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. Heading

Lead PI Name: Hal Alper

Organization: The University of Texas at Austin

Air Force Award #:  FA9550-14-1-0089

Award Title: Theory-based design of synthetic genetic circuits incorporating biophysical

models, stochastic dynamics, and evolutionary robustness
1. Scientific and Technical Objectives

This BRI grant focuses on developing a theoretical framework for synthetic biology design with a
specific emphasis on robustness. Specifically, current “parts-off-the-shelf” approaches are unable
to deliver parts and circuits with adequate functional robustness to genetic, environmental, and
evolutionary pressures. This work uses a DNA-design centric approach to create new and robust
parts and circuits guided by biophysical, thermodynamic, statistical, and stochastic models in
addition to evolution. Such a theoretical framework can: (1) predict a genetic part’s function
according to its DNA sequence, (2) develop optimal sequences for performance, (3) specifically
program robustness, and (4) predict response and fault modes of a system. This project will focus
on the establishment of robust, fault-tolerant cis-acting sequences and the development of
fundamental principles and models for synthetic circuit design. To demonstrate the power and
generality of this approach, we will investigate two model organisms, E. coli and yeast.

I1l.  Approach

The specific objectives of this research will focus on the establishment of robust, fault-tolerant cis-
acting sequences and the development of fundamental principles and models for synthetic circuit
design. As part of the first phase of this work, we proposed to establish a DNA-compiler approach
(Task 1) and use the embodied models to engineer three different sequence-based parts, and to
build these into robust, perturbation-resistant parts: promoters (Task 2), translation components
(Task 3), and nucleic acid-based switches (Task 4). In each instance we will develop underlying
sequence-based models for specifying how the different parts and circuits function, and apply these
models to ensure error-resistant function. We will test each of these components under a catalogue
of robustness metrics. Finally, we will expand these models and concepts to provide systems-level
models that can be stochastically modeled to probe evolutionary space and predict robust circuit
design (Task 5) across two model organisms, E. coli and yeast. In each of these cases, an emphasis
will be placed on robustness of parts and circuits though designed features such as fault resistance,
redundancy, and evolutionary tolerance. The deliverables for this work include a novel DNA
compiler capable for specifying sequence for designing robust parts and circuits, in addition to
robust promoters, translation elements, riboswitches, and riboregulators designed for bacteria and
yeast. In the second phase of this project, work included enabling transitions of technologies and
synthetic parts developed during the course of the BRI to Air Force Labs (Task 6), demonstrate
the robustness/stability of synthetic circuits in both E. coli and S. cerevisiae (Task 7), catalogue



failure modes of synthetic circuits and provide insulation against these modes (Task 8), and extend

the various techniques and paradigms of theory-based synthetic biology to an alternative organism
(Task 9).

IV.  Concise Accomplishments

Major Accomplishments in this entire project:

Theory based approaches

» Established a riboswitch calculator, a predictive biophysical model that designs RNA-
based biosensors

* Expanded a Non-Repetitive Parts calculator, an algorithm to design large toolboxes of
highly non-repetitive parts

* Created an Extra Long sgRNA Arrays calculator to design constructs with up to 20
sgRNAs expressed.

* Developed models to de novo design yeast terminator activity

» Established model based design of RNA aptamer/sensor function

» Created T7-based circuit design strategies

* Developed theoretical insights to enable new, complex circuits for multicellular patterning

Experimental Advances

» Established novel halo-tryptophan repressors and created orthogonal components for
repressor-based logic circuits.

* Reduced DNA size of yeast regulatory elements to 1/10.

» Established strategies for sgRNA-based gene regulation and multiplex rewiring.

» Established T7-based circuits in yeast for sgRNA expression.

* Demonstrated the ability to get contrasting patterns with multicellular communities.

» Established homeostasis and addiction circuitry to enable biosafety modality and fine
control of gene expression.

* Created a method for retron-mediated genome editing and evolution.

+ Validated various complex circuits including homeostasis circuits, cell patterning toggle
switches, universal plasmid systems, and logic gates that work across host organisms.

* Demonstrated a microdroplet picoinjection process for high-throughput analysis and use
of biosensors

V. Expanded Accomplishments

In this final project report, we highlight some of the major accomplishments achieved throughout
this multi-investigator, multi-University BRI program. This section is not meant to be
comprehensive, but rather provide a broad overview of the accomplishments described in section
IV above.

Development of various computational calculator tools for predicting and designing DNA
Throughout this project, our team developed a series of calculators for the design and
prediction of functional DNA elements in cells. we developed the Operon Calculator, a DNA
Compiler for bacterial operons that designs synthetic operon sequences for maximum tunable
expression control and maximum evolutionary robustness (Figure 1). The Operon Calculator




applies over 10 predictive biophysical models and design rules to create operons that express
desired proteins with the following objectives: design ribosome binding sites with targeted
translation rates, optimize synonymous codon usage, eliminate internal promoters, eliminate
internal terminators, minimize RNAse E/III binding sites, eliminate ribosomal pause sequences,
eliminate highly translated internal start codons, remove repetitive DNA sequences, remove
transposon insertion sites, eliminate recombinase sites, and remove excluded restriction sites.
Users select their promoter, CDS, and
terminator sequences, and the algorithm
will design the entire operon sequence,
using multi-objective optimization,
producing several Pareto-optimal solutions.
A web interface to the Operon Calculator
algorithm is freely available and was
published (Figure 1).

The next challenge that is pervasive
throughout this work was the selection of
non-repetitive  DNA  elements  and
constructs. This issue became more
prominent as CRISPR/sgRNA design
increased throughout the time of this BRI
To solve this challenge, we developed a
new algorithm, called the Non-Repetitive
Genetic Parts Calculator, that designs the largest possible toolbox of highly non-repetitive genetic
parts that all satisfy a user-specified set of design constraints. A design constraint could be a
degenerate DNA sequences, a target RNA structure, and/or an arbitrary model function that
evaluates the genetic part’s function and returns true or false. The Non-Repetitive Genetic Parts
Calculator then uses graph theory and an advanced path generation algorithm to identify the
mathematically largest possible number of constraint-satisfying genetic parts that do not share
more than L base pairs
(nucleotides) of
repetitive  DNA. The
maximum repeat size L
is user-specified; we
typically set L = 10 for
maximum stringency.

We applied the
Non-repetitive Genetic
Parts Calculator (Figure
2) to design 3500 highly
non-repetitive E. coli Figure 2: The Non-Repetitive Genetic Parts Calculator designs 3500 highly non-
promoters (c’%) with a | repetitive promoter sequences with no more than 10 base pairs of repetitive DNA.
maximum shared repeat | Promoter sequences were constructed and characterized, combining oligopool
length of 10 base pairs synthesis, library-based cloning, and next-generation sequencing. The commonly

(L = 10). Our designs used J23100 promoter was included in this characterization, and used as a

. reference for normalization. The measured transcription rates varied by over
varied promoter | 1,000,000-fold.

consensus sequences to

Figure 1: The Web Interface for the Operon Calculator
design algorithm




create a toolbox of promoters that maximally varied transcription initiation rates. Specifically, we
designed 500 of these promoters to have consensus -35 and -10 hexamer sequences controlling
RNAP/c"’ recruitment. We then designed sets of 500 promoters that each contained between 1 to
6 mismatches to the consensus -35/-10 hexamer sequences. We then combined oligopool
synthesis, library-based cloning, and next-generation sequencing (DNA-Seq, RNA-Seq) to

Figure 3: (left) Total numbers of characterized genetic parts in published works are shown. From these toolboxes,
we determined the largest number of non-repetitive genetic parts that do not share more than 10 base pair of
repetitive DNA. (right) The resulting toolboxes of non-repetitive genetic parts have a limited range of
functionalities, compared to repetitive toolboxes.

construct and characterize all 3500 promoters simultaneously in E. coli cells cultured in
exponential growth conditions (Figure 3).



Fully descriptive,
thermodynamic models for
yeast transcription were
developed  throughout the
course of this project. This work
enabled a compiling of data
from this project to both
develop and understand new
experimentally derived
promoter elements.

Beyond these models,
several biophysical models
were created for engineered
components. Included in this
are predictions for translation
rate from a transcript. Prior to
this work, it was unclear how an
operon’s sequence controls the

Figure 5: (A) A poorly translated mRNA transcript becomes a target for
RNAse E activity, resulting in accelerated mRNA decay. (B) We
. . constructed synthetic operon sequences expressing mRFP1 reporter,
half—h.fe (stability) ~ of .the introducing deysigned ribr:)some bictllding site szquencis to systemalt)ically
resulting  mRNA  transcript, vary their translation initiation rates. We characterized their mRNA and
which determines mRNA and protein levels to show the relationship between translation initiation
rates, mRNA levels, and translational efficiencies (protein/mRNA). (C)
We repeated these experiments using a superfolder GFP reporter that
contains a more GC-rich protein coding sequence, resulting in higher
baseline levels of protection from RNAse E activity.

Figure 4: (A) We developed a statistical thermodynamic model that predicts how several factors control genetic
circuit function covering growth rate (i), the binding energy to RNA polymerase (AGgrnp), the ribosome's binding
energy to transcription factor mRNAs (AGy), the repressor's binding energy to their cognate operators (AGr), the
plasmid's copy number (c), the number of TF binding sites (N), the mRNA and protein degradation rates (dm0p),
the host's genome size (Lg), the circuit's replicore location (¢ ), and the host's ribosomal 16S rRNA sequence. (B)
By changing these factors and measuring circuit function, we validated the model's predictions. (C) Overall, the
model correctly predicts circuit functions across a 800-fold change in transcription rates.

protein levels. To determine the quantitative physical rules governing these interactions, we



constructed over 120 synthetic bi-cistronic operons and characterized their mRNA & protein
levels, utilizing RT-qPCR and flow cytometry. A major finding of these experiments is the
quantification of strong coupling between translation and mRNA decay (Figure 5). Specifically,
a 100-fold change in translation initiation rate yields about a 10-fold change in mRNA level. The
mechanism for this interaction is called ribosome protection, whereby a highly translated mRNA
is bound by several ribosomes engaged in translation elongation. These bound ribosomes protect
the mRNA from RNAse activity, particularly RNAse E. When the mRNA’s translation initiation
rate is lowered, the mRNA is no longer protected by elongating ribosomes, and thereby can be cut
by RNAse E. We performed additional experiments to quantify the sequence determinants of
RNAse E binding across 5° UTRs and protein coding sequences, including polarity effects within
multi-cistronic operons. We also performed similar experiments to determine the sequence
determinants of RNAse III activity. These systematic measurements enable us to determine the
physical rules governing the several mRNA decay pathways, and thereby predict mRNA’s half-
life from its sequence.

Development of minimally-sized eukaryotic regulatory factors

Efforts within this BRI have focused on minimizing the size of regulatory DNA in yeast
systems through efforts to establish minimal promoter and terminators. Prior to this work, fungal
promoters often span hundreds of base pairs, nearly ten times the amount of bacterial counterparts.
This size limits large-scale synthetic biology efforts in yeasts.

Through a series of library-

based synthesis, analysis, and
robustness tests, we have created a set
of nine non-homologous, purely
synthetic, robust, minimal core
elements for yeast. 15 million random
oligonucleotides comprised of two
necessary promoter parts, a TATA box
and a transcription start site spaced 30
random nucleotides apart, and
activated by a native UAS were used to
drive the expression of a fluorescent
reporter gene (Figure 6). These
candidate sequences were screened in
vivo via flow cytometry to yield 18
unique, completely synthetic sequence

elements (Figure 6). These elements
Figure 6: Schematic of robust, minimal promoter core element

were subjected to a series of robustness | ' , Atk ,. !

. . isolation. 27 libraries of 15 million candidates were created.
tests in an effort to compll.e a,set of 0.15% of the most promising libraries were sorted by
promoter core elements which ideally | fuorescence activated cell sorting (FACS). After sequence and
function modularly and robustly with | strength confirmation, 363 candidates were narrowed to just 18

any UAS. We ensured each promoter | core elements. These elements were subjected to a battery of
core element could (1) be activated by tests to create a final set of nine robust, minimal and modular

two native constitutive UAS elements, core elements.
a 240 bp sequence isolated from the mitotic cyclin CLB2 promoter (UASciB) and a 275 bp
sequence isolated from the mitochondrial citrate synthase CITI promoter (UAScir), (2) be



activated by the native galactose-inducible transcription factor binding site for Gal4 (GBS), (3)
maintain expression strength with an alternative upstream context indicating context
independency, and (4)
drive expression of two
alternative open reading
frames  (ORF), GFP-
derived  yECitrine and
LacZ gene, B-
galactosidase. With these
tests, we narrowed our pool
of promoter core elements
to just nine (Figure 6). By
measuring mRNA levels of
fluorescent reporter gene
with qPCR, we
demonstrated that these
core elements function at
the transcriptional level.
Moreover, we show that

promoters constructed with | Figure 7: Hybrid assembly of constitutive UAS yields strong minimal

these core elements recruit | promoters. Orange indicates promoters comprised of a single 10 bp UAS

an assorted arrangement of spaced upstream of promoter core 1. Green bar is a rational hybrid assembly
of three 10 bp UAS spaced upstream of promoter core 1. Blue bars are 20bp

pre—lnlt}atlon complexes UAS derived from four hybrid assembly libraries. Illustrated promoters
depending on UAS present, lengths are to scale.

illustrating  the set’s
mechanistic diversity. The final set bears no resemblance to genomic DNA sequences indicated
by the high minimum Evane obtained from BLAST, safeguarding against homologous
recombination events, and little sequence similarity to each other, allowing for multi-pathway
constructs to be easily assembled without concern for recombination within a cassette. Lastly, the
GC content of the promoter core elements spans a wide range from as low as 47% to as high as
73%.

Operable with these nine core elements, we have identified generic minimal constitutive UAS
elements: six 10 bp UAS elements of low strength, and sixteen 20 bp UAS elements of moderate
to high strength (Figure 6). 10 bp UAS elements were screened in vivo via flow cytometry from a
single library of 1.3 million sequences comprised ten random oligonucleotides efficiently spaced
upstream of a promoter core element. Through rational hybrid-assembly of these 10 bp UAS, we
are able to create promoters in a fraction of the sequence space of a native promoter and of
substantial expressions strengths. The sixteen 20 bp UAS elements were screened in vivo via flow
cytometry from multiple hybrid assembly libraries totaling more than 5 million sequences. These
hybrid assembly libraries consist of ten random oligonucleotides positioned directly upstream of
the previously isolated 10 bp UAS. Thus, with these completely synthetic UAS, we are able to
craft fully operating promoters reaching 88% the strength of one of the strongest promoters used
in the synthetic biology today, GPD, in just 16% of the sequence space (Figure 7). Furthermore,
at just ~100 bp, these synthetic constitutive yeast promoters are roughly the size of bacterial
promoters (Figure 7).




A similar strategy was taken for the development of minimal terminator elements achieving
highly effective terminators with lengths between 30 — 85 bp. A heuristic model was created to
understand and model these elements and it was found that predicted nucleosome depletion
positively correlated with terminator function (R? = 0.848), indicating the possibility of using this

for terminator
. . A.
dGSIgn (Flgu re Name Upstream Efficiency Link1 Positioning Linker 2 PolyA Site| Length (bp
8) It Was Tsynth12 TATATA GGTGCAGGCA AATAAA | GAGTATCATC | TTTCAAA 39
. Tsynth13 TATATA ACTGTCTAGA AATAAA |GGTGCAGGCA| TTTCAAA 39
th f ?;"uol TATATA ACTGTCTAGA AATAAA | GAGTATCATC | TTTCAAA 39
h.
cretore Tomihao| TTTTTTTT | TATATATATATATATATATATATA  |RAGTCATITACTTATGTAGS| AnTA | 1T [Trrcam| s
uncovered that a Tsynth3 TATATATATATATATATATATATATATATATATATA ACTGTCTAGA AATAAA | GAGTATCATC | TTTCAAA 69
correlation , C.
4+ 12 -
between - 3
335 1 IS
nucleosome T . s 1
. o T
depletlon and § 25 | § 08 - —Tsynth12
termination g £ —Tsynth13
. § 21 806 —Tguo
efficiency could I, s 9
215 S ——Tsynth21
successfully 2 z04
. . % 17 3 —Tsynth3
improve protein L. 502 1 —Tsynth30
levels within the ol £, RN, S il
cell. This work U RN N SN 150 -100 -50 0 50 100 150 200
helped establish O&e*(é\«e‘\(é\ &‘S\«G\&«é& &g\& BP Relative to Terminator Start
a biophysical- | Figure 8: Terminator fluorescence and predicted nucleosome occupancy — A) Synthetic
based forward | terminator sequences and B) the reported fluorescence values for these terminators. C)
design method Nucleosome occupancy predictions based off the nucleosome prediction engine NuPoP,
developed by Xi et al.. The terminators with increasingly higher fluorescence are predicted
for these D sy e P
to be increasingly depleted of nucleosomes.
elements  that

was demonstrated through this BRI.

Development of CRISPR-based approaches for bi-direction gene expression modulation

Using dCas9-reprorgramming in S. cerevisiae, we have coupled work here (along with
DNA synthesis by the JGI Synthesis group) to develop a plasmid-based library methodology that
affords bi-directional, graded modulation of gene expression enabled by tiling the promoter
regions of all 969 genes that comprise the 1t0977 model of Saccharomyces cerevisiae’s metabolic
network. In many respects, this work served as a culmination of the activities on this BRI as it
utilized the guiding principles that were discovered for positional effects of sgRNAs, synthetic
elements (including synthetic, hybrid promoters and subsequent T7-RNA polymerase-based
methods), and microdroplet-enabled sorting. When coupled with a CRISPR-dCas9 based
modulation and next-generation sequencing, this method affords a library based, bi-direction
titration of gene expression across all major metabolic genes. We utilized this approach in two
case studies: growth enrichment on alternative sugars, glycerol and galactose, and chemical
overproduction of betaxanthins, leading to the identification of unique gene targets. In particular,
we identify essential genes and other targets that were missed by classic genetic approaches.

To do so, four sgRNA libraries were designed in a pooled format to target broad classes of
metabolic function including carbohydrate and lipid metabolism (Pool 1), energy and cofactor
metabolism (Pool 2), amino acid and nucleotide metabolism (Pool 3), and housekeeping/other
(Pool 4). This library was used in conjunction with growth selections and with product selections.
Given the high-resolution aspect of this dataset (i.e., having both target identifications along with




their optimal expression levels), multiple modes of analysis are possible and we used this data for
analysis of the genotype-

phenotype relationship
(Figure 9).

In this project, we
demonstrated that many
cases whereby moderate
knockdown greatly enhances
growth relative to the
complete knockout.
Likewise, we identified how
tuning the expression of an
essential gene can create a
new phenotype that is
otherwise inaccessible. More
specifically, these libraries
contained 86 essential genes.
Within this set when selected
for glycerol and galactose, 8
of these targets are identified
as downregulation targets in
galactose and 10 of these
genes we identified as

Figure 9: Enrichment of a Bi-directionally Titrated Metabolism-Wide
Library. a) A metabolism-wide, bi-directional titration panel of sgRNAs was
synthesized based on the it0977 model of metabolism and enabled via dCas9
fused to either Mxil or VPR. These fusions allow for graded knockdown or

downregulation targets in
glycerol (with an additional
10 of these genes enriched as
overexpression targets).
These examples in particular

overexpression of targeted genes of interest, respectively. b) Enrichments
were performed on the alternative carbon sources of galactose and glycerol
using the Mxil and VPR libraries independently to allow for ease of deep
sequencing. Final populations from each enrichment were deep sequenced to
identify statistically significantly enriched guides. ¢) Volcano plots of guide
enrichment for each condition. These plots show that the majority of guides

in the library were depleted, indicating that most perturbations were
outcompeted in growth on alternative carbon sources.

are poignant demonstrations
of the benefit of an

expression titration library as

these targets would not be identified in a full knockout collection. As examples, knockdowns were
identified for both DIM1 and GPI18, both of which are essential genes. The knockdown condition
substantially improved growth rates in their respective alternative carbon sources whereas the
complete deletion of these genes is lethal. Thus, this approach identified a unique set of targets for
which galactose and glycerol-improvement phenotypes were not previously ascribed. These
approaches were also followed for improving product secretion of betaxanthins in a S. cerevisiae
strain and a similar result was found here with intermediate expression (especially of essential
genes) identified as newfound targets that would have been otherwise missed by standard, classical
genetic approaches.

Evolution of natural product biosensors

Genetic biosensors are gaining traction as high-throughput tools for otherwise difficult
chemical analyses, such as distinguishing between compounds with identical exact masses and/or
lacking a chromophore. However, biosensors often require custom engineering for target analytes,
and even with great improvements in bioinformatic mining it is difficult to find corresponding




biosensors. Therefore, we have developed a method (SELIS; Seamless Enrichment of Ligand-
inducible Sensors) that can be broadly used to identify biosensors (Figure 10), and herein we
develop a genetic biosensor that is responsive to a range of bicyclic monoterpenes used in the
flavor, fragrance, cosmetic, and pharmaceutical industries, which are traditionally limited to
analysis using low-throughput gas chromatography-mass spectrometry.

Briefly, SELIS relies on a positive screen for ligand-dependent regulator function via GFP
production, and a conjoined negative selection in which transcriptional repression in the absence
of ligand yields antibiotic resistance (Figure 10). Between the positive screen and negative
selection, SELIS can quickly deconvolute libraries with over 10° members in under a week, and
provides substantial genotype and phenotype data that allows optimally performing biosensors to
be chosen by the researcher from amongst a range of successful candidates. It should be noted that
since the fluorescence of clonal isolates is measured both with and without the effector during
screening (Figure 10c) virtually all false positives are eliminated.

Figure 10: The SELIS (Seamless Enrichment of Ligand-Inducible Sensors) approach for biosensor evolution. (@)
Libraries are generated and transformed into E. coli cells (b) Cells containing the sensor library are cultured in
the presence of zeocin. Transcriptional repression by sensor variants prevents the expression of Lambda cI, which
enables the expression of Sh Ble and confers zeocin resistance. Cells containing sensor variants that are unable to
repress are eliminated from the population. Adding non-target ligands at this stage enables counter-selection for
specificity. (€) Binding of the sensor variant to the target ligand relieves repression of GFP expression, producing
fluorescence. Cultures are plated on an LB agar plate containing the target ligand and highly fluorescent colonies
are cultured overnight. Subsequently, cultures from each picked colony are split and grown either with or without
the target ligand. (d) Variants that display high signal/noise ratios are sequenced, subcloned, and re-phenotyped
with a wider range of ligand concentrations. The top performing variant is then used for the next cycle of evolution.

To evolve a broadly useful monoterpene biosensor, we used the camphor-responsive CamR
repressor from Pseudomonas putida, as a starting point for evolution. The Pcamr promoter was
constructed by extracting a CamR-protected region from the natural P. putida CamR-bearing
plasmid (GenBank: D14680.1), and placing it upstream from the self-cleaving ribozyme PlmlJ.
CamR was introduced into the SELIS pipeline by placing this Pcamr promoter construct upstream
of a sfGFP gene for the positive screen, and having a separate Pcamr promoter drive the expression
of the Lambda cl repressor for the negative selection, thereby creating pSELIScamr.

Using SELIS, CamR was evolved for increased responsiveness to the minor effectors
borneol, fenchol, eucalyptol and camphene. CamR libraries, generated via random mutagenesis,
were co-transformed into E. coli with the pSELIScamr plasmid, which were then grown in the
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presence of zeocin (negative selection) and subsequently plated on solid media containing 1%
DMSO and either borneol, fenchol, eucalyptol, or camphene (positive screen; Figure 11a). Highly
fluorescent clones were isolated, grown in the presence and absence of the target monoterpene,
and the ten clones with the high signal-to-noise ratios for each different effector were sequenced,
a total of 40 CamR variants. Given that a majority (22/40) of the clones had only single
substitutions, and that 34/40 clones had either the A139T or YS58F substitution, we hypothesized
that we could best understand the major contributions to responsivity and specificity on a
substitution-by-substitution basis. ~We therefore cloned all 30 unique single amino acid
substitutions that were recovered from CamR evolution and screened them for activity against
camphor, borneol, fenchol, eucalyptol, and camphene (Figure 11b). Notably, three substitutions
Y58F, H102N, and A139T were found to increase the response to at least one terpene by 6- to 7.5-
fold. Some 10 other substitutions increased responsivity to at least one terpene by 2- to 3-fold,
five increased the response by 20-50%, and 12 variants were found to not significantly increase
the response to any terpenes. Mapping all 11 of the most productive substitutions onto a homology
model of CamR revealed that 9/11 substitutions were localized in the ligand binding pocket
(Figure 11c).

Figure 11. Evolution of CamR towards alternative monoterpenes. (a) Workflow for CamR evolution towards
alternative monoterpenes. (b) Response of all recovered CamR single mutation variants to camphor, borneol,
fenchol, eucalyptol, and camphene compared to the WT CamR protein. All cultures were grown in the presence
of 1% DMSO and fluorescence values are the averages of three biological replicates. Asterisks indicate variants
that produced a four-fold or greater change in fluorescent response. (€) Homology structure of CamR with single
mutations recovered from evolution labelled on one dimer (left). Residues colored red correspond to mutants
that increase the fold change in fluorescence four-fold or more, whereas residues colored orange corresponds to
mutants that increase the response by two to four-fold.

Beyond monoterpenes, we have also applied the SELIS approach to develop highly specific and
sensitive biosensors for therapeutic plant alkaloid intermediates. In particular, we focused on the
Amaryllidaceae alkaloids, which include the FDA-approved anti-Alzheimer’s drug galantamine
that is currently sourced from daffodil plants due to challenges in its chemical synthesis. 4-
Omethyl-norbelladine (4NB) is the key branchpoint intermediate to all known Amaryllidaceae
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alkaloids, and thus was targeted for biosensor generation. The generalist transcription factor RamR
from Salmonella enterica was found to be slightly responsive to both 4NB and its immediate
precursor norbelladine (NB) and therefore was chosen as the starting point for evolution. RamR
was introduced into the SELIS pipeline in a similar manner as for CamR.

Leveraging our newly evolved alkaloid biosensors, we developed circuits to report on the
in vivo activity of an Amaryllidaceae alkaloid plant enzyme in E. coli. The enzyme Norbelladine
4-Omethyltransferase (Nb4OMT) from Narcissus pseudonarcissus (wild daffodil) was expressed
on a plasmid that was co-transformed with our 4NB reporter construct. Since our RamR-4NB2
biosensor does not respond to the substrate NB, we were able to grow our engineered E. coli strains
in the presence of NB and monitor its conversion to 4NB via the Nb4OMT enzyme (Figure 12a).
The fluorescent response from our circuit was dependent on both the level of Nb4OMT expression
as well as the amount of NB supplemented in the media, producing up to a 100-fold when
compared to similar conditions using an inactive enzyme (Figure 12b).

Figure 12. Evolution of RamR towards Amaryllidaceae alkaloid pathway intermediates. (a) Schematic
representation of the biosensor-linked enzyme reporter circuit. The Norbelladine 4-Omethyltransferase (4-OMT)
and 4NB2 biosensor are expressed constitutively and sfGFP expression is regulated by the 4NB2 biosensor. The
norbelladine methylation activity of 4-OMT results in a fluorescent signal via 4NB2-mediated GFP expression.
(b) The fluorescence response of the circuit with varying levels of norbelladine concentrations and 4-OMT
expression strengths. All fluorescence values are the averages of three biological replicates and error bars
represent the standard error relative to the mean.

Complex circuitry and patterning by cells

Through this effort, we focused on a mechanism based on cell-to-cell contact inhibition
and developed an efficient mathematical approach to predict and design patterns. This approach
blends graph-theoretic ideas with dynamical systems techniques to uncover bifurcation
mechanisms for patterning, and is applicable to broad classes of signaling models. We represent
the network as a graph where each vertex represents the dynamics of an identical individual cell
and where graph edges represent cell-to-cell signaling. To predict steady-state patterns we find
equitable partitions of the graph vertices and assign them into disjoint classes. We then use results
from monotone systems theory to prove the existence of patterns that are structured in such a way
that all the cells in the same class have the same final fate. As application examples, we considered
neural networks, reaction-diffusion systems, and random graphs to illustrate the practical
implications of our results. Importantly, our results do not restrict the number of cells or reactants,
allow multiple communicating species with possibly different interconnection structure, and do
not assume symmetric connections between two connected cells.
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Our next task was the experimental validation of the theory with a synthetic gene network.
The broader objective is to showcase a theory-based design of a synthetic system that enables
spontaneous pattern formation. We developed what we call a “compartmental lateral inhibition”
(CLI) system using diffusible molecules and engineered communication channels to mimic
contact-dependent inhibition (CDI) that
is common in developmental biology; see
Figure 13 for a comparison of CDI and
CLI systems.

The CLI system comprises two
bacterial colonies, Strain A and Strain B
(Figure 1b), seeded in compartments
connected by channels through which
signaling molecules diffuse. Connected
compartments communicate with each
other via orthogonal QS systems,
LuxR/LuxI from V. fischeri and | Figure 13: (a) Comparison between contact-dependent
LasR/Lasl from P. aeruginosa. The use lateral inhibition (i) and CLI (ii). The CLI system uses

of orthogonal QS systems prevents self- diffusive  signaling .mo!ecules to establish 1nte'r-
> ] . compartmental communication through channels. (b) Genetic
communication within the same colonies.

; circuit diagram of mutually inhibiting strains developed in
Strain A senses N-(3-oxo-hexanoyl)-L- | this project. The strains produce orthogonal N-Acyl

homoserine lactone (3OC6HSL) through homoserine lactones (AHLs) under the control of TetR-
LuxR transcriptional activator binding to repressible promoters. The AHL produced by one strain is

. only detected by the complementary strain to activate
3OCE6HSL to activate 30COHSL-LuxR- downstream TetR repressor expression. Arrow-headed lines

responsive promoter pLux7 6 Strain B | jndicate activation and bar-headed lines indicate inhibition.
senses the orthogonal AHL signal, N-(3-

oxo-dodecanoyl)-L-homoserine lactone (30C12HSL), with LasR activator binding to
30C12HSL-LasR-responsive promoter pLas81. To send AHLs that are recognized by the opposite
strain, Strain A produces 30C12HSL into medium with /as/ AHL synthase, and Strain B produces
30C6HSL with /ux] AHL synthase. In each strain, corresponding AHL activates transcription of
tetR transcriptional repressor fused to a reporter fluorescent protein (sfGFP). TetR in one strain
represses transcription of the orthogonal AHL synthase that activates the other strain. Thus, the
overall circuit establishes mutual inhibition between Strain A and Strain B.

We adapted the aforementioned theory to the CLI system and characterized the parameter
regions that lead to contrasting patterns of gene expression, where either Strain A or Strain B
expresses TetR, and disables the other strain from doing so. This study revealed the importance
of geometry as a controllable factor for the designer, as the spatial arrangement of compartments
and channels is crucial for determining patterning. We experimentally implemented mutually
inhibiting systems by sequentially adjusting individual components to achieve the overarching
objective. We constructed the geometrical culturing platform from agarose gel and
polydimethylsiloxane mold, and simulated its design validity using partial differential equation
modeling. Experiments with the engineered strains on the agarose gel platform showed agreement
with the theoretical work, exhibiting contrasting gene expression patterns tunable by spatial
arrangements of the inter-compartmental network and initial conditions (Figure 14).

This work successfully demonstrated control over a multi-strain community in theoretical
and experimental frameworks, and identified design principles required for differentiation and
pattern formation during developmental processes in natural biological systems.
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Figure 14. (a) One-to-one spatial configuration devices seeded with cells that had different initial conditions and
strain combinations. * indicates pre-induced strains and T indicates strains that were biased to be fluorescent by
externally added AHL in medium. Devices seeded with a pair of complementary strains showed contrasting
sfGFP fluorescence (green) whereas devices seeded with identical strains (negative controls) showed minimal
fluorescence. Gene expression patterns were bistable and initial condition dependent. The image was taken after
12 hours of growth at room temperature. (b) One-to-one, one-to-four, and one-to-six spatial configuration
devices seeded with cells that had different initial conditions. Strain A was seeded at the center compartment
surrounded by Strain B. * indicates pre-induced strains. Regardless of the initial conditions, the center
compartment Strain A showed fluorescent for one-to-four and one-to-six geometries, implying those systems are
monostable with high steady-state Strain A reporter expression. The image was taken after 11 hours of growth at
room temperature. (c) One-to-one, one-to-four, and one-to-six spatial configuration devices seeded with Strain B
at the center surrounded by Strain A. * indicates pre-induced strains. Every spatial configuration showed initial
condition-dependent pattern formation thus implying bistability of those systems. The image was taken after 11
hours of growth at room temperature.

Organismal engineering with complex circuitry

To enable the facile construction and rapid characterization of genetic circuits especially
those comprising of orthogonal
transcriptional elements such as
T7 RNA polymerase (T7
RNAP), we have designed a
highly modular architecture for
their assembly termed Universal
Plasmid System (UPS). Briefly,
in the UPS framework, each
component of the plasmid is
encoded as modular units /parts
flanked by Bsal restriction sites
followed by unique ligation sites
(Figure 15). First, a plasmid
backbone comprising of an
origin of replication and
selectable marker of choice is

assembled along with specific
landing pads for the insertion of Figure 15: Modular architecture for the rapid assembly of genetic circuit
defined transcriptional units in prokaryotes. Genetic circuits are comprised of modular units —
. promoters, RBSs, genes and terminators. Each element is maintained as
('_:Igl'!re 15). In parallel, gene a separate part flanked by Type IIS restriction enzyme recognition sites.
circuits composed of modular | By designing appropriate ‘sticky’ ends, these parts can be seamlessly
elements such as promoters, | assembled into genetic circuits into plasmid backbones of choice.

ribosomal binding sites, coding
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sequences and terminators are assembled to form transcriptional units (TUs). Each TU is flanked
by appropriate ‘connector’ sequences that dictate the order of their assembly into the plasmid
backbone (Figure 15).

After evaluating the activity of these T7 RNAP homeostasis circuits in various strains of
E. coli, we sought to evaluate their portability across different bacteria. To do so, we characterized
the performance of the T7 RNAP homeostasis circuits in different host chassis. To this end, we
selected two species — Salmonella typhimurium and Pseudomonas putida. S.typhimurium strains
has been demonstrated to selectively colonize the hypoxic conditions, such as those prevalent in

Figure 16: Cross-species activity of T7 RNAP homeostasis circuits in two species — Salmonella typhimurium and
Pseudomonas putida. The observed relative strengths of output expression were compared to that predicted by
the model.

the tumor microenvironments and thus serves as an ideal chassis for the selective delivery of
therapeutic payloads to these environments. P.putida is a well characterized microbe which has
been extensively used for industrial production of a wide variety of chemicals as well as being
engineered for bioremediation applications. The panel of homeostasis circuits were transformed
in both species, and the output (sfGFP) levels were characterized. In both species, the homeostasis
circuits showed highly orthogonal expression of the target gene, without the need of any additional
engineering of the plasmid (Figure 16). Furthermore, in both species, the relative output levels
were nearly identical to that obtained in E. coli strains, suggesting that such T7 RNAP homeostasis
circuits can be used for precise and predictable gene expression platform across different
prokaryotes (Figure 16).
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Construction _and characterization of cellular circuits capable of exerting Boolean-style logic
control over expression

Synthetic control of gene expression—whether from choice of promoter to higher order
Boolean-style logic—is an important tool for metabolic engineering. However, the construction of
these circuits is limited by lengthy design cycles and cross-talk among native cellular transcription
factors. In this project, we aim to demonstrate that an orthogonal T7-based system linked with
CRISPR dCas9 regulation can enable both simple regulation and complex circuitry in the yeast
Saccharomyces cerevisiae. Specifically, through leveraging a suite of heterologous T7 polymerase
variants that can be used to induce CRISPR dCas9 based gene expression, we can easily develop
an approach to gene expression control that circumvents complex promoter engineering efforts.
Thus far, our results show that, dependent on the combination of T7 polymerase ‘switch’
component and dCas9+sgRNA ‘actuator’ component, we can achieve AND/OR/NAND/NOR
style control in response to external stimuli of combinations of galactose and/or copper. We
characterize our AND/NAND-style circuitry further, using time-course induction studies, and have
found these cell lines to have the greatest increase in reporter signal when the environmental
stimulus is introduced during early exponential phase growth. Overall, we expect the technology
developed in this work to greatly reduce the time and labor necessary for developing Boolean gene
circuits for novel applications including metabolic pathway control in the future. These efforts led
to the successful construction of model-guided logic gates that functioned in S. cerevisiae (Figure
17) taking advantage of the models and paradigms developed using this BRI.

Figure 17: Final characterization of AND, OR, NAND, and NOR logic gates created by T7-sgRNA/CRISPR
based systems in yeast.
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VI.  Major Problems/Issues

Beyond Covid-19 related delays that occurred during the project, this project was impacted
by a co-PI, Dr. Howard Salis, improperly charging funds toward unrelated research (in this case,
Covid-related explorations). Upon identifying these budgeting anomalies, the subcontract with this
PI was terminated. Remaining funds and tasks were moved back to UT-Austin and project tasks
have been re-allocated. This caused some setbacks in the work especially in Task 9 with efforts in
extremophiles that has been mainly incomplete in this project. Work in Tasks 7-8 has enabled
further collaborations with Dr. Soha Hassoun at Tufts University. Her work on machine learning
has already started to develop new models for synthetic parts that will be published in future
papers.

VII. Technology Transfer

Several patents have been generated from this work and have subsequently been licensed
to companies. Many of the constructs from this work have been placed on Addgene and have been
distributed across the World. The online computational genetic calculators have been accessed by
research groups around the World. Direct technology transfer with AFRL labs has taken place
during this period.
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The following published papers and have resulted from the funded project (note: additional papers
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