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ABSTRACT

The ribosome is the quintessential antibacterial drug target, with many structurally and
mechanistically distinct classes of antibacterial agents acting by inhibiting ribosome function.
Detecting and quantifying ribosome inhibition by small molecules and investigating their
binding modes and mechanisms of action are critical to antibacterial drug discovery and
development efforts. To develop a ribosome inhibition assay that is operationally simple, yet
provides direct information on the drug target and the mechanism of action, we have developed
engineered E. coli strains harboring an orthogonal ribosome controlled green fluorescent protein
reporter that produce fluorescent signal when the O-ribosome is inhibited. As a proof of concept,
we demonstrate that these strains act as sensitive and quantitative detectors of ribosome
inhibition by a set of 12 structurally diverse 2-deoxystreptamine (2-DOS) aminoglycoside
antibiotics, which target the A-site in helix 44 of the 16S rRNA. To prove the generality and
promote the application of the system, we extended this system for detecting ribosome inhibition

by a variety of structurally and mechanistically distinct drug classes targeting both small and

Vv



large subunits of the ribosome. We have engineered E. coli strains capable of detecting O-
ribosome inhibition by other drugs targeting the 16S rRNA including the non-2-DOS
aminoglycosides streptomycin and kasugamycin, and the aminocyclitol spectinomycin. Through
integration of the Ribo-T tethered ribosome system with our system, we can also detect ribosome
inhibition by the 23S rRNA inhibitors erythromycin, lincomycin and linezolid. These results
suggest the generalizability of our strategy. We then applied the system to screen a set of
spectinomycin analogs with unknown activity to demonstrate potential application. Three
spectinomycin analogs were shown to possess higher or similar anti-ribosome activity compared

to the parent compound.

We have also modified our system to enable rapid directed evolution of rRNA variants
with specific properties from large rRNA libraries to study the impact of rRNA sequence
variation on ribosome activity and drug resistance. By replacing the fluorescence reporter gene
with the chloramphenicol acetyltransferase (CAT) gene, we are able to select for functional
rRNA mutants and quantify their catalytic activities. A variety of drug-resistant and drug-
dependent rRNA mutants, as well as hyper- and hypo-active mutants were found. We also
performed directed evolution to select ribosome mutants capable of supporting cell growth, yet
confer resistance to aminoglycoside antibiotics. Only two mutants (A1408G and G1491U) were
identified from this experiment; and both mutants have broad spectrum aminoglycoside
resistance. Our results demonstrate that the O-ribosome controlled reporter system is capable of
efficiently identifying new rRNA mutants with unique properties. We suggest that our directed
evolution approach has the potential to provide new insights into mechanisms of ribosome

inhibition and evolution of antibiotic resistance.

Vi



Table of Contents

LIST OF TABLES ...ttt ettt XI
LIST OF FIGURES ... bbbttt Xl
LIST OF ABBREVIATIONS ... XVI
CHAPTER 1. BACKGROUND AND SIGNIFICANCE ......coooiiiiieeee e 1
1. The bacterial ribosome is the major target for antimicrobial agents ............ccccocevvennne. 1
2. Technology for detecting and studying ribosome inhibition ..............ccocoiiiininieieen, 9
3. Summary and Thesis STAtEMENT.........cccviiiiiieie e 18
4. RETEIBICES ...ttt e bbbt b ettt bbbt 20

CHAPTER 2. DEVELOPMENT OF DETECTION AND QUANTIFICATION SYSTEMS FOR

RIBOSOME INHIBITION BY AMINOGLYCOSIDE ANTIBIOTICS ..o, 26
1. INEFOTUCTION ...ttt 26
2. EXperimental ProCEAUIES ... 31

GENEIAL ... 31
BaCLerial SLraiNS ..ot 32
BaCterial CUITUIE ... e 33
General PCR CONAITIONS ... 34
Enforced replacement by sucrose counterselection ............c.cocovvevvnnnieesnsncnns 34
Cell density and flUOIESCENCE @SSAYS.........cvreururerriireieiririre e 35
Calculation of ICsg, LDsp values and correlation analysis..........ccccooeeeeviiccennnn. 35
Construction Of PRRSHZ ... 36
Construction of pPRRSH2-A1408G and pRRSH2-U1406A .........ccoeevvvevccenen. 38
Functional verification of pPRRSH2-A1408G and pRRSH2 in E. coli SQ380 ......40
Sequential construction of the reporter plasmid...........ccccoovrrrrecnnncieeeeen 41
Construction and testing of PUCL9-GFPUV...........ccoviiriiiiiesceeeee s 41
Construction of the pGBSH1 plasmid SEreS..........ccovvvviviriiiiiciccieeeeeceeeeeeees 44

Vil



PGBSH1 series fuNCtional @SSAYS...........covvvivriiiiicieicieicse e 48

Construction and testing of PGBSH3 ... 49
Construction and testing of PGBSHI18............ccoooiiiiirneeees e, 51
Construction and testing of pSH3-KF in E. coli DHS0. ........cccooovviiiiirnee, 54
Ribosome inhibition assay of kanamycin in E. coli SH391 ..........ccccooviiiinnn 58
Construction and testing of pSH4-KF - pSH14-KF in E. coli SH386 .................... 58
3. RESUILS AN DISCUSSION.....c..cuviiiiiiieisicieis b 64
Ribosome inhibition assays of aminoglycosides in E. coli SH399 ......................... 64
4. CONCIUSION ... bbbttt 72
5. RETEIBINCES ...t 74

CHAPTER 3. EXTENDING THE DETECTION SYSTEM TO SENSE OTHER RIBOSOME

SMALL SUBUNIT INHIBITORS AND LARGE SUBUNIT INHIBITORS ..o 81
L INEFOTUCTION. ...t 81
2. EXperimental ProCEAUIES ... 88

GBINETAL.......ei bbb 88
BaCLerial SLraiNS ..ot 88
BaCterial CUITUIE ... e 89
PCR CONAITIONS ... 89
Enforced replacement by sucrose counterselection.............cccoovvvvecicccvcveeecenen, 89
Cell density and flUOIESCENCE @SSAYS.........cvreururerriireieiririre e 89
Construction of E.coli Strain SHA35 ... 89
Construction of pPRRSH2 plasmid series with various mutations.............ccccceuevne.. 90
Construction of detector strains SH442, SH446 and SH456...............ccccccvvninne, 93
Optimization of the streptomycin detector ..........ccooeeerivieecirisece e 94
Construction of pRiboT2-A2058G and pRiboT2-G2576U.........ccceveevvriircrcrennen. 95
Construction and function testing of pPSH18 ..........cccovoiviviicccccccccceeees 97
Optimization of ribosome large subunit inhibitor detector strain..............cco...... 102
Direct measurement of ribosome inhibition by spectinomycin analogs............... 105

Vil



3. RESUIS QNG GISCUSSTON ...ttt ettt ettt ettt et e et et et et et e eae et eeeeseeeeeeaeeaneas 107

Extending the detection system to other ribosome small subunit inhibitors........ 107

Extending the ribosome inhibition detector to ribosome large subunit inhibitors
.................................................................................................................................................................. 110
Determination of ribosome inhibition by spectinomycin analogs......................... 112

A, CONCIUSION ...ttt e et et 115

. RETBIBNCES ...ttt 116

CHAPTER 4. STUDYING RIBOSOME INHIBITION BY DIRECT EVOLUTION OF

RIBOSOMAL RNA VARIANTS ..ot 120
L INEFOUUCTION. ...ttt 120
2. EXperimental ProCRAUIES ... 123

GBNEIALL.....eeec et 123
BaCLErial SLrAINS ......cvevieiiiccie e 123
BaCLerial CUITUIE ... 123
PCR CONAITIONS ...ttt 124
Enforced replacement by sucrose counterselection ..............ccocoeovvrnnciennnninns 124
Cell density and flUOrESCENCE @SSAYS.........ceururrreriirireiriririreeie e 124
Construction of h44 9-site library on pPRRSH2.........ccccoooiiiiiiiccs, 124
Transferring the h44 library into SQ380+pSHGE-KF............cccccoeveiiccciiiieen 126
Aminoglycoside antibiotic selections on h44 9-site library .............c.ccccccevevenennnee. 127
Construction and testing of PSH-OCAT ..o 127
Construction of O-h44 9-site library on pSH-OCAT ..., 131
Transferring the O-h44 library into SHATL ........ccooiiiiiiieeseees 131
Ribosome activity selection and aminoglycoside antibiotics selection on O-h44
HDTAIY et 132
3. ReSUIS @Nd ISCUSSION........cocueuiiieiiieieieeeee s 133
Aminoglycoside antibiotic resistant mutants from h44 9-site library ................... 133
Ribosome activity selection on O-h44 9-site library ...........ccocovvvveicccceene, 135



Aminoglycoside antibiotics selection on O-h44 9-site library..........ccccocovvvvirinnnn,

4. Conclusion

5. References



List of Tables

Table 2-1: Primers for constructing pPRRSH2 plasmid ..............cccoveiiiiiccccieeee, 37
Table 2-2: Primers for constructing pPRRSH2-A1408G and pRRSH2-U1406A .............c.ccoevnee. 39
Table 2-3: Primers for constructing pUCL9-GFPUV.............cccoviiiiiiicieeceeccceeee e 42
Table 2-4: Primers for optimization of the gfp-uv 5’-untranslated (5’-UTR) region...........ccc....... 46
Table 2-5: Summary of the sequences of S’UTR ........cooiiiiiiiiiie s 47
Table 2-6: Primers for constructing PGBSHS3 ..o 50
Table 2-7: Primers for constructing pGBSHIL8............ccoviiiiiiiisscs e, 52
Table 2-8: Primers for construCting PSHB-KF ..........cccoviiiieiieieeeese ettt 55
Table 2-9: Primers for constructing pSH4-KF through pSH14-KF ..., 60
Table 2-10: Sequences of the promoters used in constructing pSH4-KF through pSH14-KF ...... 62
Table 2-11: Promoter combinations of pSH3-KF through pSH14-KF .........cccccoviiiiinniicns 62
Table 3-1: Primers for constructing pPRRSH2-C1192U and pRRSH2-C1192U/A2058G.............. 91
Table 3-2: Primers for constructing pPRRSH2- A794G/C1192U/A2058G and pRRSH2-

COL2U/CLLI92U/AZ058G.......ceeeeeieieieieiieeeitsast sttt ettt s e s et nenne 93
Table 3-3: Primers for constructing pRiboT2, pRiboT2-A2058G and pRiboT2-G2576U ............ 97
Table 3-4: Primers for constructing pPRRSH2b and pSH18BB...........cccccoviiiiniiiiierccees 99
Table 3-5: Plasmid summary information .............ccccoooviiiiiiiiiiiccccce e, 103
Table 4-1: Primers for constructing h44 9-site lbrary .............ccocoooeeeecccccceee e, 125
Table 4-2: Concentration of each aminoglycoside antibiotic used in chapter 4...............ccccocov.e. 127
Table 4-3: Primers for constructing PSH-OCAT ..o 128
Table 4-4: Chloramphenicol selection survival StatiStiCS ............cccccoeeeeeieiiiiiiicire e, 132

Xl



List of Figures

Figure 1-1. The spread of drug resistance to common antibiotiCS..............cccoeeveeeeeccceieeiein 2
Figure 1-2. Targets of antiDIOTICS ..........coovviviiiiiiccc e 3
Figure 1-3. Cheminformatic analysis of natural product chemotypes and their target sites............ 4
Figure 1-4. Antibiotics targeting ribosome small subunit ...........coooiiicece 6
Figure 1-5. Antibiotics targeting ribosome large SUDUNIt ... 7
Figure 1-6. Overview of ribosome inhibitor target sites and modes of action............c.ccccccevvrnnnnn. 8
Figure 1-7. In vitro translation assay for detecting and quantifying ribosome inhibition.............. 11
Figure 1-8. Crystal structure showing interactions between spectinomycin and ribosome ........... 12

Figure 2-1. Structures of aminoglycosides used in this study and overlayed X-ray crystal
structures of the decoding site (A-site) of the E. coli 16S rRNA with select aminoglycosides

Figure 2-2. Schematic showing the functionality of the orthogonal ribosome-controlled
fluorescent reporter and cell pellet fluorescence and fluorescence quantification of E. coli DH5a
cells transformed with individual and combined functional elements of the orthogonal ribosome-

CONtrolled fIUOFESCENE FEPOITEN .........cciiiiiieee et 30
Figure 2-3. PCR protocols used in thisS WOIK.............cccccciiiiiiiiiieicicc s 33
Figure 2-4. Plasmid map of PRRSHZ2...........c.cooiiieeccccceeeee e 38
Figure 2-5. Plasmid map of pPRRSH2-AL1408G..........cccoriiiiriiiniieieesnee e 39
Figure 2-6. OD600 readings of SH386 and SH430 grown in a range of kanamycin concentratiogg
Figure 2-7. Plasmid map of PUCL9-GFPUV ........cccceiiiiiiiiirrieeess e 43
Figure 2-8. Optimization of 5’UTR region of gfp-UV geNE.........ccoiiirriiieeeeceeee e, 47
Figure 2-9. Plasmid map of pPGBSHI1-BCD2 ...t 48
Figure 2-10. Cell pellet fluorescence and fluorescence quantification of pPGBSH1 variants in

which the gfp-uv 5’-UTR has been altered ... 49
Figure 2-11. Plasmid map of PGBSHS3..........ccooice e 51
Figure 2-12. Plasmid map of PGBSHLS8 ..o 53
Figure 2-13. The O-SD-tetR fragment..........coorioeececeee s 54

Wl



Figure 2-14. Cell pellet fluorescence and fluorescence quantification of E. coli DH5a cells
containing pSH3-KF grown in the presence of a range of anhydrotetracycline concentrations ... 56

Figure 2-15. Illustration of Plpp-O-16S-terminator fragment..........ccccovvieninnniecesnceie, 57
Figure 2-16. Plasmid map Of PSH3-KF..........ccoicccccceeet e 57
Figure 2-17. Plasmid map Of PSHA-KF ..ottt 61
Figure 2-18. Plasmid map Of PSHB-KF............ccooiiiiccccciie s 61

Figure 2-19. Cell pellet fluorescence of initial detector strain E. coli SH391and 11 additional
strains with tetR and O-16S promoter strengths combinatorially altered in response to increasing
CONCENLratioNS OF KANAMYCIN ...c.cuoviiiiiiiiii bbb 63

Figure 2-20. Fluorescence gquantification of E. coli SH386 cells containing pSH3-KF — pSH14-
KF grown in the presence of a range of kanamycin concentrations............cccccoceevereveriiniieseieienan, 63

Figure 2-21. Cell pellet fluorescence of E. coli SH399 in response to increasing concentrations of
AMINOGIYCOSTUBS ...ttt bbb bbb bbbttt 65

Figure 2-22. Fluorescence quantification and OD600 quantification of E. coli SH399 cells grown
in a range of concentrations of each of the twelve aminoglycosides examined, and OD600
quantification of E. coli SH434 cells grown in a range of concentrations of each of the twelve
AMINOGIYCOSIAES EXAMINEA .......uviiiiieieieir bbbttt 68

Figure 2-23. Analysis of the correlations between ICsq values previously determined through in
vitro translation assays and 1Csg values determined from E. coli SH399-derived fluorescence data
.................................................................................................................................................................... 68

Figure 2-24. Cell pellet fluorescence of E. coli SH431 in response to increasing concentrations of
geneticin and NYGromMYCIN B ... 71

Figure 2-25. Fluorescence guantification and OD600 quantification of E. coli cells grown in a
range of concentrations of G418, hygromycin, kanamycin, and gentamicins ............ccccocoevevvinnnne. 71

Figure 2-26. Analysis of the correlations between LDsg values determined from growth
inhibition assays of E. coli SH434 and ICs, values determined from E. coli SH431-derived

fluorescence data for the subset 0f 3 COMPOUNGS..........ccocveveiiiiiciiicce e 72
Figure 3-1. Chemical structures of spectinomycin, kasugamycin and streptomycin...................... 83
Figure 3-2. Crystal structures of streptomycin and kasugamycin bound to the ribosome.............. 84
Figure 3-3. Schematic showing the ribosomal large subunit inhibitor Sensor .............ccccccovvinneee. 85
Figure 3-4. Chemical structures of erythromycin, lincomycin and linezolid................ccccccovvninnnee. 86
Figure 3-5 Crystal structure of erythromycin bound to the riboSome...........ccccoeeereeccniiiiicicnennn, 87
Figure 3-6. Construction of E.coli A7 strain SHA35.........ccoooiie e 90

Xl



Figure 3-7. Plasmid map of pPRRSH2-C1192U/A2058G.........ccuoiiiiiiiiiiiiiiicee e 92

Figure 3-8. Cell pellet fluorescence showing anhydrotetracycline titration of 12 streptomycin
AEEECION SITAINS ...ttt b e bbbt b e e b et et e e b et e se e st et e b e s b ebere e ssebenn 94

Figure 3-9. Cell pellet fluorescence showing ribosome inhibition by a range of streptomycin

concentrations with 12 streptomycin detector StraiNS ... 95
Figure 3-10. Plasmid map of pRIDOT2-A2058G..........ccoiiiriiiiiciers e 97
Figure 3-11. Plasmid map of PRRSH2D..........ccii e, 100
Figure 3-12. Plasmid map Of PSHL8BB...........cccccoiiiiiccceeeieieess e 100
Figure 3-13. Plasmid map Of PSHL8 ..........c.coiiiieececccceee e 101

Figure 3-14. Cell pellet fluorescence showing anhydrotetracycline titration of 8 large subunit unit
INNIDITION AELECTON STFAINS .......cviviiiciieccce et 104

Figure 3-15. Cell pellet fluorescence showing ribosome inhibition by a range of erythromycin

concentrations With the 8 deteCtor SIIrAINS ..........ccoviiiirri s 105
Figure 3-16. Chemical structures of sSpectinomycin analogs..........cccccvviennnnninceesen, 106
Figure 3-17. Cell pellet fluorescence of E. coli SH442, SH475 and SH456 in response to
increasing concentrations of target MOIECUIES.............cccciiiiiiiicc e 108
Figure 3-18. Bar graph figures showing the ATC titration of 5 detector strains.............c.c..c....... 109
Figure 3-19. Cell pellet fluorescence of E. coli SH460 and SH493 in response to increasing
concentrations of target MOIECUIES.............coovoiiiiiiccc e 111
Figure 3-20. Cell pellet fluorescence of E. coli SH442 in response to increasing concentrations of
SPECLINOMYCIN ANALOYS.......eviiiicie ettt 113
Figure 3-21. Cell pellet fluorescence of E. coli SH442 in response to increasing concentrations of
GIYCOSIAE ANAIOYS ..ot e et b e enerens 114
Figure 4-1. O-ribosome controlled CAT and itS advantages...........coevvriiennnnneceesseneeeeen, 122
Figure 4-2. Fragment 5 for construction h44 9-site library ..o, 126
Figure 4-3. Plasmid map Of PSH-OCAT ... 129
Figure 4-4. Growth curves of E.coli A7 strain with different rRNA mutations..........c.ccccceevveenne. 130
Figure 4-5. Chloramphenicol resistance levels of different O-16S rRNA mutations Figure 4-6.
The phenotypes of mutants from h44 9-site library group I and group Il ........cccccvvviicnnnnnnn. 130
Figure 4-6. The phenotypes of mutants from h44 9-site library group I and group Il.................. 134

XV



Figure 4-7. Sequence preferences of mutants obtained from ribosome activity selection ........... 136

Figure 4-8. Sequence preference of mutants obtained from kanamycin, neomycin and gentamicin
SEIECLIONS ...ttt b bbbttt b et et a ettt e b b n s rerens 138

Figure 4-9. Ribosome activity of 155 unique mutants with and without kanamycin, neomycin
AN GENTAMICIN ...ttt bbbt bbbt bbbttt 140

XV



WHO
PTC

IF

EF
NPET
PrAMPs
FRET
MIC
RiboT
h44

H69
SPR
NMR
SMFRET
RT-PCR
O-ribosomes
ASD

SD

GFP
G418
PCR
COE-PCR
5’-UTR
O-SD
O-ASD
ATC

List of Abbreviations
World Health Organization
Peptidyl-transferase center
Initiation factor
Elongation factor
Nascent polypeptide exit tunnel
Proline-rich antimicrobial peptides
Fluorescence resonance energy transfer
Minimum inhibitory concentration
Ribosome with tethered subunits
Helix 44 of 16S rRNA
Helix 69 of 23S RNA
Surface plasmon resonance

Nuclear magnetic resonance

Single molecule fluorescence resonance energy transfer

Reverse transcriptase PCR
Orthogonal ribosome
Anti-Shine-Dalgarno
Shine-Dalgarno

Green fluorescent protein
Geneticin

Polymerase chain reaction
Circularly overlapping extension PCR
5’-untranslated region
Orthogonal Shine-Dalgarno
Orthogonal anti-Shine-Dalgarno

Anhydrotetracycline

XVI



2-DOS
SAR
WT
CAT

cfu

2-deoxystreptamines

Structure-activity relationships

Wild type

Chloramphenicol acetyltransferase gene

Colony forming unit

XVl



CHAPTER 1. BACKGROUND AND SIGNIFICANCE

1. The bacterial ribosome is the major target for antimicrobial agents.

Antibiotics are one of the greatest medical innovations in human history. However,
antibiotic resistance has arisen with the development of antibiotics. The continuous emergence of
drug-resistant pathogens has greatly impacted human health. It has become a major social issue,
and even a popular cause of human extinction in disaster films. According to the World Health
Organization (WHO), around six percent of all death in the world is caused by bacterial infection;
and is the primary cause of death in low-income nations. 2 Unfortunately, due to economic
concerns, many large pharmaceutical companies have discontinued their antibiotic development
programs in recent years. Only 14 new antibiotics have been approved and sold in the past 15
years. 2 However, due to the fact that drug resistance will continue to emerge due to the evolution
of bacterial pathogens, research on development of antimicrobial agents and their mechanisms
must continue. There are reports of newly isolated drug resistant pathogens every year all over
the world. In 2011, the super-resistant Gonorrhea strain H041, which is resistant to all known
antibiotics, was found in Japan. * In 2015, the Listeria outbreak from Blue Bell ice cream
products caused serious concern and panic on the social media. ° In 2016, the ‘nightmare
bacteria’, a multi-drug resistant E.coli, was identified in the US; and was found to be resistant to
the “antibiotic of last resort” colistin. ° These are just a few examples found mainly in developed
countries. There are many unreported cases all over the world. Figure 1-1 shows the spread of
drug resistance against commonly used antibiotics worldwide. ” As globalization continues, the

risk of ‘super-bugs’ spreading worldwide will increase if we fail to address this issue.



THE SPREAD OF ANTIBIOTIC RESISTANCE

An increasing proportion of bacteria display resistance to common
antibiotics.

= Fluoroquinolones = Cephalosporins (3rd gen) = Aminoglycosides
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Figure 1-1. The spread of drug resistance to common antibiotics. ’

To develop novel antimicrobial agents, it is important to study both the mechanisms of
action of drugs and the mechanisms of resistance to these drugs. Antibiotics kill bacterial
pathogens by targeting essential cellular components. Currently there are several well
characterized antibiotic targets in bacteria (Figure 1-2). For instance, B-lactams and their
derivatives target cell-wall synthesis, trimethoprim targets folic acid metabolism, quinolones
target DNA gyrase and rifamycin targets RNA polymerase. ® Among all antibiotic targets, the
ribosome is the most common. More than 50% of natural and synthetic antimicrobial agents
inhibit bacterial pathogens by targeting the ribosome® (Figure 1-3). The ribosome is a complex
bimolecular machine found in all living cells. The ribosome is the protein synthesis machinery
that catalyzes the formation of the polypeptide chain. It is an essential cellular component to

support cell survival and growth. In most bacteria, the ribosome is the most abundant



intracellular structure. Although the structure and function of the ribosome are phylogenetically
conserved across all bacterial species, there are significant structural differences between
prokaryotic and eukaryotic ribosomes. *° The eukaryotic ribosome is larger than the prokaryotic
ribosome. This is reflected by the sedimentation coefficient (80S vs. 70S) and the molecular mass
(3.2x10° vs 2.0x10%). The length of rRNA sequence is also different between eukaryotic
ribosome and prokaryotic ribosome. ** These differences make it possible to develop inhibitors
that selectively target the bacterial ribosome. Therefore, the essentiality of the ribosome and the
differences between prokaryotic and eukaryotic ribosomes make the ribosome an excellent target
for antimicrobial agents. * The fact that the ribosome is the most frequent target of antibacterial
agents is likely due to the abundance of the ribosome in the cell, its essentiality, and its ancient

origin.
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The structure and function of bacterial ribosome and protein synthesis have been well
studied, aided greatly by X-ray crystallography. The bacterial ribosome consists of three
ribosomal RNA (known as 23S, 16S and 5S rRNA) and 54 ribosomal proteins. The ribosomal
RNA is a ribozyme which catalyzes peptide bond formation at the peptidyl-transferase center
(PTC). ™ Functional studies of ribosomal proteins are ongoing. In general, the proposed function
of the ribosomal proteins is to coordinate ribosome subunit assembly. ** The protein synthesis
process includes 4 major steps: translation initiation, elongation, termination and ribosome
recycling. Translation initiation is the rate limiting step in the protein synthesis. It involves the

formation of 30S initiation complex, 50S recruitment and 70S assembly. ** Translation elongation



involves the delivery of aminoacylated tRNA to the decoding site (A-site), peptide bond
formation, tRNA translocation and nascent peptide elongation inside the exit tunnel. Elongation
is terminated by binding of release factors. As a result, the polypeptide is released from the
ribosome and the ribosome will be recycled for the next round of translation. *°* Most components
of the ribosome, and all steps of translation, are essential for protein production by the cell.
Therefore protein synthesis is quite fragile; and any molecule that can interfere with translation

can adversely affect cell survival.

There are many classes of antimicrobial agents that target the bacterial ribosome. A few
of these are clinically used antibiotics, while others are used in the laboratory for ribosome
functional studies. In general, they can be divided into 2 groups: those that inhibit the small
ribosomal subunit and those that inhibit the large ribosomal subunit inhibitors. Nearly all small
subunit inhibitors are small molecules. Their mechanisms of action have been studied in detail

by using biochemical techniques®” *® °, X-ray crystallography'® 2 2!

and single molecule
techniques. % % As a result of advances in X-ray crystallography of the ribosome, representatives
of most major classes of ribosome inhibitors have been co-crystallized with the 70S ribosome. 1°
Different types of small subunit inhibitors target different sites on the ribosomal small subunit;
but in general they are clustered along the path that the mRNA and tRNAs follow during
translation (Figure 1-4). The mechanisms of action of different classes of molecules are distinct.
For instance, aminoglycoside antibiotics bind to the h44 region (decoding site), which blocks
translocation of MRNA-tRNA and induces miscoding during translation. Tetracycline class
antibiotics bind to the h31 region (near the P-site) and block incoming tRNA from binding.

Kasugamycin binds to the h24 (also near the P-site) and prevents the recognition of the start

codon by the initiator tRNA. *°
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Figure 1-4. Antibiotics targeting the small ribosomal subunit®

Large ribosomal subunit inhibitors are comprised of both small molecules and peptides of
intermediate molecular weight. ?* Unlike small ribosomal subunit inhibitors, which bind to
several distinct sites, most large subunit inhibitors bind in or near the peptidyl-transferase center
(PTC) (Figure 1-5). This is probably due to the importance of the PTC as the catalytic center of
ribosome responsible for catalyzing peptide bond formation. However, there are also two known
classes of antibiotics that target other regions of the 23S rRNA. Orthosomycins bind to H89 and
H91, and block the binding of initiation factor 2 (IF2) to the translation initiation complex. %*
Thiopeptides bind to H43 and H44, and block the binding of elongation factors (EF-G and EF-
Tu). % Large subunit inhibitors that target the PTC can be divided into two groups based on their
mechanisms of action. Group 1 is comprised of the antibiotics that bind to the PTC itself, such as
chloramphenicol, lincosamides, oxazolidinones, puromycin, sparsomycin, blasticidin S, pleuro-

mutilin and streptogramin A. Among these antibiotics, some bind to the A-site and compete with

the incoming tRNAs (chloramphenicol, lincosamides, oxazolidinones, puromycin and



sparsomycin). Others bind to both A-site and P-site of the PTC (blasticidin S, pleuromutilin and
streptogramin A)™°, preventing correct positioning of the aminoacylated ends of tRNAs. Group 2
is comprised of the antibiotics that bind to the nascent polypeptide exit tunnel (NPET). They
include the macrolides and streptogramin B. By binding to the NPET, they block elongation of
the nascent peptide and cause premature peptidyl-tRNA release, which terminates translation. *°
In addition to these two groups of large subunit inhibitors, it has been recently shown that the
proline-rich antimicrobial peptides (PrAMPs) also target the ribosome by binding to the NPET.
The PrAMPs were previously thought to target heat-shock protein DnaK. However, recent
studies show that PrAMPs bind to DnaK with very low affinity. Ribosome/PrAMP co-crystal
structures and biochemical evidence indicate that the ribosome is likely the true target site of
PrAMPs. # This finding could lead to new peptide-based antimicrobial agents. Figure 1-6 is an

overview of the known target sites and modes of action of translation inhibitors.
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Figure 1-6. Overview of the known target sites and modes of action of translation inhibitors. *°
Ede represents edeine; Kas represents kasugamycin; Pct represents pactamycin; Tnb represents
thermorubin; Avn represents avilamycin; Evn represents evernimicin; Ths represents
thiostrepton; Stp represents streptomycin; Tet represents tetracyclines; Tig represents tigecycline;
Bls represents blasticidin S; Cam represents chloramphenicol; Cln represents clindamycin; Lnz
represents linezolid; Plu represents pleuromutilins; Pmn represents puromycin; Sa represents
streptogramin A; Spr represents sparsomycin; HygB represents hygromycin; Neo represents
neomycin; Par represents paromomycin; Fus represents fusidic acid; Spt represents
spectinomycin; Ery represents erythromycin; Tel represents telithromycin.

Although ribosome is the most frequent target for antimicrobial agents, the number of
target sites on ribosome is relatively small considering the large size of ribosome. A potential
avenue for developing new antimicrobial agents is to identify new target sites on the bacterial
ribosome. Yassin et al searched for the deleterious mutations on rRNA by functional screening
of randomly mutated 16S and 23S rRNA libraries. 2" They proposed that sites where deleterious

mutations were found are potential new antibiotic target sites due to their essentiality for



ribosome function. Cunningham et al also examined deleterious mutations on rRNA to identify
potential new antibiotic target sites. ?® Instead of generating an rRNA library on the E. coli wild
type 16S rRNA (as Yassin et al had done), they generated a randomly mutated rRNA library on
an orthogonal 16S rRNA gene that controls the expression of a reporter gene. Since engineering
the orthogonal ribosome doesn’t interfere with the cell growth and deleterious mutations can also
be studied, they proposed that this system could be used to comprehensively study ribosome
sequence/function relationships. Both methods aim to identify functionally important sites in 16S
rRNA. Although these methods have potential for identifying new druggable sites on the

ribosome, they have not yet led to the discovery of new drugs or drug leads.

2. Technology for detecting and studying ribosome inhibition.

Methods to determine drug potency and study drug mechanisms of action are critical for
discovery and development of new antimicrobial agents. Due to the importance of the ribosome
as a drug target, several methods have been developed to determine the potency and study the
mechanism of action of ribosome inhibitors. In general, these methods can be divided into in
vitro methods and in vivo methods. Currently, in vitro methods are more amenable to performing
high-throughput screening. However, in vivo methods can provide information that is more
directly relevant to treating bacterial infections because they use live cells. Both in vitro and in
vivo methods can provide useful information to assist in the development of new antimicrobial

agents.

In vitro methods to detect and study ribosome inhibition are usually used to identify the
target site and to validate the mechanism of action after identification of initial hit compounds
from phenotypic screening. Several in vitro methods and systems for assaying ribosome

inhibition have been developed. The most well-known method is the in vitro translation assay.
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Due to its simplicity and accuracy, it is widely used in both academic labs and the
pharmaceutical industry. . In vitro translation assays are typically performed as coupled
transcription-translation assays using a DNA template encoding a reporter protein and E. coli S-
30 extracts. Luciferase is the most commonly used reporter for in vitro translation assays. Using
the substrate luciferin, which is converted by luciferase to a chemiluminescent product, the
relative amount of translation that occurred in a reaction over the time period of the assay can be
determined without carrying out protein purification (Figure 1-7). ?° Fluorescent or radioactive
proteins can be also used as reporters, but require protein purification prior to assay readout. In
an in vitro translation assay, inhibition of translation can be detected and quantified by observing
the decrease in production of reporter protein compared to a positive control. In vitro translation
reactions can be miniaturized, and thus are amenable to high-throughput assay platforms. Lowell
at al used in vitro translation assay to screen a collection of natural product extracts and identify
several new ribosome inhibitors. ¥ In vitro translation assays employing extracts from cells
expressing mutant rRNA have been used to address the issue of drug selectivity toward
prokaryotic ribosomes. The Bottger group has engineered the h44 region of 16S rRNA in
Mycobacterium smegmatis to create hybrid ribosomes which contain a eukaryotic h44 region.
Surprisingly, the resulting hybrid ribosomes can support cell survival and growth in the absence
of a wild type copy of 16S rRNA. *! By isolating these hybrid ribosomes from the engineered M.
smegmatis strain and using them in an in vitro translation assay with a luciferase reporter,
aminoglycoside antibiotic analogs that are incapable of binding to the eukaryotic h44 site were
identified. This system has proven to be an effective way of reducing the side effects of some

aminoglycoside antibiotics toward human cells.
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Figure 1-7 In vitro translation assay for detecting and quantifying ribosome inhibition®

X-ray crystallography is another well-known and widely used in vitro technique to study
ribosome inhibition through structural determination of ribosome-drug complexes. Because the
ribosome is a large and complex biomolecule, it was extremely challenging to solve its structure.
The first high resolution ribosome X-ray crystal structures were not solved until late 1990s. First,
the Steitz group and the Yonath group solved structures of the large ribosomal subunits from
Haloarcula marismortui®* and Deinococcus radiourans®, respectively. Shortly after, the
Ramakrishnan group solved the structure of the small ribosomal subunit from Thermus
thermophilus. ** These achievements led to receipt of the Nobel Prize in chemistry by these three
groups in 2009. With continued advances in X-ray crystallography, additional ribosome
structures, including those of the E. coli and T. thermophilus 70S ribosomes in complex with a
number of ribosome inhibitors have been solved to date. As an example, Figure 1-9 shows the
structure of spectinomycin bound to the E. coli 70S ribosome. The ability to solve ribosome-drug
co-crystal structures has enabled structure-based drug design of ribosome inhibitors. This

approach has been proved invaluable in the development of new antimicrobial agents. For
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instance, Rib-X Pharmaceuticals used a structure-based approach to design a series of new
oxazolidinone compounds with enhanced activity against drug-resistant pathogens. * The Lee
group also used computer-aided design of new spectinomycin analogs based on the ribosome-
spectinomycin co-crystal structure. * They rationally engineered the 3” ketone group in the C-
ring of spectinomycin and generate a series of new compounds. Phenotypic assays demonstrated
that some of these new compounds possess improved bioactivity against certain drug resistant
pathogens. In summary, the availability of ribosome-drug co-crystal structures has accelerated

the development of improved ribosome inhibitors.

Figure 1-9 Crystal structure showing interactions between spectinomycin and the ribosome

Although X-ray crystallography is a powerful tool to study ribosome-drug interactions, it
does not provide information on the effects of inhibitors on the kinetics and dynamics of the
ribosome during translation. In recent years single molecule techniques have been used to study
changes in ribosome dynamics resulting from inhibition by small molecules. The Puglisi lab used

single-molecule fluorescence measurements combined with structural and biochemical
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techniques to study the effects of apramycin, paromomycin and gentamicin on ribosome function.
22 Although these three drugs bind to the same pocket of the ribosome, and all three were shown
to cause miscoding during translation elongation, ribosome dynamics differed in the presence of
each of the three drugs. Paromomycin and gentamicin displace the nucleotides A1492 and
A1493 and block the intersubunit rotation. Apramycin has only little effect on A1492 and A1493
and causes limited miscoding. The Blanchard lab used single-molecule FRET (fluorescence
resonance energy transfer) to study aminoglycoside-ribosome interactions. 2 They found that
neomycin and paromomycin, which only differ in the identity of the ring-I 6’-substitutent, drive
ribosome subunit rotation in different directions. Single-molecule techniques allow us to observe,
in unprecedented detail, the effects of antibiotics on the ribosome; and are exciting new tools for

studying ribosome inhibition.

RNA footprinting is one of the oldest in vitro methods to identify binding sites of
ribosome inhibitors. The Noller lab used RNA footprinting to identify the binding sites of several
small ribosomal subunit inhibitors (streptomycin, tetracycline, spectinomycin, edeine,
hygromycin and neomycin) in 1987. %" A variation on this technology, toe-printing, has been
used to identify sites on mMRNA where ribosomes treated with drugs stall. Toe-printing uses the
drug bound ribosome-mRNA complex derived from cell-free translation reactions as a template
for reverse transcriptase PCR (RT-PCR). The RT-PCR reaction will terminate near the site
where the ribosome has stalled. By running a DNA sequencing gel, the drug bound ribosome
stalling site can be identified. This method is useful for studying the mechanisms of action of
certain ribosome inhibitors, particularly those that act by blocking the polypeptide exit tunnel.
The Mankin lab used toe-printing analysis to study erythromycin-dependent ribosome stalling. In

this study, they determined that the sequence of amino acids of the nascent polypeptide, which
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interact with bound drugs in the polypeptide exit tunnel, is the key factor that differentiates the
mechanisms of action of erythromycin and telithromycin. *® They also used toe-printing analysis
to determine that different ribosome inhibitors display distinct ribosome stalling patterns.* These

patterns can be used to differentiate ribosome inhibitors.

The Deuerling lab recently developed an assay system to identify conditions under which
ribosome assembly is impaired. In this system, both the small and large subunit ribosomal
subunits are fluorescently labeled. *° By measuring the relative fluorescence intensity under
various conditions, ribosome assembly can be studied, and the relative assembly rate can be
calculated. Using this system, they demonstrated that the fluorescence intensity changes
dramatically in the absence of ribosome assembly factors. They also found that the ribosome
inhibitors erythromycin and chloramphenicol do not lead to obvious changes in fluorescence
intensity, indicating that these two ribosome inhibitors do not affect ribosome assembly. This
assay system offers a potential new way to identify inhibitors that specifically target ribosome
assembly, and provides a new toolto study the mechanisms of action of known ribosome

inhibitors on a deeper level.

As a final example of an in vitro method for studying ribosome inhibition, the Mankin lab
developed a method whereby an environmentally sensitive fluorophore was installed at several
sites of ribosomal protein S12. The fluorescence intensity of the fluorophore will change if an
inhibitor binds at a nearby site. Using this method, they were able to determine the Ky values of
several ribosome inhibitors. These Ky values correlated well with those obtained using
previously published methods. In theory, this approach is general provided that an

environmentally sensitive fluorophore can be installed at the desired site.
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In contrast to in vitro methods, in vivo methods for studying ribosome inhibition are
limited due to the fact that ribosome is an essential cellular component. There are several reports
describing the development of biosensor strains to detect ribosome and translation inhibition.
The Karp lab developed an engineered E.coli strain which uses a luciferase reporter gene
controlled by a temperature sensitive promoter, bacteriophage A leftward promoter. ** Ribosome
inhibition was detected and quantified by measuring the luminescence signal upon promoter
induction in the presence and absence of inhibitor. This method was able to detect the ribosome
inhibition by a panel of known inhibitors. This assay is performed over a 30-45 minute time
period due to negative effects on cell viability after exposure to the drug. Later, the authors also
improved the signal intensity of the biosensor system by replacing the bacteriophage A promoter
with the tetracycline inducible promoter. ** The assay can also be performed using lyophilized

cells. However, low signal intensity and propensity for error limit application of the system.

Another biosensor system to detect ribosome inhibition was developed by Sergiev Lab. *
They used an engineered tryptophan attenuator trpL placed upstream of a cerulean fluorescent
reporter gene. Replacement of two tryptophan codons in trpL with alaninerenders trpL
translation independent of the concentration of tryptophan. In the absence of ribosome inhibitors,
the trpL mRNA adopts a secondary structure that prevents translation of the reporter gene. In the
presence of sub-lethal concentration of ribosome inhibitors, the drug-bound ribosome will stall at
the trpL sequence with increasing frequency, which relieves repression of the reporter gene and
results in a fluorescent signal. The biosensor can detect a variety of both small and large
ribosomal subunit inhibitors with sub-lethal concentration; and has been used to identify the new
ribosome inhibitor amicoumacin A. * The disadvantage of this system is that it is not

quantitative, and therefore can only be used to detect ribosome inhibitors.
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Use of a similar attenuator-based system to detect ribosome inhibition by macrolides and
ketolides was recently reported.*® The Mankin lab used the leader sequence of the ermC gene
(ermCL) to control the expression of the LacZ reporter gene. *® ermCL is a regulatory sequence
naturally found upstream of the ermC rRNA methyltransferase resistance gene in the
erythromycin biosynthetic gene cluster. In the absence of 14-membered ring macrolides or
ketolides, ermCL forms a secondary structure that can prevents expression of downstream genes.
In the presence of these compounds, the drug-bound ribosome will stall in the ermCL region,
changing the secondary structure and allowing translation of downstream genes. This system can
be used to detect 14-membered ring macrolides and ketolides, but not 16-membered ring

macrolides or other ribosome inhibitors.

A number of biosensors capable of detecting specific natural products, including some
ribosome inhibitors, not via their interaction with the ribosome, but through interaction with a
transcriptional regulator, have been developed. For example, the Karp lab developed a
tetracycline biosensor which uses a tetracycline responsive transcriptional repressor protein
together with its promoter/operator sequence controlling a gene encoding a bioluminescent
reporter.*’ In the presence of tetracycline class compounds, the repressor protein will dissociate

from the promoter upon drug binding, allowing transcription of the promoter gene.

In addition to the in vivo systems described above, measuring the growth inhibitory
effects of ribosome inhibitors on bacterial pathogens can also be considered an in vivo method to
evaluate the ribosome inhibition if the compound being studied is already known to be a
ribosome inhibitor. This method is usually referred as the minimum inhibitory concentration
(MIC) assay. By measuring concentration dependent growth inhibition of a wild type bacterial

strain or one carrying a ribosomal resistance mutation, the potency of the compound against a
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specific bacterial strain can be evaluated. Limitations of this method are that it requires the
appropriate laboratory environment for working with pathogenic bacterial strains, and it does not

provide any a priori information regarding the target of the compound.

In summary, both in vitro and in vivo technologies for detecting and studying ribosome
inhibition are useful and valuable for drug development efforts. In vitro methods and systems are
more favorable because they are fairly straightforward to develop, and produce results that are
often more accurate than in vivo techniques. However, in vitro techniques are more difficult to
carry out from a technical standpoint. For example, in vitro translation systems employ reagents
that require specialized skill to prepare, and are expensive to purchase. Others, such as X-ray
crystallography and single-molecule techniques, require specialized instruments and skills to
perform the experiments and analyze the data. In vivo techniques, on the other hand, are
generally more amenable to being carried out in a typical laboratory setting. The disadvantages
of most in vivo techniques are that they are not quantitative, and do not provide direct
information on the interactions between drugs and their targets. Other disadvantages of in vivo
systems are that most in can only detect the ribosome inhibitors at sub-lethal concentrations, and
thus cannot accurately assess compound potency; and are narrow with respect to the compounds
they can detect. While the currently availablein vitro and in vivo techniques have greatly
facilitated the identification and mechanistic study of ribosome inhibitors, there is a need for
additional tools that allow simple, high throughput, inexpensive study of ribosome-drug

interactions in living bacterial cells.
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3. Summary and thesis statement.

Due to the fact that drug-resistant pathogens continually evolve resistance mechanisms
upon exposure to new drugs, discovery and development of antimicrobial agents is critical to
human health. Current efforts to advance antimicrobial drug discovery include natural product
biosynthetic engineering, structure-based drug design, bioinformatics-guided discovery of novel
natural products, and exploring novel therapeutic approaches that are less susceptible to drug
resistance. *® Technologies that can evaluate the activity and study the mechanism of action of
compounds generated from these drug development efforts are important for efficiently
identifying new drugs and drug leads. Since the bacterial ribosome is the most frequent target for
antimicrobial agents, technologies that can detect and study ribosome inhibition by small

molecules will greatly accelerate the drug development process.

The work described in this dissertation focuses on the development of novel in vivo
systems for simply and accurately detecting, quantifying, and studying ribosome inhibition.
These systems are based on novel orthogonal ribosome-controlled reporter systems. Chapter 2
describes the development of in vivo systems for detecting and quantifying ribosome inhibition
by aminoglycoside antibiotics. This system was constructed using an orthogonal ribosome-
controlled fluorescent reporter, and was used to examine the potency of a panel of 12
aminoglycoside antibiotics in parallel. The drug activity data obtained using these systems

correlate well with previous results obtained using an in vitro translation assay.

As described in Chapter 3, these systems were then extended to detect and quantify
ribosome inhibition by other small ribosomal subunit inhibitors with binding sites distinct from

that of aminoglycosides, including spectinomycin, kasugamycin, and streptomycin. As a proof of
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concept, a spectinomycin detection strain was used to screen a set of chemically synthesized
spectinomycin analogs which were designed based on the spectinomycin-ribosome co-crystal
structure. Three compounds were identified as having ribosome inhibitory activity activity
comparable to or higher than the parent compound. To extend the system to detect inhibitors that
bind to the large ribosomal subunit, we employed engineered tethered ribosomes (RiboT) in
conjunction with our detection system. The resulting systems are capable of detecting the large
ribosomal subunit inhibitors erythromycin, lincomycin, and linezolid. Although some detection
systems required optimization during the development process, each final optimized system is
ready to use for drug screening applications, and is amenable to high-throughput assay platforms.
Potential future applications of these systems include detecting ribosome inhibitors from natural
product extracts, engineering natural product biosynthetic enzymes and pathways in vivo, and

screening compound libraries for ribosome inhibitors.

Identifying drug resistance mutations is an important step both in understanding the
mechanism of action of a drug and in assessing the ease with which resistance to the drug can
arise due to mutation. Use of orthogonal ribosome systems creates a population of ribosomes
free from the constraints of essentiality, which facilitates studies of the effects of rRNA
mutations on drug resistance and ribosome fitness. As described in Chapter 4, we used an
orthogonal ribosome-controlled selectable marker together with a directed evolution approach to
identify mutant rRNA sequences that confer aminoglycoside resistance or dependence; or that
affect ribosome fitness, from a large A-site saturation mutagenesis library. We identified and
characterized a pool of novel rRNA mutants obtained from selections without aminoglycoside

and in the presence of each of the three aminoglycosides kanamycin, neomycin, and gentimicin.
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We identified novel aminoglycoside resistant and aminoglycoside dependent mutants, and both

hyper- and hypo-active mutants using this approach.

In summary, the work described in this dissertation provides a set of new and powerful
tools for detecting, quantifying and studying ribosome inhibition. The engineered E.coli strains
developed in this work are non-pathogenic and simple to culture. The fluorescence quantification
method is general and easy to perform. Therefore, we anticipate that these tools will find broad
utility both in the medicinal chemistry and ribosome molecular and synthetic biology

communities.
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CHAPTER 2. DEVELOPMENT OF DETECTION AND
QUANTIFICATION SYSTEMS FOR RIBOSOME INHIBITION BY
AMINOGLYCOSIDE ANTIBIOTICS

1. Introduction

The ribosome is a complex, highly conserved biomolecular machine essential for the
biosynthesis of cellular proteins and peptides. The essentiality and ancient origin of the ribosome
have made it one of the most frequent targets of antibacterial natural products.! Of the many
known classes of ribosome inhibitors, the aminoglycosides (Figure 2-1) are perhaps the best-

studied with regard to their mechanisms of action,>* drug resistance,>“ and biosynthesis.>’

Aminoglycosides are a clinically useful class of ribosome inhibitors with broad spectrum activity
toward a variety of microbial pathogens. However, their widespread clinical use has been

hampered by low-level toxicity to human mitochondrial ribosomes.>* Aminoglycosides can

impair ribosome function by affecting the efficiency of intersubunit rotation® =

2,311,12 2-413

translocation, and ribosome recycling® and by inducing translational miscoding

through specific interactions with the decoding site (A-site) of the 16S rRNA in helix 44 (h44) of

14-17

the small (30S) ribosomal subunit (Figure 2-1), and in the case of some aminoglycosides,

with helix 69 (H69) of the large (50S) ribosomal subunit.®'%*2>'® Aminoglycosides also show
promise as treatments for other diseases, including HIV?, human genetic disorders, where their
ability to induce miscoding has been used to suppress disease-associated premature termination
codons,?* and fungal infection, where amphiphilic aminoglycoside analogs have been shown to

perturb the function of the fungal plasma membrane.?
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Figure 2-1 (A) Structures of aminoglycosides used in this study. (B) Overlayed X-ray crystal
structures of the decoding site (A-site) of the E. coli 16S rRNA with select aminoglycosides
bound. Residues 1403-1411 and 1489-1498 of 16S rRNA are shown in gray. Aminoglycosides
are color-coded as follows, and the source PDB file for each is given in parentheses: kanamycin
A, maroon (2ESI®); gentamicin, purple (2QB9"); geneticin (G418), pink (IMWL??); neomycin
B, dark green (2QAL"); paromomycin, light green (2Z4K™); apramycin, orange (4AQY™);
hygromycin, blue (3DF1'°).

Much of our current understanding of aminoglycoside/rRNA interactions, potency as
ribosome inhibitors, and mechanisms of action comes from in vitro studies. The target sites of
several aminoglycosides were first identified using RNA footprinting** and were later examined
in detail by X-ray crystallography. **"?122 Affinities of aminoglycosides for rRNA hairpins
mimicking the A-site have been assessed using mass spectrometry,? surface plasmon resonance

(SPR),** NMR,*® and competition assays.”> However, it has been observed that binding affinities
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of some aminoglycosides to A-site rRNA mimics do not correlate linearly with inhibition of
translation in vitro or antibacterial potency in vivo,?® indicating that the results of assays using A-
site mimics are not fully equivalent to those obtained when employing intact ribosomes in vitro
or in vivo. Ribosome inhibition is also commonly measured directly using in vitro translation
systems. These studies have revealed that individual aminoglycosides differ significantly with

respect to their potencies as ribosome inhibitors.?® % Recently, such systems have been

combined with powerful single molecule techniques such as SmFRET to probe the effects of
aminoglycosides on the kinetics and dynamics of the individual steps of translation, revealing

that individual aminoglycosides differ markedly with respect to their effects on these steps.® 202

However, in vitro translation experiments designed to investigate drug binding mode or
mechanism of action are technically challenging to carry out, and in vitro translation assays in
general either require expensive reagents or specialized preparation methods and cannot provide

information on in vivo properties such as compound membrane permeability or efflux.

In contrast to the breadth of techniques available for in vitro studies, in vivo analyses of
the effects of aminoglycosides have been limited to measuring the growth inhibitory effects
(most commonly reported as minimum inhibitory concentrations, MICs) of the compounds on

wild-type bacterial strains and on those carrying ribosomal resistance mutations.*** Although

such assays are operationally simple and provide direct information on a compound’s ability to
inhibit bacterial growth, they do not provide any information a priori regarding the biomolecular
target(s) of a drug (the ribosome in the case of aminoglycosides), the target binding site(s) (the
A-site, and in some cases H69 for aminoglycosides), or the mechanism(s) by which a drug exerts

its effects on the target.
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Considering the limitations of existing in vitro and in vivo technologies, we envisioned an
alternative in vivo strategy for investigating ribosome inhibition by small molecules that
combines the ability of in vitro assays to quantitatively probe the effects of binding to a specific
target site with the operational ease and in vivo relevance of live cell antibacterial assays. This
strategy utilizes orthogonal ribosomes (O-ribosomes) - specialized mutant ribosomes that, by
virtue of a mutated 16S rRNA anti-Shine-Dalgarno (ASD) sequence, are unable to translate
native mRNA, yet retain the ability to translate mMRNA carrying a complementary mutant Shine-

34-36

Dalgarno (SD) sequence to circumvent the limitations imposed by ribosome essentiality. We

hypothesized that O-ribosomes, if used to control expression of an engineered genetic circuit that
results in a quantifiable “turn-on” phenotype upon ribosome inhibition, could be used to quantify
ribosome inhibition by aminoglycosides or other ribosome inhibitors, providing a means of
rapidly assessing the target specificity and ribosome inhibiting potency of these compounds in
live bacterial cells. Such an O-ribosome-based assay would facilitate studies of mechanisms of
drug action and of the relationship between target rRNA sequence and drug activity that can lead

to discovery of ribosome inhibitors with improved therapeutic properties.

Our aminoglycoside responsive strains were designed to harbor an engineered plasmid-
borne reporter system comprised of three elements (Figure 2-2): (1) a constitutively expressed
aminoglycoside-sensitive orthogonal 16S rRNA (O-16S) gene bearing a mutated anti-Shine-
Dalgarno (O-ASD) sequence,®® (2) the tetR gene encoding a constitutively expressed
tetracycline-responsive repressor protein TetR37 with orthogonal SD (O-SD) sequence
complementary to the 16S rRNA OASD sequence,®® and (3) the gfp-uv gene encoding green
fluorescent protein variant GFPuv® under transcriptional control of the TetR-repressed promoter

PLtetO-1.% In the absence of aminoglycoside (Figure 2-2), cells bearing these three elements
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would produce O-ribosome-derived TetR that represses transcription of gfp-uv, resulting in no
fluorescence. However, in the presence of aminoglycoside (Figure 2-2), the O-ribosome is
inhibited, resulting in a reduced level of TetR, derepression of gfp-uv transcription, and
production of GFP. The system is designed to be highly sensitive by substantially amplifying the
aminoglycoside input signal through transcription and translation of gfp-uv, resulting in

production of multiple GFP proteins per aminoglycoside molecule.

P

no fluorescence PLtetO-1 gfp-uv
PLtetO-1 gip-uv

fluorescence (AU)

0 -—

PLtet-O1 - gfp-uv - - + +

0O-SD - tetR - + -

0-16S - .

anhydrotetracycline (25 ng/mL) .

Figure 2-2. (A) Schematic showing the functionality of the orthogonal ribosome-controlled
fluorescent reporter in the absence (left panel) and presence (right panel) of aminoglycoside. The
0-16S rRNA is shown in black, O-SD/O-ASD pair is shown in red, tetR mRNA and TetR
protein are shown in cyan, PLtetO-1 is shown in blue, the gfp-uv gene and GFP protein are
shown in green, and aminoglycoside is shown as a red hexagon. (B) Cell pellet fluorescence and
fluorescence quantification of E. coli DH5a cells transformed with individual and combined
functional elements of the orthogonal ribosome-controlled fluorescent reporter.

30



To protect the E. coli host itself from inhibition by aminoglycosides, the strain’s native
rRNA was made aminoglycoside resistant using a previously developed host, E. coli SQ380, in
which all seven chromosomal copies of the rRNA operon were deleted and replaced by a single
rRNA operon on plasmid prrnC-sacB bearing the counter-selectable marker sacB gene. The
A1408G 16S rRNA mutation, which confers resistance to many aminoglycosides, ** was
introduced into rRNA operon expressing plasmid pRRSH2. The resulting plasmid, pRRSH2-

A1408G, was used to replace prrnC-sacB in SQ380. The aminoglycosides resistant strain was

then used as the host to harbor the O-ribosome-controlled tetR-gfpuv genetic circuit.

Here, we have created engineered E. coli strains harboring the O-ribosome-controlled
green fluorescent protein (GFP) reporter that are non-fluorescent in the absence of a drug but
express GFP upon O-ribosome inhibition. We show that these strains are able to detect ribosome
inhibition by a collection of 12 structurally diverse aminoglycosides in a highly sensitive, dose-
dependent manner with essentially no background. The fluorescence dose response patterns we
observed for engineered E. coli detection strains treated with these aminoglycosides correlate
with the results of in vitro translation inhibition assays, validating the accuracy of our assay in
assessing the potencies of aminoglycosides as ribosome inhibitors. Our results provide a full
comparative assessment of the ribosome inhibiting potencies of the 12 aminoglycosides assayed.
Thus, the O-ribosome reporter system developed here provides a powerful new tool for easily
and rapidly assessing the relative potencies of aminoglycosides as ribosome inhibitors in live

bacterial cells.

2. Experimental procedures

General. All general molecular biological and biochemical reagents, including Luria

Bertani (LB) media (Miller), were purchased from VWR (Atlanta, GA) and were used without
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further purification. Water used for media was obtained from a Barnstead/Thermolyne HN
Ultrapure water purification system. Gentamicin sulfate, paromomycin sulfate, geneticin (G418)
sulfate, neomycin sulfate, hygromycin B, amikacin disulfate, sisomicin sulfate, tobramycin
sulfate, ribostamycin sulfate, and neamine hydrochloride were purchased from Santa Cruz
Biotechnology (Dallas, TX). Kanamycin sulfate was purchased from Genlantis (San Diego, CA).
Apramycin sulfate was purchased from Research Products International (Mount Prospect, IL).
Restriction enzymes, Phusion DNA polymerase, T4 DNA ligase and calf intestinal alkaline
phosphatase were purchased from New England Biolabs (Ipswich, MA). DNA purification and
concentration was performed using the DNA Clean & Concentrator Kit; and agarose gel DNA
extraction was performed using the Gel DNA Recovery Kit, both from Zymo Research (Irvine,
CA). Plasmid extractions were performed using the QIAprep Spin Miniprep Kit from Qiagen
(Valencia, CA). Oligonucleotides were obtained from Integrated DNA Technologies (Coralville,
IA). DNA sequencing was performed by Genewiz (South Plainfield, NJ). PCR reactions were
carried out using a Bio-Rad S1000 thermal cycler. Cell density and fluorescence measurements
were taken using a Molecular Devices SpectraMax M2 Multi-Mode Microplate Reader. Plasmid
and DNA sequence design and management was conducted using Vector NTI 10 (Life
Technologies). Chemically competent E. coli cells were prepared using the rubidium chloride
method.*® Standard molecular biological methods, protocols, reagents, and materials*® were used
for PCR, restriction enzyme digestion, ligation, transformation, selection of transformants,

agarose gel electrophoresis, gel extraction, and plasmid isolation unless otherwise specified.

Bacterial strains. E. coli DH5a and E. coli TOP10 were used for routine DNA cloning
and manipulation. E. coli SQ380 (E. coli MG1655/ArrnGADEHBC/prrnC-sacB*/ptRNA674, S.

Quan and C. Squires, unpublished), in which all seven genomic rRNA operons have been deleted
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and replaced with a single plasmid-borne rRNA operon expressed from the sucrose counter-

selectable plasmid prrnC-sacB, was used as the starting point for construction of strains capable

of detecting ribosome inhibition by aminoglycoside antibiotics.

Bacterial culture. Routine liquid culture of E. coli DH5a and E. coli TOP10 for cloning

purposes was carried out in 2-5 mL of Luria-Bertani broth in sterile 15 mL conical tubes at 37 °C,

250 rpm overnight (12-16 h). Selection of E. coli DH5a and E. coli TOP10 transformants was

carried out on Luria-Bertani agar plates containing the appropriate antibiotic(s) at 37 °C

overnight (12-16 h). All cell growth and fluorescence assays were performed in sterile Cellstar

96-well deep well culture plates sealed with breathable sealing film, with one mL of LB media

per well and with appropriate concentrations of the necessary antibiotics (ampicillin - 100 pg/mL,

chloramphenicol - 35 pg/mL, kanamycin - 50 pg/mL, spectinomycin — 100 pg/mL),

anhydrotetracycline (1-100 ng/mL) and aminoglycoside (1-1024 uM).

Protocol 1 Protocol 2 Protocol 3
98 °C 30s Same as Protocol 1, but 98 °C 30s
98 °C 10s with no template, and 98 °C 10s
Tm-prim—-5 30s with 0.1 PM inside Tm-OE-5 30s
72°C 30 s/kb primer, 0.5 pyM of each 72°C 30 s/kb
Repeat 2 times of the 1{wo outside Repeat 1-9 times
98 °C 10s primers. (primerless)
Tm-ext—5 30s Add 0.5 uM of 2 outside
72°C 30 s/kb primers
Repeat 26 times a8 °C 10s
72°C 10m Tm-ext—5 30s
4°C o 72°C 30 s/kb
Repeat 29 times
72°C 10m
4°C =

Tm-prim = Tm of the portion of the primer that primes to the template
Tm-ext = Tm of the entire primer
Tm-0OE = Tm of the junction between fragments

Figure 2-3. PCR protocols used in this work

33

Protocol 4

Used 10 nM of each
fragment
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72°C 15 s/kb
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4°C =

Fragment junctions were
designed to have Tm of
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General PCR conditions. Concentrations of template, primers, polymerase, dNTPs, and
buffer recommended by NEB for Phusion DNA polymerase were used unless otherwise
specified. We employed four types of PCR protocols to construct all fragments and all final
constructs not obtained by ligation: Protocol 1) PCR amplification of a single fragment with two
primers, Protocol 2) templateless (primer only) assembly with three primers, Protocol 3) two
fragment overlap extension PCR, and Protocol 4) COE-PCR (see Section 2.2.1 for an

explanation of this method). General PCR programs for each protocol are given in Figure 2-3

Enforced replacement by sucrose counterselection. To replace plasmid prrnC-sacB
(KanR, SucS) which is essential in E. coli SQ380 because it carries the only cellular copy of the
ribosomal RNA (rRNA) operon, with pRRSH2 (AmpR), pRRSH2-A1408G, or pRRSH2-
U1406A, we employed sucrose counterselection against the sacB (sucrose sensitivity gene)-
containing plasmid prrnC-sacB. E. coli SQ380 competent cells were grown in LB with
kanamycin and spectinomycin (essential tRNA-bearing plasmid ptRNA67 has a spectinomycin
resistance marker) and transformed with pRRSH2, pRRSH2-A1408G, or pRRSH2-U1406A.
Transformants were selected on LB agar with ampicillin and spectinomycin. One colony was
picked and grown in LB liquid with ampicillin and spectinomycin overnight, and plated on LB
agar with ampicillin, spectinomycin, and 5% (w/v) sucrose. Surviving colonies are resistant to
both ampicillin and sucrose, and have therefore gained pRRSH2 and lost prrnC-sacB.
Elimination of prrnC-sacB was verified by plasmid isolation and digestion of the resulting
plasmid mixture with Pvul, which has 3 recognition sites in prrnC-sacB but only a single site in
pRRSH2 and ptRNAG67, and therefore gives a distinctive digestion pattern if prrnC-sacB is
present. This, rather than replica plate screening of surviving colonies for kanamycin sensitivity,

was done because pPRRSH2-A1408G and pRRSH2-U1406A confer kanamycin resistance. The
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resulting strains - SH430 containing pPRRSH2, SH386 containing pPRRSH2-A1408G, and SH424
containing pRRSH2-U1406A — were used for transformation with plasmids carrying the O-

ribosome-based aminoglycoside detection systems (pSH3-KF through pSH14-KF).

Cell density and fluorescence assays. All cell density and fluorescence measurements
were taken in triplicate. 96-well culture plates (1 mL LB per well) with appropriate
concentrations of necessary antibiotics and aminoglycoside were inoculated 1:100 from a
saturated overnight liquid culture and allowed to grow for 18-24 h at 37 °C, 200 rpm shaking.
For cell density assays, 40 uL of sample was taken from each well, diluted 5-fold, and OD600
was measured by microplate reader. The OD600 of the original culture was calculated by
multiplying the reading by the dilution factor (5). For cell pellet fluorescence imaging, cells were
pelleted by centrifugation (4,000 g, 15 m, 4 °C) and the supernatant was decanted completely.
The underside of the plate was illuminated at 365 nm using an ultraviolet handheld lamp and
photographed with an 8 megapixel digital camera. For fluorescence quantification, cell pellets
were resuspended in 1 mL of %4x Ringer’s solution (30.75 mM NaCl, 1.2 mM, KCI, 1.5 mM
CaCl2, pH 7.3-7.4), 200 pL of cells from each well were transferred to black 96-well plates, and
GFP fluorescence was measured (excitation = 395 nm, bandwidth = 9 nm; emission = 509 nm,
bandwidth = 15 nm). Fluorescence intensities were calculated as fluorescence/OD600 of the
sample minus fluorescence/OD600 of a sample of a non-GFP-expressing E. coli strain parental

to the strain being analyzed in order to correct for both cell density and E. coli auto-fluorescence.

Calculation of IC50, LD50 values and correlation analysis. Aminoglycoside IC50 values
were calculated by fitting fluorescence data obtained by incubating detection strains SH399 or
SH431 with aminoglycosides at concentrations from zero to the concentration that gives

maximal fluorescence signal to a sigmoidal equation by non-linear regression. The IC50 value is
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the concentration of aminoglycoside that gives half maximal fluorescence. Aminoglycoside
LD50 values were calculated by fitting OD600 data obtained by incubating the parent
aminoglycoside sensitive strain SH434 with aminoglycosides at concentrations from zero to 32
uM (or 1024 uM for neamine and hygromycin B) to a sigmoidal equation by non-linear
regression. The LD50 value is the concentration of aminoglycoside the gives 50% growth
inhibition (an OD600 value that is 50% of the maximal OD600 value). Correlation between 1C50
values calculated from fluorescence data and either previously reported 1C50 values obtained
from in vitro translation assays® or LD50 values calculated from OD600 data were assessed by
linear regression analysis. The IC50 and LD50 values determined, and the results of linear

regression are summarized in Figure 2-23.

Construction of pRRSH2. Plasmid pKK3535% (11.9 kb), which contains the
constitutively expressed rrnB ribosomal rRNA operon, pMB1 origin of replication, and
ampicillin resistance marker, as well as 4.2 kb of non-essential DNA sequence, was used as the
starting point for construction of a simplified, refactored rrnB-expressing plasmid pRRSH2 (7.7
kb) (Figure 2-4), which also bears the ampicillin resistance marker, but contains the p15A origin
of replication. To construct pRRSH2, we employed concatamerizing overlap extension PCR
(COE-PCR, C. Melancgon, unpublished), a de novo plasmid assembly method developed in our
group that is similar to the CPEC method.*® In COE-PCR, a circular plasmid is obtained by one
pot PCR assembly of linear fragments with short (15-25 bp) overlapping ends followed by
transformation of competent E. coli with the PCR assembly mixture. The 5.8 kb rrnB operon was
amplified as three fragments from pKK3535 using primer pairs pRRSH-rRNA1-up/pRRSH-
rRNA1-dn, pPRRSH-rRNA2-up/pRRSH-rRNA2-dn, and pRRSH-rRNA3-up/pRRSH-rRNA3-dn.

The fragment containing the promoter and coding region of the ampicillin resistance marker was
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amplified from pKK3535 using primers pPRRSH-AmpR-up and pRRSH-AmpR-dn. The fragment
containing the p15A origin of replication was amplified from pRepCM3* using primers pRRSH-
p15A-up and pRRSH-p15A-dn. The resulting five DNA fragments were assembled by COE-
PCR and the reaction mixture was concentrated using the Zymo Clean and Concentrator Kit, and
introduced into competent E.coli DH5a cells. The final pRRSH2 construct was verified by
restriction mapping and sequencing. Primer information is given in table 2-1 below. The priming

region of each primer is underlined.

. amplicon
rimer name sequence (5 -3’ template

p q ( ) size (bp) P
pRRSH-rRNA1-up TTTGGTTGAATGTTGCGCGGTC

2116 pKK3535
pRRSH-rRNA1-dn CGGTGTCCTGGGCCTCTAGAC
pRRSH-rRNAZ2-up TCTAGAGGCCCAGGACACCGCCCTTTCACGGCGGTARCAG

2022 pPKK3535
pRRSH-rRNA2-dn CTGGTATCTTCGACTGATTTCAGCTCCATCCGCGRAGGGACT
pRRSH-rRNA3-up GCTGARATCAGTCGRAAGATACCAGCTGEGC

1677 pKK3535
pRRSH-rRNA3-dn AGCTGCTTTCCTGATGCRRARRACG
pRRSH-AmpR-up CGTTTTTGCATCAGGARAGCAGCTGATATCAGACGTCAGGTGGCACTTTTC

1077 pKK3535
pPRRSH-AmpR-dn CATATGATCAATCTARAGTATATATGAGTRAAARCTTGGETCTGACAG
pRRSH-p15A-up CCRAGTTTACTCATATATACTTTAGATTGATCATATCGCTTCGGATCCCTCGAGAGATC

934 pRepCM3
pPRRSH-p15A-dn CCGCGCAACATTCAACCAARATTACATGTGCGTCAGACCC

Table 2-1 Primers for constructing pPRRSH2 plasmid

p15A origin of replication fragment sequence. Primer binding sites are underlined, and the p15A

origin region is shown in blue.

ATTACATGTGCGTCAGACCCCTTAATAAGATGATCTTCTTGAGATCGTTTTGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAA
AAACCGCCTTGCAGGGCGGTTTTTCGAAGGTTCTCTGAGCTACCAACTCTTTGAACCGAGGTAACTGGCTTGGAGGAGCGCAG
TCACCAAAACTTGTCCTTTCAGTTTAGCCTTAACCGGCGCATGACTTCAAGACTAACTCCTCTAAATCAATTACCAGTGGCTGCT
GCCAGTGGTGCTTTTGCATGTCTTTCCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGACTGAACGG
GGGGTTCGTGCATACAGTCCAGCTTGGAGCGAACTGCCTACCCGGAACTGAGTGTCAGGCGTGGAATTAGACAAACGCGGCC
ATAACAGCGGAATGACACCGGTAAACCGAAAGGCAGGAACAGGAGAGCGCACGAGGGAGCCGCCAGGGGGAAACGCLCTGG
TATCTTTATAGTCCTGTCGGGTTTCGCCACCACTGATTTGAGCGTCAGATTTCGTGATGCTTGTCAGGGGGGCGGAGCCTATGG
AAAAACGGCTTTGCCGCGGCCCTCTCACTTCCCTGTTAAGTATCTTCCTGGCATCTTCCAGGAAATCTCCGCCCCGTTCGTAAGC
CATTTCCGCTCGCCGCAGTCGAACGACCGAGCGTAGCGAGTCAGTGAGCGAGGAAGCGGAATATATCCTGTATCACATATTCT
GCTGACGCACCGGTGCAGCCTTTTTTCTCCTGCCACATGAAGCACTTCACTGACACCCTCATCAGTGCCAACATAGTAAGCCAG
TATACACTCCGCTAGCCCATGGAGATCTCTCGAGGGATCCGAAG
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Figure 2-4 Plasmid map of pRRSH2

Construction of pRRSH2-A1408G and pRRSH2-U1406A. Both plasmids were

constructed from pRRSH2. A 684 bp region of pRRSH2 containing the 16S rRNA A1408 and
U1406 sites was amplified in two fragments with the mutation site at the junction of the
fragments. In each case, the two fragments were joined by overlap extension PCR, the resulting
PCR product digested with BsrGIl and Xbal, and cloned into pPRRSH2 digested with the same
enzymes. For pRRSH2-A1408G (Figure 2-5), fragment 1 was amplified using primers pRRSH2-
A1408G-1 and pRRSH2-A1408G-2, and fragment 2 was amplified using primers pRRSH2-
A1408G-3 and pRRSH2-A1408G-4. For pRRSH2-U1406A, fragment 1 was amplified using

primers pRRSH2-A1408G-1 and pRRSH2-U1406A-2, and fragment 2 was amplified using
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primers pPRRSH2-U1406A-3 and pRRSH2-A1408G-4. Introduction of the mutation into each
plasmid was verified by sequencing the cloned region of the plasmid containing it. The vector
map of pPRRSH2-A1408G is given as an example. Primer information is given in the table 2-2
below. The A1408G and U1406A mutation sites are show in bold red in the primers that contain

them. The priming region of each primer is underlined.

rimer name sequence (5 — 37) amplicon template
P q size (bp) P
pRRSH2-A1408G-1 TCTCARACATCACCCGRRGATGAG
457 pRRSH2
pRRSH2-A1408G-2 CCCGTCGCACCATGGGAGTG
pRRSH2-A1408G-3 CCATGGTGCGACGGGCGGTGETG
242 pRRSH2
pRRSH2-A1408G-4 GRAGGRRGGTGGEGGATGACGTC
pRRSH2-U1406A-2 CCCGACACACCATGGGAGTSE (used with pRRSH2-A1408G-1) 457
RRSH2
pRRSH2-U1406A-3 ACTCCCATGGTGTGTCGGECGETE (used with pPRRSH2-A1408G-4) 246 P

Table 2-2 Primers for constructing pPRRSH2-A1408G and pRRSH2-U1406A

putative rRNA operon promoter
putative rRNA operon promoter

p15A ori
i ffjj{}\ 165 rRNA
AmpR //71 - \\\\\:\\ /
4 N
AmpR ptomoler_t U fragment 2d__\] /-/ Taiii:ii 11:%38(;3;

76a7bp fragment 1 A1408G
L ﬁv:\-_h:‘;bnl (2008)
" : €T
& /@ 9
55 rRNA ﬂ..\ ! /4 / pRRSH2-A1408G-1
N /] -/.
\.\:‘\J A
e rRNA operon

235 rRNA

Figure 2-5. Plasmid map of pRRSH2-A1408G
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Functional verification of pPRRSH2-A1408G and pRRSH2 in E. coli SQ380. The ability of
pRRSH2-A1408G to confer aminoglycoside resistance was confirmed through a cell viability
assay. E. coli SQ380 was transformed with pRRSH2-A1408G; and prrnC-sacB was removed by
sucrose counter-selection, resulting in E. coli SH386. As a control, E. coli SQ380 was also
transformed with pRRSH2; and prrnC-sacB was removed by sucrose counter-selection, resulting
in E. coli SH430. The growth inhibition of these two strains by various kanamycin
concentrations was determined by inoculation of each strain (1:100 dilution of a saturated culture)
into ten 1 mL wells of a 96-well culture plate containing LB broth with specific concentrations of
kanamycin added (Figure 2-6), growth for 24 h at 37°C, 200 rpm shaking, and measurement of
the OD600. The results (Figure 2-6) clearly demonstrate that E. coli SH430, which has no 16S
rRNA aminoglycoside resistance mutation, experiences significant growth inhibition at 10 pM
kanamycin, and cannot survive at concentrations above 10 uM kanamycin; whereas E. coli
SH386, which has the A1408G mutation, shows no growth inhibition at any kanamycin
concentration tested, indicating that the mutation confers robust resistance to kanamycin at
concentrations as high as 500 uM.

0.8
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06
o005
@04
Oo03

0.2
01

0 25 10 25 50 100 200 300 400 500
[Kan] (kM)

Figure 2-6. OD600 readings of SH386 (A1408G, blue bars) and SH430 (wild-type, red bars)
grown in a range of kanamycin concentrations.
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Sequential construction of the reporter plasmid The final reporter plasmid, pSH6-KF,

was constructed in six steps:

1) Construction of pUC19-GFPuv, which contains the gfp-uv gene under control of the

PLtetO-1 promoter.

2) Optimization of the gfp-uv 5’-untranslated (5’-UTR) region through construction of a
five plasmid series pPGBSH1-BCD2, pGBSH1-U2, pGBSH1-26.2, pGBSH1-pET, and pGBSH1-

pBEST.

3) Replacement of the ampicillin resistance marker with a chloramphenicol resistance
marker in pPGBSH1-BCD?2, the plasmid with the highest gfp-uv expression level from Step 2, to

give pGBSH3.

4) Insertion of the cassette containing tetR with orthogonal Shine-Dalgarno (O-SD)
sequence under control of medium strength promoter BBa_J23016 into pGBSH3 to give

PGBSH18.

5) Insertion of the cassette containing the orthogonal 16S rRNA (O-16S) under control of

the constitutive Ipp promoter to give reporter plasmid pSH3-KF.

6) Optimization of the tetR and O-16S promoter strengths for use in E. coli SH386

through construction of an eleven plasmid series pSH4-KF through pSH14-KF.

Construction and testing of pUC19-GFPuv. This plasmid, which contains the gfp-uv gene
under control of the PLtetO-1 promoter/operator*®, pMBL1 origin of replication, and ampicillin
resistance marker was constructed from four fragments by COE-PCR. The PLtetO-1

promoter/operator was amplified from pSR26 2 (J. Tabor, unpublished) using primers
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pLTetOIN-up and pLtetOl1-dn. The gfp-uv gene was amplified from plasmid pET101-GFP*°
using primers pGFP-up and pCL-F2-dn. The pMB1 origin of replication was amplified from
pUC19 using primers pCL-F3-pMB1-up and pCL-F3-pMB1-dn. The ampicillin resistance
marker was amplified from pUC19 using primers pCL-F4-up and pCL-F4-dn. The resulting four
fragments were assembled by COE-PCR. The reaction mixture was concentrated using the Zymo
Clean and Concentrator Kit, and introduced into competent E.coli DH5a cells. The final
construct was verified by restriction mapping and sequencing. Primer information is given in the

table 2-3 below. The priming region of each primer is underlined.

primer name sequence (5" - 3) ::::I{I::? template
pLtetO1N-up RCAARCTAGTGCGACCCTGCGTATCACGAGGCCCTTTCGTC

159 pSR26_2
pLtetO1-dn CATGGTGRAAGGGCTCCTGARATTCCTTCATTAATGGTCAGTGCGTCCTGCTGATG
pGFP-up GRAGGRATTCAGGAGCCCTTCACCATG pET101-
pCL-F2-dn CCEGECCTCTTGCGEEATATC 1022 GFP
pCL-F3-pMB1-up ATATCCCGCAAGRGGCCCGGGCGGETAATAAGCTTACGGTTATCCACAGARTCAGE
pCL-F3-pMB1-dn AGACCCCGTCTAGATAGARARAGATCAAAGGATCTTCTTGAG 7o pUCT
pCL-F4-up CTTTGATCTTTTCTATCTAGACGGEGGETCTGACGCTCAGTG
pCL-F4-dn GCAGGGETCGCACTAGTTTGTTTATTTTITCTARATACATTCARATATGTATCCGCTC "3 pUC1S

Table 2-3 Primers for constructing pUC19-GFPuv

gfp-uv fragment sequence. Primer binding sites are underlined, the gfp-uv coding region is
shown in blue with start and stop codons underlined, and the T7 terminator sequence is shown in

green.

GAAGGAATTCAGGAGCCCTTCACCATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGG
TGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTT
GCACTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCCCGTTATCCGGAT
CACATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTATATCTTTCAAAGATGACGG
GAACTACAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGATTTTAAAG
AAGATGGAAACATTCTCGGACACAAACTCGAATACAACTATAACTCACACAATGTATACATCACGGCAGACAAACAAAAGAAT
GGAATCAAAGCTAACTTCAAAATTCGCCACAACATTGAAGATGGATCCGTTCAACTAGCAGACCATTATCAACAAAATACTCCA
ATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCGACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGCGT
GACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGATTACACATGGCATGGATGAGCTCTACAAACTCGAGCACCACCAC
CACCACCACTGAAAGGGCGAGCTCAATTCGAAGCTTGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGT
ACCGGTCATCATCACCATCACCATTGAGTTTGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCG
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CTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGA
TATCCCGCAAGAGGCCCGG

pCLF4-dn pLtetOTN-up

PLtetO-1
AmpR promoter LtetO1-dn
pGFP-up
T
O
hmPR\\N/ ’ fragment 1 \ \v/GFPuv
i '\\n\

fragment 4 fragment 2
pUC19-GFPuv

2079 bp

fragment 3
=
= \"\.. -
DCL—FHPW T7 terminator

T
e TTme—
CLF3-0MB1d = CL+F2-dn
P P n 7 e pCLF3-pMB1-up
pMB1 ori

Figure 2-7 Plasmid map of pUC19-GFPuv

E. coli DH5a transformed with pUC19-GFPuv displayed no fluorescence as determined by plate
reader fluorescence assay (see cell density and fluorescence assays section, above, for
experimental details). Reasoning that the lack of GFPuv expression was due to a non-optimal
chimeric 5’-untranslated region (5’-UTR) derived from fusion of 5’-UTRs from pSR26 2 and
pPET101-GFP, we next constructed a series of five pUC19-GFPuv derivatives where the 5’-UTR

was varied.
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Construction of the pGBSH1 plasmid series. The pGBSH1 plasmid series was constructed by
replacement of the gfp-uv 5°-UTR on pUC19-GFPuv with 5 different 5°’-UTRs. We chose three
5°-UTRs that were reported to be strong [BCD2*', U2*, pBEST (unpublished, from Addgene
#45784)] and two representing the intact 5’-UTRS associated with the GFPuv gene in pET101-
GFP (pET) and the PLtetO-1 promoter in pSR26_2 (26.2). Additionally, a TO spacer sequence
was added between the ampicillin resistance gene and the PLtetO-1 portion to attempt to
minimize any polar effects on GFP expression. The TO spacer was appended to the 5’ end of the
PLtetO-1 fragment. Construction of these plasmids was accomplished by five COE-PCR
reactions, each employing four fragments, three of which (pMB1 origin, ampicillin resistance
marker, TO spacer-PLtetO-1) were identical in all five reactions, and one (the 5’-UTR-gfp-uv
fragment) of which was variable. The fragments containing the pMB1 origin and ampicillin

resistance marker were identical to those used in construction of pUC19-GFPuv.

The TO spacer-PLtetO-1 fragment was constructed by three sequential PCR reactions in
which the product of the previous reaction was used as the template for the next reaction. The TO
spacer was amplified from plasmid pSR26_2 using primers pCL-F1-up and pCL-tetO1-dn-1. The
resulting PCR product was used as the template for a second round of PCR using primers pCL-
F1-up and pCL-tetO1-dn-2. The resulting PCR product was used as the template for a third

round of PCR using primers pCL-F1-up and pCL-tetO1-dn-3 to generate the final fragment.

The five 5’-UTR-gfp-uv fragments were constructed as follows: The pET 5’-UTR-gfp-uv
fragment was constructed in a single PCR reaction by amplification from plasmid pET101-GFP
using primers pCL-GFPuv-up-tetO1 and pCL-F2-dn. The U2 5°-UTR-gfp-uv, 26.2 5’-UTR-gfp-
uv, and pBEST 5’-UTR-gfp-uv fragments were each constructed by two sequential PCR

reactions in which the product of the first reaction (the gfp-uv-containing fragment, which was
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amplified from plasmid pET101-GFP), was used as the template for the second reaction. The U2
5’-UTR-gfp-uv fragment was constructed by amplification using primers pCL-u2-up-1 and pCL-
F2-dn; and the resulting PCR product used as the template for a second round of PCR using
primers pCL-u2-up-2-tetO1 and pCL-F2-dn. The 26.2 5’-UTR-gfp-uv fragment was constructed
by amplification using primers pCL-pSR26-up-1 and pCL-F2-dn; and the resulting PCR product
used as the template for a second round of PCR using primers pCL-pSR26-up-2-tetO1 and pCL-
F2-dn. The pBEST 5’-UTR-gfp-uv fragment was constructed by amplification using primers
pCL-45784-up-1 and pCL-F2-dn; and the resulting PCR product used as the template for a
second round of PCR using primers pCL-45784-up-2-tetO1 and pCL-F2-dn. The BCD2 5’-UTR
was constructed as a stand-alone fragment by templateless assembly using three primers (pCL-
BCD2-1-tetO1, pCL-BCD2-2, and pCL-BCD2-3). A gfp-uv-containing fragment was amplified
from pET101-GFP using primers pCL-F2-up-BCD2 and pCL-F2-dn; and the BCD2 5°-UTR and
gfp-uv-containing fragments were joined by overlap extension PCR and amplified using outside
primers pCL-BCD2-1-tetO1 and pCL-F2-dn to generate the final BCD2 5’-UTR-gfp-uv fragment.
Each of the five 5’-UTR-gfp-uv fragment variants was then assembled with the TO spacer-
PLtetO-1, pMBL1 origin, and ampicillin resistance marker fragments in a COE-PCR reaction.
Each reaction mixture was concentrated using the Zymo Clean and Concentrator Kit and
introduced into competent E.coli DH5a cells. Each final construct was verified by restriction
mapping and sequencing. Primer information is given in the table 2-4 below. The priming region
of each primer is underlined. The vector map of pGBSH1-BCD?2 is given as an example. The
figre 2-8 shows the constructs of the 5’-UTRs examined. The table 2-5 summarizing the 5°-

UTRs examined is given below.
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. v a amplicon
primer name sequence (§' - 3') size (bp) template
pCL-F1-up ACRARRCTAGTGCGRCCCTGCTGCTTGGATTC TCACCRATRRARRRC 167 SSR26 2
pCLAt01-dn-1 TGTCARTCTCTATCACTGATAGGGATTTGATATCGAGCTCGCTTGEACTCCTGTTGATAG -
pCL-tetO1-dn-2 GCTCAGTATCTCTATCACTGATAGGGATGTCARTC TCTATCACTGRTAGGGATTTG 194 PCR pdt.
pCLet01-dn-3 GGTCAGTGCGTCCTGCTGATGTGCTCAGTATCTCTATCACTGATAGGS 216 PCR pdt.
pCL-GFPuv-up-tetO1 | ATCAGCAGGACGCACTGACCCCTCTAGAAATAAT TTTGTTTAACTTTARGAAGGRATTC o7 pET101-
1071
pCL-F2-dn CCGEECCTCTTGCGGGATATC (same is used to construct pUC19-GFPuv) GFP
CLu2-up-1 ARG GGAGRAAGGTRACCATGAGTARAGGAGRAGRRCTTTTCACTGS 1016 pET101-
puL-actp- (used with pCL-F2-dn) GFP
ATCAGCAGGACGCACTGACCGARTTCATTARAGAGGRGARAGGTACCATGRG
CL-u2-up-2-tet01 1045 PCR pdt.
pLL-uLup- (used with pCL-F2-dn) pd
AGCAAAGCCCAATTTTARACARATGAGTAARGGAGARGARCTTTTCACTGE pETI01-
. 1 1
PCL-pSR26-up- (used with pCL-F2-dn) 020 GFP
ATCRAGCAGGRCGCACTGRCCGCATRAARGGACTTAGCRARGCCCARTTTTARAC
CL-pSR26-up-2-tet01 1053 PCR pdt.
pul-ponie (used with pCL-F2-dn) pd!
ATTTTGTTTARCTTTAAGRRGGATCCATGAGTRARAGGRAGARGRRACTTTTCACTGS pET101-
CL-45784-up-1 1024
° - (used with pCL-F2-dn) GFP
ATCAGCAGGACGCACTGACCGCTAGCAATARTTTTGTTTAACTTTAAGARGGATCCATG
pCL-45784-up-2-tetO1 (used with pCL-F2-dn) 1054 PCR pdt.
pCL-BCD2-1-tetO1 ARTCAGCAGGACGCACTGACCGGGCCCARGTTCACTTRRARAGGAGATCARC
pCL-BCD2.2 GRTTRRGATGTTTCRAGTRACGARRRTTGCTTTCATTGTTGATCTCCTTTTTRARG 125 g:::‘:w
pCL—BCDZ-S AGTTCTTCTCCTTTACTCAT TAGRERRCCTCCTTAGCATGATTARGATGTTTCAGTAC
pCL-F2-up-BCD2 ATGAGTAARGGAGAAGAACTTTTCACTGGAG (used with pCL-F2-dn) 998 pﬁ':':T;""'

Table 2-4 Primers for optimization of the gfp-uv 5’-untranslated (5’-UTR) region

TO spacer fragment sequence. Primer binding sites are underlined, and the TO spacer region is

shown in blue.

TGCTTGGATTCTCACCAATAAAAAACGCCCGGCGGCAACCGAGCGTTCTGAACAAATCCAGATGGAGTTCTGAGGTCATTACT

GGATCTATCAACAGGAGTCCAAGCGAGCTCGATATCAAAT
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Figure 2-8 Optimization of 5’UTR region of gfpuv gene
length
5-UTR | sequence
q (bp)
PET CCTCTAGRARATRAATTTTGTTTAACTTTRAAGARGEARTTCRAGGAGCCCTTCACT A3
Uz GRATTCATTRAARGAGGAGARALGETRCC 27
26_2 GCATAARGGACTTAGCARALGCCCRAATTTTAARCAR 35
pBEST | GCTAGCAATAATTTTGTTTRAACTTTRAAGRAGGATCC 36
BCD2 G ARGTTCAC T TAR R A A G T C AR A TR A A GO A R TTTTCGTACTGRA L C AT CTTARTCATGCTALGGAGETTTTCTA 85

Table 2-5 Summary of the sequences of 5’UTR
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Figure 2-9 Plasmid map of pGBSH1-BCD2

pGBSH1 series functional assay. E. coli DH5a transformed with pGBSH1-BCD2,
pGBSH1-U2, pGBSH1-26.2, pGBSH1-pET, and pGBSH1-pBEST displayed a range of
fluorescences (Figure 2-10) as determined by plate reader fluorescence assays (see cell density
and fluorescence assays section, above, for experimental details), with pGBSH1-BCD2 resulting

in the highest fluorescence. Thus, pGBSH1-BCD2 was selected for further development.
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Figure 2-10 Cell pellet fluorescence and fluorescence quantification of pGBSH1 variants in
which the gfp-uv 5°-UTR has been altered.

Construction and testing of pGBSH3. After identification of plasmid pGBSH1-BCD2 as
the variant resulting in the highest fluorescence, the ampicillin resistance marker in pGBSH1-
BCD2 was replaced with a chloramphenicol resistance marker so that the resulting plasmid,
pGBSH3, could be co-transformed with pRRSH2-A1408G. A four fragment COE-PCR reaction
was employed to construct pGBSH3. Three of the fragments (BCD2 5’-UTR-gfp-uv, pMB1
origin, and TO-PLtetO-1) were identical to those used to construct pGBSH1-BCD2. The
fragment containing the chloramphenicol resistance marker was amplified from plasmid
pBKCMT7b (Charles E. Melancon Ill, unpublished) using primers cat-pBKCM7b-up and cat-
pBKCMT7b-dn. After COE-PCR, concentration using a Zymo Clean and Concentrator Kit, and
transformation, the final construct was verified by restriction mapping and sequencing. Primer
information is given in the table 2-6 below. The priming region of each primer is underlined.

Retention of robust fluorescence by E. coli DHSa cells transformed with pGBSH3 was verified
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by plate reader fluorescence assays (see cell density and fluorescence assays section, above, for

experimental details).

amplicon

. v
primer name sequence (5" - 3°) size () template
cat-pBKCMTb-up CITTICTATCTAGACGGGGTCTTTITGATAGARARTCATRARALGEATTTGC

1069 pBKCMTDh
cat-pBKCMTb-dn GCAGGGTCGCACTAGTT TG TGGATCCARC TGCATTCAGRATARATARATC

Table 2-6 Primers for constructing pGBSH3

Chloramphenicol resistance marker fragment sequence is shown below. Primer binding sites are
underlined, the promoter sequence is shown in green, and the chloramphenicol acetyltransferase

coding region is shown in blue with start and stop codons underlined.

GGATCCAACTGCATTCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTTGGCGAAAATGA
GACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTTGAGTTGTCGAGA
TTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGA
ACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTA
AAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTACGTATGGCA
ATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCG
CTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCC
TATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGG
CCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTGGCG
ATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAG
GGCGGGGCGTAAGGCGCGCCATTTAAATGAAGTTCCTATTCCGAAGTTCCTATTCCTAGGGATTAAAAAGGCAACTTTATGCC
CATGCAACAGAAACTATAAAAAATACAGAGAATGAAAAGAAACAGATAGATTTTTTAGTTCTTTAGGCCCGTAGTCTGCAAAT
CCTTTTATGATTTTCTATCAAA
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Figure 2-11 Plasmid map of pGBSH3

Construction and testing of pGBSH18. A cassette containing the tetR gene with
orthogonal Shine-Dalgarno (O-SD) sequence (ATCCC) *** under control of medium strength
promoter BBa_J23106 (J. Christopher Anderson, unpublished) and containing the T1 terminator
was inserted into pGBSH3 to generate pGBSH18. A five fragment COE-PCR reaction was
employed to construct pGBSH18 (Figure 2-12). Three of the fragments (the BCD2 5’-UTR-gfp-
uv, chloramphenicol resistance marker, and TO-PLtetO-1) were identical to those used to
construct pPGBSH1-BCD2 and pGBSH3. The pMBL1 origin was amplified from pGBSH3 using

primers F3-up-tetRassem and pCL-F3-pMB1-dn.

The fragment containing O-SD-tetR (Figure 2-13) was constructed by three sequential
PCR reactions in which the product of the previous reaction was used as the template for the next
reaction. The tetR gene with T1 terminator was amplified from pSR26_2 using primers ptetR-1-
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KF-up and tetRassem1-dn-Xmnl. The resulting PCR product was used as the template for a
second round of PCR using primers ptetR-2-KF-up and tetRassem1-dn-Xmnl. The resulting PCR
product was used as the template for a third round of PCR using primers tetRassem1-up-Xmnl
and tetRassem1-dn-Xmnl to generate the final fragment. After COE-PCR, concentration using a
Zymo Clean and Concentrator Kit, and transformation, the final construct was verified by
restriction mapping and sequencing. Primer information is given in the table below. The priming
region of each primer is underlined. The O-SD sequence and ATG start codon are shown in bold
red in the primers that contain them. Retention of robust fluorescence by E. coli cells DH5a
transformed with pGBSH18 was verified as by plate reader fluorescence assays (see cell density
and fluorescence assays section, above, for experimental details). During the sequencing process,
we discovered two spontaneous mutations in the pMB1 origin (see below for locations). It is
unclear whether these mutations have any effect on plasmid copy number, but it is clear from

fluorescence assays that they do not interfere with replication in E. coli DHS5a or gfp-uv

expression.
] ‘a amplicon

primer name sequence (5' - 3’) size (bp) template
F2-up-tetRassem GCGGTAATAAGCTTACGETTATCCAC

AGACCCCGTCTAGATAGRAARGATCARAGEATC TTCTTGAG 738 GBSH3
pCL-F3-pMB1-dn A = AGLTAGRARAL AMAG TTCTTGAG p

(same as used to construct pUC19-GFPuv)
ptetR-1-KF-up ACAATCGATACATCCCCCGCARATGATGTCTCGTTTAGATAALAGTAAAS

823 PSR26_2

tetRassem1-dn-Xmnl TGTGGATARCCGTARGC TTATTAC
ptetR-2-KF-up CTAGCTCAGTCCTAGETATAGTGCTAGCCCAGC CAGAGAARC 863 PCR pdt.
tetRassem1-up-Xmnl ATATCCCOGCARGAGGCCCGGTTTACGGCTAGCTCAGTCCTAR 390 PCR pdt.

Table 2-7 Primers for constructing pPGBSH18

Sequence of the tetR-T1 terminator fragment is shown below. Primer binding sites are
underlined, the tetR coding sequence is shown in blue, and the T1 terminator region is shown in

green.
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ATGATGTCTCGTTTAGATAAAAGTAAAGTGATTAACAGCGCATTAGAGCTGCTTAATGAGGTCGGAATCGAAGGTTTAACAAC
CCGTAAACTCGCCCAGAAGCTAGGTGTAGAGCAGCCTACATTGTATTGGCATGTAAAAAATAAGCGGGCTTTGCTCGACGCCT
TAGCCATTGAGATGTTAGATAGGCACCATACTCACTTTTGCCCTTTAGAAGGGGAAAGCTGGCAAGATTTTTTACGTAATAACG
CTAAAAGTTTTAGATGTGCTTTACTAAGTCATCGCGATGGAGCAAAAGTACATTTAGGTACACGGCCTACAGAAAAACAGTAT
GAAACTCTCGAAAATCAATTAGCCTTTTTATGCCAACAAGGTTTTTCACTAGAGAATGCATTATATGCACTCAGCGCAGTGGGG
CATTTTACTTTAGGTTGCGTATTGGAAGATCAAGAGCATCAAGTCGCTAAAGAAGAAAGGGAAACACCTACTACTGATAGTAT
GCCGCCATTATTACGACAAGCTATCGAATTATTTGATCACCAAGGTGCAGAGCCAGCCTTCTTATTCGGCCTTGAATTGATCATA
TGCGGATTAGAAAAACAACTTAAATGTGAAAGTGGGTCTTAAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGC
CTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGCCCTAGACCTAGGCGTTCGGCTGCGG
CGAGCGGTATCAGCTCACTCAAAG

Sequence of the pMB1 origin in pGBSH18 with spontaneous mutations marked in bold

underlined red. G at position 107 was mutated to C, and G at position 457 was mutated to A.

CGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGC
GAAACCCGACAGGACTATAAAGATACCAGCCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTG
CCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCT
CAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTAT
CCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATT
AGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGT
ATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCA
CCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTT

T0 PLtetO-1
CmR promoter

[ BCD2
T
HQ\ GFPuv

CmR f—\

TO-PLtetO-1 fragment

£/ BCD2-gfp-uv fragment Y

)( f CmR fragment \ \\.

b | PGBSH18 v
3907 bp }\

T7 teminator
P O-SD-tetR fragment S
pCL-F3-pMB1-dn \\\“\_ pMB1 o fragment / /)7\\;:; 3100
N 4
/\\Cax p— J__.- \
- -~
pMB1 orl - T tetR
F3-up-tetRassem T1 terminator

Figure 2-12 Plasmid map of pGBSH18
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tetRassem1-up-Xmnil

ptetR-2-KF-up
| ptetR-1.KF-up tetR T4 terminator
0-8D 0-5D-tetR fragment
P-J23106 oo bp tetRassem1-dn-Xmnl

Figure 2-13 The O-SD-tetR fragment

Construction and testing of pSH3-KF in E. coli DH5a. A cassette containing the
orthogonal 16S rRNA (O-16S) with orthogonal anti-Shine-Dalgarno (O-ASD) sequence
(TGGGG) * *® was inserted into pGBSH18 to generate pSH3-KF, which contains all the
components of the orthogonal ribosome-based fluorescent reporter. A five fragment COE-PCR
reaction was employed to construct pSH3-KF.

Two of the fragments (the O-SD-tetR and pMB1 origin) were identical to those used to
construct pGBSH18. The chloramphenicol resistance marker fragment was amplified from
pBGSH18 using primers cat-pBKCM7b-up and pCAT-OKF-dn. A fragment containing TO-
PLtetO-1 and BCD2 5’-UTR-gfp-uv was also amplified from pGBSH18 using primers pGFP-
OK