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Resumen

La biotecnologia moderna se basa en la aplicaciéon de una mezcla
de herramientas experimentales y computacionales para llevar a
cabo de forma dirigida la ingenieria genética. El objetivo es obtener
células (re)programadas que implementen nuevas funciones o que
sirvan como herramientas para el estudio de sistemas biologicos.
En este contexto, el uso de bacterias en biotecnologia estd muy
extendido. Sin embargo, la implementacion de circuitos genéticos
para el aprovechamiento de estos seres vivos puede verse limitada
por procesos biologicos naturales; es decir, los circuitos disefiados
(o naturales) pueden verse afectados por el transcurso del tiempo
o por cambios en el entorno en el que crecen las bacterias. En esta
tesis, nos propusimos seguir un enfoque integrador para estudiar
como las bacterias responden en el tiempo y el espacio a los
cambios genéticos y ambientales, que pueden afectar la
funcionalidad de los circuitos de interés biotecnolégico. Usamos
Escherichia coli como organismo modelo, explotando una variedad
de herramientas experimentales para trabajar con él. En primer
lugar, estudiamos cémo los cambios ambientales y genéticos
afectan la funcionalidad de un circuito genético sintético que
implementa un comportamiento logico sofisticado. Descubrimos
que hay amplios rangos de concentraciéon de entrada que el sistema
puede procesar correctamente, que el circuito disefiado es bastante
sensible a los efectos de la temperatura, que la expresiéon de
pequetios ARN heterdlogos es costosa para la célula y que una
reorganizacion genética adecuada del sistema para reducir la
cantidad de ADN heterélogo en la célula puede mejorar su
estabilidad evolutiva. En segundo lugar, estudiamos el crecimiento
bacteriano en entornos en los que existen materiales

nanoestructurados. Descubrimos que las poblaciones bacterianas se



pueden controlar en gran medida mediante el uso de marcos
organometalicos, ya que estos materiales nanoestructurados
pueden descomponerse lentamente en medios biologicos liberando
agentes antimicrobianos (metales y compuestos organicos,
incluidos los antibioticos). Analizamos la respuesta bacteriana
espaciotemporal siguiendo un enfoque experimental y tedrico
combinado en un entorno tan complejo y desafiante en medios
liquidos y solidos. Ademés de las variaciones en el rendimiento
debido a cambios ambientales, también se debe considerar que esos
circuitos genéticos evolucionaran con el tiempo debido a la
acumulacién estocastica de mutaciones. Estas mutaciones pueden
dar lugar a cambios en la funcionalidad de los circuitos reguladores.
Por tanto, en tercer lugar, realizamos un experimento de evolucion
a largo plazo para estudiar la contribucion de un sistema de
chaperonas de proteinas en la modulacién de la estabilidad
evolutiva. En los dltimos afios, se ha demostrado que los sistemas
de chaperonas, como GroES/EL, pueden amortiguar o purgar
mutaciones. Realizamos la secuenciacién del genoma completo en
diferentes lineas con diferentes niveles de expresion de GroEL y
también medimos la tasa de crecimiento de las células al principio
y al final del experimento evolutivo. Sin embargo, nuestros
resultados no fueron concluyentes, por lo que se necesita maéas
investigacion para comprender completamente el papel de
GroES/EL en la evolucion y evaluar su utilidad potencial en
biotecnologia. En conjunto, esta tesis intenta avanzar en nuestro
conocimiento sobre cémo las bacterias, y E. coli en particular, se
comportan como se espera cuando el entorno se altera, la fisiologia
cambia y pasa mucho tiempo, para posibles aplicaciones

industriales o (pre)clinicas.



Resum

La biotecnologia moderna es basa en l'aplicacié d'una mescla
d'eines experimentals i computacionals per a realitzar de forma
dirigida l'enginyeria genética. L'objectiu és obtindre cél-lules
(re)programades que implementen noves funcions o que servisquen
com a eines per a l'estudi de sistemes biologics. En aquest context,
1'is de bacteris en biotecnologia esta molt estés. No obstant aixo,
la implementaci6 de circuits genétics per a 'aprofitament d'aquests
éssers vius pot veure's limitada per processos biologics naturals; és
a dir, els circuits dissenyats (o naturals) poden veure's afectats pel
transcurs del temps o per canvis en l'entorn en el qual creixen els
bacteris. En aquesta tesi, ens vam proposar seguir un enfocament
integrador per a estudiar com els bacteris responen en el temps i
I'espai als canvis genétics i ambientals, que poden afectar la
funcionalitat dels circuits d'interés biotecnologic. Usem Escherichia
coli com a organisme model, explotant una varietat d'eines
experimentals per a treballar amb ell. En primer lloc, estudiem com
els canvis ambientals i genétics afecten la funcionalitat d'un circuit
genétic sintétic que implementa un comportament logic sofisticat.
Descobrim que hi ha amplis rangs de concentracié d'entrada que
el sistema pot processar correctament, que el circuit dissenyat és
bastant sensible a l'efecte de la temperatura, que l'expressio de
xicotets ARN heterolegs és costosa per a la cél-lula i que una
reorganitzacié genética adequada del sistema per a reduir la
quantitat d'ADN heteroleg en la cél-lula pot millorar la seua
estabilitat evolutiva. En segon lloc, estudiem el creixement bacteria
en entorns en els quals existeixen materials nanoestructurats.
Descobrim que les poblacions bacterianes es poden controlar en
gran manera mitjangant 1'is de marcs organometalics, ja que

aquests materials nanoestructurats poden descompondre's



lentament en medis biologics alliberant agents antimicrobians
(metalls i compostos organics, inclosos els antibiotics). Analitzem
la resposta bacteriana espai-temporal seguint un enfocament
experimental i tedric integrador en un entorn tan complex i
desafiador en mitjans liquids i solids. A més de les variacions en el
rendiment degut a canvis ambientals, també s'ha de considerar que
aqueixos circuits geneétics evolucionaran amb el temps degut a
I'acumulaci6 estocastica de mutacions. Aquestes mutacions poden
donar lloc a canvis en la funcionalitat dels circuits reguladors. Per
tant, en tercer lloc, realitzem un experiment d'evoluci6 a llarg
termini per a estudiar la contribucié d'un sistema de chaperones
de proteines en la modulacio de l'estabilitat evolutiva. En els
ultims anys, s'ha demostrat que els sistemes de chaperones, com
GroES/EL, poden esmorteir o purgar mutacions. Realitzem la
seqiienciacié del genoma complet en diferents linies amb diferents
nivells d'expressi6 de GroEL i també mesurem la taxa de
creixement de les cél-lules al principi i al final de l'experiment
evolutiu. No obstant aixo, els nostres resultats no van ser
concloents, per la qual cosa es necessita més investigacié per a
comprendre completament el paper de GroES/L en 1'evoluci6 i
avaluar la seua utilitat potencial en biotecnologia. En conjunt,
aquesta tesi intenta avancar en el nostre coneixement sobre com
els bacteris, i F. coli en particular, es comporten com s'espera quan
I'entorn s'altera, la fisiologia canvia i passa molt temps, per a

possibles aplicacions industrials o (pre)cliniques.



Summary

Modern biotechnology is based on applying a mix of experimental
and computational tools to perform in a directed way genetic
engineering. The aim is to obtain (re)programmed cells that
implement new functions or that serve as tools for the study of
biological systems. In this context, the use of bacteria in
biotechnology is widespread. However, the implementation of
genetic circuits for the use of these living beings may be limited
due to natural biological processes; that is, the engineered (or
natural) circuits may be affected by the course of time or by
changes in the environment in which bacteria grow. In this thesis,
we proposed to follow an integrative approach to study how
bacteria respond in time and space to genetic and environmental
changes, which may affect the functionality of the circuits of
biotechnological interest. We used FEscherichia coli as a model
organism, exploiting a variety of experimental tools to work with
it. Firstly, we studied how environmental and genetic changes
affect the functionality of a synthetic genetic circuit that
implements a sophisticated logic behavior. We found that there are
wide input concentration ranges that the system can correctly
process, that the engineered circuitry is quite sensitive to
temperature effects, that the expression of heterologous small
RNAs is costly for the cell, and that a proper genetic reorganization
of the system to reduce the amount of heterologous DNA in the
cell can improve its evolutionary stability. Secondly, we studied of
bacterial growth in environments in which there are
nanostructured materials. We found that bacterial populations can
be greatly controlled through the use of metal-organic frameworks,
as these nanostructured materials can slowly decompose in

biological media releasing antimicrobials (metals and organic



compounds, including antibiotics). We  analyzed the
spatiotemporal bacterial response following a combined
experimental and theoretical approach in a such a complex and
challenging environment in both liquid and solid media. In addition
to variations in performance due to environmental changes, it must
also be considered that those gene circuits will evolve over time
due to the stochastic accumulation of mutations. These mutations
can lead to changes in the functionality of the regulatory circuits.
Then thirdly, we performed an experiment of long-term evolution
to study the contribution of a protein chaperone system in
modulating evolutionary stability. In recent years, it has been
shown that chaperone systems, such as GroES/EL, can buffer or
purge mutations. We performed whole-genome sequencing over
different lines with varying expression levels of GroEL, and also
measured the growth rate of the cells at the beginning and the end
of the evolutionary experiment. However, our results were not
conclusive, so further research is needed to fully understand the
role of GroES/EL in evolution and to assess its potential utility in
biotechnology. Taken together, this thesis tries to advance our
knowledge on how bacteria, and FE. coli in particular, behave as
expected when the environment is perturbed, the physiology
changes, and long time passes, for potential industrial or

(pre)clinical applications.
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Introduction

Bacteria are single-celled microorganisms that are found in almost
every environment on Earth. They play important roles in various
ecological processes and have the ability to adapt and respond to
a variety of conditions (i.e., they are extremely plastic)(1). One
important aspect relates to the ability of bacteria to detect and
respond to various signals in a spatiotemporal manner.
Spatiotemporal responses refer to the ability to face signals that
change in space (i.e., response in a specific location) and time (i.e.,
response that can be dynamic and long-term effects). According to
the environment, bacteria optimize their growth and survival by
exploiting a variety of genetic mechanisms that are able to process
external and internal signals. By understanding these mechanisms,
scientists can better understand how bacteria function and how

they can be controlled or manipulated in various settings.

The use of bacteria, particularly Fscherichia coli (E. coli), has also
been important in many foundational studies, making it the default
organism to work with at the onset of the molecular biology
revolution in the 1950s. As a result, the most fundamental aspects
of life, including the genetic code, transcription, translation, and

replication, were first studied in this organism (2-4).

Since then, E. coli has become not only a model organism but also
has been widely used as a workhorse instrument in many
circumstances and laboratories. Some of its characteristics have
made it the perfect organism to use as a host for recombinant
protein production, including the broad knowledge about its
genome and the ease of quickly transforming bacterial cells with

exogenous deoxyribonucleic acid (DNA). From the first examples
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of in vitro plasmid construction and transformation into E. coli (5)
to the ability to transform the bacterial cell's chromosome with a
polymerase chain reaction (PCR) product and the phage A Red
recombinase (6), and of course, more recently genomic
modifications with the Clustered Regularly Interspaced Short
Palindromic Repeats - Cas (CRISPR-Cas) technologies (7, 8) as
some examples, virtually any exogenous DNA can be introduced
into E. coli. Other advantages that the use of F. coli presents are
its short propagation time to high cell densities, plus the ease of
culture in affordable media (9, 10). Moreover, E. coli has been
largely capable of producing a wide variety of different types of
proteins, being insulin a prime example of the production of
proteins of interest in E. coli (11); moreover, nearly one-third of
currently approved recombinant therapeutic proteins are currently
produced in E. coli (12).

While Systems biology seeks a better understanding of how the
molecular components within a biological entity (e.g., a cell, tissue,
or organ) connect to its physiological functions and phenotypes
through quantitative reasoning, computational models, and high-
throughput experimental technologies (13); Synthetic biology aims
at designing and engineering genetic regulatory circuits to
implement novel functions or discover natural behaviors (14). In
this context, the ease of modification and plasticity that E. coli
offers is essentially unmatched. This bacterium has been
engineered with practical applications in bioremediation, biofuel
production, and even some potential clinical applications (15-17).
But also, it has allowed to quantitively study libraries of promoters
that drive reporter proteins, such as fluorescent proteins, allowing

for an unbiased measurement of transcriptional activity (18).
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E. coli was used in the first large-scale fermentations devoted to
manufacturing a new class of high-value-added products like
solvents, organic acids, vitamins, enzymes, and other products. In
the mid-XX century, processes for the production of penicillin and
streptomycin emerged from the development of antibiotic
fermentations. Investigations on the scale-up of these two
antibiotics implied a new field of biochemical (microbiological)

engineering (19).

E. coli also has some limitations when producing a heterologous
protein. Factors that might influence the successful production of
the protein of interest are structural features of the gene sequence,
the stability and translational efficiency of mRNA, the ease of
protein folding, or degradation of the protein by host cell proteases.
Differences in codon usage between the foreign gene and native FE.
coli, and the potential toxicity of the protein to the host are also
important to consider (20-22), as well as FE. coli's inability to
perform many of the posttranslational modifications found in
eukaryotic proteins (9). A variety of techniques have been
developed to solve these problems, including the use of different
promoters to regulate the level of expression, the use of different
host strains, co-expression of chaperones, reduction of culture
temperature, and secretion of proteins into the periplasm or culture
medium (23, 24).

However, to enhance our ability to use bacteria, and E. coli in
particular, in the industry or in the clinic, more knowledge is
required. An overlooked question is whether the resulting gene
cassettes work as expected when the environment is perturbed, the

physiology changes, and when a long time passes.
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The fine-tuning of gene expression plays a crucial role in
maintaining the proper function of cells and allows a fast response
to changing environmental conditions or cellular signals, and it is
especially important when implementing a synthetic circuit. Gene
regulation can occur at different levels. Transcriptional regulation,
where ribonucleic acid (RNA) production is controlled, can occur
in many diverse manners, for example by exploiting promoters of
different strengths (in other words, that produce different
quantities of mRNA depending on the affinity of RNA polymerase
binding), using transcription factors that bind the DNA and either
enhance or inhibit the transcription of a gene(25). In turn, gene
expression can further be altered by varying the availability of such
transcription factors. This can be achieved, for example, by
employing allosteric signals, molecules that can bind to effector
molecules (i.e., transcription factors) and alter their activity.
Additionally, gene regulation can also take place at the
translational level, when the levels of protein synthesized are
controlled. Initiation of translation is often regulated by the
accessibility of ribosomes to the Shine-Dalgarno sequence(26, 27).
This allows for multiple-level signal integration, permitting more
complex and intricate circuits to be implemented, enabling more

possible phenotypes to present depending on different conditions.

In particular, the circuit design process often assumes a Boolean
scenario of input activity (i.e., inductor present or absent in the
medium) (28, 29). However, for a comprehensive understanding of
the regulation mechanisms, the design circuits must be analyzed in
analog terms to recognize the ability of the system to work with
ranges of concentrations and therefore damp eventual disturbances
on the input signals (30). This is especially relevant for circuits

that operate in unsaturated conditions (e.g., as a result of weak
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binding constants), as is the case, for example, in riboregulatory
systems (31). It is also not fully known to what extent the design
principles exploited to design synthetic genetic circuits (14) are not
influenced by more complex processes (linked to the
physicochemical properties of different biological species and the
intricate regulatory circuitry of the cell)(32), although efforts are
being made in this direction. For example, RNA interactions
(intramolecular or intermolecular) are very sensitive to changes in
temperature, pH, osmolarity, or metal ions (33, 34). This makes
the RNA circuits eventually sensitive to changes in the
environment. On the one hand, because these changes can affect
the expression of the RNAs and, on the other hand, because they
can affect the way they interact. However, this sensitivity can be
used to design biosensors, as is the case of synthetic thermometers
based on riboswitches (35).

Moreover, bacteria often live in complex and challenging
environments, even for controlled applications, not only those
found in natural ecosystems or in animals and plants. In these
environments, bacteria are exposed to a variety of inhibitory
factors coming from various sources that can affect their growth
and survival. These environments can be natural or synthetic. For
example, recent work has shown how bacteria cohabit with
nanomaterials and other inert but hi-tech structures(36, 37). It is
then important to study the response in time and space of the
bacteria, either engineered with a synthetic gene circuit or being a
natural strain, to gain knowledge on their robustness,

susceptibility, and survival.

Some examples of factors that can be manipulated in order to
control bacteria proliferation include changing specific conditions
in which they have evolved and, therefore, in which they are
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adapted to live (38). For example, factors such as temperature, pH,
or osmotic pressure directly condition bacterial growth. One can
also control bacterial growth by manipulating the availability of
resources such as nutrients, oxygen or other gases (e.g., No, CO2).
Furthermore, bacterial proliferation can also be inhibited with the
addition of substances that become toxic for the cells; for example,
the widely-spread use of antibiotics or antiseptics; some heavy
metals such as copper, mercury, or lead(39, 40); and other
chemicals, can be used to hinder the bacteria’s ability to grow (41).
Even some peptides could be employed as antibiotic agents as an

alternative to conventional antibiotics(42).

In addition to variable performance depending on the environment,
designed circuits will also evolve over time (i.e., they are
susceptible to acquiring mutations), eventually leading to changes
in functionality. These changes can, in some cases, completely
abolish their expected function (43), especially when the
heterologous expression causes a high burden in the cell (44). For
this, it is crucial to evaluate the evolutionary stability of the
circuits. Some work has been done to study the stability of circuits
based on the regulation of transcription (45, 46), but little is known

about how circuits in which RNA plays a fundamental role evolve.

Bacteria can evolve rapidly due to their large population sizes and
short generation times. This allows them to adapt to new
environments, develop resistance to antibiotics and other drugs,
and evolve new traits and capabilities. The study of bacterial
evolution can be accomplished through a variety of methods,
helping understand the mechanisms of evolution, how adaptation
to new environments happens, and the potential impacts of these

processes on humans and other aspects of the environment.
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Long term evolution experiments (LTEE) have made it feasible to
observe the effects of natural selection on mutations that have
arisen de novo during the course of an experiment. In LTEE a
number of individuals evolve in a controlled environment, allowing
them to reproduce and evolve over multiple generations.
Furthermore, the ability to store bacteria in a non-evolving state
and to maintain a strictly clonal system of propagation enables the
direct estimation of the biological fitness in a particular
environment relative to that of its ancestor (47). Through LTEE,
valuable insights into the processes of evolution and the ways in
which bacteria adapt and change over time have been established.
It has also contributed to our understanding of the mechanisms of
antibiotic resistance and the potential consequences of exposing
bacteria to selective pressures (48-50). Although extensive efforts
have been made to study how evolution works, there are still many
gray areas, as most studies have relied on natural evolution, we do
not completely understand how an engineered bacterium might

evolve with time and change its desired function.

Chaperones, also known as heat shock proteins, could play an
important role in keeping circuits stable within cells. Chaperones
such as GroES/EL are essential proteins of organisms that are
responsible for the correct folding of proteins in the cell, as well as
preventing the formation of toxic protein aggregates. This provides
cells with mutational robustness by masking mutations that
otherwise would have deleterious effects (51-53). They are essential
under a wide range of physiological and stress conditions, showing
differences in the basal expression level depending on the organism.
Likewise, due to their phenotypic modulation capacity, they
become enablers of phenotypic variability in a population since

they allow a large number of genetic variants to be maintained
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(54-56). The overexpression of these chaperones, in particular
GroEL, enables the persistence of cells under strong bottleneck
dynamics (implying strong gene drift and high accumulation of
mutations), such as that observed in certain insect endosymbiont
bacteria. It has been shown that the overexpression of GroEL
affects the system; its client proteins (those that need it for their
correct folding) have a higher mutation rate than those that are
not clients (53, 57-59). However, the role that GroES/EL plays in
channeling mutations and the possible new functions that may
emerge from these nucleotide sequence changes remain ambiguous.
Chaperones act by “smoothing” adaptive landscapes, which could
favor the maintenance of synthetic circuits, especially those that

entail a burden for the cells in the bacterial population.

All in all, by enlarging our knowledge about how bacteria deploy
spatiotemporal responses in terms of regulation of gene expression,
survival in challenging environments, and evolutionary stability,
we expect to boost to the application of these microorganisms as
biological tools to fulfill important biotechnological demands in the
XXT century.
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Justification and objectives

Bacteria are extremely plastic and resilient organisms, with a great
capacity to adapt to the environment and to the accumulation of
mutations. However, unpredictable changes can affect the stability
and performance of regulatory circuits implemented on purpose for
biotechnological and/or biomedical applications. Overall, by
expanding our knowledge on how Dbacteria implement
spatiotemporal responses for regulating gene expression, surviving
in challenging environments, and remaining stable upon acquisition
of mutations, we address important biotechnology issues.

Therefore, this thesis has the following three objectives:

1) Study of how environmental and genetic changes affect the

functionality of a synthetic genetic circuit.

2) Study of bacterial growth in environments in which there are

nanostructured materials and toxic compounds.

3) Study of the contribution of a protein chaperone, i.e., GroEL,
in modulating evolutionary stability through experimental

evolution.
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Chapter 1: Probing the operability
regime of a minimal ribocomputing

cell.
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1.1. Introduction

The design and subsequent implementation of synthetic gene
circuits provides valuable information about the corresponding
counterparts found in nature (1). However, the design process
irremediably considers a simplified scenario for tractable purposes.
In particular, the circuit design process often assumes a Boolean
scenario of input activity (i.e., inducer present or absent in the
medium)(2,3). Yet, for a comprehensive understanding of the
regulatory mechanisms, designer circuits should be analyzed in
analog terms in order to recognize the ability of the system to work
with ranges of concentrations and hence buffer eventual
perturbations in the input signals (4). This is especially relevant
for circuits that operate in non-saturated conditions (e.g., as a
result of weak binding constants), as it is the case e.g. of

riboregulatory systems (5).

To what extent the design principles exploited to engineer
synthetic gene circuits (1) are not influenced by more complex
processes linked to the physicochemical properties of the different
biological species and the intricate regulatory circuitry of the cell
is also not entirely known (6). For example, intra- or
intermolecular RNA interactions are quite sensitive to changes in
temperature, pH, osmolarity, or metal ions (7,8). This makes RNA
circuits to be eventually sensitive to changes in the medium. On
the one hand, because these changes may affect the expression of
the RNAs and, on the other hand, because they may affect the
interaction mode between them. Notwithstanding, such sensitivity
can be exploited to design biosensors, as it is the case of synthetic

thermometers based on riboswitches (9).
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Figure 1.1 Schematics of the engineered gene circuit implementing a half adder
in bacteria a Symbolic and b logic representation of the circuit. IPTG and
aTc are the two molecules that work as input signals in the system (note that
the PLlac or PLtet promoter implements an IMPLY gate), while the
expressions of an RFP (XOR gate; from plasmid pRHA40) and a GFP (AND
gate; from plasmid pRHA12) constitute the output responses

In addition to variable performance in different environmental
scenarios, the engineered circuits will also evolve with the time

course (i.e., they will acquire mutations), eventually leading to
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changes in functionality. These changes can in some cases be
drastic, abolishing completely the intended function (10),
especially when the heterologous expression causes high burden in
the cell (11). To this end, it is important to evaluate the
evolutionary stability of the circuits. Some works have been carried
out to study the stability of circuits based on transcription
regulation (12,13), but little is known about how circuits based on

regulatory RNAs evolve.

In this work, we considered a recently engineered gene circuit
working like a half adder (the combination of XOR and AND
gates) (14), which is based on three transcription factors (Lacl,
TetR, and cl) and four riboregulators (RAJ11, RAJ11min, RAJ12,
and RAJ21), illustrated in Fig. 1.1. In the following, we present
experimental results that served us to critically analyze the
operability regime of this synthetic circuit, which is of importance
on the light of the considerable growth of RNA synthetic biology

in recent years (15).

1.2. Results
1.2.1. Analog behavior of the system

We analyzed the double output response of the RNA circuit for a
two-dimensional concentration gradient of its inducers, isopropyl
B-D-1-thiogalactopyranoside (IPTG), ranging from 0 to 1000 pM,
and anhydrotetracycline (aTc), from 0 to 100 ng/pL. For that, we
monitored the expression of the monomeric red fluorescent protein
(mRFP1) and the superfolder green fluorescent protein (sfGFP)

for each induction condition (Fig. 1.2).
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Figure 1.2 Dynamic range of the engineered gene circuit (E. coli co-
transformed with plasmids pRHA40 and pRHA12). Fluorescence-based surface
response with respect to IPTG and aTc (56 induction conditions tested); mean
of four biological replicates. a Mean normalized red fluorescence (AND gate).
b Mean normalized green fluorescence (XOR gate). 3D grid constructed from
experimental data, colored by interpolation. On the right, 2D plots showing
mean plus/minus standard error
We observed that the state transitions agree in both output
channels (at ~100 pM IPTG and at ~10 ng/mL aTc). In essence,
this is because synthetic riboregulators act in a linear regime [i.e.,
protein expression scales with the product between the messenger
RNA (mRNA) and small RNA (sRNA) concentrations|. Then, the
non-linearity of the response comes from the transcriptional
regulation with engineered promoters (16), which are basically the
same for the XOR and the AND gates (despite some modifications
in the operators). This entails a separation of input variables to

describe the output response (17). Indeed, sfGFP expression can
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be approached as proportional to the product of the dose-response
curves for the lac and tet promoters, sSfGFP ~ f,. fier, whilst mRFP1
expression as proportional to the sum of these two dose-response
curves times the dose-response curve for the A promoter, mRFP1
~ fi-(fue + fiet), as shown in Fig. 1.3.
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Figure 1.3 Output response prediction from individual promoter
characterizations. a, b Dose-response curves of the lac and tet promoters with
respect to IPTG and aTc. ¢, d Prediction of the surface responses of the
engineered gene circuit by considering separation of variables. The subplots
show the correlation between the predicted values and mean normalized

fluorescence data.
Moreover, this scheme entails that the system is able to correctly
process two concentration ranges instead of two concentration
values. For instance, values of IPTG up to 20 pM would correspond
to zero in binary code or values of aTc from 20 to 100 ng/mL to
one in binary code too. Basically, this allows being tolerant to
fluctuations occurring at the input level from uncontrollable

upstream processes.
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1.2.2. Environmental robustness of the system

To study how different environmental conditions affect the
performance of the RNA circuit, we decided to vary temperature
and pH. We also studied the effect of high amounts of Fe?* and
urea in the medium. Upon characterizing the circuit in all the
environments for each induction condition (Fig. 1.4), we first
observed certain robustness to fluctuations in pH in both output
channels. We only noted certain impact on the ability of cI to
transcriptionally repress mRFP1. The addition of urea neither left

a significant imprint, but Fe*" caused a reduction in red

OpH6.5mpH 7.5 @Urea mFe(3+)m30 °C m42 °C mNormal

Red Fluoresence (a.u.)
w
(=]

IPTG aTc IPTG+aTc
b 25 0

Green Fluoresence (a.u.)

[1) IPTG aTc IPTG+aTc

Figure 1.4 Environmental robustness assessment of the engineered gene circuit
(E. coli co-transformed with plasmids pRHA40 and pRHA12). Fluorescence
monitoring for each induction condition (IPTG, aTc) when the culture medium
changes (pH variation, urea addition, Fe3+ addition, and temperature
variation). a Normalized red fluorescence. b Normalized green fluorescence.

Error bars correspond to standard errors over four biological replicates
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fluorescence upon induction with IPTG or aTe, although not in
green fluorescence. Arguably, high amounts of Fe?" might quench
the fluorescence from mRFP1 (18). Conversely, we found both
output channels sensitive to changes in temperature. We
hypothesized that the higher temperature, the lower the ability of
the structured 5’ untranslated region (UTR) to exert the cis-
repression (9). For mRFP1, nonetheless, the effect is not as
straightforward as for sfGFP. On the one hand, the destabilization
of the 5" UTR of mRFP1 contributes to increase the output signal;
but, on the other hand, the destabilization of the 5° UTR of cI to
reduce it. On the light of our results, a leakage cl expression at
high temperature can explain the reduction in mRFP1 expression

upon induction with IPTG or aTc.
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Figure 1.5 Environmental robustness assessment of a control system
implementing an OR gate (E. coli transformed with plasmid pRHA37; this
system lacks the clI repressor so that mRFP1 is only regulated post-
transcriptionally). Fluorescence monitoring (normalized red fluorescence) for
each induction condition (IPTG, aTc) when the culture medium changes (pH
variation, urea addition, Fe3* addition, and temperature variation; same legend
as in Fig. 4). Error bars correspond to standard errors over four biological

replicates.
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To confirm the proposed mode of action of temperature, we
considered a system in which there is no cl-mediated repression of
mRFP1 (note that this circuit works like an OR gate) (14).
Fluorescence readouts now revealed the monotonous increase of
mRFP1 expression with temperature in all induction conditions
(Fig. 1.5). We also observed a fluorescence boost with both
inducers at low pH, but we attributed this to a cell growth defect

of this system in this condition.
1.2.3. Genetic burden of the system

To assess the impact of the synthetic circuit on the chassis cell, we
quantified the growth rate in exponential phase for each induction
condition (19). As expected, we found that as long as the
heterologous species were expressed (sSRNAs and proteins), cells
grew slower (Fig. 1.6a). In fact, cells grew on average a 34% slower
with both inducers than without them. But we know that %) in
absence of inducers, no sSRNAs or proteins are expressed from the
system; ii) when IPTG is present, the system only expresses one
sRNA (RAJ11min) and one protein (mRFP1); 4ii) when aTc is in
the medium, the system expresses three sSRNAs (RAJ11, RAJ12,
and RAJ21) and one protein (mRFP1); and i) in the presence of
both inducers, there are four sSRNAs (RAJ11, RAJ11min, RAJ12,
and RAJ21) and two proteins (sfGFP and cI) expressed. A
statistical analysis by grouping the conditions as non-induced,
induction with IPTG alone, and induction with aTc (either alone
or in conjunction with IPTG) resulted in the more significant
difference (one-way ANOVA, df = 2, P = 3-10°); more than

controlling for the number of expressed proteins.
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In addition, we quantified the time required for the cells to enter
in exponential phase from diluted cultures (lag time) for each
induction condition (19). We found that the lag time increased on
average about 1 h when there was only one inducer in the medium,
whilst it was about 1.5 h when the two inducers were present (Fig.
1.6b). Yet, statistical analyses only revealed a significant difference
when controlling for induction ws. non-induction (one-way
ANOVA, df = 1, P = 0.026). Taken together, our results revealed

that the expression of heterologous sSRNAs can be as costly for the
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Figure 1.6 Genetic burden of the engineered gene circuit (E. coli co-transformed
with plasmids pRHA40 and pRHA12). a Relative absorbance with time for
each induction condition (IPTG, aTc; data for a representative replicate). Lines
correspond to exponential fittings. The inset shows the growth rate values
(mean and standard deviation) from four biological replicates. b Lag time
before exponential growth for each induction condition (IPTG, aTc) from
diluted overnight cultures. Error bars correspond to standard deviations from

four biological replicates
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cell as the expression of heterologous proteins. This challenges a

model in which ribosome allocation mainly limits cell growth rate
(11).

1.2.4. Evolutionary stability of the system

To evaluate the evolutionary stability of the system (i.e., its ability
to behave as designed with time), we set up an experiment of serial
dilutions by carrying in parallel different bacterial populations
(20). Every day, circuit functionality was assessed by fluorometry.
Surprisingly, we found that mRFP1 expression was lost in all lines
in just one passage (corresponding to 6.64 generations), whilst
sfGFP was able to hold for ten passages (Fig. 1.7). We attributed
these courses to the fact that mRFP1 was expressed from a very
high-copy number plasmid (pUC ori), whilst the plasmid from
which sfGFP was expressed presents a more moderate copy
number (mutated pSC101 ori). Sequencing results after the first
passage revealed the 5° UTR controlling the expression of clI was
deleted in all lines, leading to its constitutive expression and in
turn the repression of mRFP1. Moreover, in line A, the quality of
the chromatogram was poor in the region coding for the sRNA
RAJ11, and the mRFP1 coding region was correct in all lines. By
contrast, we found mutations in the sfGFP coding region in all
lines, but not in the regulatory region, by sequencing at last day

of the evolutionary experiment.
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Figure 1.7 Evolutionary stability of the engineered gene circuit (E. coli co-
transformed with plasmids pRHA40 and pRHA12). Continuous fluorescence
monitoring of four biological replicates (A-D) over two weeks for each
induction condition (I, IPTG; a, aTc). a Normalized red fluorescence. b

Normalized green fluorescence
With the aim of increasing the evolutionary stability of the system,
we placed the genetic cassette corresponding to the XOR gate into
the plasmid carrying the AND gate. Quantitatively, we observed
lower red fluorescence upon induction with IPTG or aTc and a
marked leakage with the two inducers, suggesting that now the
repressor cl was not sufficiently expressed as a result of a worse
performance of the riboregulatory system RAJ21. Repeating again
the experimental evolution, we found that this new system was

able to maintain its arithmetic functionality much more time (Fig.
1.8).
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Figure 1.8 Evolutionary stability of the engineered gene circuit when it is
deployed from a single plasmid (E. coli transformed with plasmid pRHA1240).
Continuous fluorescence monitoring of four biological replicates (A-D) over 2
weeks for each induction condition (I, IPTG; a, aTc). a Normalized red
fluorescence. b Normalized green fluorescence

In particular, mRFP1 was correctly expressed over the two weeks
in three lines. Only in line D, the expression dropped after one
week when inducing with aTc. Sequencing results at last day
revealed a 25 bp deletion in the tet promoter controlling the
expression of the sSRNA RAJ11, which is explicative of the observed
behavior. In line C, nonetheless, we could not identify a unique
sequence from the chromatogram in the region coding for the
sRNAs RAJ11 and RAJ21, suggesting that neutral mutations
might be accumulated there. Furthermore, sftGFP was correctly

expressed over the two weeks in all lines, better than before, and
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sequencing results at last day confirmed the no acquisition of

mutations in that cassette.
1.3. Discussion

This work contributes to better understand the operability regime
of engineered circuitries based on regulatory RNAs. Notably, our
results allow disclosing a series of principles in order to predict the
effect of a variety of changes, and in turn develop strategies to
mitigate them. First, by exploiting a pre-characterized
transcriptional layer for RNA circuit engineering (3), and noting
that riboregulatory performance can be correctly predicted from
energetic and structural calculations through the use of RNA
folding routines (21,22), the predictability of the output responses
for combinatorial induction conditions is possible, as our results
point out. Subsequently, we identified temperature effects as
environmental variations with clear impact on circuit performance;
effects that mainly appear as a consequence of using structured 5’
UTRs. In this regard, a circuit implementation with sSRNAs acting
as repressors on non-structured 5° UTRs (21) might be an option
to buffer changes in temperature. In addition, our growth curves
suggest that the expression of heterologous sRNAs is costly for the
cell, as it can be the expression of heterologous proteins (11). We
hypothesized that the overexpression of sRNAs from high-copy
number plasmids creates a high demand for the different
ribonucleases that is translated into cell growth defects, atop of
genome-wide transcriptomic perturbations (23). Finally, our
evolutionary experiments revealed a trade-off for synthetic RNA
circuits. On the one hand, these circuits require the expression from
high-copy number plasmids (or from T7 promoters [24]) to deal

with binding constants at the micromolar scale (5). On the other
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hand, these plasmids introduce an elevated cost for the cell and
then they are prone to the accumulation of deleterious mutations.
Perhaps, circuits involving synthetic SRNAs with domains able to
recruit endogenous RNA chaperones (25) and integrated into the
chromosome would be the best strategy to enhance substantially

the evolutionary stability.

1.4. Materials and Methods

1.4.1. Strain, plasmids, and reagents

E. coli Dhbo was used for cloning purposes, while E. coli MG1655-
Z1 (lacI™, tetR") was used as a chassis cell to express our genetic
systems (gifted by M.B. Elowitz)(26). This was co-transformed
with plasmids pRHA12 and pRHA40 (14) by electroporation,
which implement a genetic half adder. This chassis cell was also
transformed with plasmid pRHA37 (14) or plasmid pRHA1240.
This latter plasmid was obtained by digesting pRHA40 with EcoRI
and BamHI and inserting the resulting cassette into pRHA12 by
digesting with EcoRI and ligating with T4 DNA ligase.

Luria-Bertani (LB) medium (L3522, Merck) was used for overnight
cultures, while M9 minimal medium (1x M9 salts, 2 mM MgSOy,
0.1 mM CaClz, 0.4% glucose, 0.05% casamino acids, and 0.05%
thiamine) for characterization cultures. Ampicillin and kanamycin
were used as antibiotics at the concentration of 50 pg/mL.
Isopropyl B-D-1-thiogalactopyranoside (IPTG) and
anhydrotetracycline (aTc) were used as inducers at the
concentrations of 1000 pM and 100 ng/mL, respectively, for
maximal induction of the synthetic PL-based promoters (16).

Concentration gradients of inducers were also considered: 0, 1, 10,
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20, 50, 100, and 1000 utM IPTG and 0, 1, 2, 5, 10, 20, 50, and 100
ng/pL aTc. Compounds provided by Sigma-Aldrich.

1.4.2. Preparation of cultures for

characterization

Cultures (2 mL) inoculated from single colonies (four replicates)
were grown overnight in LB medium at 37 °C and 200 rpm.
Cultures were then diluted 1:100 in M9 minimal medium (2 mL)
and were grown for 5-7 h at 37 °C and 200 rpm to reach
exponential phase (ODgyo around 0.5). In the case of cultures from
the experimental evolution, glycerol stocks were diluted 1:50 in M9
minimal medium in a microplate (200 pL) and were grown for 5-7
h at 37 °C and 1000 rpm to reach exponential phase (ODgno around
0.5) in a plate shaker (PST-60HL, Biosan). Cultures were then
diluted, in both cases, 1:50 in M9 minimal medium with

appropriate inducers (IPTG, aTc).
1.4.3. Fluorescence quantification

From the prepared cultures for characterization, the microplate (96
wells, black, clear bottom; Corning) was loaded (200 pL/well). The
microplate was then incubated in the plate shaker at 37 °C (unless
otherwise specified) and 1000 rpm up to 7 h (to reach an ODggo
around 0.5-0.7). Subsequently, the microplate was assayed in a
fluorometer (Varioskan Lux, Thermo Sci.) to measure absorbance
(600 nm), green fluorescence (excitation: 485 nm, emission: 535
nm), and red fluorescence (excitation: 570 nm, emission: 610 nm).
Mean background values of absorbance and fluorescence,
corresponding to M9 minimal medium, were subtracted to correct

the signals. Normalized fluorescence was calculated as the ratio of
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fluorescence and absorbance. The mean value of normalized
fluorescence corresponding to non-transformed cells was then

subtracted to obtain a final estimate of expression.
1.4.4. Empirical model to predict the response

The individual dose-response curves of the promoters used to

implement our circuit were already characterized. Promoter

activity follows the sigmoidal function f = 1+(+)n, where X is the
K.
concentration of the regulator, K the effective dissociation
constant, and n the Hill coefficient. Then, we have i) K = 89 pM
(relative to IPTG) and n = -1.9 for the lac promoter (16), i1) K =
20 ng/mL (relative to aTc) and n = -4 for the tet promoter (16),
and #7) K = 55 nM (relative to cI) and n = 2.4 for the A promoter
(27). Consequently, we can write mRNAyrrp1 ~ fi, RAJ11min ~
fiaey RAJ11 ~ fir, mRNAd ~ fioo, RAJ21 ~ firry mBRNAGEP ~ fiae,
and RAJ12 ~ fi.;. Of note, f, also depends on IPTG and aTec, as cl
~ fiacfrer (for this we assumed a proportionality factor of 250 nM).
Finally, it turns out that mRFP1 ~ mRNA,rrpi-(RAJ11lmin +

RAJ1L) ~ fi( fiue + fer) and sSEGFP ~ mRNAcrp-RAJ12 ~ fioe fro.
1.4.5. Different environmental conditions

To assess the effect of temperature on the genetic half adder, the
microplate was also incubated in the plate shaker at 30 or 42 °C.
To assess the effect of pH, the culture medium in the microplate
was prepared to be more acid (6.5, with HC1) or more alkaline (7.5,
with NaOH). Finally, to assess the effect of compounds present in
the human body, that medium was supplemented with 157 ng/pL
FeCl; (Fe*") or 635 ng/nl. CO(NH2)2 (urea), leading to ~10 mM

in both cases.
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1.4.6. Growth rate curves

From the prepared cultures for characterization, the microplate
was loaded (200 pL/well). The microplate was then incubated for
24 h at 37 °C with shaking in a spectrophotometer (Multiskan FC,

Thermo Sci.), measuring absorbance (620 nm) every 15 min.
1.4.7. Experimental evolution

Cultures (2 mL) inoculated from single colonies (four replicates)
were grown overnight in LB medium at 37 °C and 200 rpm.
Propagation of the lines during 15 d was carried out by imposing
a daily 1% bottleneck (dilution 1:100), also in LB at 37 °C and 200
rpm. Each day, the induction condition was varied (from none, to
IPTG, to aTc, to IPTG plus aTc) to simulate a changing
environment. A daily fossil record of each line was generated by

adding glycerol 20% to an equal volume of culture.
1.4.8. Sequencing of the genetic circuit

To sequence the cassette corresponding to the XOR, gate, we used
the following primers: CTTTGATAACGTCTTCGGAGGAAGC
(forward, landing in the mRFP1 coding region),
GCTTTTTCTTGGTTGAGGGCC (reverse, landing in the cI

coding region). To sequence the cassette corresponding to the AND

gate, we used the following primers:
GCTTCTTCCGCTAGCATCGA  (forward, landing in the
backbone upstream of the insert) and

ACAGCTCTTCGCCTTTACGG (reverse, landing in the sfGFP

coding region). Sequencing carried out by Eurofins Genomics.
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1.4.9. Statistical analysis

To compare the growth rates and lag times of the cell cultures at
different induction conditions, one way analysis of variance
(ANOVA) tests were performed. Different groups were generated
to perform the comparisons. P values were used to assess the
statistical significance.
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2.1. Introduction

Bacterial infections represent one of the main causes of death at a
global scale, especially in children and in low-income countries (1).
Thus, the ability to control bacterial populations is an important
challenge that today can involve different disciplines; for example,
to warrant a biosafe food and water supply or to avoid the spread
within the body once an infection focus has appeared. In a modern
era in which the continuous emergence of antibiotic resistances is
a threat (2) and in which the progress of effective treatments (in
biomedicine and beyond) demands increasing precision (3), novel

repression ways are certainly needed to fight bacteria.

Consequently, the possibility of controlling bacterial proliferation
by using a suitable nanostructured material is appealing (4).
Indeed, self-assembled nanostructures have emerged in recent years
as new efficient and programmable elements for the distribution of
active biochemical compounds (drugs) in different biological
contexts (5,6), going beyond the traditional applications of
catalysis and gas storage (7). In part, this has allowed addressing
issues associated with efficacy, toxicity, and stability of such drugs.
Moreover, some nanostructures have been shown to have
antibacterial activity, especially those involving metals (8,9).
However, most of the developments are focused on the nanoscale
(particles of nm). This may limit the applicability of the technology
because those materials are difficult to control once disseminated
(10).

In this work, we decided to investigate the growth of bacterial
populations in environments with nanostructured materials of

macroscopic size (particles of mm). This type of studies in the
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nanobiological interface may offer new horizons (11), but they
remain largely unexplored. Potential advantages of these materials
to control microorganisms are i) a slow release kinetics thanks to
a smaller surface per volume ratio, following the application of the
Fick’s laws to such systems (12); i) the ability to interact with the
cells of the medium and experience phenomena such as gravity and
orientation; or i) the ability to manually locate materials in a
controlled way to then remove them (and even reuse them with
new loads) (13).

Among the different materials, metal-organic frameworks
(MOFs)(14) have achieved great relevance in biomedicine over the
last years (6). In particular, we aimed our focus at controlling a
population of Escherichia coli cells in lab conditions by employing
Hong Kong University of Science and Technology-1 (HKUST-1)
materials, or simply HKUST, which are CusBTCs crystals (15)

(Fig. 2.1). We chose this material because it can be prepared to
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Figure 2.1 Macroscopic HKUST crystals can control the growth of a bacterial
population (e.g, of E. coli). Copper release (in the form of Cu?t) due to
partial crystal degradation is instrumental. Depending on the reaction
conditions, the size of the observable crystal can greatly vary (from 0.2 to 2

mm edge). BTC stands for benzene-1,3,5-tricarboxylic acid.
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create mm-sized crystals (16), and we considered E. coli as a model
of Gram-negative bacteria (note that many pathogenic bacteria are
of this type [17]). Copper, the metal in HKUST-1, is well-known
to have antimicrobial activity (what is called oligodynamic
effect)(18). MOFs have been reported to experience water and
moisture sensitivity (19,20), but to what extent can this be
profitable? In the following, we present results that show that
HKUST-1 crystals of observable size are suitable elements for
controlled copper release to the medium (in the form of Cu?"), at
the same time that they can serve as containers for other
deliverable molecules (e.g., antibiotics), which effectively leads to

bacterial repression.
2.2, Results

We observed that macroscopic HKUST-1 crystals release copper in
saline medium (in particular, LB medium), but not in water (Fig.

2.2a); arguably, due to electrostatic forces during the competition
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Figure 2.2 Copper release from macroscopic HKUST crystals. a Release
kinetics in LB medium (or water) at different temperatures (25, 37, and 55
2C). b Release kinetics from big (1-2 mm) or small (~0.2 mm) crystals at 37

OC. Circles, experimental data; lines, theoretical models.
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between lattice energy, solvation, and coordination with nitrogen-
based compounds. This was clearly observed by a bluish coloration
of the LB medium. The kinetics of the copper release was well
explained by an exponential decay model in increasing form. That
is, 2(t) = Zmax (1 — ™), where 2(t) represents the amount of Cu?"
in the medium at time ¢, Zwax the maximal amount of this metal
observed in the medium, and k the release rate. This corresponds
to the differential equation dz/dt = k (Zmax — x). At initial times,
the release flux is roughly constant (k-zmax). But, as the amount of
Cu?* in the medium increases, the flux is lower (as the electrostatic
forces equilibrate). The absorbance at 650 nm was a good proxy to
monitor the release. Due to the direct correlation between
absorbance and Cu?" concentration, obtained with control
solutions, in Fig. 2.3 we present the kinetics of the release in terms
of concentration. Despite immersion in water was already shown

to induce structural
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Figure 2.3 Copper release from macroscopic HKUST

not released in this crystals in terms of concentration. The values of &

pure medium. (kinetic rate of release) are preserved

At 37 °C, we fitted & = 0.0428 + 0.0032 h'! and Zmax = 0.1213 £
0.0026 (R? = 0.9942), for 10 mg HKUST-1 (particles of ~0.2 mm
size) immersed in 2 mL LB. That is, the system takes 3/k = 70 h
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in reaching the equilibrium (95% of Zmax). In a colder environment
(25 °C), the kinetics is slower (almost the half) and the maximal
amount released lower, obtaining k£ = 0.0251 4 0.0006 h™! and Zmax
= 0.0581 + 0.0047 (R? = 0.9549); whilst in a hotter environment
(55 °C), the kinetics is faster (three-fold) and the maximal amount
released higher, giving k = 0.0774 + 0.0077 h! and amax = 0.1801
+ 0.0049 (R? = 0.9863). Qualitatively, this is in tune with a

thermodynamic view of this process of partial crystal degradation.

Because of diffusion and degradation are surface-driven
phenomena, we hypothesized that the bigger the HKUST-1 crystal,
the higher the ability and slower the kinetics of copper release. To
prove this, we prepared big and small crystals of observable size
(particles of 1-2 mm edge and ~0.2 mm edge, respectively) to be
assayed in the same conditions (maintaining constant the total
material mass). Results shown in Fig. 2.2b indeed confirmed our
hypothesis (with & = 0.0333 + 0.0048 h! and Zma.x = 0.1472 +
0.0051, R? = 0.9734 in the case of big material; and k£ = 0.0399 =+
0.0054 h! and max = 0.1853 + 0.0060, R? = 0.9733 for small
material). We found statistically significant the difference between

the two fittings, taking the mean and standard deviation of k£ and
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Figure 2.4 a Kinetics of copper release from macroscopic or microscopic
HKUST particles (in LB medium at 37 °C). b Photo of materials used taken

with a Leica optical microscope.
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Tmax (Welch’s t-tests, two-tailed P < 0.05 in both cases). Moreover,
we found that the copper release from a microscopic HKUST-1

material (grinding mm-sized particles) is substantially faster (see
Fig. 2.4).

Once we characterized the ability of HKUST-1 crystals to release
copper in LB medium, and knowing the oligodynamic effect of this
metal (18), we proceeded to test if a bacterial population could be
maintained under control with our materials of observable size. To
tackle this important question, we took diluted F. coli cultures
(1:100 from overnight, strain DH5a.) to then grow them in liquid
medium (LB) with and without crystals (at 37 °C with shaking).
The absorbance at 500 nm was now a good proxy of bacterial
amount, avoiding potential interfering signals from copper at >
550 nm (Fig. 2.5).

Wavelength (nm)

450 550 650 750 850
Figure 2.5 Representative UV /Vis spectra of LB upon the addition of CuZ+

at different concentrations (arrow).

As this metal acts as a bacteriostatic agent on E. coli, the use of
absorbance is justified to monitor the repression. We found that
these observable crystals, both big and small, inhibit the growth of
E. coli (Fig. 2.6a).
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Figure 2.6 Bacterial population control with macroscopic HKUST crystals. a
Absorbance of bacterial cultures (LB) in presence of HKUST (either small or
big) at 4 and 24 h. b, ¢ Absorbance of bacterial cultures growing in exponential
phase with and without HKUST by varying the amount of material or the
dilution factor. Error bars represent standard deviations over biological
replicates (n = 3, except n = 6 for big crystals). *Statistical significance with
respect to control. **Statistical significance of small vs. big (a, although

marginal at 24 h) or preincubated vs. non-preincubated (b).

The differences reported (at 4 and 24 h after material addition, 10
mg) were indeed significant (Welch’s t-tests, two-tailed P < 0.05)
compared to populations grown in absence of materials. However,
the inhibition achieved with big crystals at 4 h was minimal. The
different cultures almost did not grow from 4 to 24 h with material,
pointing out that a threshold level in the Cu?" amount in the
medium needs to be reached to ensure growth control. Moreover,
the inhibition was significantly higher with smaller crystals
(Welch’s t-tests, two-tailed P < 0.05), in tune with the differential

copper release previously shown (Fig. 2.2b).
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It is important to note that the efficacy of the system depends on
the initial bacterial density and the material amount in the
medium. To appreciate these issues, we then performed a series of
complementary assays with diluted E. coli cultures already in
exponential phase (i.e., when bacteria replicate at their maximal
speed). We first measured how different amounts of small HKUST-
1 crystals (1, 3, and 10 mg) repress bacterial growth (Welch’s ¢
tests, two-tailed P < 0.05), revealing a progressive effect (Fig.
2.6b). We repeated these measurements when crystals had the
opportunity to release copper before bacteria appeared (material
preincubation), observing now that even 1 mg was enough to keep
under control the population (inhibition significantly higher with
respect to non-preincubation; Welch’s t-test, two-tailed P < 0.05).
Second, we studied how different dilutions (1:10, 1:50, and 1:100)
of bacterial cultures impact the system, finding repression in all
cases (Welch’s t-tests, two-tailed P < 0.05) and again a progressive
effect (Fig. 2.6¢). Collectively, these data promise to be important
to develop accurate quantitative models of real (preclinical)
scenarios (21). In addition, HKUST-1 crystals were also able to
inhibit bacteria in solid medium (LB-agar; Fig. 2.7a). For that, we
placed big and small HKUST-1 crystals in plates seeded
homogenously with bacteria, finding the day-after halos around the

crystals. Halos even overlapped when particles were close.
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a big HKUST small HKUST

Cu?* salt

Figure 2.7 Bacterial population control with macroscopic HKUST crystals. a
Petri dishes (LB-agar) seeded with bacteria and set with big HKUST crystals
(left), small ones (middle), or without (right). b Petri dishes seeded with
bacteria and set with a big HKUST crystal (left), a solution of Cu(NO3)2
(middle), or a powder of Cu(NOs)2 (right). Images taken after overnight

incubation.

Notably, a slow release of antimicrobial agents by autonomous
structures is key to achieve a more localized effect. This can allow
obtaining higher levels of these agents at a given point minimizing
systemic toxicity, which can enhance the effectiveness of a
treatment (22). To illustrate that macroscopic HKUST-1 crystals
are suitable elements to achieve this spatiotemporal behavior, we
placed in plates seeded homogenously with bacteria, on the one
hand, a big crystal (8.1 mg) and, on the other hand, either a
microdrop of a Cu?* solution (5 pL, 9.7 mg) or a microspoon of a
Cu*" salt (10.1 mg), ensuring the same metal amount.

Suggestively, we found that the bacterial repression halo produced
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by the crystal (~7 mm diameter) was substantially smaller than
the halo produced by the microdrop (~26 mm diameter) or the
microspoon (~34 mm diameter; Fig. 2.7b).

In addition to copper, HKUST-1 crystals release to the medium
BTC (Fig. 2.1), the organic ligand in this MOF (15). Thus, we
decided to explore the corresponding dose-response surface (with
separate compounds). From diluted E. coli cultures, we observed
that Cu?* inhibits bacterial growth when its concentration is above
2.5 mM (see Fig. 2.8).

0.75

1 04
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ligand (mM)
absorbance (500 nm)

7.5

10
10 75 5 25 1 0.75
copper (mM)

0.4

0.2

bsorbance (500 nm)

Figure 2.8 Two-dimensional analysis of toxicity over a bacterial population of
Cu2t (metal) and benzene-1,3,5-tricarboxylic acid (BTC, organic ligand in
HKUST).

Following Fig. 2.3, this concentration is reached after ~16.7 h of
material incubation at 37 °C without shaking. However, when

shaking is applied, a faster profile was observed, reaching that
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threshold after just ~2.2 h (see Fig. 2.9; likely due to mechanical
effects). In this case, we fitted k = 0.2711 £ 0.0471 h! and Zimax =
0.1413 £ 0.0089 (R? = 0.9444). While, for BTC the threshold is at
7.5 mM (Fig. 2.8). Interestingly, BTC alone can repress bacteria,
which agrees with the use of phenolic acids as antiseptic agents
(23). Yet, because the inhibition threshold is 3-fold lower for Cu?**
and there is more metal than ligand molecules in this MOF (3:2
ratio), we can argue that BTC contributes less substantially than

Cu?' to bacterial repression when using the material for this

purpose.
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Figure 2.9 Copper release from macroscopic HKUST crystals in terms of
absorbance (left y axis) and concentration (right y axis). Circles, experimental
data; line, theoretical model. The difference between this and Fig. 3 is that
here shaking was applied to the cultures, which inevitably contributes in a

mechanical way to crystal damage, accelerating the release process.

Subsequently, we studied to what extent HKUST-1 crystals can be
reused. For that, we cultured bacteria in the presence of crystals
(10 mg) for long time (> 10 h), showing repression, and then we
recycled those crystals to constrain a new bacterial culture. We did
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so in liquid and solid media, obtaining repression again (see Fig.
2.10).

absorbance (500 nm)

025

big control

Figure 2.10 Reusability of HKUST crystals. a Control of a bacterial
population in liquid medium with reused crystals (10 mg initially). Error bars

are standard deviations over 3 replicates.* Welch’s #test, two-tailed P < 0.05.
b Control of a bacterial population in solid medium with a reused crystal (8.1
mg initially). Results obtained with big crystals at 24 h (second use).

Certainly, the macroscopic size of the material was instrumental
to achieve such reusability, allowing the manual collection and
disposition of individual MOF particles. Our experiments further
revealed that ~3 mg material was decomposed into metal and
ligand after 24 h in LB with shaking, leading to a final Cu?*
concentration of ~5.6 mM (Fig. 2.9). This indeed agrees with our
results with preincubated materials. In terms of activity, reused
big crystals were shown less efficient (36% wvs. 77% when fresh;
likely due to 30% mass loss). In addition, ~3.2 mg material was
decomposed after 5 d in LB-agar (note that we observed fully
decomposition at very long times), which is a much slower process.
Accordingly, consistent activity was observed after different cycles

in solid medium (halos of equal diameter; Fig. 2.10).
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Finally, we aimed at maximizing the utility of this material to
control bacterial populations. We investigated the ability to exploit
macroscopic HKUST-1 crystals as molecular containers by loading
crystals with a model antibiotic. We considered chloramphenicol,
which is a broad-spectrum antibiotic with mainly bacteriostatic
mode of action (24), as well as copper (see Fig. 2.11). For that,
already prepared HKUST-1 crystals of ~0.2 mm edge were
immersed in a saturated solution of chloramphenicol. We
quantified in ~7% (mass) the presence of the guest molecule into
the material (through ethanol washes, absorbance at 280 nm),
meaning that only the pores more in the periphery of the material

were occupied.
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Figure 2.11 Time-dependent relative absorbance (absorbance after 4 h of
incubation over the initial absorbance with a dilution 1:10, 500 nm), showing
the bacteriostatic effect of copper [6 mg/mL Cu(NOs)2(H20)3] and
chloramphenicol (34 pg/mL). Control cultures grown normally. Error bars are
standard deviations over 3 replicates (variance is really minimal in the case

of chloramphenicol).

From diluted E. coli cultures in liquid medium (1:100 from
overnight), we found significant repression with these new crystals
(at 4 h, with 1 and 3 mg; Welch’s t-tests, two-tailed P < 0.05; Fig.
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2.12a). Even with 1 mg material and without preincubation, the
population was tightly controlled. Indeed, 1 mg material leads to
a maximal concentration of released chloramphenicol of ~35 pg/mlL
(in 2 mL culture), which is the standard concentration for
resistance selection. Thus, a low loading percentage was not an
obstacle here. Note also that bacteria grew about 10 times more
with mere HKUST-1 crystals (Fig. 12a; Welch’s t-tests, two-tailed
P < 0.05). Consequently, we inferred that guest molecules release
much faster than copper (perhaps, k¥ > 0.4 h'l) in these MOF
particles.
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! 3 control \‘/
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Figure 2.12 Bacterial population control with macroscopic HKUST crystals
loaded with chloramphenicol (Cam-HKUST). a Absorbance of bacterial
cultures (LB) in presence of Cam-HKUST at 4 h. Error bars represent

standard deviations over biological replicates (n = 3). *Statistical significance
with respect to control. **Statistical significance of the enhancement over
mere HKUST crystals. b Petri dish (LB-agar) seeded with bacteria and set
with Cam-HKUST crystals. Image taken after overnight incubation.

We further assessed the contribution of chloramphenicol to the
joint antibiotic-MOF action by playing with a concentration
gradient, with fixed 3 mg material, pointing out how sublethal
chloramphenicol levels (around 1 pg/mL) can work relatively well
in the presence of MOF-derived Cu®" ions (see Fig. 2.13).
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Figure 2.13 Absorbance of bacterial cultures for a gradient of chloramphenicol
(0 - 34 pg/mL), with and without HKUST crystals (3 mg) at 24 h. Error bars
are standard deviations over 3 replicates.
Expectedly, chloramphenicol-loaded HKUST-1 crystals were also
able to inhibit bacteria in solid medium (Fig. 2.12b). As before, we
placed crystals in plates seeded homogenously with bacteria, but
this time we did not observe a set of halos (compare with Fig. 2.7b,
middle). Instead, we found a large region in which bacteria did not

grow, suggesting a fast release and spread of the guest molecule.
2.3. Discussion

In conclusion, this work shows that bacterial population control
can be achieved by repurposing a given MOF prepared to be
observable (size > 0.2 mm). We found that HKUST-1 crystals are
slowly decomposed into their constituents (Cu?* and BTC)(15) in
biological media, which function as antimicrobial agents (mainly
bacteriostatic). Note that this is not the case in pure water.
Because of the size of the material, such a decomposition leads to
a continuous, but slow release of antimicrobials, even for several
days (at 37 °C, we quantified it in ~3 d, without affecting the

material-medium equilibrium). In addition, we proved that this
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material can be loaded with a suitable antibiotic (chloramphenicol,

which fits inside the pore) to enhance the antimicrobial action.

This allowed the control of bacterial populations (E. coli) in liquid
(LB) or solid (LB-agar) media; a complex spatiotemporal process
that depends on the initial bacterial density and the amount of
material disclosed. In solid media, the slow release ensured a more
localized action. Moreover, thanks to have mm-sized materials, we
were able to precisely reuse them in different days against different
populations, something that certainly aligns with a sustainable

development.

In the literature, there are several game-changing examples of
porous nanomaterials (typical size < 200 nm) that go towards the
miniaturization or substitution of conventional systems for the
administration of biochemical compounds (5,6). For example, Fe3*-
based MOFs (MIL-53 and variants)(25). Our results contribute to
shift the paradigm, as they rely on MOFs of macroscopic size
(jumping 3-4 orders of magnitude) that can be at the same time
containers of guest molecules and self-degrading reservoirs of
metals. We can imagine several scenarios in which a programmed
supply of different bioactive ions/molecules can be highly
beneficial. For example, the antibiotic dose might be reduced if
metals were at play. They might also be used to enhance the
activity of established drugs in preclinical assays (26). Moreover,
different guest molecules might be released according to a
predefined temporal pattern if we filled such particles of big size in
consecutive steps. From a systems biology perspective (27), a slow
release might be interesting to study the response of biological
systems to ramp-like instead of step-like stimuli, trying to unveil

overlooked features in stress response (28).
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Future work should be focused on testing whether it is possible to
repress pathogenic bacteria using macroscopic HKUST-1 crystals
(loaded with antibiotic or not)(17), both in vitro and in vivo (with
animal models). However, a limitation of this technology is the fact
that BTC is a relatively small ligand, which constrains the palette
of guest molecules (at the same time that hinders the loading).
Hence, future work should also investigate the possibility of
preparing other mm-sized MOFs, with wider pores and based on
different metals (14) (e.g., silver or zinc, which also present
antibacterial properties [9]). Moreover, as these materials admit
multiple post-synthetic modifications (metal exchange, ligand
exchange, surface modification, etc.)(29), there is a great room for

maneuver.

2.4. Materials and Methods
2.4.1. Material preparation.

HKUST crystals were prepared following the conditions reported
by Zhu and colleagues with some modifications. Briefly,
Cu(NO3)2:(H20)3 (622 mg, 2,5 mmol) and benzene-1,3,5-
tricarboxylic acid (422 mg, 2 mmol) were dissolved in
dimethylformamide (DMF) (25 mL) with ultrasonication at 25 °C.
Then, 100 mL of a 2 M nitric acid aqueous solution were added.
The resulting mixture was stirred at 5 °C for 48 h. On the one
hand, to prepare big crystals (1-2 mm), 5 x 20 mL of this mother
solution were transferred to five Erlenmeyers (of 100 mL capacity)
and heated at 81 °C for 7 d in a preheated sand bath. A glass top
was placed above each Erlenmeyer allowing gas to scape. The
resulting HKUST crystals were washed three times with DMF (an
ideal solvent for copper nitrate and BTC) over a period of 72 h
and three additional times with ethanol (48 h), and they were
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stored in ethanol. Activation was performed by heating crystals at
55 °C for 4 h in order to prevent crystal damage. Big crystals were

collected manually among the resulting MOF particles.

On the other hand, to prepare smaller crystals (0.2-0.5 mm), the
mother solution was directly heated in a round-bottom flask (of
250 mL capacity) at 81 °C without stirring. After 7 d, crystals were
recovered. As before, the resulting crystals were washed three times
with DMF and three times with ethanol. Furthermore, to obtain
microscopic HKUST crystals, we ground with a mortar a given
quantity of small crystals to obtain a fine powder (this way, we
ensured the same nanostructure). The structures of all materials
were confirmed by PXRD. Of note, Zhu and colleagues performed
these experiments in closed flasks (16). However, we could not
perform as such for security reasons due to substantial overpressure

experienced.
2.4.2. Chloramphenicol loading into material.

Chloramphenicol@HKUST was prepared by immersion of HKUST
crystals (200 mg, small crystals, i.e., 0.2-0.5 mm) in a saturated
solution of chloramphenicol in ethanol (2 mL, 250 mg/mL) at 55
OC for 3 d. Afterwards, the material was washed three times with
cold ethanol. IR spectra indicated the presence of the guest
molecule and PXRD ensured the crystallinity of the materials.
Antibiotic content was calculated to be 7% (of total material mass)
after complete release in ethanol (10 mg in 2+2+42 mL). UV /Vis
was employed to measure the amount of chloramphenicol
(absorbance at 280 nm, using a calibration curve obtained by
different dilutions).
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2.4.3. Measurement of copper release from

material.

HKUST crystals (10 mg) were introduced in Eppendorf tubes with
2 mL LB (Sigma) or milli-Q water, and they were incubated
without shaking at different temperatures (25, 37, and 55 °C) for
long time (> 3 d). At each time point, 40 pl. were collected
(without touching the material) to make a measurement of
absorbance (650 nm) in a fluorometer (Varioskan LUX, Thermo).
A 384-well plate (black, clear bottom; Corning) was used. 40 pL
fresh medium was reintroduced in the Eppendorf tube at each time

point to continue with the incubation when the experiment was for
>1d.

In addition, to compare the release of small vs. big materials we
weighed 8.6 mg of small HKUST (> 100 crystals, introduced in 2
mL LB) and 8.2 mg of big HKUST (two single crystals, introduced
in 1.9 mL LB).

To estimate the amount of decomposed HKUST in liquid media,
we introduced materials in culture tubes with LB for 24 h (at 37
°C with shaking), collecting 40 pL at different time points to
measure absorbance (650 nm), from which to infer copper amount
and then material amount. In solid media, we placed materials in
LB-agar plates and were weighed before and after incubation (5 d
at 37 °C). Note that HKUST crystals can initially contain ethanol
and air, while they can contain water and other small molecules
present in the medium after incubation. This may introduce a

marginal error in the estimations of material amount.

As  controls, different solutions were prepared with
Cu(NOs3)2-(H20)3 to study the relationship between absorbance at
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650 nm and Cu?" concentration (in LB and water). Calibration

curves and UV /Vis spectra were obtained.
2.4.4. Bacterial strain and precultures.

In this work, we considered E. coli as a model bacterium, using
the strain Dhb5a. Features of this strain are: relaxed phenotype,
lactose non-utilization, recombination deficient, and endonuclease
A deficient.

Three different colonies were picked from plates and were grown
overnight at 37 °C with shaking (200 rpm) in 2 mL LB (in tubes
of 13 mL capacity). These precultures were then diluted for

subsequent use.

2.4.5. Measurement of bacterial growth in

liquid medium.

In a first experience, the precultures were diluted 1:100 and then
10 mg HKUST (small or big crystals) were introduced in each of
the new cultures (2 mL LB). These cultures were grown for 4 or
24 h at 37 °C with shaking (200 rpm). At each time point, 200 pL
were collected (without touching the material) to make a
measurement of absorbance (500 nm) in a fluorometer (Varioskan
LUX, Thermo). A 96-well plate (black, clear bottom; Corning) was

used.

In a second experience, the precultures were diluted 1:100 and were
grown for 4 h at 37 °C with shaking (200 rpm), ensuring that the
resulting cultures reach exponential phase. Then, the cultures were
diluted 1:50 (unless otherwise specified) and 1, 3, or 10 mg HKUST

(small crystals) were introduced in each of the new cultures (2 mL
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LB). These cultures were grown for 4 h at the same conditions and
then 200 pL were collected to perform the measurements of
absorbance as stated before. Moreover, we performed an incubation
of 18 h of small HKUST crystals (1, 3, or 10 mg) in 2 mL LB prior

to inoculation with bacteria.

In a third experience, the precultures were diluted 1:100 and then
1 or 3 mg chloramphenicol@HKUST (small crystals) were
introduced in each of the new cultures (2 mL LB). These cultures
were grown for 4 h at 37 °C with shaking (200 rpm) and then 200
pnL were collected to perform the measurements of absorbance as
stated before.

2.4.6. Measurement of bacterial growth in solid

medium.

In a Petri dish (90 mm diameter) of LB medium jellified with agar
(15 g/L), 100 pL of a saturated bacterial culture were seeded
homogenously. On the one hand, big HKUST crystals were
manually placed in the center of the plate. On the other hand,
small HKUST crystals (3 mg) were spread on the plate randomly.
In the case of chloramphenicol@HKUST, the crystals (1 mg) were
spread on the plate randomly. The different plates were incubated
overnight at 37 °C. Photos taken with a Canon EOS 600D (obj.
Canon EF 50 mm, F/1.8 STM). The resulting halos were then

quantified (diameter) with a ruler.

As controls in the evaluation of the local effect of the material, a
single microdrop of a solution prepared with Cu(NO3)2-(H20)3 was
used (and also a microspoon of that salt). We calculated the
amount of copper cations in the HKUST crystal, the microdrop,

and the microspoon to be equal.
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To evaluate the reusability of the material (big crystals), new
plates were seeded homogenously with bacteria the day after
seeding the first plates and the same crystals were used again

(removed from one plate and placed in another).
2.4.7. Statistical analysis

To compare the effect of two different conditions, two-tailed
Welch’s t-test tests were performed. These tests are used when the
two population variances are not assumed to be equal (the two
sample sizes may or may not be equal) and hence must be
estimated separately. P values were used to assess the statistical

significance.
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3.1. Introduction

Throughout evolution, mutations and the balance between natural
selection and genetic drift have mostly determined the origin of
biological variability. The mutations, which occur stochastically,
have deleterious, neutral, or beneficial effects on biological fitness.
Some neutral variants do not have any phenotypic manifestation
and are referred to as phenotypically silent or cryptic variants. A
number of experiments have demonstrated that these variants
could bear pre-adaptive mutations that can spark innovations in
new environments (1-6). Many of these variants are silent thanks
to mechanisms of mutational robustness that buffer their slightly
deleterious effects on fitness and facilitate their persistence in a

population.

Even though characterizing mechanisms of mutational buffering is
a fundamental aim of evolutionary biology (7), it remains unclear
how these mechanisms exactly act. Moreover, despite the fact that
beneficial mutations are the "building blocks" of adaptive changes,

little is known about the distribution of the effects of mutations

(8).

Focusing on non-synonymous mutations, protein evolution is
constrained by mutations that destabilize the proteins’ structure
(9-11). In most proteins, a few amino acids are directly responsible
for the protein activities, while the majority of amino acids help
provide a stable structural scaffold. Mutations can reduce protein
activity and biological fitness, for example, by reducing the amount
of correctly folded and thus active protein. They can also increase

a protein’s propensity to form toxic aggregates of misfolded
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proteins (12-14). Mutations that create a new protein activity are

especially often destabilizing (15-18).

Chaperones, or heat shock proteins, could play a fundamental role
in helping protein evolution by buffering destabilizing mutations
that otherwise would be detrimental (19-21). They are essential
among the regulatory mechanisms of evolution since they are
responsible for the correct folding of proteins in the cell, as well as,
avoiding the formation of toxic protein aggregates. They also are
indispensable under a wide range of conditions, both physiological
and under stress, and are ubiquitous in nature, although expression
levels may vary. Furthermore, as a consequence of their
modulation capacity, they become phenotypic variability enablers
since they allow a large number of genetic variants to remain in
the population (4, 22, 23). The overexpression of these chaperones,
in particular GroEL, allows the persistence of cells under strong
bottleneck dynamics, and therefore also under the high load of
deleterious mutations that gene drift entails. In addition, as a
consequence, their client proteins (those that need GroEL for their
correct folding) have a higher mutation rate than those that are
not (21, 24-26). The overexpression of groE also occurs naturally
in the endosymbiotic bacteria of insects even in the absence of
stress, since when propagation between generations occurs, a large
bottleneck occurs; the overexpression of these chaperones becomes
essential for the maintenance of the already reduced proteome of
endosymbiotic bacteria compared to closely related free-living
(non-symbiotic) bacteria (27). In addition, the essentiality of the
groEL function is also portrayed in the fact that the number of
mutations observed in groEL is much lower than that observed in

other genes of these same endosymbionts (27, 28).
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However, more recently it has been found that chaperones, by
facilitating protein folding, can both suppress the effect of
deleterious mutations that affect protein folding and enhance the
effect of phenotype-altering mutations. More importantly,
chaperones can simultaneously enhance a phenotype while
suppressing another (29). GroE overexpression can reduce genetic
diversity during experimental evolution, implying that it helps
purge deleterious mutations (30). This suggests that chaperones

can possibly affect adaptive evolution in more than one way.

Consequently, the role that GroES/EL plays in channeling
mutations and the possible new functions that may emerge from
these changes in nucleotide sequence remains ambiguous.
Chaperones act as potentiators of evolvability by 'smoothing'
adaptive landscapes, making possible 'jumps' to remote peaks that
would otherwise be inaccessible due to low biological fitness
valleys, acting as capacitors of adaptation. But also, chaperones
can have buffering effects by “hiding” the deleterious effect of some
destabilizing mutations, entailing as a result less phenotypic
variability. Hence, the terms buffering and potentiation are highly
contextual (30).

Long-term evolution experiments (LTEE) in bacteria involve
studying the changes that occur in a bacterial population over
many generations, and allow the direct study of various traits, such
as antibiotic resistance, metabolism, etc (31-33). Undoubtedly,
experimental evolution has great potential for testing hypotheses
about the mechanisms underlying certain evolutionary events.
Such experiments make it possible to observe evolution as it is
happening. Moreover, whole genome sequencing has revolutionized

studies using the experimental evolution in bacteria because it
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readily provides a comprehensive insight into the genetic bases of
adaptation (34).

We decided to carry out a LTEE to study how bacteria are able
to maintain a given function (or phenotype) at long times, i.e.,
when the accumulation of mutations may present a challenge.
Especially, when a key factor in the cell, such as GroEL, is present
in a range of levels of expression, specifically where the difference
in expression is not provided by an inducible groES/L harbored in

a plasmid, but a stable change in the bacterial chromosome.

To study the role of the protein chaperone GroEL on the evolution
(evolvability and stability) of E. coli, we engineered a series of
clones that differed from the MG1655 strain in the promoter
controlling the grokE operon, thus providing a range of different
expression of the chaperone. It would be expected that different
intracellular concentrations of GroEl modulated the evolutionary
pathway. Then, we subjected these lines to an LTEE over 2.2 k
generations under strong genetic drift to study their changes in

biological fitness and mutation accumulation over time.

3.2. Results

3.2.1. Experimental evolution under strong

bottlenecks: clonal evolution.

From the strain of E. coli str. K-12 substr. M(G1655 nine isogenic
lines were created. These lines only differed from each other in
their promoter regions (Fig. 3.1a). Eight of them were obtained by
creating a synthetic promoter library (SPL) based on randomized
sequences flanking the consensus -10 and -35 promoter regions
preceding the operon. The ninth line harbored the PBla promoter
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Figure 3.1 a Schematic representation of the genomic region of the . coli
chromosome harboring the groE operon and sequences of the SPL promoters
generated for the evolution experiment. The clones only differ from each other
in the promoter sequences presented in the figure. b Promoter characterization
showing the mean relative groEL expression determined by qPCR at the
initiation of the evolution experiment. Error bars correspond to standard
deviation over three replicates (n=3). An ANOVA test shows that there is an
overall statistically significant difference among the expression levels P<0.0001.

instead of the original promoter in the chromosome. This resulted
in the fine-tuning of bacterial gene expression as a consequence of
the o factor interacting with this region and facilitating RNA
polymerase-binding. As a result, these different promoter regions
prodcuced different levels of mRNA, and consequently the
expression of the GroES/L chaperonin changed compared to the
MG1655 strain. The modification in expression was quantified by

qPCR, showing a range from 0.24 times less to 6.22 times more,
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compared to the control that harbored the wild-type (WT)
promoter (Fig. 3.1b). Consequently, all of them underwent a
knock-out of the mutS mutation repair gene, which provided a
mutation rate 1000 times higher than the MG1655 WT strain.

From each of the ten lines, including those newly generated and
the the one with the original promoter, a LTEE was carried out.

Each of the lines had 4 biological replicates, which were subjected
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Figure 3.2 Representation of the clonal evolution. Four biological replicates
are evolved from the initial 10 lines at tO during 100 passages. A single cell

was picked onto a new plate every day.
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to daily single-cell passages for 100 passages (22.22
generations/day; 2222 generations) (Fig. 3.2). A “fossil record” was
created by freezing cells from each line and replicate every 10

passages.

3.2.2. Determining changes in biological fitness:

growth rates.

The relative biological fitness of each evolved line was determined
at t100 (Table 3.1) in order to assess how it had changed in relation
to the ancestral line and to help to choose a selected few to proceed
with whole genome sequencing. Generally, we observed a higher

variability between biological replicates in the lines that have a

Table 3.1 Relative fitness (w) values of each line, compared to their common
ancestral line MG1655 AmutS at t0.

t0 t100
Line 1 1.1 1.2 1.3 14
w 0.877 0.989 1.122 1.117 1.139
Line 2 2.1 2.2 2.3 24
w 1.100 0.917 0.984 0.929 0.426
Line 3 3.1 3.2 3.3 3.4
w 1.025 0.556 0.795 0.820 0.901
Line 4 4.1 4.2 4.3 4.4
w 1.066 1.204 0.988 0.734 0.893
Line 5 5.1 5.2 5.3 5.4
w 1.037 0.925 1.055 1.055 0.915
Line 6 6.1 621 6.3 6.4
w 0.954 0.847 0.903 0.735 0.741
Line 0 0.1 0.2 0.3 0.4
w 0.996 0.289 0.575 0.645 0.606
Line PBla PBlal PBla2 PBla3 PBla4
w 0.906 0.714 0.806 0.827 0.765
Line 7 7.1 7.2 7.3 74
w 0.914 0.686 0.722 0.827 0.554
Line 8 8.1 8.2 8.3 8.4
w 0.823 1.090 0.915 0.802 0.928
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lower expression level than the WT promoter. Their biological

fitness predominantly decreased throughout their evolution; while

those that have a higher expression than the WT strain do not

show such differences with respect to their corresponding ancestors
or the line carrying the WT promoter (MG1655 AmutS t0). From
these data, 7 lines were selected for whole genomic sequencing, in
addition to their common ancestral one (MG1655 AmutS t0) (see
growth plots of all lines in Fig. 3.3).

The chosen lines for sequencing were:

96

MG1655 AmutS at t0.

One replicate of the line originally expressing 0.238 times
the expression of the WT. The name of this line is 2.4.
One replicate of the line originally expressing 0.273 times
the expression of the WT. The name of this line is 3.1.
One replicate of the line originally expressing 0.649 times
the expression of the WT. The name of this line is 6.1.
One replicate of the line originally expressing GroES/L at
the WT level of expression, the name of this line is 0.3.
One replicate of the line originally expressing 1.822 times
the expression of the WT. The name of this line is 7.3.
One replicate of the line originally expressing 6.222 times
the expression of the WT. The name of this line is 8.1.
One replicate of the line originally expressing 6.222 times
the expression of the WT. The name of this line is 8.3.
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Figure 3.3 Growth curves for each of level of GroEL expression, compared to
their respective ancestral line at t0 (orange) and an original MG1655 AmutS
(dark blue). Each level of expression has 4 biological replicates (grey, yellow,
light blue, and green). ODgpo vs. time. Each line represents the median of three

technical replicates for each curve.
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3.2.3. Determining changes in GroEL
expression: qPCR

At t100, the expression of GroES/L was verified by qPCR for each
line chosen for sequencing. In those lines where the expression of
the chaperone was partially silenced, as well as those that
maintained the WT promoter, there was a slight increase in

expression compared to its ancestral (for example, from 0.24x to
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0.5x, in the 1x to 2.3x); interestingly, the line harboring the WT
promoter (0.3) doubled GroEL expression. On the other hand,
those that were originally expressed at 6.22x, at the end of the

evolution express GroEL at around 5x the ancestral expression

level. Such changes are probably due to the need to produce more

chaperone to buffer lethal mutations or less to avoid the toxic effect

of overexpression, respectively (Fig. 3.4).

3.2.4. Experimental

evolution under soft

bottleneck (1%), population evolution.

0 (wt) 8
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Figure 3.5 Representation of the
populational evolution. Three biological
replicates are evolved from the initial two
lines at t0 during 20 passages. 1% of a
grown culture was passaged onto fresh

media every day.

A study was carried out with
two lines (WT promoter and
SPL 8 promoter), with three
biological replicates each,
evolving populationally
through daily passages of 1%
of the population, for 20 days
(6.6 generations/day; 132
generations) (Fig. 3.5). At
t20, we studied, using
phenotypic microarrays, the
possible emergence of
changes in the
metabolization  of  some
carbon and nitrogen sources
(EcoPlates). Phenotypic
arrays allow us to observe
changes in  the  cells’
metabolism. These changes
might be influenced by the
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capability of enzymes to fold in other manners, changing their

activity as a result. Having chaperones overexpressed, which

improve correct protein folding, or the lack of enough of them,

could modify the ability of the cells to consume different metabolic

components, resulting in changes that we could observe using this

type of array.
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For this purpose, we chose a
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3.2.5. Mutational dynamics of GroEL clients

and non-clients

A total of 7 lines and the control (MG1655) at t0 were chosen for
whole genome sequencing, as mentioned above. Comparing the
sequences at end-point to their common ancestor at the initiation
of the experiment (MG1655 AmutS), we found that the most
mutations had been accumulated in the line 2.4, which only had
approximately one fourth of the expression compared to de WT
promoter and also showed the greatest lag time (Fig. 3.3).
Contrarily, the line 3.1, which had 0.273 times the expression of
the WT line, accumulated fewer mutations than any other. The

remaining lines showed similar mutation accumulation.

Previous studies have shown that clients of GroEL have higher
mutational robustness compared to non-clients. Following our
previous GroEL client classification, we distinguish four different
classes of GroEL clients, that is, proteins that need GroEL to
correctly fold: I) all 252 GroEL/GroES interactors—that is, both
facultative and obligate clients (35); II) 85 obligate clients only as
defined by Kerner (35); III) 57 obligate clients as defined by
Fujiwara (36); and IV) the 34 obligate clients classified (35) that
do not depend on GroEL/GroES for solubility; as seen elsewhere
(21)

We studied the ratio of mutations accumulated in clients vs. total
mutations, to investigate whether even with fewer total mutations
those lines that initially overexpressed GroE had accumulated
more changes in known GroEL clients in proportion, but no clear

trend was found either.
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All in all, the sequencing results did not provide significantly
different mutation accumulations in relation to groEL expression
(Spearman’s correlation, two-tailed P= 0.90837) (Table 3.2).

Table 3.2 Overview of the mutations accumulated in each of the lines which
underwent whole genome sequencing. The different columns refer to each of
the lines sequenced. The mutations are classified depending on the type of
client of groE Class I through Class IV, the total of mutations in clients is
highlighted in bold.

SPL_Amut SPL_Amut SPL_Amut SPL_Amut SPL_Amut SPL_Amut SPL_Amut
S 2.4t100 S3.1t100 S6.1t100 S0.3t100 S 7.3t100 S8&81t100 S 8.3t100

Class T 8 0 2 3 3 7 4
Class II 22 3 8 12 5 4 4
Class 11T 4 1 8 2 2 2 1
Class IV 8 1 2 1 3 5 1
TOTAL muations 42 5 20 18 13 18 10
in CLIENTS

TOTAL mutations 718 168 392 267 303 462 272
Mutations in non-clients 676 163 372 249 290 444 262
ratio client/mutations 6.213 3.067 5.376 7.229 4.483 4.054 3.817

. .
3.3. Discussion

In this study we performed whole-genome sequencing to analyze
changes in the mutation accumulation spectra under differential
GroEL expression. We found that the expression of the chaperonin
system groES-groEL, which is known to increase the resistance of
bacteria to mutational insults under strong genetic drift (26), did
not necessarily correlate to the mutation accumulation in this
scenario, as our results did not provide a clear picture of any
significant differences influenced by GroEL. Whole genome
sequencing of the remaining clones evolved under the same study
would increase our statistical power to infer more established

conclusions.

It is known that overexpressing GroE has a high energetic cost for
the cell (26). In periodically bottlenecked populations with a large
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effect of genetic drift, high levels of GroE expression can be
maintained (24). But our results suggest, in general terms, that if
this overexpression is too high, it may decrease with time due to
the metabolic burden that producing GroEL entails, even under
strong bottlenecks (strong genetic drift); while if the expression is
too low, it might increase with time as previously described in
endosymbionts (28). Furthermore, previous studies had shown that
the absence of the overexpression of GroEL led to extinction events
in an LTEE (24), however, our study differs from the previous one
in a key point: in the former study, overexpression was provided
by a plasmid which needed the presence of chloramphenicol to be
maintained and arabinose to induce the expression of GroEL, while
the present study did not require the use of any antibiotic or
alternative carbon source that could have other effects on the
evolution (37). However, further work needs to be completed to
elucidate this question in a confident manner. Regarding the
populational evolution, it would be beneficial to characterize how
metabolism is regulated in the two lines evolved. As indicated in
previous work, metabolic erosion occurs in the same genetic
background with or without overexpression of grokE, thereby
highlighting the mutational buffering aspect of groEL (38).

Additionally, GroEL’s mechanism of buffering may be more
complex than previously thought, and the set of client proteins of
this chaperone may be larger than currently defined. The list of
known GroEL clients is likely to miss many proteins that interact
with GroEL in a transient manner (24). Further research is needed

to confirm this.

103



3.4. Materials and methods
3.4.1. Bacterial Lines

Escherichia coli K-12 substr. M(G1655 was obtained from I. Matic
(INSERM U571, Paris, France) through J. Blazquez’s group at
Centro Nacional de Biotecnologia (CSIC, Madrid, Spain). The
mutS deletion strain was obtained in house. This deficiency in
MutS (a component of the mismatch repair system of E. coli that
recognizes and binds to mispaired nucleotides allowing for their
removal by further action of MutL. and MutH) and has a predicted
mutation rate that is 1,000-fold higher than WT (39, 40). Cells
were grown routinely in Luria—Bertani (LB) media (Pronadisa
#1551; 1% bacto-tryp- tone, 1% NaCl, 0.5% yeast extract).

The acquisition of lines with differential expression levels of groFE’s
operon was based on “Escherichia coli strains with promoter
libraries constructed by Red/ET recombination pave the way for
transcriptional fine-tuning” (41). Using the method described in
this paper in conjunction with A-Red recombineering (42), we
generated different promoters that substituted the wild-type groF
promoter in E. coli K-12 MG1655, thereby obtaining several lines
with different expression levels of the chaperone system. The
primers employed to carry out this genetic engineering were:
P1 yjeH (65bp) “TGAAATGTGAGGTGAATCAGGGTTTTCA
CCCGATTTTGTGCTGAGTGTAGGCTGGAGCTGCTTC”
and P2 _SPL_groE (121bp) “TATCTGTTATGGGTGACGCCG
GAGCTTACGTGGTTTCCCGGCTGGTGACCNNNNNTATG
GGGANGNNNNNNNNNNNNNNNNNCTTTCAAGGNNTAAN
NNNNCATATGAATATCCTCCTTAG” and P2 pBla groE
(119bp) “TATCTGTTATGGGTGACGCCGGAGCTTACGTGG
TTTCCCGGCTGGTGACCAGAGAAATTGTCTCATGAGCG
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GATACATATTTGAATGTATTTAGAAAAACATATGAATA

TCCTCCTTAG”. Amplification conditions were: 1x 94°C 3 min;
30 cycles x 92°C seconds, 55°C 30 seconds, 72°C 30 seconds,
followed by a final cycle at 72°C during 4 minutes; using as the
template the pKD3 plasmid (42). Mutants were sequenced by
Sanger with the oligo: “GCCGATTGTCTGTTGTGCCC” which

targets the Kanamycin resistance gene.

Consequently, the Kan® cassette was eliminated by recombinase
flippase (FLP) recombination mediated by pCP20 (42).

For the knock-out of the gene mutS, a similar protocol was carried
out. The primers used for this purpose were: P1_mutS_for (75bp)
“TATGAGTGCAATAGAAAATTTCGACGCCCATACGCCCA

TGATGCAGCAGTATCTCGTGTAGGCTGGAGCTGCTTCG”
and P2 A mutS (74bp) “GATAGCAAAAGACTATCGGGAA
TTGTTATTACACCAGGCTCTTCAAGCGATAAACATATGA
ATATCCTCCTTAG”. Amplification conditions were: 1x 94°C 2
minutes; 35 cycles x 92°C 30 seconds, 60°C 30 seconds, 68°C 90
seconds; followed by a final cycle at 68°C during 4 minutes, using
as the template the pKD3 plasmid (42).

Both PCR were treated with Dpnl (1h, 37 °C) to avoid false
positives, as this enzyme is sensible to methylation and only
processes that DNA replicated by E. coli.

3.4.2. Evolution Experiment

Evolution was performed according to two different propagation
procedures: 1) Through single-cell bottlenecks in solid media (agar
plates; 1.5% Bacto-agar European grade; Pronadisa #1800), or 2)
through serial transfer of large bacterial populations in liquid LB
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media. A total of 32 bottlenecked and 6 large population lineages
were established. We passaged each lineage serially every 24 h by
streaking a single colony, in the case of bottlenecked populations,
or by sampling 0.1 ml of the large population into 10 ml of fresh
media. We passaged all lineages from clonal evolution during 100
days, corresponding to approximately 2.2K generations of the
bacteria (~22 generations per day for bottlenecked bacterial
lineages and 6.6 generations per day for large populations).
Population evolution was carried out during 20 days. A glycerol
stock of each lineage was prepared every ten passages and stored
at -80 °C to establish a “bacterial fossil record.”

3.4.3. Growth Rate and Fitness Measurements

Growth parameters for bottlenecked lines were evaluated using the
Bioscreen C plate-reader system (Oy Growth Curves Ab Ltd,
Helsinki, Finland). Each population was precultured overnight at
the corresponding temperature and media, and used to inoculate
200 pl of fresh medium (LB) to an OD595 of 0.06-0.07, distributed
in 100-well Honeycomb plates. Populations from each time point
were grown at least in triplicate in the same plate. Each
experimental run was conducted including negative control (i.e.,
blank fresh media) and positive control (i.e., ancestral lines), and
using at least three replicates per 100-well Honeycomb plate. Each
run consisted of two Honeycomb plates that allowed testing up to
200 cultures. Positive controls were used to allow for interplate and
interrun comparison. Plates were incubated at 37 °C with
continuous shaking (medium force) in the Bioscreen C. Growth
was monitored for a period of 24-48 h taking ODgy measurement
every 15 min. Growth rate was determined after ODggo

normalization following a previous formula (43). Growth rates were
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averaged across replicated cultures with 3 replicates. From these
data, relative fitness of the clonal lines was determined the ratio of
the growth rate of the evolved line versus the growth rate of the

ancestor lineage (44).

3.4.4. GroEL Measurement and Quantification

by qPCR

RNA extractions were performed using the RNAeasy Mini Kit.
Genome wipeout and retrotranscription were performed by using
QuantiTect Rev. Transcription Kit (Qiagen). Reference genes were
chosen by using the Geneinvestigator software (45). Those that
have a steady and similar expression to groE’s were selected, and
the glutathione reductase (b3500) showed the best performance.
gPCR was performed in a Applied Biosystem’s AB7500 Fast. Data
analysis using the provided software by Applied Biosystem. In this
experiment, we chose de 224C" method described by Livak (46).
The  primers used were as  follows: for  groEL
“GGCTGACAAGAAAATCTCCAAC” and
“CCGCTGCTGATCATCGCTG”. This pair had a 102% of
efficiency according to the Applied Biosystems Software. For the
reference gene, the primers used were
“TGAGCATCTGGATTACAGCAAC” and
“CGCGGTGAAAGAGGATTTATAC”, with 100% efficiency
according to the Applied Biosystems Software.

3.4.5. Deep Sequencing and DNAseq Data
Analysis

Whole-genome sequencing (WGS) was performed using paired-end

Illumina sequencing at two different sequencing facilities. The
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extraction of genomic DNA was performed with the QIAmp DNA
mini kit (Qiagen, Venlo [Pays Bas|, Germany) for a QiaCube
automatic extractor using bacterial pellets obtained from
approximately 10ml cultures (from frozen stock or sampled directly
from the most recent bacterial culture) of the lineages from
bottlenecked populations. Clonal DNAseq libraries were
constructed using the TrueSeq DNA polymerase chain reaction-
free HT sample preparation kit (Illumina) and labeled with
individual indices to allow for running in a single lane. Quality and
quantity of clonal DNAseq libraries were assessed using a 2100
Bioanalyzer (Agilent). All clonal DNAseq libraries were paired-end
sequenced on an Illumina HiSeq2000 platform using a 2 100 cycles
configuration (this service was provided by LifeSequencing SL.,

Valencia, Spain).

After removing a sample from the culture after passage of interest
for freezing, the remaining culture was pelleted. Genomic DNA was
extracted from the frozen bacterial cell pellets with the Illustra
bacteria genomicPrep mini spin kit (GE Healthcare). DNAseq
libraries were constructed with a Nextera XT DNA sample
preparation kit (Illumina) and labeled with individual indices to
allow for multiplexed running in a single lane. A sequencing run
was performed in a MiSeq Benchtop Sequencer using 2 150 bp with
300 cycles pair-end reads configuration. MiSeq sequencing was

performed at Valgenetics SL sequencing facility (Valencia, Spain).

The ancestral strain, E. coli K-12 substr. MG1655 AmutS, was

already sequenced and assembled in previous work (24).

Sequencing reads were converted from Illumina quality scores into
Sanger quality scores. We then used the breseq v 0.24rc4 (version

4) pipeline (47) for aligning the Illumina reads to our E. coli
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parental genome and for identifying single nucleotide
polymorphisms (SNPs) and indels (using bowtie2 (48)). Individual
runs of breseq, with junction prediction disabled but otherwise
default parameters, were performed for the ancestral sequence, as
well as for each of the evolved lines. Finally, in house scripts were
written and run to create tables containing all SNPs and indels for
each lineage (including the ancestral), as well as assigning GroEL

client information.
3.4.6. Phenotypic arrays

For phenotypic arrays, EcoPlates (EcoPlates: Catalog No. 1506)
were employed. Cells were cultured over night at 37 °C and
agitation at 220 rpm. Afterwards, two consecutive washes were
completed by centrifuging the cells at 4500 rpm during 15 minutes;
using 10 mL Phosphate-buffered saline (PBS) to resuspend the
cells after centrifugation. Then cells were resuspended to an ODggo
of 0.45 in PBS. From this suspension, 150 pL. were loaded into the
Ecoplates. These were further incubated at 37 °C, measuring ODsgo
at 0, 4, 12, 24 and 48 h, images of the plates at 24h were collected.

3.4.7. Statistical analysis

To compare the different levels of GroE expression obtained after
engineering, a one-way analysis of variance (ANOVA) test was
performed. Different groups were generated to perform the
comparisons. P values were used to assess the statistical

significance.

To measure the strength and direction of the relationship between
two variables, Spearman’s correlation was performed. P value was

used to assess the statistical significance..
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General discussion

Genetically engineered bacteria with novel regulatory circuits (1,
2), heterologous enzymes and pathways, or sensory layers (2) have
the potential to revolutionize biotechnology by providing solutions
to particular applications and generate new knowledge from a
synthetic perspective. The potential applications of genetically
engineered bacteria are vast and include e.g. the production of
pharmaceuticals, the cleaning of environmental pollutants, and the
generation of biofuels. However, one overlooked question is whether
the resulting bacteria perform as intended in variety of
environments or with time. Important issues relate to the
operability regime of these genetic modifications, the response
ability of bacteria to cope with multiple changes that can occur in
a non-predictable way, and the evolutionary stability of the
engineered bacteria (3-5). In this thesis, we sought to better
understand these aspects in order to identify principles that can be
used to predict the effects of different changes and develop
strategies to mitigate them.

In this thesis, we have considered a recently engineered genetic
system that allows programming the cell to work as a minimal
computer (arithmetic logic unit) in order to analyze its operability
regime (6). This system involves transcriptional and post-
transcriptional regulations. In particular, we have studied the
analog behavior of the system, the effect of physicochemical
changes in the environment, the impact on cell growth rate of the
heterologous expression, and the ability to maintain the arithmetic
functioning over time. Conclusively, our results suggest i) that
there are wide input concentration ranges that the system can

correctly process, the resulting outputs being predictable with a
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simple mathematical model, ii) that the engineered circuitry is
quite sensitive to temperature effects, iii) that the expression of
heterologous small RNAs is costly for the cell, not only of
heterologous proteins, and iv) that a proper genetic reorganization
of the system to reduce the amount of heterologous DNA in the

cell can improve its evolutionary stability.

More in detail, we exploited a pre-characterized transcriptional
layer for RNA circuit engineering and utilized RNA folding
routines to accurately predict riboregulatory performance from
energetic and structural calculations. This allowed us to use a
simple mathematical model based on algebraic equations to predict
the output responses of different induction conditions. Our results
highlight the importance of temperature as an environmental
factor that can significantly impact circuit performance due to the
interaction between transcriptional and post-transcriptional
regulation. To address this, we suggest using a circuit
implementation with tightly-regulating transcription factors only
in the sensory layer and a pure RNA-based actuation layer, which
may help to limit the impact of temperature changes. In addition
to temperature, we also found that the expression of heterologous
sRNAs can be costly for cells and lead to growth defects, as well
as genome-wide transcriptomic perturbations. This suggests that
care should be taken when designing RNA circuits to minimize the
demand for ribonucleases and avoid disrupting cellular functions.
Finally, thanks to our evolutionary experiments, we discovered a
trade-off for synthetic RNA circuits, which require high-copy
number plasmids or T7 promoters to function properly but can
also be costly for cells and prone to accumulating deleterious

mutations.
Overall, our results provide a foundation for predicting the effects
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of various changes on regulatory RNA circuits and developing
strategies to mitigate them. These findings will be useful for
researchers and engineers working on the development and
application of RNA circuits for biotechnology and related fields (2,
7).

In this thesis, we have also studied how bacterial populations
responded in time and space to environments with antimicrobial
compounds. In particular, we focused on environments defined by
the presence of macroscopic HKUST crystals (i.e., mm-based
nanomaterials based on coordinated metals and organic ligands)
(8). These materials were shown to release significant amounts of
copper in saline medium at a slow rate, which was exploited to
study how the growth of a bacterial population was affected. In
addition, we analyzed the bacterial response when these
nanostructured crystals of observable size were loaded with
chloramphenicol to exert a joint metal-antibiotic action, going
beyond the traditional oligodynamic effect (a more challenging
environment). By performing such studies, we expect to contribute
to the development of sustainable, targeted antimicrobial
approaches that might be used to effectively control bacterial

populations in a range of contexts.

In particular, our study demonstrated the potential of a metal-
organic framework (MOF) called HKUST-1 as a means of
controlling bacterial populations. We found that MOFs can slowly
decompose in biological media, releasing antimicrobials that can
act against bacteria. We also showed that MOFs can be loaded
with antibiotics, e.g., chloramphenicol, to enhance its antimicrobial
action. We analyzed the spatiotemporal bacterial response
following a combined experimental and theoretical approach in a

such a complex and challenging environment involving metal-based
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materials in both liquid and solid media, and found that bacterial
densities were greatly reduced. Simple mathematical models of cell

growth rate and molecule diffusion explained the data.

Overall, our results suggest new means to control bacterial
populations, which could be a promising strategy in further
applications, either in the industry or in the clinic (9). Of note, the
ability to load the MOFs with antibiotics and other bioactive
molecules, as well as the possibility of modifying them post-
synthetically, opens up a wide range of possibilities for the
development of tailored antimicrobial approaches. However, it is
important to note that there are some limitations to this
technology. For example, the size of the ligand constrains the types
of guest molecules that can be loaded into the material. This may
limit the range of bacteria that can be effectively targeted with
this approach. Additionally, while we demonstrated the
effectiveness of the MOF in controlling bacterial populations in the
laboratory, it will be important to test its effectiveness in more
complex environments, such as in vivo, and also assess if we can
move from bacteriostatic to bactericidal effects, that may have
better prospects. Our results mainly show a bacteriostatic effect on
lab strains, which is only a first step. Future work should be
focused on testing the ability of this type of materials (MOFs and
also other nanostructured materials) to repress pathogenic bacteria

in vitro and in vivo (10).

Finally, we have decided to study in this thesis how bacteria are
able to maintain a given function (or phenotype) at long times,
i.e., when the mutational load may be a challenge. To this end, we
focused on studying the activity of a key factor in the cell, such as
GroEL (11). Of note, GroEL is a protein chaperonin complex that

plays a crucial role in maintaining protein folding and function in
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cells (12). According to previous work, it has the ability to buffer
or purge mutations that may occur in proteins, making it an
important factor in cellular evolution and survival (13). As such,
we hypothesized that by constructing a library of GroEL
expressions and assessing the impact on evolvability we might
provide valuable insights into the role that GroEL plays in protein
folding and function, as well as its potential role in buffering or

purging mutations.

To study the role of GroEL in evolution, we performed an
evolutionary experiment. We used a regular strain and a standard
culture medium. By analyzing the genetic makeup of the cells at
the end of the experiment (here, 100 passages), we can gain insights
into the types of mutations that are being selected for and how
they may contribute to the evolution of the population.
Importantly, we performed whole-genome sequencing to analyze
the genetic profile of the different lines. Unfortunately, the results
of the whole-genome sequencing were not conclusive and did not
provide a clear picture of the types of mutations that were being
selected during the experiment as a result of differential GroEL
expression. This may be due to a variety of factors, such as that
GroEL functions in complex or that there was little to none
selective pressure (14). More lines could also be sequenced and

analyzed to increase the statistical power.

Despite the lack of conclusive results, our evolutionary experiment
and whole-genome sequencing may provide valuable insight into
the role of GroEL. Further research is needed to fully understand
the role of GroEL in evolution and to identify the specific
mechanisms by which it may impact protein folding and function.
This information could have important implications for the
development of bacterial cells more robust to mutations, thereby
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with greater evolutionary stability for applications such as in
bioproduction, as well as for our understanding of evolution at the

molecular level.

All in all, genetically engineered bacteria could have a significant
impact on various industries, the clinic, and further areas of society
(15-18). However, it is important to carefully consider the
potential risks and benefits of using genetically engineered bacteria,
as well as the ethical and social implications of their use. It is also
important to ensure that appropriate safety measures are in place
to protect human health and the environment (19). This thesis
tries to advance our knowledge on how bacteria would respond in
a variety of scenarios, once their genetic engineering has been
accomplished. On top of that, ecological interactions with other
bacteria, either natural or engineered, would also be important
(20). Indeed, the prediction of the coexistence of microorganisms
in a particular environment is instrumental for several
biotechnological applications. A thorough understanding at
different levels (molecular, cellular, and ecological) of how bacterial
metabolic strategies are encoded and deployed will lead to exciting

changes in our society.
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Conclusions

This Ph.D. dissertation is intended to expand our knowledge on
how bacteria deploy spatiotemporal responses. That is, bacteria
change its gene expression programs with time and also in response
to fluctuations in external conditions that take place as result of a
different space. In this regard, this thesis has reached the following

three main conclusions:

1) We studied how environmental and genetic changes affect the
functionality of a synthetic genetic circuit, which is a proxy of a
particular phenotype. Our results contribute to a better
understanding of the operability regime of engineered circuitries
based on regulatory RNAs. Moreover, our results allow disclosing
design principles that can be used to predict the effects of

perturbations and develop strategies to mitigate them.

2) We studied the bacterial behavior in complex environments. In
particular, in media where nanostructured materials appear. This
is important because these materials represent an alternative way
to fight bacteria and might be widely used in the future. Our
results show that bacterial population control can be achieved by
the employment of metal-organic frameworks (MOF's) prepared to
be observable (size > 0.2 mm). The slow release of antimicrobials,
in the form of metals, organic compounds, and antibiotics, allows

tuning the control of bacterial growth in liquid and solid media.

3) We studied the contribution of the protein chaperone system
GroEL in the channeling of mutations, knowing that previous work
pointed out that buffering and purging are apparent opposite

effects of this system. In particular, we assessed the impact of

129



different expression levels of GroEL on the mutational load of
bacteria by performing a long experimental evolution. However,
our results did not support a clear picture. In this regard, further
work is required to disclose the evolutionary role of GroEL in FE.

coli.
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