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Abstract

Bacteria communicate information in a process known as quorum sensing, actuating
downstream gene expression based on cell-cell signalling. Cell-cell signalling allows
for complex and multi-cellular behavior otherwise impossible with unicellular logic.
However, building complex cell-cell signalling genetic circuits is currently challenged
by a lack of tools for the fine-tuning and control of quorum sensing systems.

Although derived from distinct biochemical entities, the diffusion rate and ex-
pression profile of a given LuxR-family module are not modular. Here, we develop
chimeric proteins that can accept the small molecule cognate belonging to the las
operon from Pseudomonas aeruginosa while activating the cognate promoter of other
quorum sensing systems. The ability to swap in a modular fashion the ligand-binding
domain and DNA-binding domain of transcription factors allows precise control of
diffusion rates and expression profiles independently.

Methods to control quorum sensing by transcriptional repression can be slow be-
cause they rely on dilution and degradation, require promoter engineering, or lack
specificity against only a single signalling pathway. Here, we develop proteins to
knock down expression from LuxR-type quorum sensing transcription factors utiliz-
ing molecular sequestration for fast, tunable, and specific control. Natural sequesters
and engineered truncation proteins are successfully applied against 5 of the most
prevalent LuxR-type transcription factors (LasR, LuxR, RhlR, RpaR, and TraR) as
well as the chimeric transcription factors developed in this work.

Chimeric LuxR-type quorum sensing proteins and proteins for the sequestration of
LuxR-type quorum sensing proteins provide powerful new parts to facilitate building
sophisticated gene circuitry.

Thesis Supervisor: Ron Weiss, PhD
Title: Professor of Biological Engineering and EECS

3



4



Acknowledgments

I am blessed and beyond privileged to live a life full of people who have helped me

reach where I am now, and I wish to acknowledge a non-exhaustive list of those people
1below

There are many things I could acknowledge about Ron, but for the sake of brevity

I wish to highlight 3 (an arbitrarily chosen number). First, Ron accepts all those

who come to his lab hoping to engage in synthetic biology regardless of background.

The Weiss lab includes those from biology, biological engineering, chemical engineer-

ing, chemistry, medicine, computer science, mechanical engineering, and architecture.

This philosophy allowed me to join the lab and additionally surrounded me with oth-

ers who could provide different viewpoints from myself which enriched my experience

here, and for that I am grateful. Second, the priority has always been whether a

project is scientifically interesting more than it was scientifically publishable, a senti-

ment that I share and appreciate. The question is always "what interesting constructs

can we build with this" rather than "where can we publish this" and I can't imagine

being in a lab where that is inverted, so for that I am grateful. Third, with apologies

to gatekeeping, Ron loves data like a true scientist. Nothing brings more joy to a

meeting than a fresh set of plots to scrutinize and the never ending sense of drive and

appreciation for fresh data creates an environment that encourages exploration and

a sense of purpose, and for that I am grateful.

I wish to thank my other committee members Brad Pentelute, Alex Shalek, and

Jim Collins for their selfless time and feedback. One of my largest regrets of my

time here was not engaging with my committee more, all of which was on me. My

committee has always had nothing but my best interests at heart and in deed and

for that I am grateful. Brad Pentelute I must single out for always pushing me to be

better than the previous time we met since my first week at MIT and asking not only

about research but me as a person during each annual check-in.

Bureaucracy is not exactly my strong suit and it is by the grace of the Department

In addition to these acknowledgements, whatever the opposite of an acknowledgement is I bestow
upon Chipotle for giving me food poisoning in 2018.

5



of Chemistry Education Office that I am still here. In particular Jennifer Weisman

has been an unending fount of wisdom, suggestions, solutions, and help from every-

thing from TA assignments, RA assignments, qualifying exams, thesis defense, room

reservations, consulting conflicts, and general graduate school solutions.

Kristine, Olga, and Cammie made everything run in the Weiss lab which cannot

be overstated as a feat. I wish to thank Ky for both scientific and career discussions

as well as allowing me to use much of the Lu Lab instrumentation when needed (one

of the perils of being the sole bacteria researcher in a mammalian lab).

My first year at MIT was made possible in no small part by being surrounded

by an exclusively excellent group of people: the biological division entering class of

2013. Without listing each person, I do wish to thank each person, and I am grateful

for their companionship and camaraderie, especially during the first year where the

program front-loads all the courses both taking and teaching.

As alluded to above, the Weiss Lab is full of people from all walks of life and

they have all helped me grow as a scientist and as a person. Blake Elias is always a

source of amazing ideas and conversation and it was my pleasure to work with him.

The graduate students are particularly close-knit; Jake, Bre, Ross, Jesse, Casper, and

Noreen are all a second family to me. No matter the trials or tribulations I can count

on them and that is a beautiful thing. Our friendship was and is the most important

thing to me from my time here and I cannot express it more simply.

Over the last 5 years there have been two postdocs in the Weiss lab who have

suffered the fate of working closely with me. Brian Teague has given me infinite

wisdom, friendship, and forgiveness. Christian Cuba is the person who introduced

me to molecular sequestration and the very first anti-lasR protein, QslA, so really

this entire thesis is his fault, which is no small feat and which I hope you do not hold

against him.

Beyond the Weiss Lab I am blessed with many people who have left an indelible

mark and are gems of human beings: Jon Teo, Mark Mimee, Rob Citorik, Kevin

Yehl, Isaak Muller, ZJ, Thomas Segall-Shapiro, Adam Meyer, Yongjin Park, Prashant

Vaidyanathan, Curtis Madsen, Tim Jones, Kevin Yang, Felix Moser and John Sexton.

6



3000 miles away from home I have been welcomed with open arms by many.

Dan and Julie Pollock, Dana Xu and Teague Bick, Natasha Seelam and Dariusz

Murakowski, I can't thank enough for letting me into their homes and lives as family.

Everything I know about research and mentorship I learned from Penny Beuning,

Mary Jo Ondrechen, and Srinivas Somarowthu. It can never be stated enough how

much I owe my career to them.

Finally the most important people in my life are Mom, Dad, and Matt. Their

infinite fount of love and forgiveness is what keeps me going.

7



8



This doctoral thesis has been examined by a Committee of the
Department of Chemistry as follows:

Signature redacted
Professor Bradley L. Pentelute .....

Chairman, Thsis Committee
Associate Professor of Chemistry

(Signature redacted
Professor James J. Collins ..Collins. . .--.. ----- -.-.-.-.

e ber, Thesis Committee
Termeer Professor of e 'cal ngineering and Science

Signature redacted
Professor Alex K. Shalek... ........

Member, Thesis Committee
Pfizer-Laubach Career Develop ie-Assistant Professor of Chemistry

Professor Ron Weiss.
Signature redacted

Thesis Supervisor
Professor of Biological Engineering

Professor of Electrical Engineering and Computer Science





Contents

A b stract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1 Introduction 21

1.1 Synthetic Biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.2 Quorum Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.2.1 Las, Lux, Rhl, Rpa, and Tra, Oh My! . . . . . . . . . . . . . . 24

1.2.2 AHL Structure Allows For Diffusion and Signalling . . . . . . 24

1.2.3 QS Promoter's Design Allows for Low Basal Expression . . . . 26

1.2.4 QS Transcription Factors Are Built Similarly . . . . . . . . . . 27

1.2.5 A Dearth of Purification and Crystal Structures . . . . . . . . 28

1.3 Thesis Organization and Scope . . . . . . . . . . . . . . . . . . . . . 29

2 Stochastic Turing Patterns 31

2.1 M otivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.2 Design of a Turing Pattern Gene Circuit . . . . . . . . . . . . . . . . 32

2.3 R esults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3.1 The Formation of Stochastic Turing Patterns . . . . . . . . . . 36

2.4 Conclusions and Future Directions . . . . . . . . . . . . . . . . . . . 41

2.5 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.5.1 P lasm ids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.5.2 Patterning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.5.3 Diffusion of AHL Through LB-Agar . . . . . . . . . . . . . . . 42

11



3 Chimeric Quorum Sensing Transcription Factors 45

3.1 M otivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2 Design and Nomenclature Of LasR Chimeras . . . . . . . . . . . . . . 48

3.3 R esults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.3.1 Determining Optimal Fusion Site For Rhl-Las Chimera . . . . 49

3.3.2 Control of Expression Levels for Transcription Factors . . . . 53

3.3.3 Ligand Specificity of WT and Chimera Proteins . . . . . . . . 56

3.4 Conclusions and Future Directions . . . . . . . . . . . . . . . . . . . 58

3.5 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.5.1 Primer Design and Cloning . . . . . . . . . . . . . . . . . . . 59

3.5.2 Steady State Induction and Flow Cytometry . . . . . . . . . . 59

3.5.3 Plasm ids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4 Molecular Sequestration of LuxR-type Transcription Factors 63

4.1 M otivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2 R esults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2.1 QslA and QteE . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2.2 TraM and TraM2 . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2.3 A Poor Toolkit . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.2.4 T rlR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.2.5 Sequestration of WT transcription factors . . . . . . . . . . . 72

4.2.6 Sequestration of chimeric transcription factors . . . . . . . . . 76

4.2.7 Specificity of knockdown . . . . . . . . . . . . . . . . . . . . . 77

4.2.8 Linearization and Speed . . . . . . . . . . . . . . . . . . . . . 79

4.3 Conclusions and Future Directions . . . . . . . . . . . . . . . . . . . 82

4.4 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.4.1 Primer Design and Cloning . . . . . . . . . . . . . . . . . . . 84

4.4.2 Steady State Induction and Flow Cytometry . . . . . . . . . . 84

4.4.3 Plasm ids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

12



5 Flow Cytometry Interlab 87

5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2 Interlab . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.2.1 Initial Constraints . . . . . . . . . . . . . . . . . . . . . . . . 89

5.2.2 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.2.3 Instructions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.3 Conclusions and Future Directions . . . . . . . . . . . . . . . . . . . 98

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

13



14



List of Figures

1-1 Low density vs high density in LuxR systems . . . . . . . . . . . . . . 24

1-2 AHL structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2-1 New hybrid promoters designed for the Turing Pattern genetic circuit 32

2-2 Design of a synthetic multicellular system for emergent pattern forma-

tio n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 3

2-3 Experimental observations of emergent pattern formation. . . . . . . 35

2-4 Ratio mixing of constitutive expression . . . . . . . . . . . . . . . . . 37

2-5 Initial diffusion estimates of 30C12HSL and C4HSL through M9 Agar

m ed ia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2-6 Diffusion estimates of 30C12HSL and C4HSL through M9 Agar media

at increased cell densities due to growth . . . . . . . . . . . . . . . . 39

3-1 Multiple sequence alignment of the five transcription factors used in

this w ork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3-2 Examples of rhl-las fusion sites at the linker domain . . . . . . . . . . 49

3-3 Initial fusion site scan of rhl-X-lasR for las DNA-binding function . . 50

3-4 Initial fusion site scan of rhl-X-lasR for lack of rhl DNA-binding function 51

3-5 IPTG and Cuminic Acid reference inducer profiles . . . . . . . . . . . 52

3-6 Expression profile of wild-type transcription factors . . . . . . . . . . 54

3-7 Full expression profiles for 4 chimeric transcription factors with cognate

A H L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 55

3-8 AHL orthogonality of wild-type and chimera proteins . . . . . . . . . 57

15



4-1 QslA and QteE sequestration of LasR . . . . . . . . . . . . . . . . . . 66

4-2 TraM and TraM2 sequestration of TraR . . . . . . . . . . . . . . . . 67

4-3 Heatmap for knockdown by natural sequester proteins co-expressed

with wild-type five LuxR-family transcription factors with maximal

AHL induction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4-4 Heatmap for knockdown by natural sequester proteins co-expressed

with chimeric LuxR-family transcription factors with maximal AHL

induction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4-5 Pairwise alignment between traR and trR . . . . . . . . . . . . . . . 70

4-6 TrIR compared to TrlR181 for sequestration profile . . . . . . . . . . 71

4-7 Sequestration of wild-type transcription factors by truncation protein

products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 73

4-8 Recovery of GFP expression by induction of transcription factor over

maximal induction of sequestration protein . . . . . . . . . . . . . . . 75

4-9 Sequestration of chimeric transcription factors by corresponding trun-

cation product. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4-10 Heatmap for knockdown by truncation proteins co-expressed with wild-

type five LuxR-family transcription factors with maximal AHL induction 77

4-11 Heatmap for knockdown by truncation proteins co-expressed with chimeric

LuxR-family transcription factors with maximal AHL induction . . . 78

4-12 Closed loop vs Open loop feedback . . . . . . . . . . . . . . . . . . . 80

4-13 Temporal dynamics of molecular sequestration versus transcriptional

repression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4-14 A bistable system in isolation and in a closed loop . . . . . . . . . . . 83

5-1 Freeze-thawing time course . . . . . . . . . . . . . . . . . . . . . . . . 90

5-2 Interlab work flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5-3 Thresholding debris from bacterial cells based on SSC-A and FSC-A . 92

5-4 Diagram for determining low, medium, and high voltages . . . . . . . 93

5-5 Raw results for interlab samples . . . . . . . . . . . . . . . . . . . . . 94

16



5-6 Sorted results for interlab samples . . . . . . . . . . . . . . . . . . . . 95

5-7 Sorted results for interlab samples with only the most common match-

ing laser/filter combination . . . . . . . . . . . . . . . . . . . . . . . . 96

17



18



List of Tables

1.1 Quorum sensing systems used in this work . . . . . . . . . . . . . . . 22

3.1 Fold changes for fusion sites of rhl-X-lasR chimeras . . . . . . . . . . 51

3.2 Plasmids used in Chapter 3 . . . . . . . . . . . . . . . . . . . . . . . 61

4.1 Truncation positions for LasRt, LuxRt, RhIRt, TrlRt, and RpaRt . . 72

4.2 Plasmids used in Chapter 4 . . . . . . . . . . . . . . . . . . . . . . . 86

5.1 Standard Deviation in ERF measurements between flow cytometers in

the interlab with all results. . . . . . . . . . . . . . . . . . . . . . . . 95

5.2 A reduced set of laser and filter combinations among cytometers in

our interlab study with varying parameters all meant to measure in

the FITC channel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.3 A reduced set of laser and filter combinations among cytometers in

our interlab study with varying parameters all meant to measure in

the PE-Texas-Red channel . . . . . . . . . . . . . . . . . . . . . . . . 96

5.4 Standard Deviation in ERF measurements between flow cytometers in

the interlab using only the most common filter combinations. . . . . . 97

19



20



Chapter 1

Introduction

What I cannot create,

I do not understand

Richard Feynman

1.1 Synthetic Biology

Synthetic biology is the pursuit to build new biological systems. These new biological

systems include artificial life[1, 2], minimal genomes[3, 4], cells that can perform

industrial processes[5, 6], synthesize therapeutics[7], act as therapeutics themselves[8,

9, 10] or perform complex computations[11, 12, 13].

A useful approach to building new biological systems capable of performing com-

plex computations is leveraging the terminology and principles behind electrical cir-

cuit engineering[14, 15]. Parts, such as promoters, ribosome binding sites, ribozymes,

coding sequences, and terminators, can be composed into transcription units[16].

These transcription untis can then be composed into modules akin to "gates" that

represent an input-output relationship. Module inputs can be chemicals or another

gene-product such as miRNA or proteins. When the input of a module is of the

same form as the output of another module, these modules can be composed to form

"circuits"[16, 17, 18, 19].

Parts to build modules to compose circuits initially were adapted from natural

21



Molecule Abbreviation Organism Genetic System

N-(3-Oxododecanoyl)-L-homoserine lactone 30C12HSL Pseudomonas aeruginosa las
N-(3-Oxohexanoyl)-L-homoserine lactone 30C6HSL Vibrio fischeri lux
N-Butanoyl-L-homoserine lactone C4HSL Pseudomonas aeruginosa rhl
N-(p-Coumaroyl)-L-homoserine lactone pC-HSL Rhodopseudomonas palustris rpa
N-(3-Oxooctanoyl)-L-homoserine lactone 30C8HSL Agrobacterium tumefaciens tra

Table 1.1: Most commonly utilized quorum sensing systems and their signalling
molecule.

systems known to sense inputs and then regulate genes, such as the ara, tet, A proteins

from bacteria and phage[16]. Engineered parts with novel properties, kinetics, or

functions further expand the toolbox available to synthetic biologists. These new

parts have been mined with bioinformatics, rationally designed, or evolved[20, 21, 22,

23].

Even with advanced and improved parts, single-cell circuits are limited in their

capacity for complex functions such as organ development, communication, pattern-

ing, or synchronization. To coordinate behavior across many cells, cell-cell signalling

is one of the most valuable tools in synthetic biology for programming advanced

behaviors into new biological systems[24, 25, 26, 22, 27, 28, 29].

1.2 Quorum Sensing

To perform complex computations and build genetic circuits capable of decentralized

behavior, synthetic biologists often turn to natural cell-cell communication paradigms[24].

One such natural cell-cell communication system exists in Vibrio Fisheri, which is a

gram-negative bacterium that forms a commensal relationship within a specialized

light organ of the Hawaiian Bobtail Squid (Euprymna scolopes)[30]. In exchange for

protection and a ready source of food, V. Fisheri produces light. The genetic system

responsible for the production of bioluminesence was found to be the lux operon;

luxA, luxB, luxC, luxD, and luxE encode enzymes for light production and luxR and

luxI encode regulatory functions[31].

This bioluminesence provides valuable camouflage to the squid, but is metabol-

ically costly to the bacteria[32]. For a single bacterium in isolation (in sea water

22



on the order of 102 cells/mL[331) the expression of the luxABCDE operon would be

burdensome and wasteful. However, when there is a sufficient density of the bacteria

inside E. scolopes, (on the order of 10 cells/mL[33]) expression of the lux operon

becomes advantageous.

To decide optimal gene expression, each cells needs to know the overall density of

fellow bacteria in the surrounding environment. Without communication, each indi-

vidual cell is incapable of sensing far-neighbors. In order to approximate the density

of V. Fisheri, a computation must be made intracellularly based on an intercellular

chemical signal. Three components and one assumption are required to build such a

system capable of expressing genes if and only if a certain density is met:

1. Each cell emits a small amount of signal

2. Each cell has some way to sense the signal

3. Once a threshold of signal is sensed, it triggers downstream gene regulation

Finally we assume that the signalling molecule can diffuse freely in and out of each

cell to and from the surrounding media and that this means that effectively

[intracellular]~ [extracellular] for signalling molecules.

This phenomenon of individual cells coordinating their behavior based on sensing

their overall density is known as quorum sensing. Quorum sensing exists across

kingdoms and includes archaea[34], fungi[35, 36], both gram-negative bacteria and

gram-positive bacteria[37], and can even be hijacked by phage[38].

In gram-negative bacteria, quorum sensing controls aggregation, antibiotic resis-

tance, biofilm formation and maturation, bioluminesence, motility, competence/conjugation,

exopolysaccharides production, nodulation/symbiosis, sporulation, and virulence[39,

40, 41]. By regulating genes that are density-dependent each cell conserves resources

and shares information with those around it.
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Figure 1-1: Because AHL (circles) freely diffuses in and out of gram-negative bacteria,
its concentration approximates the density of bacteria in a given confined system. A.
At low densities AHL concentrations are insuffecient to form active LuxR complexes
and there is minimal, basal gene expression from the pLux promoter. B. At high
AHL densities LuxR forms a complex with AHL, forms a homodimer, and this active
complex drives expression of genes downstream from pLux.

1.2.1 Las, Lux, Rhl, Rpa, and Tra, Oh My!

In the world of synthetic biology, genetic clocks[42], edge detection[43], spatial band-

pass filters[44], communicating across physical barriers[45] or spaces[46], and creation

of stable microbial consortia[47, 48] all utilize LuxR-type quorum sensing (Figure 1-

1). Much critical work of the field of synthetic biology, such as building sets of

biosensors[49] or building integral controllers[50], utilizes LuxR-family transcription

factors even when there is no cell-cell signalling function of the genetic circuit, solely

for its robust expression profile and orthogonality to other transcription factors.

In this work, we utilize 5 of the most well-studied quorum sensing systems, LasR,

LuxR, RhlR, RpaR, and TraR (Table 1.1), to demonstrate the universality of the

design principles in Chapters 3 and 4 and characterize possible cross-reactivity.

1.2.2 AHL Structure Allows For Diffusion and Signalling

When the synthesis of a signalling molecule stimulates additional synthesis of itself in

a positive feedback loop it is deemed an "autoinducer"[51]. The structure of the lux

autoinducer was solved in 1981[52] and discovered to be a molecule of both a head
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Figure 1-2: Chemical structure of AHL molecules used in this study.

and a tail, akin to a lipid. The head consists of a homoserine lactone and the tail an

acyl-chain, sometimes with an additional carbonyl at the 3 position. This lipid-like

chemical structure allows AHL molecules to diffuse freely across the cell-wall[53].

30C8HSL and C4HSL are analogous to 30C6HSL with different carbon length

tails. Due to it's long acyl chain 30C12HSL does not rely entirely on passive diffusion

across the membrane but is also facilitated by active transport[54]. The rpa system

has a unique signalling molecule, pC-HSL, without an acyl chain tail. Attached to

the homoserine lactone head is a p-coumaroyl group[55] which results in drastically

reduced cross-talk with other quorum sensing systems due to its unique structure[56,

57].

The hydrophobic moiety binds deep in the ligand-binding domain hydrophobic

cavity[58]. The differences in steric hindrance based on the length of the acyl chain as

well as the electrostatics of having an additional carbonyl at the 3 position determine

specificity[59]. Signalling molecules with similar physical properties due to similar

chemical structure, such as 30C6HSL and 30C8HSL (which differ only in a methylene

group, can present a difficulty known as "cross-talk", where the signalling molecules

are indistinguishable to the ligand receptors[60, 27, 56, 57].
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1.2.3 QS Promoter's Design Allows for Low Basal Expression

Bacterial promoters utilize two hexamer DNA recognition sequences to recruit tran-

scriptional machinery and initiate transcription[16]. These hexamers are known as

the "-35" and "-10", located with their midpoint at the respective position relative

to the transcriptional start site (known as the TSS or "+1"). In addition to the -35

and -10 sites there can be additional operator sequences that allow further regulation

of transcription. For example, pBAD has binding sites for the transcription factor

AraC to activate gene expression in the presence of sugar[61]. Repressible promoters

can be kept in the off state by operator sequences that overlap between the -35 and

-10. For example, TetR binds the operator sequence tetO between the -35 and -10

of the pTet promoter, occluding transcriptional machinery from engaging with the

promoter[62].

In V. Fisheri pLuxI is bidirectional controlling the luxICDABEG operon and

luxI gene on the opposite diverging strand[33]. Unlike most bacterial promoters,

pLuxI has no -35 hexamer. Instead, centered at the -42.5 position, is a 20 base pair

operator sequence "ACCTGTAGGATCGTACAGGT". This lux operator sequence

(also known as the "lux box") serves as a recognition site for active LuxR complexes

to bind and then recruit transcriptional machinery. This lack of -35 hexamer helps

keep the basal expression of pLuxI low in the off state and the (reverse complement)

palindromic nature of the operator sequence gives rise to the bidirectional expression.

The pLux promoter used in this work has been engineered for unidirectional

expression[18]. Many natural promoters of other quorum sensing systems provide

very low expression[60, 63]. To engineer stronger responses for the pRpa and pTra

promoters, we replace the lux operator sequence in pLux with the rpa or tra recogni-

tion site[56]. The pLas promoter used in this work is derived from the P. aeruginosa

genomic qscrsaL promoter and the pRhl promoter from P. aeruginosa genomic qsc119

promoter[63].
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1.2.4 QS Transcription Factors Are Built Similarly

Quorum sensing transcription factors in the LuxR-family all share similar sequence

and structure[59]. The N-terminal -180 amino acids comprise the ligand-binding

domain and C-terminal ~65 amino acids are the DNA-binding domain with an -11

amino acid linker between each domain[64].

The ligand-binding domain consists of a-helix with a 5-strand,3-sheet forming the

ligand binding pocket. The ligand binding pocket is buried within the protein and

extensively hydrophobic allowing the acyl (or p-coumaroyl) moiety to be completely

protected from solvent. The fact that the AHL ligand is buried so deeply into the three

dimensional structure of the protein provides partial evidence for a theory that the

protein folds around the ligand[65, 59]. The DNA-binding domain is a canonical four

a-helix Helix-Turn-Helix (HTH) motif common to many other microbial transcription

factors that make contact with DNA[59, 66, 67].

At a high level all LuxR-family transcription factors have the same input-output

relationship: the presence of AHL in sufficient concentration leads to activation of the

cognate promoter. However, not all LuxR-family transcription factors bind their lig-

and by identical mechanism[68, 69]. There have been multiple proposed mechanisms

for the action of AHL facilitating downstream gene expression at a biochemical level

which include[65]

1. The presence of the AHL molecule allows the nascent LuxR polypeptide to

properly fold

2. The presence of the AHL molecule causes a conformational change in LuxR that

hides the sequence of the protein that causes it to be marked for proteolysis.

This protects LuxR, increasing the protein's half-life and allows LuxR to find

and activate the cognate promoter

3. The presence of the AHL molecule causes a conformation change that facilitates

dimerization, which is required for DNA binding

Connections between in vivo and in vitro studies on LuxR mechanisms can be chal-
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lenging. Multiple reports have shown that it can be impossible for a purified LuxR-

type protein in vitro to release its cognate acyl homoserine lactone[70, 71], but when

cells are exchanged from saturating conditions of signalling molecule to media without

signalling molecule, transcription falls precipitously[65]. Precise mechanistic details

for LuxR-family proteins transition between their low-ligand and high-ligand func-

tions is still an active area of research[65, 59, 72].

1.2.5 A Dearth of Purification and Crystal Structures

Despite attempts, LuxR and its homologues have been, and mostly still remain, in-

credibly recalcitrant to purification and subsequent structural characterization in the

absence of saturating ligand[59]. An AHL-free purification of full length LasR was re-

ported in 2016[73]. However subsequently the authors acknowledged difficulty repro-

ducing the results, and even in their own hands reported puzzling results(specifically,

similar KD values for all AHLs cognate or not)[74]. In vivo LasR shows a preference

for 30C12HSL with a 1000-fold more sensitivity than C4HSL [56, 63, 60].Lixa et al.

were able to express insoluble RhlR C-terminal DNA-binding domain (amino acids

177-241) and refold it to purify substantial amounts of this fractional protein[75] that

retained DNA-binding activity. This represented the first report of purified RhlR,

albeit severely truncated. A new approach using mBTL (meta-bromo-thiolactone) as

a ligand has shown success[76] for full-length RhlR stability.

There are no Protein Data Bank[77] (PDB) crystal structures for LuxR, RhlR, or

RpaR. LasR has many ligand-stabilized, ligand-binding domain-only solved crystal

structures, in complex with 30C12HSL in the ligand-binding pocket[78, 79], non-

cognate AHLs[80, 81], or synthetic agonist homologs[82], but none that include the

full-length protein. Full-length structures have been solved for QscR[83] and TraR[84,

85, 86].

The unparalleled usefulness of LuxR and quorum sensing systems when building

new genetic systems, paired with the lack of detailed biophysical or structural data of

the proteins, make LuxR an optimal target for rational design of new and improved

functions.
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1.3 Thesis Organization and Scope

In the following chapters, I describe the contributions I have made to the field of

synthetic biology and protein engineering during my time here in Prof. Ron Weiss's

research group at MIT. The overarching theme of this thesis is the development of

protein design principles that allow for new interactions in genetic circuit construction

with LuxR-type quorum sensing systems. It is my sincere desire and expectation that

this greatly expanded toolbox of biomolecular interactions and wires will be useful

for the field of synthetic biology and protein engineering writ large.

In Chapter 2, I describe the Turing Pattern project and its design, constraints,

and results. This work was initially done by Ting Lu and David Karig. After ad-

ditional control experiments, the addition of advanced mathematical analysis by K.

Michael Martini and Nigel Goldenfeld at UIUC, and extensive narrative revisions, we

published this work in PNAS in 2018. the conditions Turing proposed are disappoint-

ingly hard to achieve in nature, but recent stochastic extension of the theory predicts

pattern formation without such strong conditions. We have forward-engineered bac-

terial populations with signaling molecules that form a stochastic activator-inhibitor

system that does not satisfy the classic Turing conditions but exhibits disordered

patterns with a defined length scale and spatial correlations that agree quantitatively

with stochastic Turing theory. The genetic design constraints on this system inspire

tools to overcome them, which present in Chapters 3 and 4.

In Chapter 3, I describe my work to create "chimera" proteins consisting of a

ligand-binding domain from a protein different than that of its DNA-binding domain.

Biochemical characterization and sequence alignments offer delineations between the

ligand-binding domain, DNA-binding domain, and the linker sequence that connects

them. LasR from P. aeruginosa is chosen as the DNA-binding domain for its useful

properties and expression profile. We explore multiple sites of domain swapping in an

initial rhl-las case study, and then expand this to each other quorum sensing protein in

this work (lux, rpa, and tra). These chimeras show robust activity, similar cross-talk

profiles as the wild-type proteins, and excellent on-off expression behavior.
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In Chapter 4, I describe my work to design proteins to sequester LuxR-type tran-

scription factors. First, I examine the known proteins that serve such a function in

the literature and discuss their advantages/disadvantages. Second, I utilize a natural

sequester protein of TraR from A. tumefaciens, TrlR, as the basis for further design.

After validating that removal of extraneous C-terminal amino acids still results in

full activity, I implement analogous construction of TrlR to each other LuxR-family

transcription factor of this work (LasR, LuxR, RhIR, and RpaR). We show that these

truncation products can knock down gene expression of their cognate full-length tran-

scription factor by sequestration, that expression can be recovered by competition of

the active monomer, and that, with the exception of RhlR's truncation, they are

specific to their respective parent protein. In addition, these truncation sequester

proteins successfully knock down activity of the chimera proteins developed in Chap-

ter 3 allowing both protein design paradigms to be combined for even more expansive

control and design of quorum sensing genetic circuits.

In Chapter 5, I describe work done in collaboration with many others in the

NIST Synthetic Biology Working Group on Flow Cytometry to perform an interlab

study of instrument variation in the quantification of fluorescent proteins in bacteria.

While there will always be biological variability to contend with in the characteriza-

tion, much less engineering, of biological systems, instrument and protocol variability

themselves represent a threat to standardization and characterization. I developed a

protocol for loss-free stasis of bacterial samples, sent them to 15 different labs across

the country, and examined the distribution of results.
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Chapter 2

Stochastic Turing Patterns

It is suggested that a system of chemical substances,

called morphogens, reacting together and diffusing through a tissue,

is adequate to account for the main phenomena of morphogenesis

A. M. Turing[87]

The following is adapted from our manuscript published in PNAS[88]. The main

body of work for the stochastic Turing Patterns was done by David Karig, Ting

Lu, and K. Michael Martini. Here I focus on the design and the constraints on the

genetic circuit and experimental work, which provides background for the motivation

in Chapters 3 and 4.

2.1 Motivation

A fundamental challenge in developmental biology is understanding how global spatial

patterns emerge from local interactions in isogenic cell populations. Synthetic systems

can be forward engineered to include relatively simple circuits that are loosely coupled

to the larger natural system into which they are embedded, making it easier to design

and control the molecular underpinnings of a biological pattern phenomenon[89, 90,

91, 92, 93, 94, 95, 96].

Motivated by classical theoretical studies of Turing, Gierer, and Meinhardt[97, 98],
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pRhI-LacO-RBSII pRhl-LacO
RhIR binding domain OR1

TCGCAACTAGCAAATGAGATAGATTTCGGTGAACCCGGACCCTTGCTAGGCTCGAATACATCTGGCGGTGATAGTTC

GCAAAGAGGAGAAATTAAGCATG•••

RBSl +1

pLas-ORI-RBSII pLas-OR1
I LasR binding domain LacO I
CGGCCGCCCGTCCTGTGAAATCTGGCAGTTACCGTTAGCTTTCGAATTGGCTAAAAAGTGTTAATTGTGAGCGGATAACAATT

TACTAGTCACACAGGACGGCCGGATG...

RBSH +1

Figure 2-1: New hybrid promoters designed for the Turing Pattern genetic circuit.

(Top) PLas-OR1is activated by RhiR and repressed by lambda repressor CI. (Bottom)
PRh-lacOis activated by LasR and repressed by LacI.

as well as recent extensions to stochastic patterning[99, 100], we created an emergent

patterning system in E. coli. Previous pattern formation efforts in synthetic biol-

ogy have focused on oscillations in time[92, 101, 102, 103], or requiring an initial

template[90, 104, 105, 95], or an expanding population of cells[106]. Programming

a synthetic biological system with none of these limitations in a forward engineered

manner[107] allows us to probe stochastic Turing Patterns where many of the natu-

ral Turing Pattern systems are difficult to precisely manipulate and the underlying

chemical mechanisms still an active area of research[96, 108, 109, 110, 111, 112].

2.2 Design of a Turing Pattern Gene Circuit

In our synthetic gene network design we use two artificial diffusible morphogens:

30C12HSL and C4HSL, from the las and rhl quorum sensing pathways respectively

in P. aeruginosa [113]. 30C12HSL serves as an activator of both its own synthesis

and that of C4HSL, while C4HSL serves as an inhibitor of both signals (Figure 2-

2a-b). 30C12HSL activates its own synthesis by binding regulatory protein LasR

to form a complex that activates the hybrid promoter PLas-OR1 2 -1. This promoter

regulates expression of LasI, a 30C12HSL synthase, and rhl, a C4HSL synthase. To

increase the sensitivity of 30C12HSL self-activation, LasR is regulated by a second

copy of PLas-OR1. C4HSL inhibits synthesis of 30C12HSL and itself by forming a
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Figure 2-2: Design of a synthetic multicellular system for emergent pattern forma-
tion. a, Abstractly, the system consists of two signaling species 30C12HSL and
C4HSL: 30C12HSL is an activator catalyzing synthesis of both species while C4HSL
is an inhibitor repressing their synthesis, with additional repression by 30C12HSL
by cross-talk with RhlR. b, Genetic circuit implementation. Promoter regions are
indicated by white boxes, while protein coding sequences are indicated by colored
boxes. IPTG is an external inducer modulating system dynamics. c, Top: Illustra-
tion of signaling species concentrations in one-dimensional space. The dashed orange
and blue lines correspond to 30C12HSL and C4HSL respectively. Middle: Spatial
profiles of reporter proteins. RFP expression (red line) correlates with 30C12HSL
concentrations, while GFP expression (green line) roughly mirrors RFP expression.
Bottom: A vertical slice of cell lawn. Cells express fluorescence proteins according to
the profiles above and produce a global multicellular pattern.
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complex with regulatory protein RhlR. This complex activates expression of lambda

repressor CI which, in turn, represses transcription of LasI, RhlI, LasR and RhR.

Pattern formation in our system can be modulated by altering the concentration of

isopropyl #-D-1-thiogalactopyranoside (IPTG), a small molecule inducer that binds

Lac and alleviates repression of PRhl-lacO. Green and red fluorescent proteins (GFP

and RFP) are expressed from the rhl and las hybrid promoters respectively to aide

in experimental observation (Figure 2-2).

2.3 Results

In our experimental setup, the 30C12HSL activator diffuses more slowly than the

C4HSL inhibitor (SI 2-5). The estimated diffusion coefficient for 30C12HSL is

83 pm2 /s and for C4HSL is 1810 im 2/s. The slower diffusion rate of 30C12HSL,

coupled with positive feedback regulating its synthesis, allows 30C12HSL to aggre-

gate in local domains, leading to formation of visible red fluorescent spots (cellular

lawn illustration shown in Figure 2-2c). Within these red domains, both 30C12HSL

and C4HSL are found in high concentrations, but because 30C12HSL competitively

binds RhlR, GFP is attenuated[114]. The faster diffusion rate of C4HSL allows it

to diffuse into regions outside of the red fluorescent domains. Here, C4HSL is free

to bind RhR, activating GFP expression. Collectively, these processes lead to green

regions between red spots.

To study pattern forming behavior, engineered cells are first cultured in liquid

media, then concentrated and plated on a Petri dish to form an initially homogeneous

'lawn' of cells (see Experimental Details). After plating, the Petri dish is incubated

for 24 hours at 300 C and microscope fluorescence images are captured as needed.

Prior to the self-activation of the 30C12HSL synthase positive feedback loop, the

cell lawn exhibits no fluorescence. However, over time red fluorescent spots emerge

with sizes much larger than that of a single cell (10-1000x). Simultaneously, green

fluorescence develops in a honeycomb-like pattern with dark voids positioned precisely

in the locations of the intense red fluorescence (Figure 2-3a). Time-series microscopy
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Figure 2-3: Experimental observations of emergent pattern formation. a,
Representative (6 technical replicates) microscope images of a typical field of view

showing a fluorescent pattern formed by an initially homogeneous isogenic lawn of

cells harboring the Turing circuit with no IPTG. Spots and voids appear in the red and

green fluorescence channels, respectively. Scale bar, 100 Pm. b, Microscope images of

cell lawns with constitutive expression of fluorescent proteins. Left: cells expressing

RFP; Middle: cells expressing GFP; Right: mixed population of red and green cells.

c, Fluorescence density plots computed from the images above (left-to-right: red,
green, red/green, and Turing). Color intensity is in log scale.
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reveals that patterns begin to emerge after approximately 16 hours.

We then conducted experiments to ensure that the diffusionofIC4HSLand A30C12HSL

did not drastically change due to potential differences in biofilm characteristics over

many hours of incubation. Specifically, the diffusion experiment was again carried out,

varying the initial incubation time before AHL addition. Images were then captured

following 0, 2.5, 5, and 8 hours of AHL exposure (Figure 2-6).

By parameter estimation using the fluorescence intensities of cells far away from

the center in the model with the experimental setup, we obtained a cellular growth

rate of a, = 0.15 hr-1 and saturation cell density of N, = 5.0 (No = 1.0). Then,

by parameter estimation of the fluorescence wave profile over time, we estimate the

diffusion coefficients to be D 12 = 0.003 cm 2 /hr for A30C12HSLand Dc4 = 0.065 cm 2 /hr

for IC4HSL. The corresponding simulation results are shown in Figure 2-5c-d. These

experiments suggest that the diffusion coefficient for the activator is approximately

21.6 fold slower than that of the inhibitor, qualitatively consistent with a previous

study [115]. One possible explanation for why the ratio of diffusion rates is higher than

expected based on molecular weight differences alone is that the hydrophobic nature

of A30C12HSLcauses it to partition in the cell membrane, thus essentially slowing down

its diffusion from cell to cell [115].

2.3.1 The Formation of Stochastic Turing Patterns

In control experiments, we show that our patterns are not simply a result of the

outward growth of clusters of differentially colored cells (Figure 2-4). We also test

whether observable patterns would emerge if individual cells autonomously made

cell-fate decisions at some point after plating. The fluorescence fields after 24 hours

of incubation at 300 C in both experiments are uniform, showing no emergence of

patterns. We further tested additional ratios of constitutively fluorescent green and

red cells and again observed relatively uniform fields of fluorescence (Figure 2-4).

These experiments demonstrate that, in our experimental setup, neither cell growth

nor initial spatial heterogeneity of cell density give rise to the large scale spatial

patterns observed with the Turing cells.
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Figure 2-4: Populations of E. coli expressing constitutive fluorescent reporter proteins
GFP or mCherry were mixed in various ratios of [Green:Red] on M9 supplemented
minimal media and then imaged by microscopy. Scale bar, 200 pm.
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Experiment: Fluorescence of C4HSL receiver cells
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Figure 2-5: a-b, Fluorescence intensity of receiver cells in response to AHL gradients
in 2% M9 agar plates. In both panels, the four curves correspond to hours 0, 2.5, 5,
and 8.75. c-d, For simulations, fluorescence intensity simulation results were obtained
using our mathematical model. The estimated diffusion coefficient for A30C12HSL is
83 pm2/s and for IC4HSL is 1810 1m 2/S.
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Figure 2-6: Additional experiments to verify that diffusion rate calculations are rea-
sonably robust to changing biofilm characteristics over time. Fluorescence intensity
of receiver cells in response to AHL gradients in 2% M9 agar plates.The four curves
correspond to hours 0, 2.5, 5, and 8.
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Next, we examine how changes in the levels of localized interactions lead to dif-

ferent global outcomes in our pattern forming gene circuit. In our system, IPTG can

be used to modulate the inhibitory efficiency of C4HSL in individual cells by affect-

ing CI expression from PRhl-lacO. Specifically, IPTG relieves LacI repression of CI

and GFP reporter. The increased range of CI ultimately increases inhibition of both

morphogens. This increased inhibition is expected to decrease activator spot sizes,

while the field of CI and GFP reporter are more strongly expressed.

Our data show that mean GFP levels increase sigmoidally with inducer concen-

tration while the overall area of red spots decreases (Figure 2-3a-d). In addition to

offering further support that our gene circuit gives rise to emergent patterns, these

results show how pattern formation characteristics can potentially be tuned to fit

future application needs.

40



2.4 Conclusions and Future Directions

Our engineered system provides a platform for quantitatively exploring the general

features of pattern formation in other spatially extended collective systems such as

biofilms. Many biofilms exhibit patterning at scales much larger than the individ-

ual bacteria involved, and this can be associated with resistance of the biofilm to

environmental insult or antibiotics[116]. From a bioengineering perspective[89], our

work offers a method for rational design of patterning systems. Future extensions

may focus on approaches for achieving more regular patterns, such as those associ-

ated with the Nodal/Lefty2[111], HetR/PatS[117], Notch/Delta[118], and FGF/Shh

signals[110], and additional nodes such as Bmp/Sox9/Wnt[112]. Future extensions

may also consider modifications to achieve different types of patterns.

Nonetheless, our demonstration of large-scale global patterning using a small gene

circuit is an important step towards realizing programmed structures for biomaterial

fabrication, whereby fluorescent reporters may be replaced by genes to functional-

ize cells[119], or for tissue engineering - one of the most ambitious yet important

objectives of systems and synthetic biology.
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2.5 Experimental Details

2.5.1 Plasmids

Our patterning system was constructed using two plasmids that correspond to the

upper and lower portions of the circuit diagram in Figure 1b; pFNK512 and pFNK806

in Figure 2-3a and pFNK512 and pFNK8041acOlacI for Figure 2-3. The two-color

bistable toggle switch plasmid pTOG-1 was constructed from plasmid pIKE-107.

All plasmids were constructed using standard cloning and DNA recombination tech-

niques. E. coli strain MG1655 was used for all experiments.

2.5.2 Patterning

Cells harboring appropriate plasmids were initially grown in LB liquid media with

corresponding antibiotics at 30°C until optical density at 600 nm reached 0.1 -

0.3. Cells were then concentrated and re-suspended in M9 media with appropri-

ate antibiotics[120]. 0.5 mL of concentrated cell solutions (OD60 0 = 2.0) were poured

onto a 2% M9 agar plate (60 x 15 mm Petri dish) to form a cellular lawn. Plates were

incubated at 30 °C and fluorescence images were captured periodically. To examine

the single cell fluorescence evolution of toggle switch cell populations, we performed

flow cytometry at the beginning of the experiment (0 h) and the end of the experiment

(24 h).

2.5.3 Diffusion of AHL Through LB-Agar

We performed solid-phase diffusion experiments in 2% M9 agar plates as described

in Experimental Details. Reporter cells picked from single colonies were cultured in

liquid LB media overnight and diluted 1000:1 into fresh media the next day. When

culture OD's reached 0.1 - 0.3, cells were concentrated and resuspended in M9 media

to final OD of 2.0. 1.5 mL of the concentrated cells were plated onto 80 x 15 mm M9

agar Petri dishes for the diffusion experiments. To correspond with the environmental

conditions of our patterning experiments, plates with the cells were first incubated at
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30 °C for 12 hours. Afterward, 3 L AHL droplets with an appropriate concentration

(10 mM for IC4HSL, and 0.01 mM for A3oCl2HSL)were added at the center of the plates

for each type of reporter cell. We chose these concentrations based on the AHL's half

activation thresholds so that the AHL's activate cells around the center but not close

to the edge of the Petri dishes. Fluorescence images were taken at hours 0, 2.5, 5,

and 8.75 using a Bio-rad Molecular Imager ChemiDoc XRS+ System. An XcitaBlue

conversion screen was used for capturing GFP intensities.

Every image obtained from this experiment has a fluorescence radial gradient

centered around the position where the AHL droplet was added. Figure 2-5a-b shows

representative fluorescence intensity lines crossing the image centers for different time

points for the two AHL diffusion experiments. The image exposure times for IC4HSL

and A30C12HSLare 0.1 s and 0.2 s respectively. Raw images were processed to remove

exposure bias in the field of view by background subtraction of reference frames.
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Chapter 3

Chimeric Quorum Sensing

Transcription Factors

Hydra bore Chimaira, who breathes fire not to be resisted,

a dreadful, great thing, swift of foot and powerful.

She has three heads. One is that of a fierce lion,

another of a goat, and the last of a mighty serpent snake

Hesiod, Theogony

Christian Cuba collaborated with the experimental design and theory for this

project. Parts of this chapter have been adapted for a prepared manuscript Engi-

neering Molecular Sequestration of Quorum Sensing Proteins Nicholas A DeLateur,

Christian S. Cuba, Ron Weiss.

3.1 Motivation

For the design and implementation of genetic circuits that function by cell-cell com-

munication for spatial patterning, the signalling molecule represents the central factor

for choice of quorum sensing system[88]. In an aqueous media such as LB-agar, the

diffusion rate of an acyl-homoserine lactone is defined by the hydrophobicity of its

tail moiety, and acyl chains of too great a length require active transport in addition
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to passive transport[115]. Much as each signalling molecule has its own proprieties of

diffusion, each transcription factor and cognate promoter have their own proprieties

of basal expression (leakiness), maximal expression, and threshold (KDof the over-

all system composed of KDof ligand-protein interaction and KDactive transcription

factor-DNA interaction)[49]. The expression levels, activation threshold, and cross-

talk are not modular, and require extensive efforts to improve or change[121, 49].

In quorum sensing these properties of activation threshold, basal expression, and

maximal expression, vary between each system[56, 57]. For example, although the rpa

system has the least cross-talk interactions[56] with its unconventional side-chain[55],

it however suffers from low fold-changes[56, 57]. Similarly, among well-studied quorum

sensing transcription factors used in genetic circuits, TraR has the lowest expression

when maximally induced[57]. This poor transcription profile is balanced by 30C8HSL

having many useful properties such as minimal cross-talk with C4HSL while retaining

moderate diffusion due to its shorter acyl chain than 30C12HSL.

Modular domain swapping allows for transcriptional logic gates that can be multi-

input and orthogonal[122, 123, 124, 125]. Chimeras composed from a selection of

swappable ligand-binding domain and DNA-binding domain (or general downstream

activation domains) have been used with sugar-sensing transcription factors[126, 127,

128], Two-Component Systems (TCS)[129), T7 RNA Polymerases[130], allosteric

regulators[131, 132], mammalian signalling pathways such as VEGF[133], and chimeric

antigen receptor (CAR)-expressing T cells[134, 135].

We chose LasR as the transcription factor for the DNA-binding domain. LasR's

DNA-binding domain is well characterized[70] as well as its promoter[137. The

LasR-pLas expression profile has low leakiness and high maximal expression with

an activation threshold on the order of 1 nM 30C12HSL (Figure 3-6). Thus the

las DNA-binding domain and promoter combined with the ligand-binding domain of

LuxR, RhlR, RpaR, or TraR would provide optimal parameters from each respective

domain for new chimeric proteins.

There are previous reports of quorum sensing chimeras that utilize lasR DNA-

binding domain. The DNA-binding domain of LasR has successfully been combined
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LasRMA LVDGF LE LERSSGKLEWSA I - - - - - - - - - - - - - - - - - - - LQKMASDLGFSK I LFGL LP 41
LuxR - - - - - - - - -MKNINADDTYRII - - - -NK I KACRSNND INQCLSDMTKIVVHCEYY L LA I I Y 47
RhIR - - - - - - - - -MRNDGGFLL WDGLR--SEMQPIHDSQGVFAVLEKEVRRLGFDYYAYGVRH49
RpaR- - - - - - - - - -MIVGEDQLWGRRALEFVDSVERLEAPA L I SRFESL IASCGFTAY IMAGLP 50
TraR - - - - - - - - - - - - - - - IQHWLDKLT--DLAAIEGDECILKTGLADIADHFGFTGYAYLHIQ43

LasR KDSQDYENAF IVGNYPAA REH DRAGYA RV TVSHCTQSVLPIFIKPSIYQTRK - - -Q 8
LuxRPHSMVKSDISILDNYPKK RQY DDANLIKY IVDYSNSNHSPI NIFENNAV-NKKS106
RhR T I PFTRPKTEVHGTYPKAILER QMQNYGAV AILNGLRSSEMVV SDSLFDQ- - - - -S104
RpaRSRNAGLPELTLANGWPR FDL VSENFSAV VPRHGATTVHPFV SDAPYDRDRDPAA11O
TraRH- - - - - RHITAVTNYHR QSTEFDKKFEA LEVVKRARSRKHI FT SGEHERPT LSKDE 9

LasRHEFFEE SAA LVY LT LHGARGELGA LSLSVEAENRAEANRFWVE
LUXRPNVIKE KTS LIT FSF IHTANNGFGMLSFAHSEKDNYIDSLF--

RhIR RMLWNE RD LCV AT LFRAPNNLLSVLSVARDQQNISSFERE--
RpaRHRVMT AEF LVE YC I LHYDDGSAA-ISMAGKDPDLSPAARG--
TraRRAFYD SDF IRS ITI IKTANGFMSMFTMASDKPVIDLDREIDA

SVL

E IR

PTLWMLKDYA

LHACMNIPLI

LRLRCMIELL

- AWQLVS IYA
- - -VAAAAT IGQIISS

LBD Linker DNA-Binding Domain
LaR LQSGAGLIAF EHPV - - - SUKPAV TS KEV I CAI TS SVICNCSEA NFHMG I 215
LuxRVPSLVDNYRKINIANNKSNND TK KEC ClAACE SS SKILGCSER TF HLT TAA221
RhlIRTQKLTDLEHPMLM- - -SNPVC SHIRElI TAD SSG Al ILSISEST NFHHK4I 219

RpaRHSRLRALSRPKPI- - - RR-NR TP CE I AA TAW SVILCITERT KFL IEA219
TraRHARI SF LRTTPTA- - - E DAA D P ATY IIAV] TM ADVEGVKYNS RV LRIEA212

LasRRRKFGVTSRRVAA I VNLGL TI - - - - - 2
LuxRQMK LNT TNRCQS I S I L TGA DC PY F KN 250
RhRQKKFDAPNKT LAAAY AALGL - - - - - - - 241
RpaRA R K LDAANR T AAVA K L T L G LR L - - - - - 243
TraRMKRFDVRSKAHLTAL I RRKL - - - - - - - 234

Figure 3-1: CLUSTAL 0(1.2.4)[136] multiple sequence alignment of the five transcrip-
tion factors used in this work. Fully conserved positions in green, mostly conserved
positions in blue, and partially conserved positions in yellow. The linker region is
boxed with all upstream residues comprising the ligand-binding domain and all down-
stream residues comrpising the DNA-binding domain. The ligand-binding domain of
LuxR-family transcription factors on average shares only 21% identity with fellow
homologes among LasR, LuxR, RhR, RpaR, and TraR, in contrast to an average
of 41% identity conserved for any given pairwise comparison of the DNA-Binding
Domains.
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with the ligand-binding domain of RhIR as well as the ligand-binding domain of

OyhR resulting in a 2- to 3-fold induction between vehicle and the respective ligand-

binding domain cognate signalling molecule being added to the media[138]. Perhaps

most interestingly it is possible to create a chimeric transcription factor with two

ligand-binding domain attached to a DNA-binding domain and retain response to

either ligand, although the design principles of the order of the ligand-binding domain

utilized is much more complex[138].

Activating silent Bacterial Gene Clusters (BGC) is a compelling use of chimeric

transcription factors since they are often flanked by quorum sensing operons that may

have unknown or hard-to-synthesize ligands to activate downstream expression[139].

By swapping the ligand-binding domain of MupR onto the DNA-binding domain of

LasR expression of the mup operon reached wild-type levels in response to 30C12HSL

[140].

3.2 Design and Nomenclature Of LasR Chimeras

Since here we focus on making fusion sites across the linker domain, the sequence and

name of each chimera is defined by three attributes:

1. The parent protein ligand-binding domain

2. The amount of nucleotides from the parent ligand-binding domain the linker

retains

3. The parent protein DNA-binding domain

For example, "rhl121asR" would refer to a protein composed of the RhlR ligand-

binding domain, 12 nucleotides coding the RhlR linker, the remaining portion of the

lasR linker, and the DNA-binding domain of LasR. Using the nucleotide position

rather than amino acid position helps for programmatic design and removing ambi-

guity of where each codon comes from for chimeric genes. Some linker fusion sets

result in identical amino acids at a given position (even though the codons used are
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5 1 £50£k 5A0 £ 53
1. rh01asR $CCTTCGAACEATCC6G GTCAGCAAACCGGC $ G T T
Frame 1 i4I F P P

s;!t ao so ss ss
2.rh181asR GAGCATCCGATGCTGATGAG CAAACCGGC G TT
Frame 1 P MP i

S21 S30 so ss£ 553
3.rl211lasR A C A T CC AT C T AT T C A A A C C C TT
Frame 1 P P A

4. rh1331asR A C A T C C AT CT AT T C A A C C C TC TC
Frame 1 P S P C

Figure 3-2: Examples of chimera linker sequences, a subset for rhl-X-lasR proteins.
rhll8lasR and rhl2llasR fusions result in identical protein products due to overlap in
identical amino acids at the same position along the linker for the parent proteins
RhlR and LasR.

not necessarily identical) such as rhll8lasR to rhl2llasR where a serine using codon

AGC is replaced by a serine using codon TCC as shown in Figure 3-2. LasR, RhlR,

RpaR, and TraR linkers are 11 amino acids, defined as those contained within two

conserved leucine residues at position 165 (LasR numbering).

3.3 Results

3.3.1 Determining Optimal Fusion Site For Rhl-Las Chimera

We initially chose the rhl-las chimera to interrogate the best fusion site to make

hybrid transcription factors. The coding sequence was put under constitutive control

of pLacIq-RBS31, and reporter proteins mCherry driven from the pLas promoter,

GFP driven from the pRhl promoter.

Figure 3-3 shows the successful response to C4HSL to activate the las promoter.

Full length wild-type rhlR results in the lowest absolute expression as well as highest

KD. The fold changes between 0 nM C4HSL and 2000 nM C4HSL reveal a non-

monotonic distribution peaking at rhl241asR. Starting at the N-terminal side of the

linker junction, a greater identity from the ligand-binding domain continues to im-

prove expression and sensitivity until rhl30lasR and subsequent designs where the

increase in basal expression overcomes the increase in maximal expression. These ini-
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-0- rhIOlasR
-+- rhI31asR

103. -0- rhl61asR
+ rhl91asR

-4- rhl121asR
-- rhl15IasR

+0 rhl241asR
-0- rhl30lasR
-O- rhl331asR

'U

+-rhlR

0

0 . .....

C4HSL(nM)

Figure 3-3: Initial fusion site scan of rhl-X-lasR for las DNA-binding function.
mCherry is driven by pLas-RBS31.

tial results suggested that leaving 8 amino acids of the linker from the ligand-binding

domain of the parent protein was optimal.

Most quorum sensing systems have off-target activity resulting in cross-talk at

multiple levels[56] that increases with expression. Figure 3-4 shows the rhl-las chimeric

proteins would activate the pRhl promoter at lower levels and with less sensitivity

than full length wild-type RhlR.
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Figure 3-4: Initial fusion site scan of rhl-X-lasR for lack of rhl DNA-binding function.
GFP is driven by pRhl-RBS31.

Gene Fold Change

rhlOlasR 26.3
rhl3lasR 27.5
rhl6lasR 26.2
rhl9lasR 28.5
rhll2lasR 25.4
rhll5lasR 33.4
rhl241asR 38.8
rhl30lasR 17.6
rhl33lasR 26.3
rhIR 10.0

Table 3.1: Fold changes for fusion sites of rhl-X-lasR chimeras, calculated as expres-
sion at maximal C4HSL divided by expression at vehicle control.
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Figure 3-5: (A) IPTG and (B) Cuminic Acid reference inducer profiles. Circle: data,
line: fit. Results are of triplicates performed on the same day (color) and error bars
represent the geometric standard deviation within each population.
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3.3. Control of Expression Levels for Transcription Factors

pLacIq-RBS31 constitutive expression of the chimera proteins confirmed a change in

cognate promoter for the new DNA-binding domain with the same ligand-binding

domain of RhiR. To further examine the expression profile of our chimeric tran-

scription factors we adopted two orthogonal inducible systems from the Marionette

collection[49]. The IPTG reference inducer (Figure 3-5A) allows for expression of an

output of GFP between 5-50 AU and the cuminic acid reference inducer (Figure 3-5B)

allows for expression of an output of GFP 50-15000 AU, covering an extended range.

Figure 3-7A shows the schematic for testing expression profiles of our chimeric

transcription factors. IPTG relieves repression by constitutively expressed lac using

the genomic pLacl-RBS[49] allowing expression of the chimera. In the presence of

AHL the chimera then activates downstream pLas promoter driving GFP. Figure 3-

7B shows the 4 expression profiles for each chimera, following the characteristic Hill

Function sigmoidal response to the cognate AHL signalling molecule. Rpa241asR and

Tra241asR show basal levels comprable to empty vector. Lux241asR, and to a lesser

extent Rhl241asR, increasingly has leaky expression as the expression of transcription

factor increases.
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Figure 3-6: (A) Schematic for the induction circuit. (B-F) Full expression profile to
each wild-type transcription factor (B) LasR, (C) RhiR, (E) RpaR, (F) TraR
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Figure 3-7: (A.) Schematic for the induction circuit. (B-E) Full expression profile to
each chimeric transcription factor ((B.) Rhl241asR, (C.) Lux241asR, (D.) Rpa241asR,
(E.) Tra241asR
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3.3.3 Ligand Specificity of WT and Chimera Proteins

Ligand specificity in quorum sensing system is of considerable interest[56, 57, 49] and

the characterization of cross-talk is essential for building robust genetic circuits[141].

Rewiring ligand-to-promoter interactions with chimeras changes the cognate AHL

molecule for a transcription factor, but it is still susceptible to activation by non-

cognate signalling molecules. To examine the extent our chimeras cross-talk at an

AHL-protein interaction, we took each construct and examined its induction at maxi-

mal AHL (20,000 nM for 30C8HSL and C4HSL, 1,000 nM for 30C12HSL, 30C6HSL,

and pC-HSL).

Figure 3-8A shows that the wild-type transcription factors are mostly orthogonal

with the exception of 30C8HSL-LuxR and the reciprocal 30C6HSL-TraR interac-

tions. The TraR-LuxR crosstalk is expected since 30C8HSL and 30C6HSL share

almost identical structures, differing only by two carbons in the acyl chain. Recently

a mutant of LuxR was evolved to be specific to 30C8HSL (158N)[142], but efforts

to increase specificity to its cognate 30C6HSL were not nearly as successful. The

chimeras share the same cross-talk profile for maximal AHL induction, including the

off-target effects by those containing the Lux and Tra ligand-binding domain (Fig-

ure 3-8B).
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Figure 3-8: AHL Orthogonality of wild-type and chimera proteins. Expression for
each transcription factor induced with each signalling molecule at its maximal induc-
tion concentration (20,000 nM for 30C8HSL and C4HSL, 1,000 nM for 30C12HSL,
30C6HSL, and pC-HSL). (A.) Wild-type proteins were induced with 0 pM for LasR,
LuxR, RhlR, RpaR, and 500 pM for TraR. (B.) Chimeric proteins were induced with
0 pM for LasR, Lux24lasR, and 500 pM for Rhl241asR, Rpa24lasR, and Tra24lasR.

57

traAHL

U
20

Cn

C

iC

Transcription Factor

B
traAHL

.u rpaAHL

0

erhAHL

Cu

ii IuxAHL

IasAHL -

r-1

I - 1,

100

E

10-2

E

10-3

0
41-J

N
1021 -

0z
U_

-0



3.4 Conclusions and Future Directions

The diffusion kinetics of each AHL molecule determine whether usefulness for cell-

cell signalling circuits concerning spatial patterning and other complex multi-cellular

functions. These diffusion kinetics cannot be altered as they are intrinsic to the

chemical structure of the signalling molecule. While we cannot change the structure

of C4HSL or others, we can change the structure of the protein which responds to

them. By creating chimeric proteins that consist of the ligand-binding domain of

one protein and the DNA-binding domain of another homolog, we show that these

transcription factors combine the best gene expression parameters combined with

the user's choice of signalling molecule. The ability to re-wire responses widens the

available useful AHL systems. An additional direction in the future may look at other

DNA-binding domain such as those from rpa, rhl, or tra, which would open up even

more possibilities for chimeras.
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3.5 Experimental Details

3.5.1 Primer Design and Cloning

All genetic circuits in this work were constructed by GoldenGate [143] construc-

tion using MoClo empty vectors [144]. Full circuits were generated into one of two

level 2 expression vectors. pL2flA is the canonical pL2fl with the pVS1 origin of

replication[144](Addgene kit #1000000044) removed. pL2F was assembled by InFu-

sion (Takara #638920) fusing a lacZ negative selection marker from pL1fl[144](Addgene

kit #1000000044), p15a origin of replication from pTHSS1025 (A gift from Thomas

Segall-Shapiro), and chloramphenicol resistance marker from pFNK512[88].

For chimeric proteins, designed primers amplify the ligand-binding domain and

DNA-binding domain with additional BbsI restriction enzyme recognition sites at

the 3' and 5' respectively. Since the standard MoClo overhangs for a level 0 coding

sequence empty vector are AATG at the 5' and GCTT at the 3', so the scarless

junction connecting the LBD and DBD must be orthogonal. These 2 sub-level-0

amplicons were then inserted into the pLOSC entry vector by goldengate with BbsI.

3.5.2 Steady State Induction and Flow Cytometry

M9 media was prepared as IX M9 Salts (6.78 g/L Na2HPO4 , 3 g/L KH2PO4, 1

g/L NH 4 Cl, 0.5 g/L NaCl (Sigma-Aldrich #M6030), 0.34 g/L thiamine hydrochlo-

ride (Sigma-Aldrich #T4625), 0.2% casamino acids (Acros #61204), 2mM MgSO 4

(Sigma-Aldrich #63138), 0.1 mM CaCl2 (Sigma-Aldrich #3000-OP), 0.4% D-glucose

(Sigma-Aldrich #G8270), with 50 pg/mL kanamycin (IBI Scientific #IBI2120) and/or

20 pg/mL chloramphenicol (IBI Scientific #IBI2080) and sterile filtered.

AHL was prepared by dissolving in DMSO, diluted to 0.5 pg/mL in DMSO (Sigma-

Aldrich #D8418), and then further diluted to a working concentration in M9 media.

Cuminic acid (Sigma-Aldrich #268402) was prepared by dissolving to 100 mM in

ethanol. IPTG (TermoFisher #R1171) and cuminic acid were then diluted to a

working concentration in M9 media.
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Plasmids were transformed into NEB10-beta commercial competent cells ((New

England BioLabs #C30191)) according to manufacture's recommendations on selec-

tive LB-Agar. A single colony was picked and used to inoculate 200 uL of M9 media

with antibiotics overnight in a 96-well U-bottom microplate (ELMI North America

#DTS-4) at 900 RPM and 37°C. Samples were then diluted 10pL into 190pL M9

media, and subsequently 101 iL into 190 iL M9 media. Following 3 hours of subcul-

ture at 900 RPM and 37°C each well was diluted 180 pL into 1620 pL M9 media and

then distributed 10pL into a well of total 200pL containing M9 media and inducer

chemical, and then were induced for 5 hours at 900 RPM and 37°C.

Samples were stored in 2 mg/mL Kanamycin until ran on a BD LSR Fortessa flow

cytometer with HTS attachment (BD, Franklin Lakes, NJ, USA). Raw .fcs data were

processed with Cytoflow[145]. Morphology gating to remove debris was performed

on FSC-A vs FSC-H, and then data reported as geometric mean FITC-A (488 nm

laser, 350 V, 530/30 nm filter) or geometric mean PE-Texas-Red-A (561 nm laser,

600 V, 610/20 nm filter) of cellular events. Auto-fluorescent subtraction is performed

by cells containing a corresponding empty vector plasmid.

3.5.3 Plasmids

Figure Circuit Plasmid

3-3 constitutive rhlOlasR pL2f1565

3-3 constitutive rhl3lasR pL2f1566

3-3 constitutive rhl6lasR pL2f1567

3-3 constitutive rhl9lasR pL2f1568

3-3 constitutive rhl121asR pL2f1569

3-3 constitutive rhll5lasR pL2f1570

3-3 constitutiverhl241asR pL2f1572

3-3 constitutive rhl30lasR pL2f1573

3-3 constitutive rhl331asR pL2f1574

3-3 constitutive rhlR pL2f1577
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IPTG reference

Cuminic reference

Inducible Lux24lasR

Inducible

Inducible

Inducible

Inducible

Inducible

Inducible

Inducible

Inducible

Rhl24lasR

Rpa24lasR

Tra24lasR

LasR

LuxR

RhIR

RpaR

TraR

3-5

3-5

Table 3.2: Plasmids used in this chapter
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pL2f1768

pL2f1773

pL2f1941

pL2f1942

pL2f1943

pL2f1982

pL2f1787

pL2f1826

pL2f1829

pL2f1817

pL2f1893

3-7, 3-8

3-7, 3-8

3-7, 3-8

3-7, 3-8

3-8

3-8

3-8

3-8

3-8
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Chapter 4

Molecular Sequestration of

LuxR-type Transcription Factors

Christian Cuba collaborated with the experimental design and theory for this project.

Parts of this chapter have been adapted for a prepared manuscript Engineering

Molecular Sequestration of Quorum Sensing Proteins Nicholas A DeLateur, Chris-

tian S. Cuba, Ron Weiss. In addition parts of this chapter have been adapted from

"Biomolecular stabilisation near the unstable equilibrium of a biological system".

Christian Cuba Samaniego, Nicholas A. DeLateur, Giulia Giordano, and Elisa Franco,

Accepted to IEEE 58th Annual Conference on Decision and Control, CDC 2019.

4.1 Motivation

Traditionally the regulation of genes, and therefore the phenotype of a biological

system, is done at the transcriptional level[146]. Activators and repressors influence

the expression of promoters and the downstream genetic components by binding to,

or not binding to, the promoter elements of the DNA[147]. The biggest advantage

of this genetic circuit engineering paradigm is the modularity; once a transcriptional

system has been well characterized, the downstream genes can be swapped out at will

or even designed in an automated fashion[146, 148].

The original design for a simple Turing Pattern genetic circuit consists of an
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activator species and an inhibitor species that diffuse at different rates[132] (Fig-

ure 2-2A). However for gram-negative quorum sensing systems the presence of the

signalling molecule only leads to an increase in downstream gene expression, lead-

ing to exclusively activation systems. There is a subset of LuxR-family proteins

based on esaR[149] which have an inverted mechanism to the canonical LuxR. EsaR

binds tightly to its cognate promoter until it is relieved in the presence of 30C6HSL

[150]. However, since this leads to the same input-output relationship, there are no

gram-negative bacteria quorum sensing systems where an increase in AHL leads to a

decrease in expression without one or more intermediate transcriptional steps.

This design constraint led to our Turing Pattern genetic circuit topology where

the activation species is 30C12HSL and our inhibiting species is C4HSL; since RhlR

is an activator we have RhlR express the A phage repressor CI which then represses

transcription of all genes associated with the Turing Pattern genetic circuit (Fig-

ure 2-2B). However transcriptional control is slow compared to enzymatic or protein-

protein interactions, adding another time-step to the system before it can come to

equilibrium[151, 152].

Inspired to find solutions that could alleviate this gap in the field we examined

possibilities for controlling quorum sensing circuits in a manner that was (1) direct

and (2) fast.

Quorum quenching enzymes exist as natural defensive mechanisms in many bacte-

ria [153, 154, 155]. The most common is AiiA, a lactonase that hydrolytically cleaves

the homoserine lactone ring rendering them inert[141, 156], has also been reported

in A. tumefaciens as AttM[157]. AiiA can be a powerful modulator of the quorum

sensing threshold response and has been used or proposed in many recent advanced

genetic circuits[48, 158].

However since all AHL molecules have a homoserine moiety AiiA does not discrim-

inate in its quorum quenching[159] leaving the field with a empty space of genetically

coded devices to halt quorum sensing activity in a fast and specific manner. Next,

we turned to natural gene regulations architectures from the genomes of P. aerugi-

nosa and A. tumefaciens themselves for proteins that were specific to quorum sensing
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transcriptionfactors.

4.2 Results

4.2.1 QslA and QteE

In P. aerugnosa there are three quorum sensing systems based on LuxR-family pro-

teins: LasR, RhIR, and QscR[160, 161] and a large mutli-level hierarchy regulat-

ing their activity[162]. QscR[163] is an orphan (has no unique cognate signalling

molecule[164, 165]) transcription factor who's function as a global regulator are still

being uncovered[166].

In addition to the transcription factors there are two other proteins which directly

regulate the transcription factors: QslA and QteE. QslA shares no sequence homol-

ogy with LasR and is itself much smaller at 114 amino acids (compared to LasR's

239). QslA forms homodimers which then form heterotrimer quaternary structures

with LasR monomers preventing dimerization and downstream gene activation[167].

QslA can insert itself into already formed LasR-AHL homodimers[167] and is AHL-

independent[168]. Transcription and translation of lasR is unaffected by QslA levels[168].

In contrast to QslA preventing dimerization of the LasR-AHL complexes, QteE de-

grades both LasR and to a lessor extent RhlR proteins without affecting transcription

or translation and in an AHL-independent manner[169]. There has been no further

inquiry into the biochemical mechanism of QteE, although there have been some

subsequent analysis of it's effect on downstream phenotypes[170, 161, 159]. QscR,

QslA, and QteE have overlapping but non-identical effects on P. aeruginosa tran-

scriptome consistent with their unique mechanisms[161]. To characterize the effects

QslA and QteE would have on quorum sensing gene expression, we cloned both lasR

and then either qslA or qteE as shown in Figure 4-1A under orthogonal inducible con-

trol. QslA (Figure 4-1B) monotonically decreased GFP expression with additional

QslA induction in a tunable manner. QteE (Figure 4-1C) eliminated all downstream

gene activation except for the lowest of cuminic acid inductions, suggesting a cat-
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Figure 4-1: A. Schematic of the genetic circuit. IPTG, here held constant at 0 pM, in-
duces expression of the transcription factor LasR, which in the presence of 30C12HSL
dimerizes and can recruit transcriptional machinery to drive expression off the pLas
promoter. Cuminic acid induces the sequester protein. QslA acts as a homodimer; it
is not known what quaternary structure QteE takes. B. QslA shows strong knock-
down of GFP with increasing expression in a monotonic manner.C. QteE greatly
knocks down LasR activity, completely ablating downstream expression at moderate
or higher levels of QteE.

alytic mechanism capable of turning over multiple LasR proteins (whether monomer

or dimer) per QteE active form. To completely knock down all activity of LasR,

which at the minimal expression used in Figure 4-1 has a KDof 100 nM 30C12HSL

(Figure 3-6) represents an extremely powerful sequester strategy.

4.2.2 TraM and TraM2

With rare full-length crystal structures of the LuxR-homolog TraR[84] and well-

characterized inhibitors the tra regulatory system has the some of the richest bio-

chemical characterization to draw upon[171] for bacterial quorum sensing systems.

To control the quorum sensing response in A. tumefaciens TraM sets a thresholding
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Figure 4-2: IPTG, here held constant at 500 pM, induces 'raR using the same genetic
circuit topology as Figure 4-1A). A. TraM and B. TraM2 show strong sequestration
with minimal expression over raR.

response controlling TraR activity[172] that is AHL-independent and affects TraR

at a protein level without interference to transcription or translation[173]. TraM

forms a homodimer followed by binding with the DNA-binding domain of an ac-

tive TraR dimer[174, 175] to form a dimer-dimer complex occluded from DNA-

binding[85, 86, 176].

Using the same circuitry motif as Figure 4-1, we tested the potential for TraM and

TraM2[177] to knock down TraR expression in our genetic circuits. As expected both

TraM (Figure 4-2A) and TraM2 (Figure 4-2B) showed considerable sequestration of

TraR with moderate inductions of sequester protein completely ablating activity.
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4.2.3 A Poor Toolkit

Since QslA, QteE, TraM, and TraM2 are extremely specific to their natural targets

(Figure 4-3) this results in a gap for circuit design. LuxR and RpaR have useful

properties to give reason to a synthetic biologist for use in genetic circuits, however

there are no sequester proteins for these systems (Figure 4-3), much less for an arbi-

trary LuxR-family homolog of interest. While powerful regulators, these proteins are

currently intractable for adaptation to other useful quorum sensing systems due to

their highly specific tertiary structure mechanisms. While RhlR can be targeted by

QteE, it comes at a significant cost of ablating all LasR activity (Figure 4-3).

As expected TraM and TraM2 have no effect on Tra24lasR chimera proteins (Fig-

ure 4-4) since they do not have the tra DNA-binding domain. QslA similarly has no

effect on chimeras lacking it's natural target of the las ligand-binding domain. QteE

acts as a master regulator ablating almost all downstream expression from chimeric

quorum sensing proteins with a las DNA-binding domain. The fact that QteE tar-

gets the las DNA-binding domain brings us closer to understanding it's mechanism

of action as while it has been proposed that the mechanism of QteE works analo-

gously to TraM[169], however no other subsequent study has provided evidence for

this conjecture.

This current toolkit for sequestration of quorum sensing transcription factors is

inadequate in both breadth and specificity. It lacks tools and the design principles

to build them that are capable of knocking down known (LuxR, RpaR) or future

transcription factors.
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Figure 4-3: Heatmap for knockdown by natural sequester proteins co-expressed with
wild-type five LuxR-family transcription factors with maximal AHL induction. Val-
ues are normalized to GFP expression when sequester proteins is completely unin-
duced. AHL concentrations are 20,000 nM for 30C8HSL and C4HSL, 1,000 nM for
30C12HSL, 30C6HSL, and pC-HSL. LasR, LuxR, RhlR, RpaR: 0 1M IPTG, TraR:
500 pM IPTG.
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Figure 4-4: Heatmap for knockdown by natural sequester proteins co-expressed with
chimeric LuxR-family transcription factors with maximal AHL induction. Values are
normalized to GFP expression when sequester proteins is completely uninduced. AHL
concentrations are 20,000 nM for 30C8HSL and C4HSL, 1,000 nM for 30C12HSL,
30C6HSL, and pC-HSL. Lux241asR: 0 iM IPTG, Rhl24asR, Rpa24asR, Tra24lasR:
500 pM IPTG.
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Figure 4-5: Pairwise alignment between traR and trR using ClustaW algorithm[136]
with amino acids coded by color.

4.2.4 TriR

In A. tumefaciens there was a duplication and then deletion event of the traR gene

resulting in the gene trR [178]. TrlR is 89% identical and 95% similar to TraR for

the 181 N-terminal amino acid sequence. Figure 4-5 shows that after a "KEATY"

sequence at positions 176-181, there is no similarity between the resulting residues.

TrlR then has a premature stop codon following an additional 31 amino acids following

the KEATY sequence. This leads to a natural proposed mechanism: TrlR forms

heterodimers with TraR that are incompetent for binding to the tra box and activating

downstream expression[178] which was later validated biochemically[179].

TrlR is the weakest natural sequester protein tested to date (Figure 4-6), com-

pared to QslA, QteE, TraM, or TraM2, and does little to fix the inadequacy of the

current toolkit's breadth by being the 3rd protein to sequester TraR when many other

homologs have none. However TrlR is tractable in the design principles that allow us

to design sequester proteins for other homologes. trR suggests an easy heuristic:

*Express a truncated protein product identical to the first the transcription factor

of interest that terminates once it reaches the equivalent "KEATY" sequence.

This strategy is extremely compelling not only due to the ease of implementation,

but the proposed mechanism of action. TrlR creates incompetent heterodimers with

TraR, sequestering away what would otherwise be active monomer molecules[179].
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Figure 4-6: TrR compared to TrlR181 for sequestration profile. TraR: 500 pM IPTG.
TYlR181, afterwards abbreviated to TrlRt, contains only the first 181 amino acids of
the full length TrlR.

An essential initial question however is whether the additional 31 amino acids found

after the KEATY sequence in trlR are necessary for sequestration function.

To answer this question, we truncated TrlR (denoted throughout as TrlRt) at

position 181 where it no longer matched TraR, and compared the knockdown effects.

Figure 4-6 shows that TrlR and TrlRt have similar molecular sequestration properties.

We then hypothesized that this approach would allow us to design sequestration

proteins for our 4 other major quorum sensing transcription factors: LasR, LuxR,

RhlR, and RpaR. Importantly, this approach would require

1. No structural knowledge of the LuxR protein

2. No biochemical knowledge of the LuxR protein

3. Only the sequence of interest

making it as useful as possible to the broader community and newly-discovered quo-

rum sensing systems with minimal engineering required.
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Parent Protein Truncation Position Remaining DBD

LasR 184 LTSREKEV
LuxR 190 LTKREKEC
RhIR 188 LSHREREI
TrlR 181 LDPKEATY
RpaR 188 LTPRECEI

Table 4.1: Truncation positions for LasRt, LuxRt, RhIRt, TrRt, and RpaRt. The
remaining DBD portion is highly conserved.

4.2.5 Sequestration of WT transcription factors

To test our hypothesis we created truncated versions of each of the 4 other major

LuxR-family transcription factors (LasR, LuxR, RhlR, and Rpar). These genes are

denoted as the parent gene with a suffix of "t" (LasRt is the truncated form of LasR

for example). The end of homology between TrlR and TraR resides directly at an

ultra-conserved leucine 9 residues into the DNA-binding domain (Figure 3-1). The

specific truncation positions are listed in Table 4.1 for reference; while all LuxR-

proteins have similar post-linker sequences to initiate the DNA-binding domain, not

all proteins have identical lengths to their ligand-binding domain.

LuxR-family transcription factors are incredibly sensitive (Figure 3-6)[18, 156] so

for all but TraR initial knockdown was performed using minimal expression by basal

activity of the LacIAM-pTAC system[49] with the exception of TraR who requires

much higher expression levels for full dynamic range (Figure 3-6)[56]. Figure 4-7 shows

that for all 5 wild-type transcription factors increasing expression of the corresponding

truncation product results in a monotonic decrease in downstream gene expression.

These results are with no additional engineering of the truncation products. Effective

KD values of each system are shifted right to require higher concentrations of AHL

as more sequester protein enters the system, as well as lower maximal expressions.

A unique behavior for LasRt is having a pronounced effect at the highest AHL

concentration that turns the classic Hill Function response curve downwards at the

highest levels. This is a consistent phenomenon with LasRt (Figure 4-8B). At this

time we don't have clear mechanistic evidence for why this happens with LasRt, but
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it represents another facet that future modeling might be able to help uncover. This

behavior is absent from all other systems tested, but also notably QslA which targets

the same transcription factor (Figure 4-1A), suggesting that QslA and LasRt may

have subtle differences in when during the folding and ligand-binding processes they

sequester LasR monomers.

After showing our truncation proteins can sequester wild-type transcription factors

in a dose-dependent manner we asked whether GFP levels could be restored by dosing

additional full-length protein. Figure 4-8 shows GFP levels when truncation protein is

fully induced with 500 pM cuminic acid and the transcription factor is titrated. At full

expression of full length protein (-500 AU) for LasR, LuxR, and RpaR sequestration

can be completely overcome while RhlR and TraR are still repressed.

Leakiness from a promoter is almost invariably an undesired trait in genetic sys-

tems, especially for those being used to build genetic circuits[49]. In the absence of

sequester proteins the lux and rpa systems can show basal expression that increases

proportionally to the levels of transcription factor in the system (Figure 3-6C, E). In

the presence of sequester proteins (Figure 4-7C, E) this basal expression is eliminated

back to minimal levels. It has been proposed that in quorum sensing systems natural

sequester proteins are used for this function as a sink to create absolute control over

leaky expression which would otherwise allow quorum sensing systems to activate

prematurely[166, 171].
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tion product. A. Schematic representation of the gene circuit. B. Lux24lasR, C.
Rhl241asR, D. Rpa24lasR GFP expression in response to titration of corresponding
truncation protein. Chimeras induced at 500 pM IPTG.

4.2.6 Sequestration of chimeric transcription factors

Chimeric transcription factors are also robustly sequestered by the corresponding

truncation product (Figure 4-9). Chimeras were induced with 62.5 1 M IPTG and

then truncation sequester protein titrated with up to 1000 pM cuminic acid (Figure 4-

9A). As previously with full-length wild type proteins, lux ligand-binding domain was

most resistant to sequestration (Figure 4-9B) but up to 10-fold repression was still

possible even at maximal AHL input.
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Figure 4-10: Heatmap for knockdown by truncation proteins co-expressed with wild-
type five LuxR-family transcription factors with maximal AHL induction. Values are
normalized to GFP expression when sequester proteins is completely uninduced. AHL
concentrations are 20,000 nM for 30C8HSL and C4HSL, 1,000 nM for 30C12HSL,
30C6HSL, and pC-HSL. LasR, LuxR, RhlR, RpaR: 0 pM IPTG, TraR: 500 1 M IPTG.

4.2.7 Specificity of knockdown

Sequester truncation protein specificity matches to their full-length protein product

with the exception of RhRt (Figure 4-10). RhlRt shows moderate to severe off-

target knockdown to LasR, LuxR, and RpaR in addition to it's strongest effect on

the wild-type RhlR protein. TraR shows the most resistance to RhRt off-target

sequestration, however TraR is expressed at -100-fold higher levels (0 PM compared

to 500 pM IPTG (Figure 3-5A)); low levels of TraR result in no detectible response

to 30C8HSL (Figure 3-6). These trends are mirrored when examining the specificity

of truncation sequester proteins on the X-lasR chimeras (Figure 4-11).

77



100

trIRt [

!E
crpaRt -)

10-1 .-

3rhlRtN

00
0 4-1

0as- 10-2-0

Transcription Factor
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4.2.8 Linearization and Speed

Feedback control of transcription factors underlies natural gene regulation[180, 181,

182]. Negative feedback in closed loop circuits attenuates gene expression lowering

variance and increasing robustness against exogenous perturbation[50, 183, 184]. To

demonstrate our circuits utilizing molecular sequestration can take advantage of clas-

sic feedback mechanisms, we demonstrate the linearization of input-ouput response

curves by negative feedback also known as auto-regulation[185, 186].

The gene for qslA was put under either inducible control (Open Loop) or las

control (Closed Loop)(Figure 4-12A-B). LasR is titrated by addition of IPTG. As

levels of LasR increase, so do GFP levels which is under pLas control. In the Open

Loop system this response can be modulated by expression of QslA by and only by

exogenous control (here, cuminic acid) and gives a characteristic response curve that

rises sharply before leveling off to an asymptotic maximal. When the expression

of QslA is controlled by LasR concentrations this completes the feedback and the

resulting auto-regulation results in a more linear response (Figure 4-12C) as QslA

modulates both it's own levels and LasR's.

To demonstrate the improved properties of using molecular sequestration, we ex-

amined the temporal properties of GFP expression when mediating TraR activity by

competing paradigms (Figure 4-13). An open-loop induction circuit of TraR was put

into the "ON" state by additional of 20,000 nM 30C8HSL. To track molecular seques-

tration, TraM was induced by addition of 500pM cuminic acid, while retaining full

AHL. The rest of the culture was thoroughly washed of any IPTG. The presence of

IPTG relieves repression of pTAC by Lac, with the removal of IPTG Lac represses

transcription from the pTAC promoter driving TraR.

Figure 4-13 demonstrates that the delay in GFP signal loss is greater with tradi-

tional transcriptional repression than molecular sequestration. Transcriptional con-

trol depends on the kinetics of dilution and degradation as the current pool of tran-

scription factor complexes are still active even when no more are being produced. In

contrast, using molecular sequestration to shut off expression does not require the
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Loop). B. Closing the loop results in feedback control that aligns expression along
the y=x line between transcription factor and output.

dilution and degradation of the current transcription factor pool resulting in a faster

update to the internal state of the cell[183, 184, 187].
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4.3 Conclusions and Future Directions

Quorum sensing systems are ubiquitous in the field of synthetic biology and in par-

ticular complex genetic circuits that require cell-cell signalling. As the use of quorum

sensing is integrated into logic behavior requiring more "wires" and gates, the need

for direct and robust control of downstream gene expression increases. In this chapter

I show the lack of tools to perform molecular sequestration at a protein-protein inter-

action level in the field currently for either wild-type transcription factors or the new

chimeras developed in Chapter 3. I then develop a rational design protein engineering

strategy to co-express truncated protein products and show that they knock down

expression of their cognate full-length protein as expected.

Future work to optimize the system may include looking at additional truncation

sites to either increase potency or reduce promiscuity of RhRt. Another direction

would be to attempt changing the specificity of QteE or TraM sequester proteins to

harness their more powerful sequestration profiles. Due to the significant problems

in mining homologs to target other transcription factors such as RpaR, one possible

approach would be to leverage a directed evolution scheme.

Currently molecular sequestration modeling is confined to systems that do not in-

volve small-molecule mediated activation, such as o-antisigma[183]; expanding com-

putational theory to include LuxR-like transcription factors is an ongoing effort that

could help uncover further circuit design principles.

Outside the promiscuity of RhlRt, any genetic circuit which wishes to (A) increase

the ultra sensitivity of the response curve, (B) control the activation threshold, or

(C) add another layer of control on top of transcriptional regulation for LuxR-family

proteins will be made more tunable by adopting the proteins and design principles

laid out in this chapter.
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One direction we are particularly interested in is the concept of stabilizing an

unstable state (Figure 4-14). In engineering, feedback control is critical to regulat-

ing processes dynamically for the desired behavior under uncertainties and external

disturbances. Also, feedback regulation can stabilize many unstable processes[183].

This meta-circuit which acts upon an already existing topology (in this case a classic

Collins-Gardner toggle switch) is most useful when it does not require changes to the

coding sequence of the circuit of interest; by applying sequestration at the protein

level we need not modify the underlying system we wish to regulate.
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4.4 Experimental Details

4.4.1 Primer Design and Cloning

All genetic circuits in this work were constructed by GoldenGate [143] construc-

tion using MoClo empty vectors [144]. Full circuits were generated into one of two

level 2 expression vectors. pL2f1A is the canonical pL2fl with the pVS1 origin of

replication[144](Addgene kit #1000000044) removed. pL2F was assembled by InFu-

sion (Takara #638920) fusing a lacZ negative selection marker from pLf1[144](Addgene

kit #1000000044), p15a origin of replication from pTHSS1025 (A gift from Thomas

Segall-Shapiro), and chloramphenicol resistance marker from pFNK512[88].

For chimeric proteins, designed primers amplify the ligand-binding domain and

DNA-binding domain with additional BbsI restriction enzyme recognition sites at

the 3' and 5' respectively. Since the standard MoClo overhangs for a level 0 coding

sequence empty vector are AATG at the 5' and GCTT at the 3', so the scarless

junction connecting the LBD and DBD must be orthogonal. These 2 sub-level-0

amplicons were then inserted into the pLOSC entry vector by goldengate with BbsI.

4.4.2 Steady State Induction and Flow Cytometry

M9 media was prepared as IX M9 Salts (6.78 g/L Na2HPO4 , 3 g/L KH2PO4, 1

g/L NH 4 Cl, 0.5 g/L NaCl (Sigma-Aldrich #M6030), 0.34 g/L thiamine hydrochlo-

ride (Sigma-Aldrich #T4625), 0.2% casamino acids (Acros #61204), 2mM MgSO 4

(Sigma-Aldrich #63138), 0.1 mM CaCl2 (Sigma-Aldrich #3000-OP), 0.4% D-glucose

(Sigma-Aldrich #G8270), with 50 ig/mL kanamycin (IBI Scientific #IBI2120) and/or

20 ig/mL chloramphenicol (IBI Scientific #IBI2080) and sterile filtered.

AHL was prepared by dissolving in DMSO, diluted to 0.5 pg/mL in DMSO (Sigma-

Aldrich #D8418), and then further diluted to a working concentration in M9 media.

Cuminic acid (Sigma-Aldrich #268402) was prepared by dissolving to 100 mM in

ethanol. IPTG (TermoFisher #R1171) and cuminic acid were then diluted to a

working concentration in M9 media.
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Plasmids were transformed into NEB10-beta commercial competent cells ((New

England BioLabs #C30191)) according to manufacture's recommendations on selec-

tive LB-Agar. A single colony was picked and used to inoculate 200 uL of M9 media

with antibiotics overnight in a 96-well U-bottom microplate (ELMI North America

#DTS-4) at 900 RPM and 37°C. Samples were then diluted 10 1 L into 190 pL M9

media, and subsequently 10 pL into 190 pL M9 media. Following 3 hours of subcul-

ture at 900 RPM and 37°C each well was diluted 180 iL into 1620 pL M9 media and

then distributed 10 pL into a well of total 200 iL containing M9 media and inducer

chemical, and then were induced for 5 hours at 900 RPM and 37°C.

Samples were stored in 2 mg/mL Kanamycin until ran on a BD LSR Fortessa flow

cytometer with HTS attachment (BD, Franklin Lakes, NJ, USA). Raw .fcs data were

processed with Cytoflow[145]. Morphology gating to remove debris was performed

on FSC-A vs FSC-H, and then data reported as geometric mean FITC-A (488 nm

laser, 350 V, 530/30 nm filter) or geometric mean PE-Texas-Red-A (561 nm laser,

600 V, 610/20 nm filter) of cellular events. Auto-fluorescent subtraction is performed

by cells containing a corresponding empty vector plasmid.

4.4.3 Plasmids

Figure Circuit Plasmid

IPTGreference pL2f1768

Cuminic reference pL2f1773

4-1 LasR vs QslA pL2f18O

4-1 LasR vs QteE pL2f1802

4-2 TraR vs TraM pL2f1803

4-2 TraR vs TraM2 pL2f1804

4-6 TraR vs TrIR pL2f1836

4-6 TraR vs TrlR181 pL2f1805

4-7,4-8 LasR vs LasRt pL2f1800

4-7, 4-8 LuxR vs LuxRt pL2f1806
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4-13

4-12

4-12

Plasmid

RhIR vs RhIRt

RpaR vs RpaRt

TraR vs TrR181

Lux24lasR vs LuxRt

Rhl241asR vs RhIRt

Rpa24lasR vs RpaRt

Inducible LasR

Inducible LuxR

Inducible RhIR

Inducible RpaF

Inducible TraR

Inducible Lux2

Inducible Rhl2

Inducible Rpa2

Inducible Tra24

Inducible QslA

Inducible QteE

Inducible TraM

Inducible TraM

Inducible LasR

Inducible LuxR

Inducible RhIR

Inducible RpaR

41asR

1lasR

41asR

41asR

2

t

It

t

t ;

Inducible TrIRt

TraR vs TraM

QslA Open Loop

QslA Closed Loop

pL2f1809

pL2f1811

pL2f1805

pL2f1957

pL2f1951

pL2f1954

pL2f1787

pL2f1826

pL2f1829

pL2f1817

pL2f1893

pL2f1941

pL2f1942

pL2f1943

pL2f1982

pL2f1971

pL2f1974

pL2f1972

pL2f1973

pL2f1970

pL2f1976

pL2f1977

pL2f1978

pL2f1975

pL2f1803

pL2f1801

pL2f1839
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Chapter 5

Flow Cytometry Interlab

All models are wrong, but some are useful

George E. P. Box

This work was done in collaboration with many others including Brian Teague,

Jacob Beal, John Sexton, Sebastian M. Castillo-Hair, David Ross, Ariel Hecht, and

Peter McLean. A portion of it was presented at IWBDA 2017 as an abstract and is

adapted here[188]. I developed the freezing protocol, prepared and shipped samples,

measured samples, and helped analyze the results. John Sexton designed and shared

5-2, 5-3, and 5-4. Jacob Beal processed the data of the interlab, and shared figures

5-5, 5-6 and 5-7.

5.1 Motivation

As synthetic biology matures as a discipline, reproducibility and common measure-

ment standards emerge as increasingly important problems for the field to tackle[189].

Flow cytometry, while being one of the most powerful techniques available to measure

distributions of gene expression in cells, remains particularly recalcitrant to shared

physical units and best practices.

Flow cytometry traditionally accomplishes boolean delineation between mam-

malian cell sub-populations[190]. However increased capacity and sensitivity in mod-
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ern instruments allow for thousands of cells per second to be analyzed, including

bacteria cells. The distribution of signal from GFP among a population has allowed

for quantification of gene expression at a single cell and population level, in a way

strictly more informative than traditional bulk measurement (such as plate readers).

There are few, but non trivial, drawbacks to using flow cytometry for quantitative

single cell analysis of gene expression. First, without expensive and complicated addi-

tional sorting machinery post-interrogation the cells are destroyed and thus additional

effort is required for time-varying experiments. Second, flow cytometers interrogate

cells by exciting fluorophores with a laser of defined wavelength and collecting light

in various channels with filters to select for only a given spectrum. Each channel

is named after the dye they were first used for, thus the "Green" channel is often

referred to as "FITC" (Fluorescein isothiocyanate) and the "Red" channel referred

to as "PE-Texas-Red". These filters are not uniformly standardized among research

labs, see Table 5.2, 5.3. Third, the emitted light from the cellular fluorescence, which

represents the nexus of our interest in measuring, is processed after filtering and

before being recorded by a photomultiplier tube (PMT) which amplifies the (weak)

signal based on a user-set voltage. This signal is converted to a digital trace and

each peak assigned Area, Height, and Width values. Thus the final reported raw

data is in arbitrary units (AU) in a way that should be proportional to the original

photonic output. Arbitrary units make the comparison and standardization of data

difficult[189, 191, 192].

Previous Work on Physical Units

The first and foremost attempt to remove the arbitrariness from flow cytometry data

is to perform a fold-change calculation. For example, by dividing maximally-induced

sample by a non-induced sample population statistic. However this method suffers

numerous problems.

Dividing an arbitrary unit by another arbitrary unit of the same source does

not stop the unit from being arbitrary. The fold-change will still be affected by

the voltage of the PMT, and not necessarily proportionally for low and high volt-
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ages. Importantly, fold-change normalization destroys information that is essential

for downstream circuit design. A module which has a basal expression of 1,000 AU

and can be induced to a maximal expression of 10,000 AU is, in both theory and

practice, not equivalent to a module which has a basal expression of 1 AU and a

maximally induced expression of 10 AU using the same growth conditions and volt-

ages. Fold-change reporting would give these two hypothetical modules the same

characterization.

In contrast, stable reference materials have been developed, in the form of beads

with a defined fluorescence quantified in terms of molecules of equivalent reference

fluorophores (ERF; alternately MEF or ME[fluorophore])[193, 192]. There are now

numerous open software packages to convert arbitrary units to MEF units available,

such as Flowcal[194, TASBE[191], and Cytoflow[145]

5.2 Interlab

To study the variance in measuring and reporting the distribution of fluorescence in

bacterial cell populations among research institutions, we designed and carried out

an Interlab Study.

5.2.1 Initial Constraints

There were both scientific and logistical constraints to the Interlab project when

developing a protocol. Initially we hypothesized that sending plasmid DNA would be

most economical and easy to ship. However the protocol that is used at the Synthetic

Biology Center for consistent exponential-phase E. coli takes 8 hours or more (3 hours

subculture, 5 hours induction, and then actual run time). This is incompatible with

those working more rigid schedules such as those at NIST. Other labs did not have

the facilities to grow microplates at 37°C and or at 900 RPM.
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5.2.2 Stability

Since the central aim of the project was to examine differences in measurements for

the same sample any kind of drift of the bacteria over time would be unacceptable.

However even with overnight shipping not all participants would receive, much less

measure, their samples at the same time. To alleviate this problem we developed a

protocol that was (1) simple and (2) consistent for the preservation of E. coli samples

for flow cytometry analysis.

Plasmids were transformed into 10-beta competent E. coli cells (New England Bi-

olabs cat. #C3019H) according to the manufactures recommendation. Single colonies

were struck out on selective media and then grown overnight in 100 PL of M9 minimal

media supplemented with glycerol[120] and carbenicillin (100 ig mL- 1) at 900 RPM

and 37°C. After 16 hours each strain was diluted 15 pL into 185 pL of media twice

successively and grown at 900 RPM and 37°C. After 3hours each strain was di-

luted 15 iL into 185 iL of media twice successively and grown at 900 RPM and 37 °C

for another 5hours. At this point all strains had an OD6 0 0 of 0.5 or less and were

concentrated to an OD6 0 0 of 0.5; 150 pL of this culture was combined with 90 pL of

0.45 pm filter-sterilized 50% glycerol and mixed gently, then kept on ice. Pre-chilled,

pre-labelled 2 mL labelled Eppendorf tubes to -80 °C were then used to aliquot 10 pL

of culture and immediately placed back at -80°C until distribution.

Aliquots were tested the day-of without freezing ("Fresh"), day-of with a freeze

cycle ("Day0") and then for 3 more subsequent days for four different levels of con-

stitutive expression of mCherry. Figure 5-1 shows the consistent expression over time

suggesting this protocol retains cell morphology and fluorescence.

5.2.3 Instructions

Each participant was sent 5 samples with instructions to use one for prototyping the

protocol, three for replicates each of which should be done on separate days, and

finally one back up.
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Figure 5-2: Interlab work flow. All sample culturing and preparation is done on-site
at MIT. The samples are then shipped on dry-ice to participants. Each instrument at
each facility must then undergo voltage determination and thresholding (Figure 5-3.
Once the hardware and software have been configured each team performed mea-
surements on three separate days and uploaded the data back to the interlab admins
which then performed the data analysis.
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Figure 5-3: Thresholding debris from bacterial cells based on SSC-A and FSC-A.
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Figure 5-4: Diagram for determining low, medium, and high voltages. The user
should first find the highest voltage that does not clip, then adjust voltage down
until they arrive to approximately 10-fold and then 100-fold lower geometric mean
population FITC-A or PE-Texas-Red-A for GFP and mCherry respectively

Determining Instrument Gating Each recipient was instructed to set FSC

and SSC voltages (if permitted by their instrument) such that the peak density of

cells was centered in the range of their detector. As pre-collection gating options can

vary significantly by instrument and software, recipients were instructed to set gating

to retain as many cell events as possible, even if this would result in more non-cell

events being captured in the same.

Determining High, Medium, and Low Color Voltages Each recipient was

instructed to take the brightest strain for red and green and raise the corresponding

channel's voltage until the distribution was as high as possible without clipping the

sample. This would be used as the High voltage; the process was repeated with

targeting voltages for 10- and 100- fold less AU for Medium and Low voltage settings

respectively, not to be exceeded by 101 geometric mean AU For instruments with

low maximum values, recipients were instructed to still space the Medium and Low

voltages evenly, but to lower the overall separation so that the sample was not clipped

significantly on the low end. For instruments without a variable voltage setting, this

step was necessarily omitted.

Sample Preparation Bacterial cultures were prepared for flow cytometry as

follows: Remove one replicate of samples from -80°C and transfer to 42°C heat bath
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Figure 5-5: Raw results reported back as part of the interlab study. Each dataset
corresponds toa single instrument. Strains are given by color; Green: T06, Cyan:
T07, Red: T08, Purple:T09. Each day given by separate shape.

for 60 sec. 990ipL of sterile filtered1X PBS to bacterial culture, or 75pLfor calibration

beads, is added to bring itupto concentration forrunning onthe flowcytometer.

Samples are then run immediately. This procedure is repeated independently for each

replicate.

Event Collection Samples were run as close tothese conditions aspossible

based on local instrument and software: Each sample 1pL s-1 for either 150ipL or105

total events, whichever was achieved first.

5.2.4 Results

In total 25 flow cytometers between 19 institutions across the United States partic-

ipated in our Interlab experiment. Figure 5-5 shows minimally processed results for

each instrument that could be analyzed.

Not all cytometers are equipped with identical filters, even if the output is labelled

identically as "FITC". Tables 5.2 and 5.3 show some of the heterogeneity found in

cytometer hardware configurations among participants. This information is rarely

reported in method sections (as opposed to wavelengths and voltages).
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Figure 5-6: Sorted results reported back as part of the interlab study. Each dataset

corresponds to a single instrument. Strains are given by color; Green: T06, Cyan:

T07, Red: T08, Purple:T09.

Sample Description Standard Deviation

T06 Strong Green 1.90
T07 Medium Green 1.80
T08 Medium Red 3.01
T09 Weak Red 3.69

Table 5.1: Standard Deviation in ERF measurements between flow cytometers in the
interlab with all results.

Owner Place Wavelength (nm) Filter (nm; "center/width")

SBC MIT 488 530/30
Medford Lab Colorodo State 488 525/30
Moake Lab Rice 488 510/21
SEA Rice 488 525/50

Table 5.2: A reduced set of laser and filter combinations among cytometers in our
interlab study with varying parameters all meant to measure in the FITC channel.
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Figure 5-7: Sorted results reported back as part of the interlab study with only
the most common matching laser/filter combination. Each dataset corresponds to a
single instrument. Strains are given by color; Green: T06, Cyan: T07, Red: T08,
Purple:T09.

Owner Place Wavelength (nm) Filter (nm; "center/width")
SBC MIT 561 610/20
Medford Lab Colorodo State 561 655 LP
Moake Lab Rice 561 650 LP
SEA Rice 561 605/40

Table 5.3: A reduced set of laser and filter combinations among cytometers in our
interlab study with varying parameters all meant to measure in the PE-Texas-Red
channel. LP: Low Pass
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Sample Description Standard Deviation

T06 Strong Green 1.64
T07 Medium Green 1.62
T08 Medium Red 1.59
T09 Weak Red 1.67

Table 5.4: Standard Deviation in ERF measurements between flow cytometers in the
interlab using only the most common filter combinations.

Lasers and Filters
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5.3 Conclusions and Future Directions

Flow cytometry remains the gold standard for reporting fluorescent activity inside

the cell, whether bacterial or mammalian or in between. However it is still plagued

with the issues of arbitrary units, a myriad of different software and hardware, and

a lack of full reporting in the literature. Recent developments of free, open software

packages such as Cytoflow[145], Flowcal[194], and TASBE Flow Analytics[191] help

the field move to more reproducible data processing. At the conclusion of this interlab

study we recommend the following best practices for the characterization and sharing

of flow cytometry data:

1. Report the laser wavelength and filters for any channel used

2. Run calibration beads both to check the health of the instrument before sample

collecting and for MEF conversion in processing

3. Process flow data with open and reproducible software
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