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ABSTRACT

Temperature can be used to control engineered E. coli — for example, the living
component of an engineered living material (ELM) — through the use of thermo-
labile transcription factors. Sharp induction of gene expression with heat has been
established using these bacteria- and phage-derived proteins. Here, we expand the
toolbox for thermal control of E. coli through both direct cold-induced gene expres-
sion and through the construction of genetic circuits to invert heat-induced gene

expression.

We accomplish direct induction at low temperatures through the use of temperature-
sensitive mutants of A repressor as transcriptional activators. In addition, we show
that a temperature-sensitive mutant of A repressor can serve as an activator and a
repressor of different genes simultaneously in one genetic circuit, leading to opposite

thermal responses and serving as a temperature switch.

Next, we demonstrate inversion of a temperature-sensitive repressor using a tem-
perature insensitive repressor. We apply this multicomponent switch to engineer a
temperature self-regulation circuit for E. coli-based ELMs. Seasonal variation in
ambient temperature presents a challenge in deploying ELMs outside of a laboratory
environment, because E. coli growth rate is impaired both below and above 37°C.
Our construct enables E. coli to produce a light-absorptive pigment in response to
environmental temperature below 36°C with the goal of allowing the cells to absorb
sunlight and locally warm to their optimal growth temperature. We demonstrate the
efficacy of our pigment temperature switch in a model flat ELM growing at 32°C and
42°C in a home-built illuminated growth chamber. Below 36°C, our engineered E.
coli increase in pigmentation, causing an increase in sample temperature and growth
rate above non-pigmented bacteria. On the other hand, above 36°C, they decrease
in pigmentation, protecting their growth compared to bacteria with temperature-
independent high pigmentation. Integrating our temperature homeostasis circuit
into an ELM has the potential to improve ELM performance by optimizing growth

and protein production in the face of seasonal temperature changes.
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Chapter 1

INTRODUCTION

1.1 Temperature is a versatile input to engineered microbes

Since the birth of the field of synthetic biology at the dawn of this millennium,
researchers have made tremendous progress in engineering cells for diverse appli-
cations [1-4]. Microbes, especially the bacterium Escherichia coli and the yeast
Saccharomyces cerevisiae, are extensively used in synthetic biology because they
are less complex than mammalian cells and tissues, and are well-characterized.
Thus, they are well-suited as chassis for engineering genetic circuits. Engineered
microbes are of interest as therapeutic and diagnostic agents [5—8], for use in biore-
mediation [9, 10], for use in sustainable agriculture [11], and as components or
factories for engineered living materials [12—15]. Two decades in, the field has
matured to the point where commercial products using synthetic biology tools are
available, including a plant-based burger incorporating yeast-fermented soy leghe-
moglobin (Impossible Foods) and a biological nitrogen fertilizer for corn based on
an engineered y-proteobacterium (Pivot Bio)[3]. This thesis focuses on the use of

genetic circuits in E. coli, especially for application in engineered living materials.

It is no exaggeration to state that without the discovery of E. coli in neonatal feces
by pediatrician Theodor Escherich, published in 1886, the modern field of biology
would not exist in its present form [16]. By the mid-twentieth century, biologists
had established E. coli as a model organism, because it is easy to grow and is
nonpathogenic. The 1961 discoveries of the genetic code (i.e., that three-nucleotide
codons of nucleic acids encode amino acids) by Crick et al. [17] and of the lac
operon for regulation of lactose metabolism by Jacob and Monad [18] both took
place in E. coli and laid the foundation for molecular biology and the study and

engineering of regulatory circuits in synthetic biology.

In addition, with E. coli come bacteriophage, viruses that inject their genetic material
into bacterial cells. These phages could be exploited by biologists — phage T4 was
used in the study of the genetic code — or studied in their own right to glean
new insights into genetic regulation. Bacteriophage A has a genome of only 48.5
kb [19] (compared to 3.98 Mb - 5.86 Mb for E. coli [20]), but provided a wealth

of information on transcriptional regulation through both repression and activation
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[21-23]. Interestingly, a single transcriptional factor, A repressor (CI) serves as
a DNA damage-sensitive switch controlling the induction of phage A from the
lysogenic to the lytic phase by acting at a bidirectional promoter as a repressor of
the expression of genes for the lytic cycle and as an activator of the expression
of itself. A temperature-sensitive mutant of CI (CI857) has been derived from a

heat-inducible mutant of A [24, 25], and used extensively in bioengineering [26, 27].

Notably, the first synthetic biology genetic circuits, a toggle switch [28] and an
oscillatory network [29], use CI857 or CI in conjunction with Lacl, derived from

the E. coli lac operon, and are implemented in E. coli.

To take full advantage of engineered microbes, we need tools for spatiotemporal
control of the production of microbial products. Temperature can serve as a versatile
input to engineered biological systems, as it is deeply penetrant and noninvasive,
and can be applied with spatial specificity or globally, as desired [30]. Previous
work in the Shapiro lab developed two families of tunable thermal bioswitches based
on temperature-labile transcriptional repressors [31]. One class consists of mutants
of CI857 (hereafter referred to as Tcl), and the other of mutants of TIpA, derived
from a virulence plasmid of Salmonella typhimurium. Gene expression gated by
Tcl and TlpA has large dynamic range due to tight repression below their threshold
temperatures (39.5°C and 43.5°C, respectively) and strong activity of their cognate
promoter when the repressors are inactivated by heating above their thresholds.
In addition, these repressors are expected to be orthogonal to endogenous cellular

machinery, unlike heat shock promoters.

To expand the application space for circuits using these repressors, with a particular
focus on in vivo therapeutics and diagnostics, Piraner, Abedi et al. tuned the
bioswitch activation temperatures by directed evolution. They generated mutants
of Tcl and TIpA using error-prone PCR, which were used to control the expression
of mWasabi (GFP) [31]. They transformed E. coli with the mutant library and
replica-plated to allow screening using a colony fluorescence assay. Colonies that
did not fluoresce on a plate incubated below the desired temperature threshold, but
did fluoresce on a plate incubated above the threshold, were selected for further
characterization to determine the temperature profile of gene expression. From
these experiments, two mutants of Tcl and two mutants of TIpA were identified,
giving a total of six bioswitches with temperature thresholds ranging from 36°C to
43.5°C.

In addition to these temperature-sensitive repressors, other researchers have used
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heat shock factors [32] and 5 UTR RNA hairpins [33—-36] to turn on gene expression

in response to increases in temperature. However, microbial heat shock promoters
exhibit low dynamic range and have low specificity — they can be induced by
chemical stress. In addition, as components of the native cell machinery, may be
difficult to tune in an orthogonal manner. On the other hand, RNA thermometers
can be designed to be orthogonal and are easily tuned, but also have low dynamic

range and do not transition as sharply as Tcl and TIpA.

Some applications may require sensing decreases in temperature, rather than in-
creases in temperature. For example, we may want to program microbial ther-
apeutics to self-destruct in response to leaving the body [37-39]. Additionally,
for environmental, agricultural, or living materials applications, we could engineer
adaptive measures beyond the native cold shock pathway [40], which suffers from
lack of tunability [41]. Few additional natural cold-inducible switches have been
reported [42—44].

A recent synthetic cold-inducible switch couples temperature-sensitive proteolytic
and transcriptional regulation for tight control of gene expression [45]. Zheng,
Meng et al. evolved tobacco etch virus (TEV) protease to be heat-inactivated and
the CI repressor of bacteriophage 434 (CI434) — with the TEV protease cleavage
site inserted — to be cold-inactivated. The CI434 mutant, constitutively expressed,
gates the expression of the TEV protease mutant and GFP. At low temperature,
the cold-inactivated CI434 mutant decreases in function, allowing for expression of
protease and GFP. The effect is amplified by degradation of the CI434 mutant by
the protease. At high temperature, the CI434 mutant represses expression of the
protease and of GFP, while the heat-inactivated protease also decreases in function.
Combining proteolytic and transcriptional regulation improves the dynamic range
of the switch over the performance of either the cold-inactivated CI434 mutant or

the heat-inactivated TEV protease on their own.

Another recent synthetic cold-inducible switch uses a split-T7 RNA polymerase
fused with the temperature-sensitive domains of TIpA, using the coiled-coils to
directly control whether transcription can occur [46]. With constitutive expression
of the N-terminal based and C-terminal based fusion proteins in E. coli, their system
exhibited sharp thermal switching centered at 37.5°C. They tuned their system
by changing the stoichiometry of N-terminal based and C-terminal based fusion
proteins via changing the promoters from which they were expressed. This system

is highly reversible, as demonstrated by dynamic control experiments where E.
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coli containing their constructs underwent thermal cycles of several hours at 37°C

followed by several hours at 30°C, repeated.

1.2 Use of E. coli in engineered living materials requires consideration of
environmental temperature

Engineered living materials (ELMs) is a newer area of research combining synthetic
biology, metabolic engineering, and materials science. By either incorporating
biological cells into a synthetic material, or by using living cells as biofactories
for materials, properties of the living component — including self-assembly, self-
healing, and signal sensing and responsiveness — can be imparted to the material.
Because E. coli is a laboratory workhorse, it is commonly used in ELM research
[13, 47-49].

As a commensal organism in the intestines of warm-blooded animals, E. coli is
usually exposed to a stable temperature of about 37°C, maintained by the host. In
the laboratory, the minimum temperature for growth of E. coli is about 7.5°C in
minimal media [50]. A smaller decrease from 37°C to 25°C reduces the growth rate
of E. coli cultures in exponential phase by about 38% [51]. The observed reduction
in growth rate with temperature correlates with reduced ability to synthesize protein.
Outside of the laboratory, when E. coli cells leave the intestines, they are exposed to
fluctuations not only in temperature, but also nutrients and moisture. Absent sources
of fecal contamination, E. coli live in freshwater and soil only in tropical ecosystems,
which maintain a steady temperature, nutrient level, and humidity amenable to its
growth [52]. In addition, not only is low temperature harmful to E. coli, exposure
to temperature above 37°C also inhibits its growth due to protein instability [53].
To deploy E. coli-based ELMs in outdoor applications outside of the tropics, the E.
coli will require protection from both low and high ambient temperature to preserve
the growth rate and protein production levels needed to grow and functionalize the

material.

1.3 Outline of this thesis

In this thesis, we develop the Tcl and TIpA transcription factors for use in cold-
inducible gene circuits, with applications in thermal homeostasis for living materials.
In Chapter 2, we discuss the use of Tcl mutants for direct gene induction with low
temperature and to create a one-component temperature state switch. In Chapter
3, we explore inversion of heat-inducible Tcl and TIpA repression by additional

regulatory components. In Chapter 4, we apply a cold-inducible TlpA-based circuit
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for production of light-absorptive pigment at low temperature by E. coli in a model

flat ELM. Chapter 5 comprises our conclusions and suggestions for further study.
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Chapter 2

DIRECT GENE INDUCTION WITH COOLING AND CONTROL
OF TWO GENES WITH OPPOSITE THERMAL RESPONSE
PROFILES WITH ONE TRANSCRIPTION FACTOR

14

Adapted from:

(1) Xiong, L. L.; Garrett, M. A.; Buss, M. T.; Kornfield, J. A.; Shapiro, M. G.
ACS Synthetic Biology 2022, Publisher: American Chemical Society, DOI:
10.1021/acssynbio.2c00093,

2.1 Introduction

Spatiotemporal control of engineered microbes enables patterning and localization
of microbial activity in applications ranging from in vivo therapeutics to engineered
living materials. Temperature can be applied globally or with spatial specificity
as a deeply penetrant, noninvasive input signal [1]. Previous work developed two
families of orthogonal tunable thermal bioswitches based on bacteria- and phage-
derived transcriptional repressor [2]. These gene circuit components, along with
most other currently-used bacterial temperature-dependent regulators, such as heat
shock factors and 5> UTR RNA hairpins, turn on gene expression in response to
increases in temperature [3—7], whereas few synthetic or natural cold-inducible
switches have been reported [8—11]. However, induction of gene expression based
on decreases in temperature would, for example, allow for programming microbial
therapeutics to self-destruct in response to leaving the body [12—14] or engineering
microbe-based living materials to activate adaptive measures beyond the native
cold shock pathway [15] in response to decreases in ambient temperature. Most

existing sensors for decreases in temperature, such as the native cold shock response,
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suffer from lack of tunability, narrowing the range of possible applications [16].
Meanwhile, the inversion of hot-on bioswitches to obtain cold-on responses by
adding enzymatic degradation [8], antirepressors [11], or additional repressors [2]

increases gene circuit complexity.

One of the most promising classes of thermal bioswitch repressors are mutants of
CI857 [17, 18] (here referred to as TcI39). This mutant of bacteriophage Lambda
repressor CI has been tuned by directed evolution to transition at different setpoint
temperatures while retaining sharp switching behavior [2]. To date, these mutated
Tcl transcription factors have been applied only as repressors for hot-on gene ex-
pression, acting at cognate promoters PR and PL. However, in nature, wildtype CI
also activates transcription at promoter PRM, which allows it to serve as a DNA
damage-sensitive switch controlling the induction of phage Lambda from the lyso-
genic to the lytic phase [19, 20]. Previous interest in TcI39’s ability to activate PRM
involved expression of TcI39 itself from PRM, while the main purpose of TcI39 was

to regulate hot-on expression of a protein of interest from the PR promoter [21, 22].

In this chapter, we examine the ability of tunable Tcl proteins to serve as cold-on
transcriptional activators of specific genes of interest. We demonstrate temperature-
responsive activation by two Tcl variants with transition setpoints at 35.5°C and
38.5°C in E. coli. In addition, we show that a single Tcl protein can act simultane-
ously as a temperature-responsive repressor and activator of two separate genes in a

single circuit, enacting complementary thermal regulation.

2.2 Results and discussion

Tcl mutants act as tunable, temperature-sensitive transactivators

Different applications of thermal control may require different temperature thresh-
olds for gene activation. Thus, we characterized the ability to activate transcription
of two previously-developed mutants, TcI38 and TcI39, with bioswitch activation
midpoints of 38°C and 39°C, respectively [2]. We constructed a model gene circuit
driving the expression of the mWasabi green fluorescent protein (GFP) from the
PRM promoter. In its native bacteriophage Lambda, CI binds three operator sites at
the bidirectional PR/PRM promoter: OR1, OR2, and OR3. CI preferentially binds
ORI and then recruits its own binding to OR2, repressing PR and activating PRM
[20]. At high concentrations, CI also binds to OR3 and represses PRM; we used a
mutated OR3 to prevent this repression [23].

In our cold-on circuit, transcription from the PRM promoter is activated by either
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TcI38 or TcI39, which is in turn expressed both from PRM readthrough and a weak
constitutive Lacl promoter (Figure 2.1.a). For comparison, we also constructed a
circuit in which wildtype CI serves as the transactivator (Figure 2.1.b). Wildtype
CI is nominally temperature independent; however, its ability to bind to operator
DNA decreases gradually with increasing temperature [24], while its ability to
activate PRM decreases below 37°C [25]. It was therefore important to compare Tcl
mutant activation profiles to wildtype CI at each temperature. Finally, we included
a construct with no activator to measure the thermal profile of background gene

expression at the PRM promoter (2.1.c).

We quantified the gene expression level controlled by TcI38 or TcI39 via GFP
fluorescence measured by flow cytometry in comparison with the level driven by
wildtype CI or without an activator (Figure 2.2). At 32°C, each Tcl mutant drives
expression of GFP at levels greater than 75% of that generated by wildtype CI at
the same temperature, and expression declines sharply with increasing temperature
to a baseline set by the non-fluorescent control (Figure 2.3). TcI38 declines to 50%
activation at 35.5°C, while TcI39 reaches 50% activation at 38.5°C. These effec-
tive transition temperatures are slightly downshifted from the midpoints observed
when these proteins are acting as transcriptional repressors [2], suggesting that the

interaction of Tcl with its operator helps set its thermal setpoint.

TcI39 simultaneously activates and represses, serving as a temperature- con-
trolled switch

After establishing the basic capabilities of tunable Tcl activators, we endeavored to
combine them with Tcl repression. We assembled a construct wherein expression
of GFP from the PRM promoter is activated by TcI39 and expression of mRFP1
(RFP) from the PR-PL tandem promoter is repressed by TcI39 (Figure 2.4). We
assayed the thermal response of this genetic circuit in E. coli via GFP and RFP
fluorescence measured by flow cytometry (Figure 2.5, 2.6). Bivariate fluorescence
analysis reveals that at intermediate temperatures, individual cells express both GFP
and RFP. Mean hot-on RFP expression shows a sharp increase with temperature
above 37°C, consistent with previous work [2]. Meanwhile, the mean cold-on GFP
expression response is similar to the standalone TcI39 activation operon (Figure
2.3.a), with slight upshifting of the transition temperature. We illustrated the differ-
ential expression of RFP and GFP above and below 39°C using E. coli incubated at
37°C and 44°C (Figure 2.7).
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Figure 2.1: Circuit diagrams of gene activation constructs. Tclx (x = 38, 39) (a),
wildtype CI (b), or no activator (c) activates expression of mWasabi (GFP) from the
PRM promoter.

2.3 Discussion

Our results establish the use of temperature-sensitive CI mutants as heat-inactivated
transcriptional activators with tunable setpoints. In addition, due to the dual nature
of these transcription factors, they can be used to control the expression of two genes
in one circuit complementarily, with one expressed below the thermal setpoint, and
the other above. The two Tcl variants tested in this study operate at distinct setpoints
within a range convenient for bacterial synthetic biology applications. The range of
available setpoints could be further widened through directed evolution of Tcl [2].
Transcriptional activation by Tcl mutants represents a cool new tool for global and

local thermal control of cells.
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Figure 2.3: Mean population fluorescence and percent of wildtype activation for
expression of GFP from PRM promoter by TcI38 and TcI39. (a) Thermal profile
of mean population fluorescence of GFP expressed from the PRM promoter with
activation by TcI38, TcI39, and wildtype CI, or at baseline (no activator) in E.
coli. (b) Thermal profile of % wildtype activation of gene expression by TcI38 and
Tcl39. At each temperature, 100% wildtype activation indicates expression equal
to wildtype CI, and 0% activation indicates expression equal to unactivated PRM. 8
h incubation, n = 4 biological replicates. Error bars represent +/- S.E.M.
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Figure 2.4: Circuit diagram of TcI39 state switch construct with state of regulation
arcs indicated at low (a) and high (b) temperature. TcI39 activates expression of
mWasabi (GFP) from the PRM promoter and represses expression of mRFP1 (RFP)
from the PR-PL tandem promoter.
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Figure 2.5: Thermal profile of correlation between GFP and RFP expression. Cen-
tral plot: bivariate kernel density estimation for RFP channel and GFP channel.
Points indicate geometric mean. Marginal plots: summed frequency histograms for
RFP channel (right) and GFP channel (top). NF indicates nonfluorescent control
measured in each channel (not shown in central plot for visual clarity; overlaps with
32.0, 33.3, 35.1°C histograms in RFP channel). 8 h incubation, n = 4 biological
replicates.
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Figure 2.6: Thermal profile of mean population fluorescence of GFP and RFP

expressed in E. coli containing the TcI39 state switch construct. 8 h incubation, n =
4 biological replicates. Error bars represent +/- S.E.M.
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Figure 2.7: Illustration of experiment demonstrating differential gene expression
with temperature. (a) We drew images on two agar plates using a glycerol stock of
E. coli containing the Tcl switch construct. We incubated each plate at a different
temperature overnight before performing fluorescence imaging. (b) Overlay of
GFP (green) and RFP (magenta) fluorescence images of E. coli containing the Tcl
switch construct, cultured on agar plates at 37°C (left) and 44°C (right). (c¢) GFP
fluorescence image of plates in (b). (d) RFP fluorescence image of plates in (b).
Color map limits were adjusted for each fluorophore to make the relative fluorescence
levels of the two plates apparent. Parts of figure created with BioRender.com.
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2.4 Materials and methods

Plasmid construction and molecular biology

All plasmids (Table 2.1) were designed using SnapGene (GSL Biotech) and assem-
bled via reagents from New England Biolabs for KLD mutagenesis (E0554S) or HiFi
Assembly (E2621L). After assembly, constructs were transformed into NEB Turbo
(C2984I1) E. coli for growth and plasmid preparation. Thermal gene expression
regulation assays were performed in NEB Stable E. coli (C3040I). Integrated DNA
Technologies synthesized all PCR primers. TcI38, TcI39, and mWasabi [26] (GFP)
were obtained from our previous work [2]. mWasabi was tagged at the C-terminus
with the DAS ssrA tag [27] (amino acid sequence AANDENYADAS). mRFP14
(RFP) was obtained from the pTU1-A-RFP plasmid [28], a gift from Paul Freemont
(Addgene plasmid # 72939 ; http://n2t.net/addgene: 72939 ; RRID:Addgene_72939).
The transcriptional terminator referred to in Figure 2 as ECK is the ECK 120029600
terminator [29] and was synthesized as a gBlock by Integrated DNA Technologies.
Gene circuit diagrams were created using the DNAplotlib [30] library in Python.

Thermal regulation assays

Determination of temperature-dependent gene expression was performed using
slight modifications from a previously-described method [2]. 1 mL cultures of
2x YT medium with 100 ug/mL ampicillin were inoculated with a single colony per
culture and grown at 30°C, 250 rpm for 20 h. After dilution to OD600 = 0.1 in 2
mL LB (Sigma) with 100 ug/mL ampicillin, the cells were propagated at 30°C, 250
rpm until reaching OD600 = 0.25 as measured using a Nanodrop 2000c (Thermo
Scientific) in cuvette mode. The cultures were dispensed in 50 uL aliquots into 8-
well PCR strips (Bio-Rad) and incubated for 8 h in a thermal gradient using a DNA
Engine Tetrad 2 Peltier Thermal Cycler (Bio-Rad) with the lid set to 50°C. After

Plasmid Transcriptional Output Gene Product(s)
Regulator
pCIwt-PRM-Wasabi CI mWasabi
pTcI38-PRM-wasabi Tcl38 mWasabi
pTcI39-PRM-wasabi Tcl39 mWasabi
pBaseline-PRM-wasabi | none mWasabi
pTcl39-state-switch Tcl39 mWasabi, mRFP1
pTlpA-wasabi-NF TIpA Nonfluorescent mWasabi
(S71T, G73A)

Table 2.1: Genetic constructs used in this chapter.
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thermal stimulus, cultures were immediately diluted 100-fold into PBS with 0.5%

BSA and 1 mg/mL chloramphenicol and chilled on ice to stop protein expression.

Cell fluorescence was measured using a MACSQuant VYB flow cytometer (Miltenyi
Biotec) with appropriate settings: FSC 400 V, SSC 250V, Y2 (dsRed/txRed) 550V,
B1 (GFP/FITC) 520 V. At least 40,000 events were collected for each sample. NEB
Stable E. coli transformed with the pTIpA-wasabi-NF plasmid (obtained from our
previous work [2]) served as a non-fluorescent control. For each figure, all biological

replicates and samples were measured in the same flow cytometry session.

All data analysis was performed using custom Python scripts with some functions
from the Cytoflow [31] package. The geometric mean of fluorescence intensity was
calculated using a bi-geometrical approach for negative and positive values [32].

Percent of wildtype activation was determined according to equation (2.1).

avg F - avg Fpocl

% activation = 2.1

avg Fcr — avg Fro c1
Here, F is the geometric mean of fluorescence of a given sample at a given tempera-
ture, and avg F refers to the mean of 4 biological replicates. 1D and 2D histograms
from biological replicates were combined for each circuit and temperature after
weighting each count according to the total number of counts in its replicate. 1D
histogram bins were chosen as the minimum of the number of bins given by the
Freedman-Diaconis rule for each replicate for each circuit and temperature, with a
lower limit of 100 bins. 2D histograms used 50 bins in each dimension. Bivariate
kernel density estimation was performed using Gaussian kernels with bandwidths
selected by Scott’s rule, clipping evaluation to values below 1 x 10* for the GFP
channel and values below 8 x 103 for the RFP channel. Logicle scale [33, 34]
parameters were calculated using Cytoflow [35]. All data were plotted in Python

using the Holoviews, Bokeh, and Matplotlib packages.

Plated illustrations of gene expression

Images were drawn on LB agar (Sigma) plates with 100 pg/mL ampicillin using a
glycerol stock of E. coli containing the genetic circuit of interest. After incubation
overnight at the temperatures of interest, the plates were imaged using a ChemiDoc
MP Gel Imaging System (Bio-Rad). Filters used for RFP and GFP were the 530/28
filter and 605/50 filter, respectively. Colormap adjustments and color channel

overlays were performed using ImageJ software [36].
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2.5 Data and code availability

Plasmids are available through Addgene. Data analysis code is available on Github
(https://github.com/shapiro-lab). All other materials and data are available from

Mikhail G. Shapiro upon reasonable request.
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2.7 Supplementary information
This section includes (i) flow cytometry gating on forward and side scatter; (ii) flow
cytometry fluorescence data by biological replicate; (iii) comparison between flow

cytometry and bulk fluorescence data.

Flow cytometry gating on forward and side scatter

The input to our engineered system, temperature, has effects on baseline metabolism
and viability of E. coli. Here, we display the forward scatter area (FSC-A) vs. side
scatter area (SSC-A) for our samples at each temperature to which they were exposed.
For each circuit, we observe a slight shift rightwards and upwards in the population

distribution with increasing temperature.
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Figure 2.8: Forward scatter area (FSC-A) vs. side scatter area (SSC-A) for non-
fluorescent control used to compare to gene expression from the PRM promoter at
baseline (no activator) and with activation by TcI38, TcI39, wildtype CI (pooled
data from 4 biological replicates).
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Figure 2.9: Forward scatter area (FSC-A) vs. side scatter area (SSC-A) for TcI38
activation samples (pooled data from 4 biological replicates).
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Figure 2.10: Forward scatter area (FSC-A) vs. side scatter area (SSC-A) for TcI39

activation samples (pooled data from 4 biological replicates).
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Figure 2.11: Forward scatter area (FSC-A) vs. side scatter area (SSC-A) for no

activation samples (pooled data from 4 biological replicates).
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Figure 2.12: Forward scatter area (FSC-A) vs. side scatter area (SSC-A) for CI
activation samples (pooled data from 4 biological replicates).

temperature: 37.1

log,, SSC-A
- N

log, FSC-A

Figure 2.13: Forward scatter area (FSC-A) vs. side scatter area (SSC-A) for
nonfluorescent control used to compare to gene expression by the TcI39 state switch
construct (pooled data from 4 biological replicates).
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Figure 2.14: Forward scatter area (FSC-A) vs. side scatter area (SSC-A) for TcI39
state switch samples (pooled data from 4 biological replicates).

Flow cytometry fluorescence data by biological replicate

Here, we present flow cytometry fluorescence histograms and geometric means,
separated by biological replicate. Each biological replicate is the set of samples
grown at different temperatures derived from a single overnight culture grown from

a single colony.
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Figure 2.16: Geometric mean of fluorescence in GFP channel for expression of
mWasabi from PRM promoter by cI (a), TcI38 (b), TcI39 (c), or at baseline (no
activator) (d), for each biological replicate. (e) Geometric mean of fluorescence in
GFP channel for each biological replicate of nonfluorescent control.
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Figure 2.17: Frequency histograms for RFP channel (left) and GFP channel (right)
for expression by TcI39 state switch construct, for each biological replicate (rows).
Number of bins for each histogram determined by Freedman-Diaconis rule, with a
minimum of 100 bins.



28

a sample: pTcl39-switch, reporter: GFP b sample: pTcl39-switch, reporter: RFP
3 -1 3 -1
g1zoo—+2 %1200‘+2
€ 10001 3 € 10001 3
Q -4 Q -4
%] %]
O 800 O 800
S 3
S S
= 600 = 6001
3 3
g 400 g 400
Q o
= =
T 200+ < 200
g g
8 0 g o
S) S)
32 34 36 38 40 42 32 34 36 38 40 42
temperature (°C) temperature (°C)

c sample: NF
’:\; ] replicate *
N ] m1q
§ 3171602 °
§ 3

1 [
3051 74
2 )
- i
g 4
g 307
Q u
= J
g i

] °
S 29.5 1 ot
S ]

RFP GFP
reporter

Figure 2.18: Geometric mean of fluorescence in GFP channel (a) and RFP channel
(b) for expression by TcI39 state switch construct, for each biological replicate. (c)
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controls grown at 37.1°C.



29

Replicate 1 Replicate 2 Replicate 3 Replicate 4

e
)
&
)
-0.014
o
B
]
&
-0.012

35.1°C

40.1°C

T T
Qo
T

T

41.0°C

i

41.8°C

" ! N
o

-101 0 10’ 101 10 10 -10° @ 10° 101 Ll |D[' -10° 0 1ﬂ] 10 10 10" -102 0 10’ 101 10 10

GFP GFP GFP GFP
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pression by TcI39 construct, for each biological replicate (columns). 50 bins in each
dimension.
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Comparison with bulk fluorescence data

The fluorescence vs. temperature results presented in the main body of this chapter
were measured by flow cytometry. Flow cytometry is a single-cell measurement
technique; thus, in the case of the temperature state switch, it allows us to determine
whether each cell in a population produces both green and red fluorescent protein,
or whether the population splits into a green subpopulation and a red subpopulation
(Figure 2.5). However, population-level averaging allows us to compare the mea-
surements for each temperature and more easily detect trends. These results can be
replicated by bulk measurement of population fluorescence using a plate reader or
gPCR instrument, with normalization by OD600 measured by plate reader. Bulk
measurements are faster and more accessible, and are especially suitable for quickly

evaluating and comparing changes in circuit design or in experimental conditions.
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Figure 2.21: Bulk (a, ¢) and flow cytometry (b, d; repeated from figure 2.3) mea-
surements of population-level fluorescence for TcI38, TcI39, wildtype CI, and no
activation of GFP at temperatures ranging from 32 - 42°C. (a) Bulk fluorescence
normalized by OD600. (b) Percent activation calculated from bulk OD-normalized
fluorescence. (c) Geometric mean population fluorescence. (d) Percent activation
calculated from geometric mean fluorescence. n = 4 biological replicates. Error
bars represent +/- S.E.M. Bulk measurements at 12 h incubation; flow cytometry at
8 h incubation.
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Figure 2.22: Bulk (a) and flow cytometry (b; repeated from figure 2.6) measurements
of population-level fluorescence for TcI39 state switch at temperatures ranging from
32 - 42°C. (a) Bulk fluorescence normalized by OD600. Each channel normalized
to its highest value. (b) Geometric mean population fluorescence. n = 4 biological
replicates. Error bars represent +/- S.E.M. Bulk measurements at 12 h incubation;
flow cytometry at 8 h incubation.
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Determination of temperature-dependent gene expression was performed using
slight modifications from a previously-described method [2]. 2 mL cultures of
2x YT medium with 100 pg/mL ampicillin were inoculated with a single colony
per culture and grown at 30°C, 250 rpm for 20 h. After dilution to OD600 = 0.1
in LB (Sigma) with 100 ug/mL ampicillin, the cells were propagated at 30°C until
reaching OD600 = 0.25 as measured using a Nanodrop 2000c (Thermo Scientific)
in cuvette mode. The cultures were dispensed in 50 uL aliquots into 8-well PCR
strips with optically transparent caps (Bio-Rad) and incubated for 12 hours in a
thermal gradient using a DNA Engine Tetrad 2 Peltier Thermal Cycler (Bio- Rad)
with the lid set to 50°C. After thermal stimulus, fluorescence was measured using a
Stratagene MX3005p qPCR (Agilent). Filter sets used for RFP and GFP were ROX
and FAM, respectively. Cultures were immediately diluted with 50 uLL LB/amp and
mixed, after which 90 uL. was transferred into 96-well plates (Costar black/clear
bottom) and OD600 was measured using a SpectraMax M5 plate reader (Molecular
Devices). The background-corrected gene expression was determined according
to equation 2.2, as described previously [2]. NEB Stable E. coli transformed with
the pTlpA-wasabi-NF plasmid (obtained from our previous work [2]) served as the
background.

Fraw - Fblank Fraw, BG — Fblank
E = —avg(
ODraw - ODblank ODraw, BG — ODblank

(2.2)

Here, F is the raw fluorescence and OD is the raw optical density at 600 nm of a
given sample at a given temperature. Percent activation was determined according to
equation 2.1, substituting background-corrected gene expression of a given sample
at a given temperature, as calculated using equation 2.2, for geometric mean of

fluorescence. All data analysis was performed using custom Python scripts.
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Chapter 3

MULTIPLE COMPONENT INVERSION OF HEAT-ACTIVATED
GENE INDUCTION

3.1 Introduction

Previously, two families of orthogonal tunable thermal bioswitches, based on A
repressor (termed Tcl mutants) and TIpA, a repressor found on a virulence plasmid
of Salmonella typhimurium, were engineered [1]. These repressors are heat-labile;
1.e. they function as repressors below a certain temperature threshold, which, when
exceeded, inactivates them. Thus, above the threshold, transcription commences.
However, to extend the application space for temperature-responsiveness, we seek
to develop mechanisms to drive gene expression below a temperature threshold.
In the previous chapter, we discussed a mechanism for directly inducing gene ex-
pression at low temperature using Tcl mutants, temperature-sensitive transcriptional
activators based on A repressor. Here, we will discuss methods to invert the action
of temperature-sensitive transcriptional repressors to enable low-temperature gene

expression.

3.2 Heat-induced repression of protein of interest
Inversion of the action of one repressor by another has been previously demon-
strated [2, 3], including inversion of Tcl [4]. We sought to apply this principle to

temperature-sensitive repressors to specifically achieve low-temperature induction.

We modified a previously-published band-pass circuit [1] to create a state switch
circuit for expression of mCherry (RFP) below 36°C and expression of mWasabi
(GFP) above 36°C. TlpA36, a mutant of TIpA evolved in the Shapiro lab [1], gates
the expression of GFP and of CI, which in turn gates the expression of RFP (Figure
3.1).

We tested the behavior of the circuit using a liquid culture temperature gradient
assay (Figure 3.2). Preincubating the cultures to ODggp = 0.3 at 30°C revealed that
expression levels of RFP and GFP did switch at 36°C, though RFP remained high at
T > 36°C (Figure 3.3a). However, pre-incubating at 38°C showed that no new RFP is
expressed at T > 36°C, and that the high level of red fluorescence at high temperature

after preincubating at 30°C was due to protein produced during the pre-incubation
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Figure 3.1: Circuit diagram of temperature switch construct for low-temperature
RFP and high-temperature GFP, with state of regulation arcs indicated at high (a)
and low temperature (b).

b

phase (Figure 3.3b). The red fluorescence level below 36°C was reduced and the
green fluorescence increased after preincubating at 38°C because CI and GFP were
produced during preincubation. The CI that was expressed continued to repress
expression of RFP even after the sample was transferred to low temperature. The
kinetics of switching between low and high temperature states could be improved
by the addition of degradation tags to RFP, GFP, and CI.

While the TlpA36-based state switch circuit is in principle modular, we found that
replacing CI with other repressors was not trivial (Figure 3.4). We created two
additional constructs. In the first, TetR substituted for CI and promoter Py 0.1,
which contains a Tet operator, substituted for Pr-Pr.. In the second, we used
Lacl and promoter Pyj,c0.1, which contains a Lac operator. For both of these
constructs, RFP no longer exhibited high expression below 36°C, nor did it switch
off above 36°C. For the Lacl/Py j,c0-1 construct, we observed low RFP expression at
low temperature, and a slight increase with temperature above 36°C, while for the
TetR/Py et0-1 construct, no RFP was expressed. However, for both constructs, GFP

expression did switch on at high temperature.
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preincubation

Figure 3.2: Liquid culture temperature response assay. Colonies are inoculated into
liquid medium and grown to saturation overnight. Then, the saturated cultures are
diluted into fresh medium and preincubated to grow to OD600 = 0.3, log phase.
Finally, the cultures are split into PCR tubes and incubated in a temperature gradient
for 12 hours, after which fluorescence and OD600 measurements are taken. Figure
created with BioRender.com.
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below and above 36°C, albeit with memory of preincubation temperature. (a) RFP
and GFP expression levels with preincubation at 30°C. (b) RFP and GFP expression
levels with preincubation at 38°C. n = 4 biological replicates; error bars represent
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3.3 Heat-induced degradation of protein of interest

As an alternative to turning on expression of a transcriptional repressor at high
temperature, we explored the possibility of reducing the concentration of a protein of
interest by turning on expression of an orthogonal protease and therefore selectively
degrading the protein of interest at high temperature. A heterologous protease
from Mesoplasma florum, mfLon, has been expressed in E. coli and shown to be
sufficiently orthogonal to native E. coli protein degradation systems to serve as a
useful tool in synthetic biology [5, 6]. The mfLon protease targets only proteins
with a specific degradation tag, mfssrA; the native Lon and ClpXP do not recognize

this tag.

We designed a circuit to constitutively express mfssrA-tagged GFP and to turn on
expression of mfLon above the switching temperature of Tcl, 39°C (TcI-mfLon/GFP-
mfssrA) (Figure 3.5). The protease would then degrade the tagged GFP. We trans-
formed a plasmid encoding this circuit into three strains of E. coli: NEB Stable,
NEB Turbo, and DH10B. We measured the level of GFP, normalized to OD¢00, as
a function of temperature after preincubating at 30°C (Figure 3.6). For comparison,
we also assayed E. coli of each strain containing a control construct encoding Tcl-
gated GFP [1]. While almost no GFP is present in NEB Stable cells containing the
Tcl-mfLon/GFP-mfssrA construct, both NEB Turbo and DH10B display switch-like
behavior, although at T > 39°C, a low level of GFP remains detectable.

We attempted to combine heat-induced repression with heat-induced degradation
using a circuit to express mfssrA-tagged GFP from the Py 0.1 promoter. Above the
switching temperature of Tcl, mfLon and TetR are expressed. TetR represses the

expression of mfssrA-tagged GFP, and mfLon degrades any that is present (Figure
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T
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Figure 3.5: Circuit diagram of Tcl/mfLon-based switch, with state of regulation
arcs indicated at high (a) and low temperature (b).
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Figure 3.6: GFP levels in NEB Stable (a), NEB Turbo (b), and DH10B (c) E.
coli containing the Tcl/mfLon-based switch at tempertures from 30-42°C. n = 4

biological replicates; error bars represent S. E. M.
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Figure 3.8: GFP levels in NEB Turbo E. coli containing the Tcl/mfLon/TetR-based
switch at tempertures from 30-42°C. n = 4 biological replicates; error bars represent
S.E.M.

3.7). Based on the behavior of the Tcl/mfLon-based switch, we transformed this
new Tcl/mfLon/TetR-based switch into NEB Turbo E. coli and assayed the behavior
with temperature (Figure 3.8). Addition of TetR reduces both the “on” and “oft”
state compared with mfLon alone, even downshifting the switching point slightly

and reducing the sharpness of the switch.
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3.4 Discussion

We designed and demonstrated several approaches for multi-component low-temperature
gene expression. First, we used CI to invert TlpA36, allowing for differential ex-
pression of two fluorescent reporters above and below 36°C. In addition, we used
Tcl to drive the expression of mfLon protease above its switch temperature, 39°C

to reduce the concentration of mfssrA-tagged GFP. Finally, we used Tcl to drive
the expression of both mfLon and TetR aove 39°C to both repress the expression

of mfssrA-tagged GFP and to degrade it. The first approach enables the tightest
control of protein levels. With preincubation at 38°C, we can express RFP below
36°C and turn off its expression above 36°C. Indeed, the circuit used for a thermal

self-regulation application in the next chapter uses the TIpA36/CI-based switch.

3.5 Methods

Plasmid construction and molecular biology

All plasmids were designed using SnapGene (GSL Biotech) and assembled via
reagents from New England Biolabs for KLD mutagenesis (E0554S) or HiFi As-
sembly (E2621L). After assembly, constructs were transformed into NEB Turbo
(C29841) E. coli for growth and plasmid preparation. Thermal gene expression
regulation assays were performed in NEB Stable E. coli (C3040I). Integrated DNA
Technologies synthesized all PCR primers. Gene circuit diagrams were created
using the DNAplotlib [7] library in Python.

Thermal regulation assays

Determination of temperature-dependent gene expression was performed using
slight modifications from a previously-described method [1]. 1 mL cultures of
2x YT medium with 100 ug/mL ampicillin were inoculated with a single colony
per culture and grown at the specified preincubation temperature with shaking at
250 rpm for 20 h. After dilution to OD600 = 0.1 in LB (Sigma) with 100 ug/mL
ampicillin, the cells were propagated at the specified preincubation temperature until
reaching OD600 = 0.3 as measured using a Nanodrop 2000c (Thermo Scientific)
in cuvette mode. The cultures were dispensed in 25 uL aliquots into 8-well PCR
strips with optically transparent caps (Bio-Rad) and incubated for 12 hours in a ther-
mal gradient using a Bio-Rad C1000 Touch thermocycler with the lid set to 50°C.
After thermal stimulus, fluorescence was measured using a Stratagene MX3005p
gqPCR (Agilent). Filter sets used for RFP and GFP were ROX and FAM, respec-
tively. Cultures were immediately diluted with 75 pL. LB/amp and mixed, after
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which 90 uL was transferred into 96-well plates (Costar black/clear bottom) and
OD600 was measured using a SpectraMax M5 plate reader (Molecular Devices).
The background-corrected gene expression was determined according to equation
2.2, as described previously [1]. E. coli transformed with the pTlpA-wasabi-NF

plasmid (obtained from our previous work [1]) served as the background.
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Chapter 4

ENGINEERING THERMALLY SELF-REGULATING BACTERIA
WITH TEMPERATURE-DEPENDENT LIGHT ABSORPTION

Adapted from:

(1) Xiong, L. L.; Garrett, M. A.; Kornfield, J. A.; Shapiro, M. G. In 262nd ACS
National Meeting & Exposition, Atlanta, GA, 2021.

4.1 Introduction

The field of engineered living materials (ELMs) aims to confer desirable properties
of living cells and naturally-occurring biomaterials to designed materials either by
incorporating biological cells into a synthetic material, or through formation of a
material by living cells and their synthesized biopolymers [1-3]. These properties
include self-assembly, self-healing, and sensing & responding to signals. Microbial
cells including yeast [4], cyanobacteria [S] and Bacillus subtilis [6, 7] have been
used in ELMs, but Escherichia coli has been an especially common focus of ELM
researchers [2, 8—10] because of its extensive characterization and tractability for

genetic engineering [11].

While E. coli is a laboratory workhorse, it normally lives in the intestines of warm-
blooded animals, where the host maintains a stable temperature of about 37°C
[12, 13]. However, outside of the laboratory or intestinal environment, cells are
exposed to fluctuations in temperature, nutrients, and moisture, all of which affect
their viability and growth rate. Indeed, E. coli is known to live in freshwater
and soil (absent contamination from fecal sources) only in tropical ecosystems,
which maintain an appropriate temperature, nutrient level, and humidity [12]. In
the laboratory, the minimum temperature for growth of E. coli is about 7.5°C in
minimal media [14], but even a decrease in temperature from 37°C to 25°C reduces
the rate of growth of E. coli cultures in exponential phase by about 38% [15].
The reduction in growth rate with temperature correlates with reduced ability to
synthesize protein. On the other hand, exposure to temperature above 37°C is
also harmful to E. coli, with growth inhibited above about 44°C, due to protein

instability at high temperatures [16]. Thus, exposure to nonideal temperature limits
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the potential for environmental or building materials applications for an ELM in

which E. coli is a living component.

In this chapter, we develop a genetic circuit that senses temperature and turns on
the formation of a light-absorptive pigment below 36°C. We demonstrate that this
circuit enables E. coli growing in dense patches under simulated sunlight to improve
its growth rate over unpigmented E. coli at a suboptimal environmental temperature
of 32°C by capturing light and warming up. At the same time, when growing at
42°C, an above-optimal temperature, our engineered E. coli remains unpigmented

and grows faster than bacteria with temperature-independent pigmentation.

4.2 Results

Design of a gene circuit for pigment expression in ELM-like conditions below
36°C

E. coli within ELMs in outdoor applications, such as building exteriors, will be
exposed to changes in ambient temperature, which will challenge their ability to
grow and produce proteins of interest. For E. coli, the optimal growth temperature
1s 37°C. We propose that when the ambient temperature drops below the optimum,
the cells should express a light-absorptive pigment, allowing them to warm up
when exposed to sunlight, whereas at or above the optimum, they should remain

unpigmented, to avoid overheating (Figure 4.1).

Figure 4.1: Illustration of ELM used as building material. At ambient temperature
greater than or equal to optimum for growth, E. coli remain colorless. However,
at ambient temperature less than optimal, E. coli express light-absorptive pigment,
warming under illumination by the sun to recover growth rate. Illustration created
with BioRender.com.
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Figure 4.2: Genetically-encodable light-absorptive pigment system. B-
galactosidase cleaves S-gal at the glycosidic bond, exposing the esculetin group,
which coordinates with ferric iron to form a black pigment.

We repurposed a chemical compound designed to enable the use of S-galactosidase
as a gene reporter, 3,4-cyclohexenoesculetin-S-D-galactopyranoside (S-gal), as our
genetically-encodable pigment (Figure 4.2). S-gal, which is yellow in solution,
consists of galactose linked to 3,4-cyclohexenoesculetin by a glycosidic bond. -
galactosidase hydrolyzes this bond, which frees the esculetin group to complex with
ferric iron (provided in the growth medium as ferric ammonium citrate, which is

brown in solution) to form a black light-absorptive pigment [17].

We used the TIpA36 transcriptional repressor as a genetically-encodable sensor
with a temperature threshold of 36°C [18] and constructed a gene circuit to invert its
action, enabling E. coli to turn on enzymatic pigment production below 36°C (Figure
4.3). At these temperatures, TIpA36 represses expression of CI repressor from the
Pripa promoter. The LacZa peptide of B-galactosidase, which presents a much
lower metabolic burden to the cell than the complete enzyme, is expressed from
the Pr-Pr. tandem promoter. Above 36°C, TlpA36 loses function, so CI repressor
is expressed from the Prjpa promoter and represses expression of LacZa. The
complementary LacZw peptide is induced from the genome of E. coli DH10B by
addition of isopropyl B-D-1-thiogalactopyranoside (IPTG) to the growth medium.

mWasabi (GFP) serves as a marker of high temperature.

We measured the visible light absorbance of E. coli DH10B containing our temper-
ature switch construct after growth in pigment induction media (containing S-gal,
ferric ammonium citrate, and IPTG) at temperatures ranging from 43.7°C to 32.3°C
(Figure 4.4). Cultures of E. coli containing the temperature switch construct in-
crease in absorbance across the visible light spectrum from 400 — 700 nm below
35.9°C, compared to at and above 35.9°C.

After constructing the temperature switch for expression of pigment below 36°C and

demonstrating its function in liquid culture, we grew E. coli containing the construct



52

{opie >R &
I:)TIpA Weaweak T7 PR P|_ T7

— R ) o
Pripa weak T7 PR P T7

wea

Figure 4.3: Circuit diagram of temperature switch construct for low-temperature
pigmentation, with state of regulation arcs indicated at high (a) and low temperature
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Figure 4.4: Visible light absorption spectra (a) and representative white light tran-
sillumination image (b) of cultures of E. coli containing the temperature switch
construct after 24 h growth in pigment-induction media at temperatures ranging
from 43.7°C to 32.3°C. n = 4 biological replicates; shading represents + standard
error of the mean.
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in a dense, centimeter-scale patch format to simulate the environment of an ELM.
We suction-coated a suspension of cells grown to saturation overnight at 38°C onto
a polycarbonate membrane backing and placed on a media-saturated melamine foam
growth substrate (Figure 4.5a). We placed the samples in a home-built illuminated
growth chamber and monitored the relative temperature of the samples compared
to the melamine foam using a lightweight 32x24 thermal IR sensor array (Figure
4.5b). We placed the sensor array on a motorized arm that retracts when not
imaging to avoid casting a shadow. After 48 h growth in illuminated conditions at
42°C, patches of E. coli containing the temperature switch construct produce little
pigment, whereas at 32°C, they become nearly opaque when imaged with white

light transillumination (Figure 4.5¢c, Supplementary Figure 4.14).

Below 36°C, cold-induced pigment increases the growth of E. coli under illu-
mination compared with no pigmentation

We tested the ability of turning on pigmentation using the temperature switch
construct to confer protection against slowed growth at 32°C with and without illu-
mination by comparing the growth rate of E. coli containing our temperature switch
construct against the growth rate of E. coli containing a control construct encoding
mWasabi under the control of TlpA36 [18] (unpigmented control). While patches
containing the temperature switch construct express pigment at this temperature, the
control patches have no mechanism for pigment production and remain translucent
(Figure 4.6a). Due to the low spatial resolution of the sensor array, the precise
temperature of the samples cannot be determined; however, the pigmented patches

clearly warm above the background temperature (Figure 4.6b).

We monitored the growth of the patches via their thickness, quantified from opti-
cal coherence tomography cross-sectional images, and their area, quantified from
white light transillumination images. With illumination, the patches containing the
temperature switch construct grow to 2-fold the thickness of patches containing
the control construct over the course of 72 h (Figure 4.6c-e), whereas without illu-
mination, the patches grow to the same thickness at each timepoint (Figure 4.6f).
At this temperature, the slower rate of evaporation without illumination allows for
thicker growth overall than with illumination. In addition, with illumination, the
temperature switch allows the patches to grow in area linearly with time, while the
rate of increase in area of unpigmented patches slows over time (Figure 4.6g). On
the other hand, without illumination, patches containing both constructs grow in

area linearly at approximately the same rate (Figure 4.6h). These results suggest
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Figure 4.5: Growing E. coli in ELM-like conditions. (a) Schematic of formation
of dense, centimeter-scale patches of E. coli to simulate the ELM environment.
We grew E. coli overnight to saturation in liquid medium. For each patch, we
transferred 200 uL of culture to track-etched polycarbonate membranes (25 mm
diam., 0.2 um pores) and applied suction to coat the cells onto the membranes,
forming a dense patch. We then transferred the coated membranes to a melamine
foam substrate saturated with liquid media for growth. (b) Schematic of illuminated
growth chamber. We used a 100W white light LED to expose E. coli patches
to illumination and monitored the temperature using a 32x24 array of thermal IR
sensors. The sensor array is attached to a motorized arm and retracts when not
imaging to avoid shadowing the samples. (c) Patches of E. coli containing the
temperature switch construct on polycarbonate membranes after 48 h growth in the
illuminated growth chamber with pigment-induction media at 42°C and 32°C. Parts
of figure created with BioRender.com.
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that expressing pigment at 32°C using the temperature switch construct gives E.
coli in a dense patch format a growth advantage under illumination compared with

unpigmented patches.

Above 36°C, lack of pigmentation increases the growth of E. coli under illumi-
nation compared with temperature-independent high pigmentation

While pigmentation is advantageous at suboptimal ambient temperature, we hypoth-
esized that it would be deleterious at above-optimal temperature by exacerbating
overheating. To test this hypothesis, we compared the growth at 42°C of patches of
E. coli containing the temperature switch construct against the growth rate of E. coli
containing a control construct encoding IPTG-inducible LacZa (pigmented control).
After 48 h, the patches containing the temperature switch construct lack pigmen-
tation and appear translucent, while the control patches turn black and opaque and

warm above the background temperature (Figure 4.7a,b).

To avoid exposing the samples to laboratory room temperatures ranging from 16 -
25°C during the experiment, we measured the area and thickness of the patches only
at the endpoint of 48 h. While the area of the patches containing the temperature
switch construct and the patches containing the control construct did not differ sig-
nificantly (Figure 4.7g,h), the patches containing the control construct were thinner
than the patches containing the temperature switch construct in both illuminated
and dark conditions (Figure 4.7c-f). However, with illumination, the mean thick-
ness of the temperature switch patches is greater than the mean thickness of the
control patches with statistical significance (p = 0.0006), whereas without illumi-
nation, the significance vanishes (p = 0.1214). The smaller difference in thickness
without illumination may be due to the burden of protein overexpression from the
IPTG-induced control construct. Thus, turning off expression of pigment using the
temperature switch construct at 42°C using the temperature switch construct confers
an advantage on E. coli in a dense patch format grown under illumination compared

with chemically-induced pigmentation.



56

a t = 48 h, illuminated b t = 41 h, illuminated

temperature Z 37°C

switch 36

35

34

33

32

31

unpigmented .. 30

control

Cc

100 um I

d unpigmented control, t = 72 h, illuminated

100 um !

e illuminated f dark

+- unpigmented control - unpigmented control

2257 o temperature switch 2257 - temperature switch i
g g
o 1501 @ 150]
2 e
g g
S 75 £ 75
0 t t 1 0 : r T
24 48 72 24 48 72
time (h) time (h)

g 13 illuminated h dark

- unpigmented control +unpigmented control

-»- temperature switch 1404 ~* temperature switch
b=y =
g g
g g
g 1104 g
© G
5 S

904 1
24 48 72 24 48 72
time (h) time (h)

Figure 4.6: Cold-induced pigment improves the growth of dense patches of E. coli
under illumination at 32°C. (a) White light transillumination image of patches of E.
coli containing either our temperature switch construct or an unpigmented control
construct encoding heat-inducible GFP after transferring to agar for imaging at 48
h. (b) Thermal IR image of patches inside illuminated growth chamber at 41 h.
(c, d) Representative OCT images of patches of E. coli containing our temperature
switch construct (c) or the unpigmented control construct (d). (e, f) Thickness of
patches grown under illumination (e) or in a dark incubator (f) over time. (g, h)
Area of patches grown under illumination (g) or in a dark incubator (h) over time.
n = 4 biological replicates; error bars represent + standard error of the mean.
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Figure 4.7: Turning off pigmentation above 36°C improves the growth of dense
patches of E. coli under illumination at 42°C compared to a pigmented control.
(a) White light transillumination image of patches of E. coli containing either the
temperature switch construct or a pigmented control construct encoding IPTG-
inducible LacZa after transferring to agar for imaging at 48 h. (b) Thermal IR
image of patches inside illuminated growth chamber at 48 h. (c, d) Representative
OCT images of patches of E. coli containing our temperature switch construct (c)
or the pigmented control construct (d). (e, f) Thickness of patches grown under
illumination (p = 0.0006) (e) or in a dark incubator (p = 0.1214) (f) at 48 h. (g, h)
Area of patches grown under illumination (p = 0.7640) (g) or in a dark incubator (p
= 0.7456) (h) at 48 h. n = 4 biological replicates; error bars represent + standard
error of the mean. P-values calculated using a two-tailed unpaired t-test.
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4.3 Discussion

This work establishes a genetically-encoded mechanism for protection of E. coli
in an ELM under nonoptimal ambient temperature in outdoor applications. We
demonstrated a genetic circuit for expression of a dark, light-absorptive pigment
below 36°C. At 32°C, dense patches of E. coli containing this circuit become nearly
opaque with pigment, allowing them to warm above background and grow in both
area and thickness at a greater rate than unpigmented patches. Conversely at 42°C,
patches remain translucent, avoiding further overheating and growing to a greater
thickness than chemically-induced pigmented patches. Because E.coli-based ELMs
rely on E. coli growth and protein production to form the material, as well as confer
engineered properties, such as environmental sensing, to the material, long-term
exposure to temperatures below or above 37°C will be detrimental to their function.
Our temperature switch genetic construct is in principle compatible with any cloning
strain of E. coli with the lacZAM 15 genotype, allowing it to be used in existing E.
coli-based ELMs.

While this study provides a proof of concept for temperature self-regulation, addi-
tional work is needed to improve the kinetics of the temperature switch. Because
our system does not include a mechanism for degradation of the pigment complex,
even brief low-temperature excursions allow pigment to accumulate in the ELM.
While protective in the case of long-term exposure to low temperature, this could
cause overheating once the ambient temperature reaches 37°C or above. To avoid
producing pigment at night in climates or seasons where day-time temperatures ex-
ceed 37°C, but night-time temperatures drop below, our circuit could be modified to
incorporate a light sensor, such as a phytochrome [19], using an AND gate [20][20],
turning on pigment production only with both light and cold temperature. In addi-
tion, to hasten the transition from low to high temperature, an enzyme cassette for
biodegradation of the esculetin-based pigment could be developed from coumarin
degradation pathways found in soil bacteria [21]. This degradation cassette, or a
cassette encoding light-scattering proteins such as gas vesicles [22, 23], could be
turned on at high temperature in place of the GFP marker currently incorporated in
our construct to clear pigment from the ELM or scatter incoming light, increasing
protection from heat. With our thermal bioswitch circuits and these future im-
provements, ELMs will gain the ability to harness sunlight to keep warm or stay

cool.
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Plasmid Purpose Transcriptional | Output Gene Prod-
Regulator uct(s)

pTSwitch- temperature switch | TlpA36, CI LacZa, mWasabi

LacZa

pTlpA36- unpigmented control | TIpA36 mWasabi

wasabi

pTrcLacZa | pigmented control Laclq LacZa

Table 4.1: Genetic constructs used in this chapter.

4.4 Methods

Plasmid construction and molecular biology

All plasmids were designed using SnapGene (GSL Biotech) and assembled via
reagents from New England Biolabs for KLD mutagenesis (E0554S) or HiFi As-
sembly (E2621L). After assembly, constructs were transformed into NEB Turbo
(C29841) E. coli for growth and plasmid preparation. Integrated DNA Technologies
synthesized all PCR primers. TIpA36 and mWasabi [24] (GFP) were obtained from
our previous work [18]. LacZa was tagged at the C-terminus with the AAV ssrA tag
[25] (amino acid sequence AANDENYAAAV). The weak terminator in the temper-
ature switch construct is Part:BBa_B1002 [26]. The weak RBS in the temperature
switch construct is RBSF [27]. Plasmids were transformed into DH10B E. coli
(ThermoFisher) for downstream experiments. Gene circuit diagrams were created
using the DNAplotlib [28] library in Python.

Visible light absorbance assays

I mL cultures of LB medium (Sigma) with 100 pg/mL ampicillin were inoculated
with a single colony per culture and grown at 38°C, 250 rpm for 18.5 h. 30
uL were diluted into 2 mL LB with 300 pug/mL 3,4-cyclohexenoesculetin-S-D-
galactopyranoside (S-gal) (Sigma), 500 ug/mL ferric ammonium citrate (Sigma),
100 uM IPTG, 100 pug/mL ampicillin and propagated at 38°C, 250 rpm for 90
minutes. The cultures were dispensed in 100 uL aliquots into 8-well PCR strips
(Bio-Rad) and incubated for 24 h in a thermal gradient using a DNA Engine Tetrad 2
Peltier Thermal Cycler (Bio-Rad) with the lid set to S0°C. PCR strips were imaged
using a ChemiDoc MP Gel Imaging System (Bio-Rad). Contrast was adjusted
using Image] software [29]. 90 uL were transferred into 96-well plates (Costar
black/clear bottom) and absorbance spectra were measured using a Spark multi-
mode microplate reader (Tecan). Data analysis was performed using custom Python

scripts.
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Preparation of dense patches of E. coli

2 mL cultures of LB medium (Sigma) with 100 pg/mL ampicillin (and 25 uM IPTG
for pigmented controls) were inoculated with a single colony per culture and grown
at 38°C, 250 rpm for 18.5 h. Nalgene Rapid-Flow sterile disposable filter units
(cellulose nitrate, 75 mm diameter, 0.2 um pore size) (ThermoFisher 450-0020)
were rinsed with 1x PBS (Corning) and track-etched polycarbonate membranes (25
mm diameter, 0.2 um pore size) (Sartorius 23007 or Whatman Nuclepore 10417006)
were placed on the filter surface. 200 uL bacterial culture was dispensed onto each
membrane and vacuum was applied to the filter unit to coat the cells onto the

membrane.

Growth of E. coli in ELM-like conditions

90 mL (32°C experiments) or 100 mL (42°C experiments) of LB medium (Sigma)
with 75 pg/mL S-gal, 125 pug/mL ferric ammonium citrate, 25 uM IPTG, 100 pug/mL
ampicillin (and 0.1% D-glucose for 42°C experiments) was added to approximately
0.7 g melamine foam (Amazon) in a petri dish until foam was saturated. For 42°C
experiments, saturated foam was prewarmed using a heat lamp. Patches of E. coli
coated on polycarbonate membranes were placed onto the surface of the saturated
foam. Patches were incubated either in a custom illuminated incubator or in a con-
ventional incubator for 72 h (32°C experiments) or 48 h (42°C experiments). At 24
h intervals, petri dishes were weighed to determine the amount of evaporation and
the equivalent volume of LB with 75 ug/mL S-gal, 125 ug/mL ferric ammonium
citrate, 25 uM IPTG, 100 pug/mL ampicillin (and 0.1% D-glucose for 42°C experi-
ments) at room temperature (for 32°C experiments) or prewarmed to 42°C (for 42°C

experiments) was added.

Design and construction of illuminated incubator with in situ temperature
monitoring

The enclosure of the illuminated incubator is an 8” x 10” x 7.1”” aluminum box with
a lid consisting of a 1/8” layer of glass (IR-filtering) and a 1.5 mm layer of acrylic
(UV-filtering) held in a 3D-printed polylactic acid (PLA) collar. Weatherproofing
foam was used to provide a tight fit between the lid and the box. The sample holder
is located 120 mm from the 100 W LED grid light source (Mifxion), receiving
an average light flux of 120000 Ix. The light source is plugged into a power relay
(Digital Loggers). The light source heats the interior of the chamber; the temperature

is adjusted by adding or removing insulation.
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A MLX90640 32 x 24 thermal IR sensor array (Grove or Adafruit) is attached to a
SGI2R micro servo motor (Tower Pro) via 3D-printed PLA fittings reinforced with
wooden craft sticks for monitoring the samples. MCP9808 temperature sensors
(Adafruit) were used to monitor the air temperature inside and outside the sample
enclosure. All sensors, the servo motor, and the power relay were connected to a
Feather M4 Express microcontroller (Adafruit) for data acquisition and control. A

custom Bokeh application was used to interface with the microcontroller.

Imaging and analysis of E. coli patches
E. coli patches on polycarbonate membranes were transferred from melamine foam

growth substrate to 20 mL PBS agar plates for imaging.

White light transillumination imaging was performed using a ChemiDoc MP Gel
Imaging System (Bio-Rad). E. coli patch area and pixel intensity (normalized to
polycarbonate membrane background and opaque black plastic) was measured by
using the Canny edge detector algorithm for image segmentation via custom Python

scripts.

Optical coherence tomography was performed using a Ganymede 210 Series Spec-
tral Domain OCT Imaging System with an OCTP-900 scanner and 8 ym lateral
resolution scan lens (Thorlabs). Cross-sectional images with a 10 mm / 2560 pixel
(x) by 1 mm / 491 pixel (z) field of view were acquired at 5.5 kHz A-scan rate
with 7 B-scan averages and 5 A-scan averages per acquisition. The despeckle filter
in the ThorlmageOCT software (Thorlabs) was applied before exporting. E. coli
patch thickness was measured using a custom Python script. Briefly, after applying
a Gaussian filter, the 3 narrowest peaks with height and width fulfilling adjustable
thresholds are detected in each column and arranged by distance from the top of
the image to correspond with the top of the patch, the top of the polycarbonate
membrane, and the bottom of the polycarbonate membrane. The vectors for each in-
terface are Hampel filtered to reduce outliers due to imaging artifacts. The thickness
is defined as the distance from the top of the patch to the top of the polycarbonate
membrane. The mean thickness and standard deviation of each patch between x =
3.5 mm and x = 9.0 mm (avoiding the edges of the patch) was calculated. Then, the
mean for each construct, illumination condition, and temperature was calculated,

propagating the standard deviation to calculate the standard error of the mean.
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4.6 Supplementary information

Supplementary figures
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Figure 4.8: Visible light absorption spectra (a) and representative white light transil-
lumination image (b) of cultures of E. coli containing a control construct encoding
IPTG-inducible LacZa after 24 h growth in pigment-induction media at tempera-
tures ranging from 43.7°C to 32.3°C. n = 2 biological replicates; shading represents
+ standard error of the mean.



64

SurSewr ay3 Surmoys ‘LDO Y} JO BIWED Ul-

yred

1[Inq 9y} woij saewr JyII[ AIYM :SJOSU] ‘MIIA JO P[oY MU Ay} sso1oe (Surrdyy [odwey

IIM) SSQUNDIY} PAINSBAW ST YIIM UMOYS ST dFewll 1D Yo "uoneurun[r Ym D, z¢ 8 umois ‘d40 9[qIonpur-jeay Surpodud jonnsuod
[0TUOD B IO JONISUOD YIMS dInjeradwa) oY) JOYIId Sururejuod 1702 7 Jo saydjed 10J [ 47 18 sadewll [ DO 2ANRIUsaIday 64 2In3L

{wri) x

00004 0008 0009 0oo¥ 000z L]
T Y HAEE T E R
0

]

0000k 0008 0009 ooo¥

00§
1y vz ‘g pajuawbidun

(wrl) ssouyoiyy

{wri) x

00004 0008 0009 000¥ 000z L]
T S Y HAEE I E R
0

00004 0008 0009 ooy

1Y pZ ‘L pauswBidun

(wrl) ssouyoiyy

{wri) x
0000+ 0008 0009 000F 0002 [

00004 0008 0009 ooy

14 bT ‘Z ‘youms

(wrl) ssouyoiyy

{wri) x

00004 0008 0009 000¥ 000z L]
T Y HAE I EEr
0

—

o
-]
(wrl) ssouyoiyy

00004 0008 0009 ooy

14 bT °L “youms



65

yred

Surdewr oy Surmoys ‘DO Y} JO BIdWED UI-)[INg AY) WOIJ SAFew JYSI[ 9IIYM :SJOSU] "MIIA JO P[AY INU Ay} sso1de (Surrdyy [odwey
IIM) SSQUNDIY} PAINSBAW ST YIIM UMOYS ST dFewll 1D Yo "uoneurun[r Ym D, z¢ 8 umois ‘d40 9[qIonpur-jeay Surpodud jonnsuod
[0TUOD B IO JONNSU0D YIIIMS drnjeradwd) oy oY Surureiuod 1702 7 Jo saydjed J0J Y 84 18 saSewr [ DO 2ANeIUasaIday (] 2In3L]

{wri) x {wri) x {wri) x {wri) x

0000+ 0008 0008 000y 0002 0 0000+ 0008 0008 0% 0002 0 0000+ 0008 0008 0% 0002 0 0000+ 0008 0008 0% 0002 0

P S P A ) P S A P S PR A s S P A
Fos iﬁ(»l:r\ Fos Fos I os
Fooo & Fooo & Fooo & Fooo &
Losi @ Losi @ Losi @ Losi @
F T F T F T F T

El El El El
L ooz L ooz L ooz L ooz
[ osz [ osz [ osz [ osz
X X X X
o000k

005

14 v °L ‘Youms

005
1y g ‘2 pajuawBidun

14 8v ‘Z ‘Youms

1y g ‘1 paawBidun




66

yred

Surdewr oy Surmoys ‘DO Y} JO BIdWED UI-)[INg AY) WOIJ SAFew JYSI[ 9IIYM :SJOSU] "MIIA JO P[AY INU Ay} sso1de (Surrdyy [odwey
IIM) SSQUNDIY} PAINSBAW ST YIIM UMOYS ST dFewll 1D Yo "uoneurun[r Ym D, z¢ 8 umois ‘d40 9[qIonpur-jeay Surpodud jonnsuod
[0TUOD B IO JONNSU0D YIIIMSs drnjeradwd) oy oY Surureiuod 1702 7 Jo saydjed J0J 4 g/ 18 saSewr [ DO 2ANeIUasaIdoy [ 2In3L]

(i) x (i) x (i) x (i) x
0000L 0008 0009 000F 0002 0 0000L 0008 0009 000F 0002 0 0000L 0008 0009 000F 0002 0 00001 0008 0009 000F 0002 0
[ P W R WA i [ P W R WA i [ P W R WA i [ P R WA i
Fos Fos Fos Fos
Fooo 3 Fooo 3 Fooo 3 Fooo 3
Cos & Cos & Cos & Cos &
T T T T
El El El El
L ooz L ooz L ooz L ooz
F osz F osz F osz F osz
X X X X

oooaL oooaL

a4z youms

a4 zL T youms

00§
1y zZ ‘1 pauswBidun

005
1y z2 ‘z pawswBidun



67

uoneUIWN[I INOYPIM D), Z¢ I8 umoi3 yored yoea Jo (yored ay3 Jo Sa3pa ay3 Surproae) wur
0'6 = X pPUB WIW G'¢ = X UddM]Oq UOIIBIASD PIBPUR)S PUB SSAUNOIY) UBIIA () "uoneurwinffl Inoyim .z 1 umois 1700 g jo yoyed yoea
J0J U0NO3S-SSOId DO [[NJ SSOIO’ sIssauydIy], (3-0) "uoneurwn([l Yim JH,z¢ e umoid yojed yoed jo (yoyed oy Jo sa3pao ay3 SUIpIoAe)
Wl ()’ = X PUB WW §'¢ = X UdM]IIQ UOIIBIAIP PIBPUR)S PUB SSAUNOIY] UBIA (P) "UOnBUIWN[[I PIM D 7€ I8 UMOIS ‘d D [qIonpul-1edy
3uIpooud JONNSUOD [0JIUOD B IO JONISUOD YoJIMS dInjeradud) oy} JOYIe SUIUIeIuod 1702 4 Jo ydsred yoea IoJ UoI1}09s-sso1d DO [N SSOIoe
painseow (SULIQ)[Y UBISSNRD YIIM) SISSAUNDIY], (0-8) -9yeordar yoea 10§ 1702 7 Jo soyojed JO sjuowaInseaw SSOWNOIY], 7§ 2In3L]

(y) own (wrl) x (wrl) x (wri) x
2L 8y ve 0008 0009 000% 0002 0008 0009 000% 0002 0008 0009 000¥ 0002
¥ ‘youms ainjesadwa) 05 ¥ ‘paiojooun 0  ‘paiojooun 0  ‘pasojooun 0
€ ‘youms ainjesadway I € ‘peiojooun € ‘peiojooun € ‘peiojooun
2 ‘youms ainjeseduway 1 2 ‘paiojooun 0s 2 ‘palojooun 0s 2 ‘pasojooun ]
| ‘youms ainjesadway - | ‘pesojooun 5 | ‘peiojooun 3 | ‘pesojooun 3
1 ‘l013u00 pajuswbidun s ¥ ‘Youms 00} ¥ ‘youms poor 00} %
€ ‘101u02 pajuawbidun T W € ‘youms m € ‘youms m m
2 ‘lonuoo pajuswbidun & ost @ 2 ‘youms 051 =~ 2 ‘youms Fosk = I 05k &
I ‘lenuoo pawBidun ¥ S e somsomn Dt e 2 s oom o 2
- < 002 002 00z
| o0sz 0sz 0sz
0s2 yzLawn m 4y gy :owin 4y pg rawn 0
(4) ey (wr) x (wr)) x (wr) x
2L 8y vz 0008 0009 000% 0002 0008 0009 000¥ 0002 0008 0009 000% 0002
¥ ‘UouMs ainjesadws) -e-  ‘pasojooun - - o  ‘pasojooun - - o  ‘paiojooun - - 0
€ ‘Youms ainjesedwie) -e- 0S € ‘paiojooun € ‘pasojooun ¢ ‘paiojooun
2 ‘youms aunjesadwsa) -e 2 ‘paiojooun - - 0s 2 ‘pasojooun - - 0s 0s
| ‘yoyms ainjesadwa) -e- - } ‘pesojooun - - 3 | ‘peiojooun - - =3 5
101300 pejuswBidun - 3 ¥ ‘youms — 0ot ma [ 004 m 0oL ma
€ ‘|01u00 pajuswbidun W £ ‘Youms — 3 3 3
2 ‘l01u02 pajuawbidun - oSt 8 2 ‘'youms ost m rostk m oSt m
| 1011u00 pajuawBIdUN — = 1 ‘yoyums — 3 1 ‘youms — 3 3
3 owondes ounu ocums 002 ereodos ‘oureu apdus f 00z 002
\V 0sz 0sg 0sg
yzLawn o 4y gp owin Q 4y pg rawn m

=3
rel
N



68

iluminated

130

-+ unpigmented control, 1
-+ unpigmented control, 2
-+~ unpigmented control, 3
-+ unpigmented control, 4
-o- temperature switch, 1
-o- temperature switch, 2
-o- temperature switch, 3
-- temperature switch, 4

110 1

area (sq mm)

90

130

-+~ unpigmented control, 1
-+ unpigmented control, 2
-+ unpigmented control, 3
-+ unpigmented control, 4
-o- temperature switch, 1
-o- temperature switch, 2
-o- temperature switch, 3
-o- temperature switch, 4

110 -

area (sq mm)

90 A

24 48 72

Figure 4.13: Area of patches of E. coli containing either the temperature switch
construct or a control construct encoding heat-inducible GFP, grown at 32°C with
(a) or without (b) illumination over time.
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Figure 4.14: Mean pixel intensity of patches of E. coli containing either the temper-
ature switch construct or a control construct encoding heat-inducible GFP, grown at
32°C with illumination, over time. Image was normalized so that the polycarbonate

membranes have a mean intensity of 0 and opaque black plastic has a mean intensity
of 1.
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Figure 4.16: Thicknesses (with Gaussian filtering) measured across full OCT cross-
section for each patch of E. coli containing either the temperature switch construct
or a control construct encoding IPTG-inducible LacZa, grown at 42°C with (a) or
without (¢) illumination for 48 h. (b, d) Mean thickness and standard deviation
between x = 3.5 mm and x = 9.0 mm (avoiding the edges of the patch) of each patch,
grown with (b) or without (d) illumination over time.
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Modeling temperature at the surface of living materials

This section is based in part on guest lecture materials prepared for and presented
in Caltech ChE103a (Heat Transfer) in Fall 2021 and Fall 2022.

Here, we explore modeling the temperature at the surface of living materials exposed

to sunlight using the heat equation (Equation 4.1).

~ 0T oT oT oT 10 1% 0q,

Cpo(— rF o vy )= \- r -
PGy (Gt Vg oy *vego) = —loan(ran + 250+

1+S &1

Components of heat transfer in our system include solar flux into the system, resulting
radiative exchange with the surroundings, conduction through our sample through
the media system, convection at the surface of the sample, and heat lost to evaporation

at the surface of the sample (Figure 4.17).

We assume that our living materials samples and media system are approximately
cylindrical; hence, the use of cylindrical coordinates. In this system, we assume that

the ELM sample and media system have the thermal properties of water:

_ W
k=062
Cp =4.186% (4.2)
p=10%

We assume we are holding the bottom of the media system at a constant temperature,

equal to the temperature of the surroundings. The boundary condition at the top of

q solar

Qsurr surface of sample

\\ / Tsamp N
surroundings I
Tsurr Qcond
(constant) q /

—7 £ bottom of media

T

surr

Figure 4.17: Schematic of components of heat transfer for samples exposed to solar
illumination.
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the sample is a constant radiative flux of 1000 5, equivalent to sunlight at midday.
The sample has visible light absorptivity &yis and IR light absorptivity er. Here,
&vis depends on pigment production. We assume natural air convection at the surface

of the sample.

Should we expect 2D conduction?

To assess whether we should expect 2D conduction, we first write the heat flux

density in terms of temperature gradient using Fourier’s law (Equation 4.3):

q=—kVT 4.3)
qr = ~k4L
19T
Lot (4.4)
q: = kG-
Z - .

We substitute into the heat equation:

~ 0T k9 T 62T

PCr o =7 6r( —) k : 4.5)
Next, we nondimensionalize:
T4
= % (4.6)
=%
z=$

oT atl 0 _OT at O*T

——, 4.7
e R = @7
where @ = /% is the thermal diffusivity.
p
The nondimensional number for comparing conduction in z versus r is:
conduction transport rate in L?
P -2 (4.8)

conduction transport rate in z ~ R?



74

For patches of bacteria (Figure 4.5a), the radius of the sample is R = 0.5 cm and

the height of the sample and media system is L ~ 1.5 cm.

2 .. . .
Thus, % ~ 9. This is greater than 1, so we may observe temperature gradients in r.

Can we assume a steady state?

2, .
% is relatively
close to 1. In addition, we neglect convection and source, and by symmetry, there

For the purposes of this analysis, we neglect conduction in r, because

is no conduction in §. We are left with the heat equation in 1 dimension:

. OT d0q
Cr—=——7—. 4.9
aary 9z 9
Using Fourier’s law again, we rewrite in terms of 7" and nondimensionalize:
¢, 00 o1 (4.10)
Porge = a2 '
oT  at 0*T
- 4.11
of  L? 972 (+11)
Now, we can consider the Fourier number:
Fo = conduction transportrate in z _ a7 4.12)

thermal storage rate ER

Once again using the thermal properties of water and L ~ 1.5 cm, Fo = 0.02 s7 !,

where 7 is the timescale to reach steady state.

If the rate of heat conduction is comparable to the rate of heat storage, Fo~ 1 —
7 ~ 2% 10%s, or 30 minutes. So, on the timescale of growing a living material, days,

W€ Can assume steady state.

Finite element analysis of living material temperature

We used COMSOL Multiphysics software to perform finite element analysis of
living material temperature at steady state. We implemented a 2D axisymmetric
geometry consisting of a sample with R =5 mm, Z = 0.1 mm centered on a substrate
with R =36.5 mm, Z = 16 mm. All components have the thermal properties of water.

The sample’s visible light absorptivity depends on its expression of pigment. The
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Figure 4.18: Steady state temperature for a sample with &,is = 0.9 located in
surrounding at 32°C. (a) Temperature map in 7 and Z of the sample and substrate.
The sample is located on top of and centered with the substrate. (b) Temperature
over time at the center of the sample (» = 0 mm) and edge of the sample (» = 5 mm).

substrate has &yis = 0.1, or low visible light absorptivity. The sample and substrate
have an initial temperature equivalent to the surroundings. Boundary conditions
include radiative exchange with the surroundings, constant temperature equivalent
to the surroundings at the sides and bottom of the substrate, natural convection with
heat transfer coefficient 7 = 10 at the surface of the sample and substrate, constant
heat flux into the sample and substrate surface of 1000 % from sunlight, and constant
heat flux out of the sample and substrate surface due to evaporation. Empirically,
about 25 mL of water evaporates in 24 h from a system with this geometry sitting

in a Petri dish with diameter 90 mm, equivalent to 102.8 %

Using this model, for a sample with &,js = 0.9, or high visible light absorptivity,
located in surroundings at 32°C, we predict that the center of the sample will reach
37°C at steady state, with a 2°C decrease along r to the edge of the sample (Figure
4.18).

We can extend our analysis to a range of temperatures of the surroundings and
visible light absorptivities of the sample (Figure 4.19). Our model suggests that
with these conditions and with pigment kinetics on the scale of reaching steady state
temperature, we should turn on pigment production starting when the temperature
drops to 37°C or below. Then, pigment will be formed until the correct visible light
absorptivity is achieved to warm to 37°C at the center of the sample. Due to the

small area of the samples, up to a few degrees is lost in 7.

While we engineered a genetic circuit to change visible light absorptivity with
temperature, radiation is only one component of heat transfer in this system. Our

model predicts that by changing the conductivity through adding a layer of insulation
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Figure 4.19: Difference from 37°C at center of sample (a) and edge of sample
(b) with varying visible light absorptivity and temperature of the surroundings for
patches of bacteria growing on liquid medium.
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below the substrate, we can extend the lower temperature limit in which our circuit

is protective (Figure 4.20).

Now, we implemented a 2D axisymmetric geometry consisting of a sample with R
=15 mm, Z = 0.1 mm centered on a substrate with R = 50 mm, Z = 2.5 mm, which
is in turn centered on insulation with R = 150 mm, Z = 25 mm. The sample and
substrate have the thermal properties of water, while the insulation has the thermal
properties of polyurethane foam. The sample’s visible light absorptivity depends
on its expression of pigment. The substrate and insulation have &,i; = 0.1, or low
visible light absorptivity. The sample and substrate have an initial temperature
equivalent to the surroundings. Boundary conditions include radiative exchange
with the surroundings, constant temperature equivalent to the surroundings at the
sides and bottom of the substrate, natural convection with heat transfer coefficient
h = 10 at the surface of the sample and substrate, and constant heat flux into the

sample and substrate surface of 1000 % from sunlight.

In this scenario, if the sample turns on pigment production below 30°C, the center

of the sample is able to warm to above 37°C in surroundings as low as 4°C!



Difference from 37C at sample center

a
%
>
o
7
37 75
03 42 8.1
-31 08 47 86
4 8 12 16 20 24 28 32 36 40
temperature of the surroundings (C)
b Difference from 37C at sample edge
0.94-106 -68 -31 06 44 8.1
-5 -13 25 63 10
0.7 05 43 8.1
25 6.3
2
> 0.5 06 44 82
W

-13 25 64

0.3 33 06 45 84

52 -13 26 65 104

0.1 71 32 07 47 86

4 8 12 16 20 24 28 32 36 40
temperature of the surroundings (C)

78

Figure 4.20: Difference from 37°C at center of sample (a) and edge of sample
(b) with varying visible light absorptivity and temperature of the surroundings for

patches of bacteria growing on liquid medium with insulation underlay.
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Investigations into location of pigment formation by E. coli

On a macroscopic scale, whether the pigment produced by E. coli in an engineered
living material localizes within the cells themselves, extracellularly, or both, does
not affect the absorption of sunlight at the surface, as long as the pigment is in
high enough concentration within the living material. However, where the pigment
is produced and where it is transported could affect future strategies to actively
degrade pigment to to accelerate the transition from dark to translucent in response

to a change in environment from low to high temperature.

The 3,4-cyclohexenoesculetin pigment used in our study is structurally similar to
esculetin, which soluble in water at less than 1 mg/mL [30]. The cyclohexene group
further decreases the hydrophilicity of the compound. When patches of E. coli
containing our switch construct are grown at 30°C on melamine foam saturated with
pigment-induction media for 24 hours, they become opaque with pigment (Figure
4.21). Transferring the patches to agar shows that the pigment diffuses minimally

into the melamine foam substrate.

On the other hand, when a patch of E. coli containing our switch construct is grown
at 30°C on polyurethane foam saturated with pigment-induction media for 24 hours,
nearly all the pigment that it produces diffuses into the polyurethane foam; the patch
of E. coli appears completely transparent over the majority of the area, with very little
pigment coloring the edge. (Figure 4.22). This demonstrates that the pigment is not
intracellular. The polyurethane foam (normally used as a sponge for application of

cosmetics) swells when it absorbs aqueous solutions, including the bacterial growth

L L e S A T Y

( |
\ @@/

e

patches of bacteria containing switch circuit melamine foam after removing patches of bacteria
24 h growth on melamine foam, 30°C patches of bacteria after transferring to LB agar
Figure 4.21: Patches of E. coli containing our temperature switch construct become
opaque due to the pigment they produce after 24 hours of growth at 30°C on
melamine foam saturated with pigment-induction media. Left: patches of E. coli as
grown on melamine foam substrate. Center: melamine foam after removing patches
of E. coli. Right: patches of E. coli after transferring to LB agar plate.
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patch of bacteria containing switch circuit polyurethane foam after removing patch of bacteria
24 h growth on polyurethane foam, 30°C patch of bacteria after transferring to LB agar

Figure 4.22: A patch of E. coli containing our temperature switch construct develops
pigment after 24 hours of growth at 30°C on polyurethane foam saturated with
pigment-induction media; however, the pigment localizes in the foam substrate,
outside of the cells. Left: a patch of E. coli as grown on polyurethane foam
substrate. Center: polyurethane foam after removing the patch of E. coli. Right:
the patch of E. coli after transferring to LB agar plate.

media. However, the media beads on the surface of the foam when it is initially
added to the foam, indicating that the material contains hydrophobic moieties. We
hypothesize that the attraction of the 3,4-cyclohexenoesculetin pigment to the surface

of the foam increases the rate of diffusion away from the cells.

The conversion of 3,4-cyclohexenoesculetin 5-D-galactopyranoside (S-gal) to pig-
ment (Figure 4.2) occurs in two steps. First, S-galis cleaved to 3,4-cyclohexenoesculetin
by B-galactosidase. Then, the 3,4-cyclohexenoesculetin coordinates with ferric iron
to form the black pigment. To determine where each step takes place, we cultured
E. coli DH10B containing a preliminary version of temperature switch construct, a
control construct encoding IPTG-inducible LacZ (LacZ overexpression, pigmented
control), or a control construct encoding a non-fluorescent mutant of mWasabi un-
der the control of TIpA (no LacZ, unpigmented control) in LB medium with 100
pg/mL ampicillin or LB medium with 300 pg/mL S-gal and 100 pug/mL ampicillin
for 23 hours at 30°C, 250 rpm. We passed the saturated cultures through a 0.22
um filter to remove the cells. Then, to the filtered media from the samples cultured
without S-gal, we added S-gal to 300 ug/mL and ferric ammonium citrate to 500
ug/mL; to the filtered media from the samples cultured with S-gal, we added ferric
ammonium citrate to 500 ug/mL. After mixing by vortexing, we imaged the media
at 3 minutes, 5 minutes, and 45 minutes (Figure 4.23). In addition, we measured the
UV-visible light spectrum (Figure 4.24). The preliminary version of the temperature
switch construct lacks the ssRA degradation tag on lacZa; the rest of the construct

is identical to the temperature switch construct used elsewhere in this chapter.
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In the case of growing E. coli containing the temperature switch construct without
S-gal or ferric ammonium citrate, no pigment developed by 45 minutes after the
addition of S-gal and ferric ammonium citrate to the filtered media, as determined by
visual comparison with the non-pigmented control and by visible light spectroscopy.
However, in the case of growing E. coli containing the temperature switch contruct
with S-gal but without ferric ammonium citrate, pigment developed by 3 minutes
after the addition of ferric ammonium citrate to the filtered media. This implies
that the conversion of S-gal to 3,4-cyclohexenoesculetin occurs inside the cell, and
the 3,4-cyclohexenoesculetin diffuses or is transported outside of the cell, where it

forms the pigment complex with ferric iron.

In the case of growing E. coli containing the LacZ overexpression pigmented control
construct without S-gal or ferric ammonium citrate, the addition of S-gal and ferric
ammonium citrate to the filtered media resulted in the development of pigment by
3 minutes, with an increase in the amount of pigment over time. In the case of
growing E. coli containing the LacZ overexpression contruct with S-gal but without
ferric ammonium citrate, a much large amount of pigment develops by 3 minutes.
This implies that S-gal is both converted to 3,4-cyclohexenoesculetin outside the
cell and forms the pigment complex with ferric iron outside the cell; however, the
conversion of S-gal is slow. The overexpression of LacZ is burdensome to E. coli, so
we hypothesize that S-galactosidase could be present in the filtered media due to cell
lysis after 23 hours in culture. Further experimentation is needed to confirm how
B-galactosidase is present extracellularly in this case, and whether -galactosidase

is present extracellularly in the model flat ELM.

Taken, these experiments suggest that the 3,4-cyclohexenoesculetin pigment is lo-
cated outside the cell. In the model flat ELM grown on media-saturated melamine
foam, the pigment diffuses slowly into the media, so the bacterial patch accumu-
lates pigment to opacity. While the pigment being located extracellularly raises the
possibility that it could be physically washed out of the living material, it could
complicate future engineering of enzymatic degradation of pigment: the pigment-
degradation enzyme would need to be exported from the cell into the surrounding

media.
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Figure 4.23: Formation of pigment in filtered media after overnight growth of E.

coli.
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Figure 4.24: Visible light spectrum of pigment in filtered media after overnight
growth of E. coli.
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Details of design and construction of illuminated incubator with in situ tem-
perature monitoring

To grow our model flat ELM with illumination, simulating sunlight conditions,
we constructed an illuminated growth chamber with sensors for monitoring the
temperature of the samples as well as the temperature inside and outside of the

sample enclosure.

Solar illumination at the surface of the Earth reaches 1000 % when the sun is
directly overhead. We used a 100 W white light LED grid (Mifxion via Amazon) as
a cost-effective simulant of sunlight. While the output appears white to the human
eye, the provided spectrum report indicates a strong blue peak. At a distance of 120
mm from the light source, the light flux averages 120000 1x, slightly higher than
direct sunlight.

We considered various materials for the sample chamber, including a 9 gt cooler
and cardboard, before deciding to use an aluminum enclosure. After preliminary
experiments, we discovered that the 100 W LED light gets hot enough to cause the
cooler, made of insulating material, to exceed 60°C within 30 min. While the card-
board, which is much thinner and less insulating, reached a more reasonable steady
state temperature of approximately 40-45°C (which we further lowered below 37°C
by adding fans to the LED light) it was not a feasible material to use with bacterial
samples because of the risk of contamination. Aluminum, which can be decon-
taminated using isopropyl alcohol, is thin and thermally conductive. The enclosure
we used is able to reach a steady state temperature of 32°C with illumination from
the LED without electronic heating or cooling when the outside of the chamber is

exposed to a room temperature of 18°C.

We used 3D-printed polylactic acid (PLA) supports attached to threaded rods to sus-
pend the LED at an appropriate height above aluminum enclosure (Figure 4.25a,b)
At aroom temperature of 18°C, we could grow samples at 32°C inside the chamber.
At higher room temperatures, we used alternative supports which could hold com-
puter fans, blowing along the length of the LED light housing, to reduce the heat
radiating from the LED into the chamber.

The lid of sample chamber consists of a 1/8" layer of glass to filter IR and a 1.5
mm layer of clear acrylic to filter UV, while allowing visible light illumination of
the samples. A 3D-printed PLA collar holds the glass and acrylic in place, and we
applied weatherproofing foam to the inside of the collar to provide a tight fit between

the lid and the box. This is crucial to ensure high humidity inside the enclosure;
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Figure 4.25: Hardware of illuminated growth chamber (a, b) Schematic of illumi-
nated growth chamber, with views showing the LED grid (a) and the lid and interior
of the chamber (b; repeated from Figure 4.5b). (c) Schematic of microcontroller
and components for measuring temperature and controlling illumination source. In

the final design, the servo motor is powered externally and the microcontroller is
the Adafruit Feather M4 Express.
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Figure 4.26: Graphical user interface of software, written using the Bokeh Python
package, of illuminated growth chamber (representative graphs added).

otherwise, the rate of evaporation of water from the sample and media is so high that
the samples cannot grow. To increase the humidity inside the chamber, we placed
pieces of common cellulose kitchen sponge in two 100 X 10 mm petri dishes on the
floor of the chamber and saturated them with water. The sponge pieces draw water

to sample height and allow it to evaporate into the air there.

To increase the temperature inside the sample chamber to 42°C, we added a layer of
1/2" melamine foam insulation, held in place with a 1/8" cardboard backing and a
layer of aluminum foil (which also reflects heat back into the chamber). We avoided
implementing electronic temperature control for simplicity; in addition, an electric
heater and/or cooler could cause inhomogeneous temperature within the chamber

and require a fan, which would increase evaporation fron the sample and media.

For 32° experiments, we used a 3D-printed PLA platform to hold the samples at an
appropriate distance from the light source. However, for 42° experiments, the PLA
absorbed light and warmed above its glass transition temperature and deformed; we
substituted with an acrylic platform.

We wanted to monitor the temperature inside the chamber, the temperature outside

the chamber, and the temperature of the samples. We used an Arduino-compatible
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microcontroller to control sensors and acquire data. We used MCP9808 high
accuracy temperature sensors (Adafruit) for the interior and exterior of the chamber.
We attached a40x10mm 5V fan (Noctua NF-A4x10) to the sensor inside the chamber
to remove heat due to the sensor itself absorbing light. To noninvasively monitor the
temperature of up to four samples, we chose to use a MLX90640 32 x 24 thermal IR
array with 110°x70° field of view (Adafruit or Grove). We attached this lightweight
sensor to a servo motor using 3D-printed PLA fittings so that it could swing over
the samples to acquire data, then swing away to avoid casting a shadow. While
this sensor is affordable and the small form factor facilitates motorization, the low
spatial resolution means that we cannot precisely measure the temperature of the
samples. However, we can clearly visualize samples that heat above the background.
The PLA fittings were wrapped in aluminum foil and reinforced with wooden craft

sticks to avoid deforming from heating due to light absorption.

By necessity, one temperature sensor, the servo motor, the thermal IR array, and their
wires are exposed to the humidity inside the sample chamber. For 32° experiments,
no condensation occurred on the electronics. However, for 42° experiments, water
did condense on the splice points of wires for the thermal IR array, which caused
short-circuiting and prevented data acquisition. We carefully rearranged the wires

so that the splice points could sit outside the sample chamber.

We connected all sensors, the servo motor, and a power relay to an Arduino-
compatible 3V microcontroller (Figure 4.25¢). The power relay allows the micro-
controller to interface with the LED light source, which runs on 120V grid power.
The thermal IR array requires at least 20KB RAM. We initially chose the Adafruit
Metro M4 Express (3382) with presoldered headers for prototyping, then switched
to the Adafruit Feather M4 Express and soldered wires directly to its printed circuit
board for stability. Both of these microcontrollers have an Arm Cortex-M4 proces-
sor with 512KB of flash and 192KB of RAM, and are compatible with the Arduino
IDE.

To interface with the microcontroller, we wrote a custom application using the
Bokeh package in Python (Figure 4.26). We included buttons to toggle automatic
acquisition of ambient exterior and interior temperature at 5 s intervals, with data
saved at 30 min intervals; to toggle automatic acquisition of thermal IR images at 10
min intervals; to acquire and view a live thermal IR image; to save the last acquired
thermal IR image; to toggle the light source using the power relay; and to shutdown

the application and perform a final save. We reset the microcontroller and started the
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software application at the beginning of each experiment. By using remote desktop

software, experiments could be monitored remotely.

This combination of hardware and software enabled the experiments described in
Figures 4.6 and 4.7. The apparatus could be improved for future experiments
by adding finer temperature control using electronics, and a different enclosure
geometry with an opening on a side would allow for placing and adjusting samples
without disturbing the lid, on which water can condense during high temperature
experiments. In addition, we could implement a peristaltic pump system for adding
either water to the humidifying sponges or media directly to the sample system.
The pump could either run autonomously, or be connected to the microcontroller.
Finally, for ease of use, the software could be rewritten to allow for user input of the
data acquisition and saving intervals, and to provide error messages to the user in

the interface (currently, error messages output to the Terminal).

This work would not have been possible without Justin Bois and materials from the
Introduction to Programming in the Biological Sciences Bootcamp (2020 and 2021
editions). Thank you also to Red Lhota for initial conversations about building this

apparatus.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

This thesis describes new tools for thermal control of E. coli, building on previous
work in the use of Tcl and TlpA mutants as hot-on bioswitches. Hot-on bioswitches
are promising for in vivo medical applications, as they can serve as sensors of
fever, or clinicians can send a noninvasive heat signal deep into tissue using focused
ultrasound. Now, by engineering cold-on bioswitches, we can expand the application
space for temperature sensing, including the design of therapeutic cells that die
when leaving the warm interior of the body; the coupling of gene induction to the
lowering of the temperature of cell culture to promote protein stability and reduce
the formation of inclusion bodies; and, as discussed in this thesis, the activation of
cold-protective measures when the ambient temperature drops, such as for living

materials.

In Chapter 2, we presented direct low temperature gene induction by Tcl mutants,
using their ability, inherited from wildtype A repressor, to act as transcriptional acti-
vators. In addition, a single Tcl mutant can be used as a state switch, controlling two
genes with opposite thermal response profiles. In Chapter 3, we discussed inversion
of heat-inactivated transcriptional repression using a temperature-insensitive repres-
sor, an orthogonal protease, or both in combination. In Chapter 4, we used our most
promising multi-component circuit architecture to develop a genetically-encoded
mechanism to turn on production of a light-absorptive pigment below 36°C, en-
abling E. coli in a model ELM to warm with illumination and improve in growth
rate. This represents the first use of temperature sensing and self-regulation for
ELMs.

5.1 Pushing the lower limit of temperature sensing

The genetic circuits presented here are useful for relatively small excursions below
the ideal physiological temperature of 37°C. To sense lower temperature thresholds,
the transcription factors used in this work require further tuning. While Tcl has been
further mutated to function as a temperature-sensitive repressor with a threshold as
low as 32°C (unpublished). Further evolution yielded a mutant with a threshold
of 30°C, with leaky expression below the threshold that could be mitigated by

the addition of a degradation tag. However, this mutant was not able to activate
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gene expression at any temperature between 25°C and 42°C. This may be due to
its mutations in the N-terminal domain, which contains the interface with RNA
polymerase that mediates transcriptional activation. Thus, 30°C may be near the
lowest threshold achievable for Tcl mutants — any further mutation may result
in such unstable binding to the DNA operator sites that no repression with sharp
switching can occur. Although our lowest-switching mutant can still repress, it has
lost its ability to stabilize the interaction between RNA polymerase and the Pry
promoter. To ascertain whether the lowest temperature threshold for activation has
been reached, directed evolution experiments could be performed with the activation

construct instead of the repression construct.

Our pigment temperature switch construct, based on inversion of TIpA36 using CI
repressor, increased the growth of patches of E. coli growing at 32°C with illumi-
nation compared with an unpigmented control. Finite element analysis suggests
that the addition of insulation to the system could allow pigmentation to protect E.
coli growing in an environment as cold as 4°C with illumination. However, in this
case, full production of pigmentation at 16°C or above would be detrimental, and in
fact, pigment production should cease as soon as the surroundings fall below about
30°C. To achieve this, TIpA36 could be used as the parent for directed evolution. In

addition, it may be beneficial to screen the mutant library in the inverted construct.

5.2 Further development of the pigment temperature switch for protection of
E. coli-based ELMs from nonoptimal environmental temperatures
With our current construct, pigment accumulates in our E. coli with brief exposure
to low temperature. We could avoid production of pigment at night by incorporating
light sensing proteins, for example based on flavin-binding light oxygen and voltage
(LOV) domains or phytochromes [1]. Using an AND gate [2], we could engineer
a circuit to turn on pigment production only with low temperature and light, so
that in environments where the daytime temperature exceeds 37°C, low nighttime
temperatures do not cause pigment to develop, which would cause overheating the
next day. Future experiments could also include the development of an enzyme
cassette for biodegradation of our pigment. 3,4-cyclohexenoesculetin is chemically
related to esculetin and other naturally-occuring coumarin derivatives, which are

degraded by soil bacteria [3].

In addition to preventing unnecessary pigment production and degrading pigment

when it is no longer needed, we could develop a mechanism for E. coli-based ELMs
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to scatter light at high temperature. For example, gas vesicles, which are hollow
gas-filled protein nanostructures derived from Anabaena flos-aquae, Halobacterium
NRC-1 or Serratia marcescens [4-6], could be expressed above 37°C, increasing

protection from heat.

Finally, our pigment is based on a synthetic small molecule; the precursor must be
added to the media of the ELM. Future work could entail the development of alter-
native enzymatically-produced pigments. For example, our S-galactosidase / S-gal
system is highly analogous to the S-glucosidase / esculin system for differentiation
of Enterococcus and Enterobacteriaceae [7]. S-glucosidase hydrolyzes esculin to
yield esculetin, which complexes with ferric iron to form a black pigment. The
cyclohexene group in S-gal reduces the diffusivity of the resulting pigment in aque-
ous conditions compared with esculetin. Esculin occurs naturally in some plants.
Alternatively, E. coli can produce eumelanin, a black-brown pigment, from tyrosine
using a tyrosinase mutant derived from Rhizobium etli, a root nodule bacterium [8].
Interestingly, Lagunas-Mufioz et al. report that melanin production is optimal at
30°C, which could be useful for the ELM application. In our preliminary experi-
ments, eumelanin was readily formed by BL21 E. coli in liquid culture with shaking,
but less readily in colonies; however, parameters such as the tyrosine concentration
and pH could be tuned for eumelamin production at low temperature in patches of
E. coli.



93

References

)]

2)

3)

“4)

®)

(6)

(7
®)

Choi, J.; Ahn, J.; Bae, J.; Koh, M. Molecules 2022, 27, Number: 20 Publisher:
Multidisciplinary Digital Publishing Institute, 6798.

Anderson, J. C.; Voigt, C. A.; Arkin, A. P. Molecular Systems Biology 2007,
3, Publisher: John Wiley & Sons, Ltd, 133.

KrikStaponis, A.; MeSkys, R. Molecules : A Journal of Synthetic Chemistry
and Natural Product Chemistry 2018, 23, 2613.

Shapiro, M. G.; Goodwill, P. W.; Neogy, A.; Yin, M.; Foster, F. S.; Schaffer,
D. V.; Conolly, S. M. Nature Nanotechnology 2014, 9, Number: 4 Publisher:
Nature Publishing Group, 311-316.

Bourdeau, R. W.; Lee-Gosselin, A.; Lakshmanan, A.; Farhadi, A.; Kumar,
S. R.; Nety, S. P.; Shapiro, M. G. Nature 2018, 553, Number: 7686 Publisher:
Nature Publishing Group, 86-90.

Hurt, R. C.; Buss, M. T.; Duan, M.; Wong, K.; You, M. Y.; Sawyer, D. P.; Swift,
M. B.; Dutka, P.; Barturen-Larrea, P.; Mittelstein, D. R.; Jin, Z.; Abedi, M. H.;
Farhadi, A.; Deshpande, R.; Shapiro, M. G. Genomically mined acoustic
reporter genes enable real-time in vivo monitoring of tumors and tumor-
homing probiotics, Pages: 2021.04.26.441537 Section: New Results, 2022.

Lindell, S. S.; Quinn, P. Journal of Clinical Microbiology 19785, 1, 440—443.

Lagunas-Muiioz, V.; Cabrera-Valladares, N.; Bolivar, F.; Gosset, G.; Martinez,
A. Journal of Applied Microbiology 2006, 101, 1002—-1008.



