/A;8.N/A;9.JM109+pACYC-CI-857-
tel+pDMS(Induced);10.JM109+pACY C-CI-857-tel+pDMS (Un-Induced);11.JM109 tel*+pDMS
(Induced);12.JM109tel*+pDMS(Un- Induced);13.JM109+pACY C+pDMS(Induced);14.JM109+
pACYC+pDMS (un-induced); 15.JM109+pACYC-CI-857-tel (Induced); 16. IM109+pACYC-
CI-857-tel (Un-Induced). Arrows indicate bands of interest; blue (3.3 kb), purple (3.1 kb). Mr 1
kb (FroggaBio).
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Recombinant bacteria Expected fragment sizes The sizes of the observed
upon msDNA synthesis (kb) fragments (kb)

JM109+pACYC (Induced) No msDNA synthesis No msDNA synthesis
JM109+pACYC (Un- No msDNA synthesis No msDNA synthesis
Induced)

JM109+pDMS (Induced) No msDNA synthesis No msDNA synthesis
JM109+pDMS (Un-Induced)  No msDNA synthesis No msDNA synthesis
JM109+pACYC-CI-857-tel + 3.3,3.1 2.4,2.6,3.1

pDMS (Induced)

JM109+pACYC-CI-857-tel No msDNA synthesis 2.4,2.6,3.1
(Un-Induced)

JM109 tel*+pDMS (Induced) 3.3,3.1 3331

JM109 tel*+pDMS (Un- No msDNA synthesis No msDNA synthesis
Induced)

Table 15:Summary of the expected fragment sizes versus the observed fragment sizes upon
heat-dependent induction of msDNA synthesis in JM109 recombinant bacteria.

4.4.2 Induction of msDNA synthesis in recombinant bacteria carrying pACYC-tel-pBAD
and pDMS/pNNQ9 precursor plasmids

The pACYC-tel-pBAD recombinant plasmid was a gift from Mediphage Bioceuticals (Toronto,
CA). This low copy number recombinant plasmid has the p15 ori and the tel gene which was
placed under the control of an inducible Pgap promoter. W3110 bacteria were transformed with
the recombinant Tel plasmid and the msDNA synthesizing precursor plasmid as outlined in section
3.4.6.3. Since the pACYC-tel-pBAD and the msDNA synthesizing pDMS/pNN9 (ColE1 ori)
precursor plasmids have compatible ori, the two plasmids should coexist in W3110 recombinant
bacteria upon successful transformation of pACYC-tel-pBAD and pDMS/pNN9 precursor
plasmids via electroporation. After the successful transformation of W3110 with recombinant
plasmids, bacterial cells grew on both Cm and Ap supplemented LB agar plates. Even though the

positive transformants grew on selective LB-agar plates, there was no growth observed in
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overnight cultures. Due to an unknown reason the two plasmids didn’t coexist in W3110

recombinant bacteria upon transformation and couldn’t continue the experiment.

4.4.3 Induction of msDNA synthesis in recombinant bacteria carrying pACYC-tel-T7 and
pDMS/pNN9 recombinant plasmids

BL21(DE3) and W3110 bacteria were transformed with the pACYC-tel-T7 (T7-tel) and precursor
plasmids and induced msDNA synthesis as described in section 3.4.6.2. BL21(DE3) bacteria has
the chromosomally integrated prophage DE3 which carries the T7 RNA Polymerase encoding
gene placed under the control of lacUV5 promoter (Jeong et al., 2015). BL21(DE3) bacteria is
commonly used for high-level recombinant protein expression and upon addition of IPTG activates
the lacUV5 promoter which induces the expression of T7 RNA polymerase enzyme. T7 RNA
polymerase upon activation of the T7 promoter transcribes tel gene eight times faster than the E.
coli RNA polymerase (Du et al., 2021). As shown in Figure 43 at 0.1 mM and 0.4mM IPTG
concentrations both induced and un-induced cultures in the presence of pPNN9 and pDMS precursor
plasmids synthesized msDNA. The presence of 2.6 kb (orange arrow) and 3.0 kb (red arrow) bands
in recombinant bacteria carrying T7-tel and pNN9 plasmids confirm the synthesis of msDNA. The
presence of 3.1 kb (purple arrow) and 3.3 kb (blue arrow) confirms the synthesis of msDNA in
recombinant bacteria carrying T7-tel and pDMS recombinant plasmids (Table 16). There was no
significant difference observed between the added IPTG concentration vs. the amount of msDNA
synthesized. Overall, msDNA was synthesized at significantly lower concentrations compared to
msDNA synthesis inside W3110 and BW25113 with msDNA synthesizing precursor plasmids.
This could be due to the fact that leaky overexpression of the T7 promoter resulted in the
overexpression of Tel protelomerase enzyme even in the absence of inducer IPTG. This might

have resulted in converting the precursor plasmid to msDNA and bacterial backbone even under

98



uninduced conditions (at early stages of bacterial growth), which halted the amplification of the
msDNA synthesizing precursor plasmid. According to Du et al. (2021), the lacUV5 promoter is a
leaky promoter that leads to the expression of target genes even under uninduced conditions. If the
early expression and accumulation of the target protein are toxic to the cell, as in this experiment
where early expression of the Tel protelomerase enzyme converts precursor plasmids into msDNA,

there might not be enough precursor plasmids to synthesize msDNA abundantly.

W3110 bacteria were transformed with T7-tel and msDNA synthesizing precursor plasmids as
described in section 3.4.6.2 to determine whether a tight regulation of the T7 promoter can be
achieved in the absence of T7 RNA Polymerase enzyme. IPTG was added to a final concentration
of 1 mM to induce protelomerase enzyme over-expression. As shown in Figure 44 there was no
msDNA synthesis observed either with pNN9 nor with pDMS precursor plasmids (Figure 44; lanes
1- 4). The expected band sizes corresponding to msDNA and bacterial backbone upon msDNA
synthesis with pNN9 and pDMS precursor plasmids as depicted in Table 17 don’t match with
actual results obtained in induced cultures. The T7 promoter is designed to be recognized and
transcribed by T7 RNA polymerase enzyme. RNA polymerase in W3110 bacteria is not the same
as bacteriophage T7 RNA polymerase, therefore T7 promoter was not recognized by E. coli RNA

polymerase for its activation and efficient transcription of the tel gene.
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Figure 43:Induction of msDNA synthesis in BL21(DE3) recombinant bacteria. BL21(DE3)
recombinant bacteria carrying T7-tel and pNN9/pDMS precursor plasmids were induced for
msDNA synthesis by adding 0.4 mM and 0.1mM IPTG. Lanes 1.BL21(DE3)+T7-
tel+pNN9(Induced;0.4 mM);2.BL21(DE3)+T7-tel+pNN9(Induced;0.1mM);3.BL21(DE3)+T7-
tel+pNN9(Un-induced);4.BL21(DE3)+T7-tel+ pDMS (Induced;0.4mM); 5.BL21(DE3)+T7-
tel+pDMS (Induced;0.1mM);6.BL21(DE3)+T7-tel+pDMS(Un-Induced); 7.BL21(DE3)+T7-
tel+pDMS(Induced;0.4 mM); 8.BL21(DE3)+T7-tel+ pDMS(Induced;0.1 mM);
9.BL21(DE3)+T7-tel+pDMS(Un-Induced);10.BL21(DE3)+T7-tel+pNN9(Induced;0.4 mM);
11.BL21(DE3)+T7-tel+pNN9(Induced;0.1 mM);12.BL21(DE3)+T7-tel+pNN9(Un-
Induced);13.BL21(DE3)+T7-tel(Induced);14.BL21(DE3)+T7-tel(Induced);15.BL21(DE3)+T7-
tel(Un-Induced); Arrows indicate bands of interest; red (3.0 kb), orange (2.6 kb), blue (3.3 kb),
purple (3.1kb). Mr: 1 kbp ladder (FroggaBio).
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Recombinant bacteria

Expected fragment sizes
upon msDNA synthesis

The sizes of the
observed

(kb) fragments (kb)
BL21(DE3)+T7-tel+pNN9 2.6,3 2.6,3
(Induced;0.4 mM)
BL21(DE3)+T7-tel+pNN9 2.6,3 2.6,3
(Induced;0.1 mM)
BL21(DE3)+T7-tel+pNN9 No msDNA synthesis 2.6,3
(Un-Induced)
BL21(DE3)+T7-tel+pDMS 3.1,33 3.1,33
(Induced;0.4 mM)
BL21(DE3)+T7-tel+pDMS 3.1,33 3.1,33
(Induced;0.1 mM)
BL21(DE3)+T7-tel+pDMS No msDNA synthesis 3.1,3.3
(Un-Induced)
BL21(DE3)+T7-tel No msDNA synthesis No msDNA
(Induced) synthesis
BL21(DE3)+T7-tel No msDNA synthesis No msDNA
(Un-Induced) synthesis

Table 16:Summary of the expected fragment sizes versus the observed fragment sizes upon
IPTG-dependent induction of msDNA synthesis in BL21(DE3) recombinant bacteria.
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Figure 44:Induction of msDNA synthesis in W3110 recombinant bacteria. msDNA synthesis
was induced by adding IPTG at a final concentration of 1 mM. Lanes;1.W3110+T7-
tel+pDMS(Induced);2.W3110+T7-tel+pDMS(Un-Induced); 3.W3110+T7-tel+pNN9(Induced);4.
W3110+T7-tel+pNN9(Un-Induced);5.W3110 tel*+pNN9(Induced);6.W3110tel*+pNN9(Un-
Induced);7.W3110+T7-tel(Induced);8.W3110+T7-tel(Un-Induced);
9.W3110+pACYC+pNN9(Induced);10.W3110+pACY C+pNN9(Un-Induced);
11.W3110(Induced); 12.W3110(Un-Induced); 13.W3110+pNN9 (Induced); A. 1 kb ladder was
loaded twice. B. The bands highlighted are visible in both induced and induced conditions but
don’t match with the banding pattern of msDNA synthesis. C.W3110 tel*+pNN?9 is the positive
control where msDNA synthesis was induced by heat induction. Arrows indicate bands of
interest; orange (2.6 kb), red (3.0 kb); Mr: 1 kbp ladder (FroggaBio).
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Recombinant bacteria Expected fragment sizes The sizes of the observed
upon msDNA synthesis (kb) fragments (kb)

W3110+T7-tel+pDMS 3.1,33 ~2234

(Induced)

W3110+T7-tel+pDMS No msDNA synthesis ~2.2,34

(Un-Induced)

W3110+T7-tel+pNN9 2.6,3.0 ~2.2,34

(Induced)

W3110+T7-tel+pNN9 No msDNA synthesis ~2.2,34

(Un-Induced)

W3110 tel*+pNN9(Induced)  2.6,3.0 2.6,3.0

W3110 tel*+pNN9 No msDNA synthesis No msDNA synthesis

(Un-Induced)

W3110+T7-tel No msDNA synthesis No msDNA synthesis

(Induced)

W3110+T7-tel No msDNA synthesis No msDNA synthesis

(Un-Induced)

W3110+pACYC+pNN9 No msDNA synthesis No msDNA synthesis

(Induced)

W3110+pACYC+PNN9 No msDNA synthesis No msDNA synthesis

(Un-Induced)

Table 17:Summary of the expected fragment sizes versus the observed fragment sizes upon
IPTG-dependent induction of msDNA synthesis in W3110 recombinant bacteria.

4.4.4 Induction of msDNA Synthesis in W3110+pXG-pBAD-tel+pNN9/pDMS carrying
recombinant bacteria

As described in section 3.4.6 after W3110 bacteria were transformed with pXG-pBAD-tel (pXG-
tel) and msDNA synthesizing precursor plasmids pNN9/pDMS, msDNA synthesis was induced
by adding L-Arabinose to a final concentration of 1 %. In pXG-tel plasmid tel gene is placed under
the control of an inducible Psap promoter. The bacterial cultures were grown in LB media
supplemented with 1 % glucose in order to turn off the Psap promoter expression (due to the
leakiness of the Peap promoter) until the bacterial culture reached the late log phase (Aes00=0.8).

The pXG-tel recombinant plasmid is a gift from Mediphage Bioceuticals, Toronto, and it is 6.9 kb
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in size. Upon induction of the Pgap inducible promoter as shown in Figure 45 (A and B) in the
presence of both pNN9 and pDMS msDNA synthesizing precursor plasmids, W3110 recombinant
bacteria synthesized msDNA. Obtaining band sizes of 2.6 kb and 3.0 kb corresponding to msDNA
and bacterial backbone with pNN9 precursor plasmid (Figure 45, A; lanes 1-2) compared to un-
induced cultures (Figure 45, A; lanes 3-4) confirms the msDNA synthesis after 6 hr of induction.
Similarly, in the presence of pDMS precursor plasmid, W3110 recombinant synthesized msDNA.
Obtaining bands of 3.1 kb (blue arrow) and 3.3 kb (purple arrow) as in Figure 45, B, lanes 1-4,
corresponding to the bacterial backbone and msDNA respectively confirmed the msDNA

synthesis.
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Figure 45: Induction of msDNA synthesis in W3110+pXG-tel+pNN9/pDMS recombinant
bacteria. A. Induction of msDNA synthesis with pNN9 precursor plasmid. Lanes;1 — 2.
W3110+pXG-tel+pNN9 (Induced); 3— 4. W3110+pXG-tel+pNN9 (Un-Induced). B. Induction of
MSDNA synthesis with pDMS precursor plasmid. Lanes; 1 — 4. W3110+pXG-tel+pDMS
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(Induced); 5-8. W3110+pXG-tel+pDMS (Un-Induced). Arrows indicate bands of interest; A.
yellow (2.6 kb), green (3.0 kb); B. blue (3.3 kb), purple (3.1kb) Mr: 1 kb ladder (FroggaBio).

Since there was msDNA synthesis observed in W3110 recombinant bacteria, we moved on with
transforming W3110 vma™ integrated recombinant bacteria with pXG-tel and precursor plasmids
as outlined in section 3.4.6.5. Successful chromosomal integration of vma gene was confirmed by
performing a colony PCR. As shown in Figure 46 (lanes 1-2 + 4-6) obtaining two DNA fragments
of 577 ,666 bp confirmed the successful chromosomal integration of vma gene expression cassette
in W3110 vma™ single copy integrants (Table 8). The vma gene is placed under the control of an
inducible Pgap promoter. As shown in Figure 47 upon induction W3110 vma™ recombinant bacteria
synthesized msDNA with pNN9 precursor plasmid (in comparison with uninduced cultures in lane
7). Obtaining DNA fragments of 2.6 kb and 3.0 kb as highlighted in lane 5 confirmed the synthesis
of msDNA in induced cultures. msDNA synthesis was further confirmed by digesting the plasmid
extract with EcoR1 restriction enzyme. As indicated in Table 18 upon EcoR1 digestion of the
plasmid extract obtaining 2.9, 3, 3.9,5.6, 1.4, and 1.2 kb DNA fragments confirmed msDNA
synthesis (Figure 47; lane 6). As there is no significant size difference between 2.9 & 3and 1.4 &
1.2 kb DNA fragments it appeared as one thick band on agarose gel. This is the reason why only
4 fragments appeared in lane 6 instead of 6 fragments. But the gel could have been run longer to
see better band separation. The uninduced plasmid extract upon digestion (lane 8) showed 3 bands
corresponding to pNN9 (5.6 kb) and pXG-tel (2.9 and 3.9 kb) plasmids respectively. In the
presence of pDMS precursor plasmid, induced cultures (lane 1) compared to uninduced cultures
in lane 3, showed two DNA fragments of 3.1 and 3.3 kb corresponding to the bacterial backbone
and msDNA respectively. Upon digestion of the plasmid extract with EcoR1 didn’t show 5

fragments (6.4, 2.7, 0.6, 3.9, 2.9, and 3.1 kb) as shown in Table 19. There was no difference
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between the banding pattern obtained between induced-digested and un-induced digested (lanes 2
and 4). Overall, 500 ng of DNA were loaded on each well from both induced and un-induced
cultures of recombinant bacteria carrying pDMS/pNN?9 precursor plasmids. Compared to pNN9
carrying bacterial cultures, pDMS carrying bacterial cultures have lower pDMS plasmid
concentrations (lanes 1,3 and 5 and 6). This is because both tel and vma are placed under the
control of Peap promoter and there is no tight regulation of vma gene overexpression. Both tel and
vma gene overexpression takes place at the same time. This resulted in digesting the pDMS
plasmid at early stages of bacterial growth. The presence of lower concentrations of pDMS plasmid
resulted in the synthesis of msDNA at very low concentrations which are not detectable on an

agarose gel.

Mr 1kb

0.75

0.5

0.25

Figure 46:Colony PCR to confirm chromosomal integration of vma gene in W3110 vma*
single integrants. Lanes:1-2 and 4-6; colony PCR on five different colonies of W3110 vma*
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single integrants grew on Km plates. lane 3: N/A. Arrows indicate bands of interest; green (666
bp), grey (577 bp) Mr: 1 kb ladder (FroggaBio).

Mr
_1kb

Figure 47:Induction of msDNA synthesis in W3110 vma++pXG-tel+pNN9/pDMS
recombinant bacteria. Lanes;1. W3110 vma™+pXG-tel+pDMS (Induced); 2. Lanel digested with
EcoR1; 3. W3110 vma*+pXG-tel+pDMS (Un-Induced); 4. Lane3 digested with EcoR1; 5. W3110
vma* +pXG-tel+pNN9(Induced);6. Lane 5 digested with EcoR1;7. W3110 vma™+pXG-
tel+pNN9(Un-Induced); 8. Lane 7 digested with EcoR1. Arrows indicate bands of interest;
purple;3.1; dark blue;3.3; pink;2.9; blue;3.9; dark green;6.4; yellow;2.6; red;3; orange;1.2,1.4;
grey;5.6; Mr; 1 kb plus ladder from FroggaBio.
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Plasmid The size of the DNA fragments when
digested with EcoR1
pGX -tel 29,39
pNN9 5.6
pDMS 6.4
msDNA with pDMS + BB* 0.7,2.6,31
msDNA with pNN9 + BB* 1.2,14,3

Table 18:DNA fragment sizes obtained after digesting the plasmid extract with EcoR1.BB*
denotes-bacterial backbone.

Recombinant Expected The sizes of the  Expected Observed

bacteria fragment sizes  observed fragment sizes  fragment sizes
upon msDNA fragments (kb)  upon EcoR1 uponEcoR1
synthesis (kb) digestion (kb) digestion (kb)

W3110 3.1,33 3.1,33 0.7,2.6,3.1,29, 29,3964

vma*+pXG- 3.9,64

tel+pDMS

(Induced)

W3110 No msDNA No msDNA 2.9,39,6.4 2.9,39,6.4

vma*+pXG- synthesis synthesis

tel+pDMS (Un-

Induced)

W3110 2.6,3.0 2.6,3.0 1.2* 1.4*, 1.2* 1.4*,

vma*+pXG- 3.0%*, 2.9%*, 3.0%*, 2.9%*,

tel+pNN9 3.9,56 3.9,5.6

(Induced)

W3110 No msDNA No msDNA 2.9,39,56 2.9,39,56

vma*+pXG- synthesis synthesis

tel+pNN9

(un-induced)

Table 19:Summary of the expected fragment sizes versus the observed fragment sizes upon
L-arabinose-dependent induction of msDNA synthesis in W3110 vma* recombinant bacteria.
The * and ** denote the fragments that appeared as single thick bands due to the very low

difference in size between the bands.
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4.5 Digestion of the msDNA synthesizing precursor plasmid upon over expression of the
pre-crRNA targeting the bacterial backbone

Another approach to digest the msDNA-synthesizing precursor plasmid was developed, utilizing
the CRISPR-Cas3 RNA-dependent immune system naturally present in E. coli K-12 bacteria. In
this approach, pre-CRISPR RNA targeting the ori and the Ap-resistant gene of the bacterial
backbone part of the msDNA-synthesizing precursor plasmid was developed. Initially, we tested
the digestion of the msDNA-synthesizing precursor plasmid in W3110 bacteria. We then
introduced the pre-CRISPR RNA-expressing plasmid into W3110 tel” recombinant bacteria to test
msDNA synthesis, followed by CRISPR RNA overexpression to digest the unwanted by-products

of msDNA synthesis.

4.5.1 pre-crRNA over expression in W3110 recombinant bacteria

W3110 bacteria were transformed with pcrRNA90/120 and msDNA synthesizing pDMS precursor
plasmids as outlined in section 3.4.6.1. As pre-crRNA encoding gene is placed under the control
of Peap promoter L-arabinose was added in order to induce the promoter activation as outlined in
section 3.5.6. The purpose of this experiment is to determine whether digestion of the pDMS/pNN9
msDNA synthesizing precursor plasmids is achieved upon over-expression of pre-crRNA. Lanes
5,6,9 and 10 of Figure 48 represent induced and un-induced cultures of W3110+pDMS (negative
controls). The pattern of bands in the mentioned lanes illustrates the visualization of the intact
pDMS plasmid on an agarose gel. A high intense band within this pattern is emphasized by a
yellow circle. Lanes 7,8,11 and 12 of Figure 48 on the agarose gel display the pattern of
pcrRNA90/120 plasmids, serving as negative controls that demonstrate the appearance of an intact
CRISPR plasmids inside W3110 bacteria (high intense band within this pattern is emphasized by

a red circle). As indicated in Figure 48; lane 3, upon pre-crRNA overexpression pDMS precursor
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plasmid concentration, in induced cultures of W3110+pcrRNA120+pDMS recombinant bacteria
has decreased compared to un-induced cultures (Figure 48; lane 4). Based on densitometric
analysis, there is a 71 % decrease in pDMS band intensity in the induced cultures compared to the
uninduced cultures (Figure 48; lanes 3 and 4 compared). When contrasted with the negative
controls in lanes 4,5 and 6 of Figure 48, it is evident that both induced and uninduced cultures
exhibit significantly reduced levels of pDMS plasmid. Based on densitometric analysis there is a
77 % decrease in pDMS plasmid band intensities in induced cultures compared to negative
controls. The digestion observed in both induced and un-induced cultures could be due to the leaky
overexpression of the pre-crRNA resulting from the leakiness of the Pgap promoter. There was no
digestion of pDMS plasmid observed in induced and wuninduced cultures of

W3110+pcrRNA90+pDMS (Figure 48; lanes 1 and 2).

The digestion of the pDMS plasmid observed in induced and un-induced cultures of
W3110+pcrRNA120+pDMS was further confirmed by digesting the plasmid extract with ECORV
restriction enzyme. Since there is only one ECoRV recognition sequence present in both pDMS
and pcrRNA120 plasmid, upon EcoRV digestion 6.4 and 5 kb DNA fragments should be visible
in an agarose gel. As shown in Figure 49 (lanes 5 and 6) only one band of 5 kb representing
pcrRNA120 appeared on the gel. The disappearance of the precursor plasmid further confirmed
the successful degradation of pDMS by crRNA120 (Table 20). The complete disappearance of the
pDMS plasmid in the induced cultures is due to the fact that partially digested fragments were
completely digested by the exonucleases present in bacteria. Since two fragments of 5 and 6.4 kb
corresponding to pcrRNA90 and pDMS appeared in lanes 3 and 4 of Figure 49 confirms that upon

expression of pre-crRNA90 in W3110+pDMS+pcrRNA90 didn’t digest the pDMS precursor
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plasmid. Mutations generated during the construction of the pcrRNA90 plasmid might have

resulted in aberrant crRNA expression (Appendix A; Figure Al).

Figure 48:Induction of pre-crRNA over expression. W3110 recombinant bacteria carrying
pcrRNA (90/120) and pDMS plasmid was induced by adding L-arabinose into the media. The
induction was performed for 6 hr and the plasmid was extracted and ran on 0.8 % agarose gel.
Lanes;1.W3110+pDMS+pcrRNA90(Induced);2.W3110+pDMS+pcrRNA90(Un-
Induced);3.W3110+pDMS+pcrRNA120(Induced);4.W3110+pDMS+pcrRNA120(Un-
Induced);5.W3110+pDMS(Induced);6.W3110+pDMS(Un-
Induced);7.W3110+pcrRNA120(Induced);8.W3110+pcrRNA120(Un-
Induced);9.W3110+pDMS(Induced);10.W3110+pDMS(Un-
Induced);11.W3110+pcrRNA90(Induced);12.W3110+pcrRNA90(Un-Induced).Highlighted
circles indicate bands of interest; yellow; pDMS plasmid, red; pcrRNA90/120. Mr;1 kb plus ladder
(FroggaBio).
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Figure 49:Digestion of the plasmid extract with ECORV. The plasmid extract isolated after
crRNA over expression was digested with ECORV restriction enzyme and ran on 0.8 % agarose
gel. Lanes;1. W3110+ pDMS digested with EcoRV;2. W3110+pcrRNA9O digested with ECORV;;3.
W3110+ pcrRNA90+pDMS (Induced) digested with EcoRV;4. W3110+ pcrRNA90+pDMS (Un-
Induced) digested with EcCoRV;5. W3110+pcrRNA120+pDMS (Induced)digested with EcoRV;6.
W3110+pcrRNA120+pDMS  (Un-Induced) digested with EcoRV;7. W3110+pcrRNA120
digested with EcoRV. Arrows indicate the bands of interest; yellow-6.4 kb; red-5 kb. Mr;1 kb plus
ladder (FroggaBio).
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Recombinant Bacteria Expected fragment sizes Observed fragment sizes
upon EcoRV digestion (kb)  upon EcoRYV digestion (kb)

W3110 +pDMS 6.4 6.4
W3110+pcrRNA90 S) 5
W3110+ pcrRNA90+pDMS 5 5,6.4
(Induced)

W3110+ pcrRNA90+pDMS 5,6.4 5,6.4
(Un-Induced)

W3110+pcrRNA120+pDMS 5 5
(Induced)

W3110+pcrRNA120+pDMS 5,6.4 5
(Un-Induced)

W3110+pcrRNA120 5 5

Table 20: The expected fragment sizes versus observed fragment sizes upon CRISPR RNA
overexpression. The crRNA over expression was induced in W3110 recombinant bacteria
carrying pDMS and pcrRNA90/120 plasmids. The plasmid extract was isolated after induction and
digested with EcCORV to evaluate test results. W3110+pDMS, W3110+pcrRNA90 and W3110+
pcrRNA120 act as negative controls of this experiment.

4.6 Determination of msDNA synthesis in pre-crRNA synthesizing recombinant bacteria

Since there was digestion observed of the pDMS precursor plasmid upon overexpression of the
pre-CRISPR RNA targeting the ori of the plasmid, we moved on to transform W3110 tel”
recombinant bacteria with the CRISPR plasmid and msDNA-synthesizing precursor plasmids to
induce msDNA synthesis. This was followed by the overexpression of pre-CRISPR RNA to digest

the by-products of msDNA synthesis.

4.6.1 Expression of msDNA Synthesis in pre-crRNA expressing W3110 tel* recombinant
bacteria

Having observed pDMS plasmid degradation during CRISPR120 expression, we proceeded to
induce msDNA synthesis in W3110 tel™ that harbored both pcrRNA120 and pNN9 plasmids.
W3110 tel* recombinant bacteria were transformed with pNN9 and pcrRNA120 plasmids as

outlined in section 3.4.6. Sequential transformation was performed to introduce recombinant
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plasmids into W3110 tel* recombinant bacteria. Since both CRISPR plasmids and W3110 tel*
possess Cm resistance, the positive transformants, which are W3110 tel* carrying pcrRNA120
plasmids, exhibited a diffuse pattern when grown on LB agar plates supplemented with the
selective antibiotics. Due to this reason, it became practically impossible to isolate positive
colonies that carry both pNN9 and CRISPR plasmids. Therefore, the CmR gene in the pcrRNA120
plasmid was replaced with the KmR gene. This plasmid construct, expressing the pre-crRNA
targeting the ori of the precursor plasmid and conferring Km resistance, will be referred to as

p120K.

4.6.2 Induction of msDNA synthesis

W3110 tel™ recombinant bacteria were transformed with pNN9 and p120k plasmids as described
in section 3.5.7., followed by heat induction to induce msDNA synthesis. As depicted in Figure
50, upon heat induction W3110 tel™ recombinant bacteria containing both pNN9 and p120k
plasmids synthesized msDNA (Lane 4). The presence of 2.6 and 3.0 kb DNA fragments in induced
cultures, in contrast to the uninduced cultures, affirmed the synthesis of msDNA. The 2.6 kb and
3.0 kb DNA fragments on the agarose gel were denoted by blue and green arrows, respectively.

W3110 tel™ with pNN9 plasmid served as a positive control of this experiment (lanes 5 and 6).
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Figure 50:Induction of msDNA synthesis in recombinant bacteria carrying pNN9 and
pcrRNA120 plasmids. Heat induction was performed to induce msDNA synthesis. lanes;1-3;
W3110 tel™+pNN9+p120k (Un-Induced); lane 4; W3110 tel*+pNN9+p120k(Induced); lane 5;
W3110 tel"+pNN9(Un-Induced); lane 6; W3110 tel*+pNN9(Induced). Arrows indicate the bands
of interest. Green (3.0 kb); blue;2.6 kb. Mr 1 kb from FroggaBio.

4.6.3 Induction of msDNA synthesis followed by CRISPR RNA over expression

The p120k overexpression was induced following msDNA synthesis as outlined in section 3.4.6.
After msDNA synthesis crRNA over expression was induced for 4hr and 24 hr. As depicted in
Figure 51, even though there was msDNA synthesis (Figure 51-lanes 7 and 8), there was not a

significant digestion of the pNN9 plasmid observed upon crRNA expression. As shown in lanes
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9,11,13 and 15, upon induction of crRNA expression for 4 hr and 24 hr following msDNA
synthesis, compared uninduced cultures, induced cultures show a slight degradation of the plasmid.
In order to further confirm the degradation, the plasmid extract was digested with EcCoR1 restriction
enzyme. The digestion reaction contained 500 ng of DNA from induced and uninduced plasmid
extracts. Upon digestion of the plasmid extract with EcoR1, the intensity of the DNA fragment
corresponding to the pNN9 plasmid remains consistent in both induced and uninduced cultures
(Figure 51; lanes 10,12,14 and 16). As summarized in Table 21, upon heat induction and CRISPR
RNA overexpression, we should not observe a 5.6 kb band corresponding to pNN?9 in induced
cultures after digestion of the plasmid extract with EcoR1.The pNN9 plasmid remained intact in
W3110 tel™ cells that possess p120k and pNN9 plasmids, despite observing pDMS plasmid
degradation in W3110 cells harboring pcrRNA120 and pDMS plasmids. Because the pcrRNA120
plasmid targets the origin of replication in both pNN9 and pDMS plasmids, it should lead to the

digestion of both plasmids.
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Figure 51:Induction of p120k over expression followed by msDNA synthesis. The pre-
crRNA was over expressed for 4 hr and 24 hr after msDNA synthesis. The plasmid extract was
digested with EcoR1 to confirm msDNA synthesis and digestion of pNN9 precursor
plasmid.Lanes;1.W3110 tel*+pNN9(Un-Induced);2.W3110 tel*+pNN9(Un-Induced)-
digested;3.W3110 tel*+pNN9(Induced);4.W3110 tel*+pNN9(Induced)-digested;5.W3110
tel"+pNN9+pcrRNA120k(Un-Induced);6.W3110 tel " +pNN9+p120k(Un-Induced)-
digested;7.W3110 tel*+pNN9+p120k(Induced);8.W3110 tel*+pNN9+p120k(Induced)-
digested;9.W3110 tel"™+pNN9+p120k(Un-Induced)-4hr;10.W3110 tel*+pNN9+p120k(Un-
Induced)-4hr-digested;11.W3110 tel*+pNN9+p120k(Induced)-4hr;12.W3110
tel*+pNN9+p120k(Induced)-4hr-digested;13.-W3110 tel*+pNN9+p120k(Un-Induced)-
24hr;14.W3110 tel*+pNN9+p120k(Un-Induced)-24hr-digested;15.W3110
tel*+pNN9+p120k(Induced)-24hr;16.W3110 tel"+pNN9+p120k(Induced)-24hr-digested.Mr 1kb
from FroggaBio.
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Recombinant bacteria Expected fragment sizes Observed fragment sizes
upon EcoR1 digestion upon EcoR1 digestion (kb)

(kb)
W3110 tel*+pNN9(Un-Induced); 5.6 5.6
heat Ul
W3110 tel*+pNN9(Induced); heat 1.2,1435.6 1.2,1.4,35.6
Ind
W3110 5.6,5.7 5.6,5.7
tel*+pNN9+pcrRNA120k(Un-
Induced); heat Ul
W3110 tel*+pNN9+p120k(Induced); 1.2,1.4,3,5.6,5.7 1.2,1.4,3,5.6,5.7
heat Ind
W3110 tel*+pNN9+p120k(Un- 5.6,5.7 5.6,5.7
Induced)-4hr; heat+ araC
W3110 tel*+pNN9+p120k(Induced)- 1.2,1.4,5.7 1.2,1.4,3,5.6,5.7
4hr; heat+ araC
W3110 tel*+pNN9+p120k(Un- 5.6,5.7 5.6,5.7
Induced)-24hr; heat+ araC
W3110 tel*+pNN9+p120k(Induced)- 1.2,1.4,5.7 1.2,1.4,3,5.6,5.7

24hr; heat+ araC

Table 21: The expected fragment sizes versus observed fragment sizes upon msDNA
synthesis followed by CRISPR RNA overexpression. The W3110 tel+ recombinant bacteria
carrying the pNN9 precursor plasmid and p120K CRISPR plasmid were first induced for msDNA
synthesis through heat induction and then induced for pre-crRNA overexpression to digest the
unwanted by-products of msDNA synthesis. The table summarizes the fragment sizes upon
digestion of the plasmid extract with the EcoR1 restriction enzyme.
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5. Discussion

Gene therapy is a powerful medical approach used to treat or prevent diseases. In order to target
the desired cells, vectors are used to efficiently deliver genes of interest. These vectors are broadly
categorized into two groups: viral and non-viral vectors. The LCC msDNA employed in this study
falls within the non-vector category and is synthesized through a cost-effective E. coli based in
vivo production process. This msDNA therapeutic platform has the potential to be applied towards
a wide range of applications and diseases and the requirement for additional scale is growing. In
order to move msDNA toward clinical trials, enhanced synthesis and purification methods are
required on a larger scale (Talebnia et al., 2023b). Therefore, this research was primarily focused
on enhancing the purification of msDNA by utilizing a recombinant system involving the P1-Scel
homing endonuclease enzyme and the CRISPR-Cas3 system, whereby by-products of msDNA
synthesis are digested upon the expression of PI-Scel homing endonuclease or pre-crRNA after

msDNA synthesis.

The msDNA synthesizing precursor plasmid carries the therapeutic gene expression cassette
flanked with Tel protelomerase enzyme recognition super sequences (SS). Upon heat induction,
the overexpressed Tel protelomerase acts on the pal sequence in the SS and generates LCC
msDNA and the LCC bacterial backbone. To isolate the synthesized msDNA, additional steps
such as treating the plasmid extract with restriction enzymes to digest the unwanted by products,
is performed. Running the plasmid extract through an agarose gel and subsequently conducting a
gel purification step to isolate msDNA, result in low yields. These methods are also time-
consuming and expensive. Purification using the PI-Scel homing endonuclease enzyme, as
discussed in the current research, allows for isolation of msDNA directly from the bacterial lysate

using commercially available affinity columns. Chen et al., 2005 developed a one-step mini circle
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purification method using homing endonuclease I-Scel. The therapeutic gene expression cassette
was cloned into the mini circle synthesizing precursor plasmid. This expression cassette, placed
under the control of an inducible Psap promoter, is flanked with gC31 integrase enzyme
recognition sequences. The gC31 integrase enzyme encoding gene cassette was placed under the
control of the Pgap promoter and was integrated into the same mini circle synthesizing precursor
plasmid. Upon induction at 30 °C, the gC31 integrase enzyme was overexpressed and targeted the
recognition sequences present in the mini circle generating precursor plasmid. This resulted in the
generation of unwanted bacterial backbone and mini circle DNA via homologous recombination.
By changing the temperature to 37 °C, homing endonuclease I-Scel induction digests the
unwanted by products of mini circle DNA synthesis (Chen et al., 2005). Similarly, the PI-Scel
homing endonuclease enzyme was used in the current research to digest the unwanted by products
of msDNA synthesis. The homing endonucleases are highly specific DNA cleaving
endoribonucleases that digest internal phosphodiester bonds of DNA. The recognition sequence of
the PI-Scel homing endonuclease enzyme is long, which increases specificity. The presence of
homing endonuclease enzyme recognition sites in the E. coli genome is very rare. Homing
endonucleases, unlike restriction enzymes, are less stringent when binding to the recognition
sequences. Even a mutation in one base of the recognition site alters binding for restriction
enzymes. On the other hand, homing endonucleases are not stringent; even a base change in the
recognition site doesn't affect binding with the target sequence. These are the primary reasons for
selecting this homing endonuclease enzyme for digestion (Steuer et al., 2004).

The PI1-Scel homing endonuclease encoding vma gene was integrated into the AattP site in the
bacterial chromosome via site specific recombination (Haldimann & Wanner, 2001). The vma

gene was placed under the control of an inducible Peap promoter. As expected, single integrants
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(vma integrated recombinant bacteria) and double integrants (both vma and tel integrated
recombinant bacteria) were able to overexpress the PI-Scel homing endonuclease enzyme and
digest the msDNA synthesizing pDMS precursor plasmid upon induction of the vma gene over
expression. The pDMS precursor plasmid contains the homing endonuclease enzyme recognition
sequence cloned into the bacterial backbone part of the plasmid. Optimal enzyme activity was
observed at 37 °C in the presence of Mg?* (Steuer et al., 2004). Even though the double integrants
were able to over express the homing endonuclease enzyme and digest the precursor plasmid, Tel
protelomerase activity was not observed. As shown in Figure 32, the location of the two genes are
not in close enough proximity to conclude that integration of the vma gene disrupts the tel gene
sequence. Both Tel protelomerase and PI-Scel are DNA binding enzymes. They bind to DNA and
slide across until they reach the target sequence. Due to leaky over expression of the PI-Scel
homing endonuclease enzyme, this may have led to binding to the precursor plasmid, consequently
halting the Tel protelomerase enzyme from binding to the plasmid. To verify this, double
integrants were introduced with the pNN9 msDNA synthesizing precursor plasmid, which does
not contain integrated PI-Scel homing endonuclease enzyme recognition sequences. Even in the
presence of the pNN9 plasmid, double integrants did not synthesize msDNA, indicating the
unlikelihood of the suggested possibility mentioned earlier. Double integrants of W3110,
BW25113 and JM109 with different stabilities were generated to develop a recombinant system
that favors Tel protelomerase enzyme activity. W3110, E. coli K-12 bacteria used in the
experiment, is RecA+, and this RecA protein is essential for homologous recombination. In the
generation of W3110 tel"'vma™* double integrants, the tel gene was integrated into the lac operon
in the bacterial chromosome via homologous recombination using the pBRINT-cat integrating

plasmid, integrating the tel gene into the lacZ gene of the bacterial chromosome through RecA-
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dependent homologous recombination (Nafissi & Slavcev, 2012). Additionally, the vma gene was
integrated into tel™ recombinant bacteria via site specific recombination using integrating plasmid
(Haldimann & Wanner, 2001). Even though the tel*vma® double integrants were able to
overexpress the PI-Scel homing endonuclease enzyme and digest the msDNA synthesizing
precursor plasmid, they did not synthesize msDNA. The BW25113 E. coli bacteria used in the
study have deletion mutations in the araD and araB genes, which results in the inability to utilize
added L-arabinose (Grenier et al., 2014). Compared to W3110 vma™ recombinant bacteria,
BW25113 vma®* recombinant bacteria exhibited enhanced digestion of the pDMS precursor
plasmid upon vma gene overexpression due to an elevated supply of L-arabinose (Figure 29). In
the generation of BW25113 double integrants, the tel gene was integrated into the bacterial
chromosome via P1 transduction using W3110 tel* as the donor cells of the tel gene expression
cassette. Since generalized transduction was used to transfer the tel gene, and it has been integrated
into the tel-integrated recombinant bacteria via homologous recombination, the chromosomal
locations are very similar to that of W3110 tel™. The vma gene was integrated into the tel-integrated
BW25113 tel™ bacteria via site-specific recombination, resulting in double integrants with similar
locations as W3110 tel*'vma*. The JM109 E. coli strain used in the study has mutations in the
endAl, recAl, and gyrA96 genes at the positions indicated by the numbers. These genes are
involved in the expression of enzymes related to DNA repair, recombination, and cleavage of
DNA. Therefore, the introduced extrachromosomal DNA is more stable inside JM109 (Stratagene
Technical Services, 2003). Both tel and vma integrated double integrants of JIM109 were generated
via P1 transduction. Although different methods were used in the generation of double integrants,

since the chromosomal locations are the same, none of the recombinant bacteria were able to
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synthesize msDNA, even though they were able to overexpress the PI-Scel homing endonuclease

enzyme.

Another possibility that could explain why the double integrants were not synthesizing msDNA,
is potential interaction of the PI-Scel enzyme with the Tel protelomerase enzyme. To test this
possibility, episomal expression of the Tel enzyme was performed using low copy number
plasmids. When the Tel protelomerase enzyme encoding gene is integrated into the bacterial
chromosome as a single copy, the expressed Tel protelomerase concentration is not enough to
outcompete the PI-Scel enzyme. When the tel gene is expressed episomally through low copy
number plasmids, it produces a higher quantity of enzymes, effectively surpassing the inhibitory
effect of the single copy PI1-Scel enzyme. The single copy integrants of W3110 vma* recombinant
bacteria were transformed with the pXG-pBAD-tel plasmid, and upon induction, were able to
synthesize msDNA in the presence of the pNN9 precursor plasmid. Since both the tel gene and
vma gene are placed under the control of the Psap promoter, there is no individual regulation of
each gene's expression. We observed the digestion of the pDMS precursor plasmid compared to
PNN9, which does not contain PI-Scel recognition sequences. Although we observed msDNA
synthesis in induced cultures compared to uninduced cultures upon heat induction with the pDMS
precursor plasmid, we were unable to confirm msDNA synthesis upon digesting the plasmid
extract with EcoR1 restriction enzyme. This could have resulted in the appearance of two bands,
0.6 bp and 2.7 bp, corresponding to msDNA upon digestion with the EcoR1 enzyme. This could
be due to the fact that early digestion of the pDMS precursor plasmid resulted in synthesizing
msDNA at very low concentrations, which were not detectable in an agarose gel. Placing the tel
gene under the control of different promoters could help in obtaining the tight regulation of

mMsDNA synthesis and subsequent PI-Scel enzyme over expression to digest the unwanted by
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products. In the Chen et al.,2005 paper, it is mentioned both the gC31 integrase and 1-Scel were
placed under the control of the Psap promoter. To overcome the fact that digestion of the precursor
plasmid decreases its availability, three strategies were developed. This includes increasing the
number of gC31 integrase gene copies to increase the quantity of minicircle synthesis. Initially,
the bacterial culture was grown at 32 °C for 2 hr, which is the optimal temperature of the gC31
integrase enzyme. The temperature was then increased to 37 °C, which is the optimal temperature
of the I-Scel enzyme. Changing the pH of the LB broth to 8 optimizes the I-Scel enzyme activity.
This enhances the digestion of the bacterial backbone after minicircle synthesis. The tel/P1-Scel
system can follow a similar approach to alleviate the issue. This is achieved by increasing the tel
gene copy numbers in the plasmid to enhance the turnover of msDNA synthesis. Overexpressing
PI-Scel at 37 °C, pH 8.5, and in the presence of 2.5 mM MnCl, optimizes the activity of the PI-
Scel enzyme (Wende et al., 1996). Another approach to address the issue would be to place the
tel gene under the control of a different promoter, such as the heat-inducible strong A pL-pR
promoters, to regulate gene expression. Meanwhile, we can keep the vma gene overexpression
under the control of the Peap promoter. This way, we can achieve more controlled overexpression

of the genes.

Another technique employed in this study to digest the precursor plasmid is the CRISPR-Cas 3
system (Type 1 CRISPR Cas system) found within W3110 E. coli K-12 bacteria. This RNA
dependent adaptive immune system in E. coli K-12 bacteria cleaves and degrades the nucleic acids
of invading plasmids and viruses. CRISPR RNA is transcribed from pre-CRISPR RNA consisting
of target specific spacer sequences flanked with two identical repeat sequences. This spacer
sequence is complementary to the protospacer sequence in the target DNA(Gomaa et al., 2014).

The 32 bp protospacer sequence is located downstream of the AAG PAM site of the precursor
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plasmid. The pre-CRISPR RNA targeting the ampicillin gene and the ori of the bacterial backbone
of the msDNA synthesizing precursor plasmids pNN9/pDMS, was designed. The pre-CRISPR
RNA encoding gene cassette, placed under the control of the Pgap promoter, was cloned into a low
copy number plasmid. First, we tested whether the precursor plasmid gets digested upon over
expression of the pre-crRNA. W3110 bacteria was transformed with the msDNA synthesizing
precursor plasmid and the CRISPR plasmid. As expected, the crRNA targeting the ori of the
plasmid, over expressed the pre-crRNA upon induction and digested the precursor plasmid. Due
to the tendency of the Pgap promoter to leak, digestion was observed in both induced and
uninduced cultures. The pre- crRNA targeting the ampicillin gene didn’t digest the precursor
plasmid upon over expression, due to mutations generated when constructing the crRNA plasmid
(Appendix A; Figure Al). As we observed the digestion of the precursor plasmid, we moved on
to the subsequent step of heat induction to induce msDNA synthesis. Synthesis of msDNA was
observed using the pNN9 precursor plasmid in a crRNA expressing background within W3110
tel™ recombinant bacteria. Even though there was msDNA synthesis, we did not observe the
digestion of the precursor plasmid upon induction of crRNA over expression after msDNA
synthesis. Eight CRISPR cas genes are expressed in the CRISPR-Cas 3 system, which are involved
in processing of the pre-CRISPR RNA and cleavage and degradation of target nucleic acids
(Brouns et al., 2008). Under normal growth conditions, the eight cas genes expressing two operons,
are repressed by the histone-like nucleoid structuring (H-NS) system in E. coli K-12 bacteria(Pul
etal., 2010). Therefore, in Gomaa et al., 2014 the CRISPR genes were expressed episomally using
two plasmids which express casABCDE and casl/2/3 genes to obtain optimal activity. The
chromosomal CRISPR Cas3 genes can be forcibly expressed by deleting the hns gene. These

methods have yielded significant CRISPR-Cas3 activity. Although in this study we did not express
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the CRISPR-Cas3 genes episomally, by observing the digestion of the msDNA synthesizing
precursor plasmid in both induced and uninduced growth conditions, suggested that the CRISPR-
Cas3 system is active in plasmids carrying W3110 recombinant bacteria. Testing the digestion of
the precursor plasmid upon episomal expression of the CRISPR Cas genes would be a good
strategy to determine whether enhanced digestion is observed. The lack of digestion of the msDNA
synthesizing precursor plasmid in W3110 tel™ recombinant bacteria carrying the CRISPR plasmid
and the msDNA synthesizing pNN9 precursor plasmid, could be due to several possibilities. This
includes potential mutations in the spacer sequence of the CRISPR plasmid and protospacer
sequence. Additionally, a loss of function mutation within the CRISPR genes and the partial
immunity provided from the CRISPR system could lead to survival of the target plasmid. There is
evidence that the CRISPR plasmid can lose its spacer sequence due to recombination between the
identical repeat sequences present in the pre-CRISPR RNA encoding gene sequence (Jiang,
Maniv, et al., 2013). By sequencing the CRISPR plasmid isolated after msDNA synthesis, can
determined whether the spacer sequence in the CRISPR plasmid is being altered due to
recombination. Given that the protospacer sequence is present in the ori of the msDNA
synthesizing precursor plasmid and there was no adverse effect on the precursor plasmid
amplification, it rules out the possibility of escaping precursor plasmid degradation from the
CRISPR-Cas3 system due to mutations in the protospacer sequence. Another possibility could be
attributed to partial immunity that is provided from the CRISPR-Cas3 system. The plasmid
coexists with bacteria due to the presence of beneficial genes such as antibiotic resistance genes
provided from the precursor plasmid for W3110 tel™ bacterial cell survival in the presence of
antibiotics. Therefore, the bacteria tolerate the presence of the precursor plasmid and bypasses

degradation. According to Jiang, Maniv, et al. 2013, the generation of mutations in the CRISPR-
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Cas locus results in either mutations or deletion of the spacer sequence targeting the plasmid
carrying an antibiotic-resistant gene. As a result, the CRISPR system doesn't recognize and digest
the plasmid, which is beneficial for bacterial survival. Another possibility is that the precursor
plasmid is able to tolerate partial digestion by CRISPR-Cas. It is possible that precursor plasmids
still can survive even after partial digestion. Some plasmids can escape CRISPR immunity and
survive inside the recombinant bacteria. This could be due to spontaneous mutations that arise

within the CRISPR Cas genes in the genomic DNA of the bacteria (Palmer & Gilmore, 2010).
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6. Conclusion and future directions

The main objective of this research project was to enhance msDNA purification using the PI-Scel
homing endonuclease enzyme system and CRISPR-Cas3 recombinant system. The PI-Scel
homing endonuclease enzyme encoding the vma gene cassette, placed under the control of an
inducible Peap promoter, was successfully integrated into tel integrated W3110 and BW25113
recombinant bacteria via site specific recombination. The vma integrated recombinant bacteria
were able to over express the homing endonuclease enzyme and digest the msDNA synthesizing
pDMS precursor plasmid by binding to PI-Scel recognizing sequences in the pDMS plasmid.
Although both tel and vma integrated double integrants were able to over express the PI-Scel
homing endonuclease enzyme and digest the pDMS msDNA synthesizing precursor plasmid, they
did not synthesize msDNA. The double integrants were generated with the purpose to synthesize
msDNA upon heat induction, followed by L-arabinose addition to induce vma gene over
expression to digest the unwanted by products of msDNA synthesis, as stated in the hypothesis.
Additionally, different approaches were followed to synthesize double integrants, including P1
transduction. However, since the locations of the tel and vma genes in the chromosome of double

integrants are the same, none of the double integrants showed Tel protelomerase enzyme activity.

Therefore, we moved on with expressing the Tel protelomerase enzyme episomally by integrating
the tel gene expression cassette into a low copy number plasmid. Inside W3110 vma* integrated
recombinant bacteria carrying the pXG-pBAD-tel plasmid, msDNA was synthesized from the
PNN9 msDNA synthesizing precursor plasmid. The induced cultures of W3110 vma * + pXG-

pBAD-tel + pDMS recombinant bacteria showed msDNA synthesis compared to uninduced
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cultures. However, upon digestion with EcoR1, fragments corresponding to msDNA were not
observed on a gel. This could be due to the fact that both the vma and tel genes were placed under
the control of the Peap promoter and no regulation expression timing of the two genes was
achieved. Since both were expressed at the same time due to early degradation of the pDMS
precursor plasmid, this resulted in msDNA synthesis at a very lower yield which was not detectable
in an agarose gel. Since the vma gene is integrated into the bacterial chromosome while Tel
protelomerase is expressed episomally, this allows for msDNA synthesis by Tel protelomerase and
digestion of the unwanted byproducts of msDNA synthesis by homing endonuclease (expressed

from the vma gene).

The present study lays the groundwork for improving msDNA purification using the PI-Scel
homing endonuclease enzyme system. However, several avenues for further investigation and
optimization exist to bolster the efficiency of the system. Future research should focus on
implementing the following improvements to enhance the overall efficiency and applicability of
the system. Since both the vma gene and the tel gene are under the control of the Pgap inducible
promoter, there is no regulation of the timing of gene expression for each gene. This can be
rectified by placing the vma gene under the control of a different promoter, such as heat-inducible
strong A pL-pR promoters, which are regulated by the heat-inducible A repressor, CI857. The
optimum temperature of PI-Scel homing endonuclease enzyme activity is 37 °C. Using the heat-
inducible promoter facilitates optimal expression at 37 °C as well (H. Wang et al., 2022). Since
the Tel protelomerase enzyme is active at temperatures less than 37 °C, having a contrasting
optimal activation temperature compared to PI1-Scel, minimizes the digestion of the precursor
plasmid in case of leaky overexpression of the vma gene at early stages of bacterial growth. In this

system, msDNA synthesis always takes place first, followed by vma gene overexpression to digest
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the unwanted byproducts of msDNA synthesis. This recombinant system requires enhancement,
such as introducing PI-Scel homing endonuclease enzyme recognition sequences into the Tel
protelomerase-encoding plasmid. This way, after msDNA synthesis, both the Tel plasmid and the
unwanted by products of msDNA synthesis will get digested, leaving only msDNA, which is easy
to purify using chromatographic columns. Another modification that can be implemented is
increasing the number of PI-Scel homing endonuclease recognition sequences present in both the
Tel plasmid and the pDMS precursor plasmid, which would shorten the required PI1-Scel enzyme
induction period. Having more than one copy of the tel and vma genes and recognition sites of the
homing endonuclease enzyme within the plasmids, increases the turnover of msDNA synthesis
and unwanted by product digestion. An alternative homing endonuclease that can be used to
enhance the system, is I-Scel, which is known to be more active than PI-Scel and has an 18 bp

recognition sequence that is not present in E. coli chromosomal DNA.

Another method that was employed to digest the unwanted by products of msDNA synthesis was
the E. coli K-12 CRISPR-Cas3 system that is naturally present in bacteria. The pre-CRISPR RNA
expression plasmid, targeting the ori of the precursor plasmid, was successfully constructed. The
pre-CRISPR RNA expressing gene was placed under the control of an inducible Pagp promoter.
Upon induction, the CRISPR plasmid over expressed the pre-CRISPR RNA. The CRISPR cascade
protein complex binds to the CRISPR RNA and directs it to the target sequence. Inside W3110
recombinant bacteria, upon CRISPR RNA expression, digestion of the precursor plasmid occurred.
When W3110 tel” recombinant bacteria were transformed with the msDNA synthesizing precursor
plasmid and CRISPR plasmid, msDNA synthesis occurred, however, digestion of the msDNA
synthesizing precursor plasmid was not observed. This could be due to disruption of the CRISPR

locus inside W3110 tel” recombinant bacteria. By episomal expression of the CRISPR cas genes
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inside W3110 tel™ recombinant bacteria along with the precursor plasmid, this might enhance
digestion of the precursor plasmid. Further modifications such as mutating the histone-like
nucleoid structuring (H-NS) repressor protein expressing genes, which are known to be repressing
CRISPR-Cas3 cascade protein gene expression, will improve the degradation of unwanted by-

products of msDNA synthesis.
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Figure A.1: Confirmation of the cloning of pre-crRNA (targeting the ampicillin resistant
gene of the msDNA synthesizing precursor plasmid) encoding crRNA90 gene sequence. The
presence of the 90 bp pre-crRNA encoding gene sequence targeting the ampicillin-resistant gene
of the msDNA-synthesizing precursor plasmid was confirmed through sequencing. Alignment of
Sanger sequencing data obtained with the expected crRNA90 target sequence was performed using
Seaview online sequence alignment software. The following sequences were aligned to confirm
the presence of the intact crRNA90 sequence:1. Obtained Sanger sequence data;2. crRNA90 target
sequence;3. Obtained Sanger sequence data with RP;4. Obtained Sanger sequence data with FP2;5.
Gene sequence of the plasmid upstream of the crRNA9OQ target sequence. The circled region
indicates the locations of mutations in the crRNA90 target sequence of the CRISPR plasmid.
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