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Developing GPCR-based yeast biosensors towards biomedical applications

Andrea Clausen Lind
Department of Life Sciences, Chalmers University of Technology

Abstract

Biosensors, i.e. systems utilizing biological components such as antibodies or enzymes for
sensing, have broad applicability in research, industry, and healthcare. Over the past three
decades, the yeast Saccharomyces cerevisiae has emerged as a biosensor platform, often
utilizing the cells” internal signaling pathways for signal transduction and the transcriptional
machinery for production of measurable outputs. G-protein coupled receptor (GPCR)-based
yeast biosensors are prominent examples of this, leveraging the yeast mating pathway for signal
transduction upon binding of a ligand to the GPCR at the yeast cell surface. These yeast-based
biosensors (YBBs) have facilitated the deorphanization of human GPCRs, identification of
GPCR-specific designer drugs, and the development of point-of-care (POC) YBBs applicable
outside laboratory settings. In this thesis, I present our efforts to further advance GPCR-based
YBBs towards biomedical applications and expand the available toolkit for their development.

In the first project, YBB outputs were evaluated as these affect the ease-of-use, time-of-
detection, and sensitivity of a sensor. Specifically, two colorimetric outputs -
prodeoxyviolacein and deoxyviolacein - were benchmarked against the previously established
lycopene across different conditions, thereby broadening the range of available colorimetric
outputs.

In the second and third project, we focused on the investigation of key residues in fungal
GPCRs. These receptors have shown potential both as therapeutic targets for treatment of
fungal infection and as YBB sensing elements for detection of fungal infection. To this end, an
untargeted mutant library of the Ste2 mating receptor from the pathogenic fungus Candidozyma
auris was screened, identifying amino acid substitutions that improved the sensor sensitivity
and response curve metrics. Additionally, a designed mutant library for S. cerevisiae Ste2,
targeting the orthosteric site, was screened and sequenced. Substitutions generating loss-of-
function, constitutive activity, or no change in receptor activation were identified.

Finally, a YBB was constructed and optimized for evaluation of ligands of the human free fatty
acid 2 receptor (FFA2R), a GPCR implicated in metabolic and inflammatory disease.

Collectively, the results presented in this thesis advance our understanding of fungal mating
GPCR structure-function relationships and expand the repertoire of YBB outputs, contributing
towards new possibilities in diagnostic, therapeutic, and screening applications for YBBs.

Keywords: yeast-based biosensor, yeast mating pathway, fungal mating GPCR, mutant library
screening, colorimetric output, GPR43






Preface

This thesis serves as a partial fulfillment of the requirements for obtaining the degree of Doctor
of Philosophy at the Department of Life Sciences at Chalmers University of Technology. The
work was supported by the Joint Programming Initiative on Antimicrobial Resistance
(JPIAMR) / The Swedish Research Council (project number 2019-00304) awarded to Prof.
Verena Siewers. Most of the work was carried out at the Division of Systems and Synthetic
Biology, in close collaboration with the Norwegian research institute SINTEF. The PhD studies
were carried out between May 2020 and June 2025 under the supervision of Prof. Verena
Siewers and co-supervision of Assoc. Prof. Florian David, with Prof. Ivan Mijakovic as
examiner.

Andrea Clausen Lind
June 2025



List of Publications

This thesis is based on the work contained in the following papers, referred to by roman
numerals in the text:

L

II.

I1I.

IV.

Lind, A. C., David, F., Siewers, V. (2024) Evaluation and comparison of
colorimetric outputs for yeast-based biosensors in laboratory and point-of-care
settings. FEMS Microbiology Letters, Volume 371, 2024, fnae034.
https://doi.org/10.1093/femsle/fnae034

Lind, A. C., Dahlman, O., Nguyen, G., David, F., Siewers, V. Evolving the ligand
sensitivity of Candidozyma auris mating G-protein coupled receptor Ste2 towards
biosensor applications.

(Manuscript)

Lind, A. C., Nguyen, G., Balzer, S., Aune, I. H., Bartolomeo, F., Dahlman, O.,
David, F., Siewers, V. Investigation of orthosteric site plasticity in the yeast mating
factor receptor Ste2 — screening of a designed mutant library.

(Manuscript)

Lind. A. C., Gomes, D. C., Alcaraz, R. B., Méartensson, J., Sundqvist, M., Forsman,
H., Dahlgren, C., David, F., Siewers, V. (2025) Development of a yeast-based
sensor platform for evaluation of ligands recognized by the human Free Fatty Acid
2 Receptor. FEMS Yeast Research, Volume 25, 2025, foaf001.
https://doi.org/10.1093/femsyr/foaf001

\



Contribution summary

L

II.

I1I.

IV.

I conceptualized the study with FD and VS, carried out the experimental work,
analyzed the data, interpreted the results, and wrote the manuscript. I edited the
manuscript together with the other authors.

I conceptualized the study with FD and VS, carried out experiments, analyzed the
data, interpreted the results, and wrote the manuscript. I edited the manuscript
together with the other authors.

The library was designed together with GN, SB, FB, FD, and VS. I carried out
experimental work related to the library variant screening, analyzed the data,
interpreted the results together with VS and FD, and wrote the manuscript. I edited
the manuscript together with the other authors.

I conceptualized the study with FD, VS, JM, and HF, carried out the experimental
work, analyzed the data, interpreted the results together with the other authors, and
wrote the manuscript. I edited the manuscript together with the other authors.

Vil



Table of contents

PREFACE .c.ciiuiiiiiiiiiiiiiitinieitticiiticeieicttiiietesietssietesseesssisesssesssssssssesssssssssessssessssesssssssssssssssessnsens Vv
LIST OF PUBLICATIONS .. ccuuttttiitiititiititietiniettniettmieressietssietssiesssseerssssssssessssesssssssssssssssessssesssss Vi
CONTRIBUTION SUMMARY ..cuuiituuiiimniiemniienieeenieemmiceemsieessieessieesssierssiessssessssssssssesssssssssessssesses Vil
TABLE OF CONTENTS ..ccutitiiitiiiiiiitiiiiitiiitiieittiettiiettseerssieessietsssessssessssiessssessssessssssssssesssseses Vil
ABBREVIATIONS ...ccuititiitiiiitiititiititiettttietttieetseerssietssierssssssssesssssessssessssesssssssssssssssssssssssssssssses Xl
CHAPTER 1: BACKGROUND ...ccuittuiiiuiiiitiiiinniitiniirenietttietmeietsstetseesssietssiesssessssssssssssssssssssessssens 1
THE IMPOSSIBILITY OF LIFE WITHOUT SENSING SYSTEMS ..tuttuituituteueeueeuenetnrrnsenssnesnesseseessessesenesenssnssnssnnses 1
SYNTHETIC BIOLOGY: WHAT IT IS AND ITS USE IN BIOSENSOR DEVELOPMENT ...ccucituieiueeneennesnneennernnsssanennns 5
Genes and regulation Of GENe EXPreSSION ...........uuuueeeeeuuuieeeetieee ettt e eetee e e e et e e eeannaeeeeeennaess 6
Design-Build-Test-Learn in SyRthetic BiolOZY .........ccoceuuuiirieiiiiiiiiiiiiieeiiiee ettt 7
A GENERAL INTRODUCTION TO BIOSENSORS ..tuttutuuestueetneseneetuesensenessnassnssnsssnsssesssasssasssnsssasssnsssnsssnnesns 8
Sensor metrics: In SeNSOr deVeIOPMENT ..........cc.ccuuuueiieeuuuiieeeiiaee ettt e e e e eeene s e eeenaees 9
Sensor metrics: In clinical diQQROSTICS. ..........cceeeeuuiiiiiiiiiieeiiieee ettt eeenaas 11
WHY UTILIZE YEAST AS A BIOSENSOR CHASSIS? .uuttuittuettueetneeiueetueeeneerueesessesssasssasssnsesasesnsssnsesnssensssnnees 12
The yeast mating pathway as platform for sensor development ...............ccuueeeeeeeuuiereeriuneeeeeeeenieneeennnn. 13
Signaling through the yeast MAting PAAWAY ............cceeeeuuueireeeuueeeeetiee et e e et e et e e eeeeneeeeeenaas 14
Engineering the yeast mating pathway towards biosensor appliCations ...............ccceeeeeeuueeeeeeunnaeeeennnnn. 16
The relevance of G-protein coupled receptors (GPCRS) .......ccuuueeieeeuuiiiieiiieeeetiiee et eeeeeee e eeeeaes 18
CHAPTER 2: DESIGN OF BIOSENSORS FOR BIOMEDICAL APPLICATIONS ....ccccetvuieruncrennnenes 19
EVALUATION AND BENCHMARKING OF COLORIMETRIC OUTPUTS ..uutuuiuneunetnernreneenerneeneeneesessesensensenssnesneennns 20
General introduction t0 yeast DiOSeNSOT OUIDULS.........cc.uuueeeeruumeeeeetieeeeetiieeeeeteneeeereaneeeeeenneeeeeannes 20
Implementation of prodeoxyviolacein and proviolacein as bioSensor OUIDULS .............cccuueeeeeeennaereennnn. 21
Evaluation of induction in different medium COMPIEXItIes ...........c.ccouueeiiiiuniiiiiiiiiiiiiiiieeeeeiiaeeeeennnn. 22
Evaluation of induction on paper SIPS...........cceeeiieeiieiiuuiiiieiee ettt ettt eeeeeeeeen 24
What we RAve IeAINEd ...................oouuueiiiiiiiiiiiiiiiiiiiiiiiiiiic ettt e e e 25
INVESTIGATING THE STRUCTURE-FUNCTION DYNAMICS OF FUNGAL MATING GPCRS VIA LIBRARY-BASED
SCREENING APPROACHES ..uttittiiitiiiiiitiiiiitiitiiiiitiittittetttietttsettatttaeetsetesstesstessessseessesssssssscsnnsenaces 26
Construction of SCreening PIAfOTI SIFAINS «....ccc.eeeeeeeuuuuuuiiiaeeeeeeeeettetteeee e e e e eeeettteaaeaeeeeeeeeeeeeeeens 27
Generation and screening of variant GPCRS [IDFAFIES «.........cceeeeieiieiiiiiiiiiieeeeeeeeeieiiieeeee e e eeeeeeeees 30
MUTATING CANDIDOZYMA AURIS STE2 TOWARDS IMPROVED SENSITIVITY .euettuietnieuneerneeeneeeneeeneesnessneesneeennns 32
What we RAve [eArned .....................uuueevviiiiiiiiiiiiiiiiiiiiiiiiiieeiiiii et e 40
EVALUATION OF A DESIGNED S4CCHAROMYCES CEREVISIAE STE2 MUTANT LIBRARY ..ucvuniinnienerneeenenneennannnns 41
What we BAve [eArNed ....................ouueeeiiiiiiiiiiiiiiiiiiiiiiiiiicieeiiii e e 46
EVALUATION AND ENGINEERING OF A YBB PLATFORM FOR FREE FATTY ACID 2 RECEPTOR (FFA2R) .............. 47
What we RAve [eArNed .....................uuueviviiiiiiiiiiiiiiiiiiiiiiiicieeiitit e e 51
CHAPTER 3: FINAL CONCLUSIONS ...cctitiittiettniititicrtniettsietmmieesasierssiessssecssssesssssssssssssssssssesess 53
CHAPTER 4: FUTURE PERSPECTIVES ......iuiiiiiiiiiiiiiirtiiitinceeaniettiiceineesaiietmsiecsssesssesssscees 55
Designing GPCR-based YBBs viable for point-of-use applications ..............cccceeeeeeevvvvvuuueeeeeeeeeeeneeeees 55
TOWARDS CUSTOM PROTEINS FOR SENSING APPLICATIONS ...ueiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeenrttsiieeeeeeeaaeeennns 56
BEYOND GPCR-BASED SENSING ..vvtttttrriiiiiiiieeeeeeiiiiiiiiiniisisiirstrerrreereeeseeeseseeeesssesssssnssssssssssssneseeesssees 58
IMPLICATIONS OF EARLY DETECTION IN THE PROPAGATION OF INFECTIOUS DISEASE ..ucuuivuiuneuneeneenrenreneennennns 59

Vil



A FUTURE OF SMART BIOMATERIALS

ACKNOWLEDGEMENTS ..ccuitiiiiiiiiiiiititiiiiiiiiiieettiitmnietesitrmieessietssiesssseesssssssssessssessssssssssesssss

REFERENCES ....cuuiiiiiiitiiiiiiitiiiiieiiietitiitetietesietstiettssietssietssessssserssssssssessssssssssssssssssssessssesses






Abbreviations

2AP
Al
CFU
CRISPR
DBD
DBTL
DNA
ECL
epPCR
FFA2R
G-protein
Ga
GB
GFP
Gy
GPCR
ICL
LOD
MFa
mRNA
PCR
POC
PRD
RFP
RNA
s.d.
SCFA
TF
™
TOD
WT
YBB

2-acetyl-1-pyrroline

artificial intelligence

colony forming units

clustered regularly interspaced short palindromic repeats
DNA binding domain
design-build-test-learn
deoxyribonucleic acid
extracellular loop

error prone PCR

free fatty acid 2 receptor
guanine nucleotide-binding proteins
G alpha subunit

G beta subunit

green fluorescent protein

G gamma subunit

G protein-coupled receptor
intracellular loop
limit-of-detection

mating factor alpha/alpha mating peptide
messenger RNA

polymerase chain reaction
point-of-care

pheromone responsive domain
red fluorescent protein
ribonucleic acid

standard deviation

short-chain fatty acid
transcription factor
transmembrane helix
time-of-detection

wild-type

yeast-based biosensor

Xl



Xl



“Manuscripts don't burn.”
- Mikhail Bulgakov, The Master and Margarita

Xl



XV



Chapter 1: Background

As humans, we experience every moment though thousands of sensory systems within our
body. Here, we may immediately think of “the five senses”, including the sense of touch, taste,
smell, sight, and hearing. These are all examples of senses that are perceived as an input to our
brain and allow us to make conscious decisions in response. But what are we actually sensing
and responding to?

The impossibility of life without sensing systems

Each of our conscious senses is orchestrated by a system of interconnected sensor systems with
increasing levels of complexity. I want you to imagine that you are passing a bakery on your
way home, suddenly stepping into a cloud of freshly baked bread aroma. What you consciously
register is the smell of the bread, but what your brain recognizes as bread aroma is actually
largely attributed to the presence of 2-acetyl-1-pyrroline (2AP), a product of the Maillard
reaction occurring when amino acids and sugars are heated together and browning occurs (1).
Here, different levels of signaling systems are at play in our body, enabling us to associate the
presence of 2AP with bread. On a molecular level, 2AP binds to an olfactory (smell/taste)
receptor on the surface of a neuronal cells, triggering the relay of a signal inside the cell. If we
instead looking at a cellular level, the binding of 2AP results in activation of the neuronal cell
as a whole. This activation triggers the sending of electrochemical signals between neurons in
complex neuronal firing patterns, specific to 2AP, and by extension allows us to consciously
register the aroma of bread. Taking this one step further, the presence of bread aroma may
trigger additional neuronal firing pattens in response, perhaps resulting in a feeling of hunger
and increased production of saliva in response (2). Looking over this chain of sensing events,
we may ask ourselves: which part qualifies as the sensor mechanism?

A sensor is defined as a device which detects or measures a physical or chemical property and
records, indicates, or otherwise responds to it. As such, with a liberal view on how a device is
defined, the receptor can be said to be the sensor on a molecular level, and the neuronal cell

the sensor on a cellular level. On an even larger scale, the body becomes one giant sensor —
with multiple distinct inputs and responses, such as eating in response to the feeling of hunger
induced by the aroma of baked bread.

In the end, we are only conscious of a small portion of the sensing systems that are constantly
active within our bodies, coordinating the function of these. In fact, not only humans or
animals, but all lifeforms are highly dependent on sensing systems to function. While reflecting
on this, it occurred to me that sensing systems can be seen as integral to life itself, and that each
of the seven pillars of life are in some way or other intertwined with sensory systems. The
pillars, outlined by Koshland in 2002 (Figure 1), describe a theoretical set of characteristics
separating a living organism, such as a bacterial cell or an insect, from a non-living entity, such
as a virus or prion (3). Here, I made an attempt to demonstrate how these are interlinked with
the presence of sensory systems in living organisms.
1
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Figure 1. Illustration of the seven pillars of life. In order from left to right, the pillars illustrate
Program, Improvisation, Compartmentalization, Energy, Regeneration, Adaptability, and Seclusion as
defined by Koshland in 2002 (3). The second pillar is upside down, due to Improvisation — evolution —
enabling the development of novel sensing systems via life and not the other way around.

PROGRAM: Throughout the lifespan of a living organism, it has to navigate the how and
when of growth, reproduction, and adaptation to environmental changes. Every living being
carries within it a program, detailing the life of that organism down to the molecular level,
encoded within its DNA (3). The genes therein describe the “how” of how to execute diverse
actions within the cell, but what determines the “when”? In many ways, the regulation of gene
expression in cells is akin to an enormous orchestra, where the instruments are the genes, the
musicians - playing the genes to determine if these are active or silent - are transcription factors,
and the conductor is made up of the entirety of the internal and external cues available to the
cell (4). These cues are found in chemical gradients, in the presence and absence of specific
molecules, and in mechanical variations in the surrounding environment, allowing cells to
navigate the myriads of possible gene expression constellations though time and space (5).
Take embryogenesis, the development of the embryo, as an example of the precise and intricate
tuning of these regulatory systems. Embryogenesis begins with a single fertilized egg cell, a
zygote, having the potential of becoming any cell in the body, and progresses in development
of a multicellular embryo with multiple organ types and layers of organization (6). This process
occurs through a sequence of carefully planned steps of cellular division and differentiation, in
which each cell develops a distinct identity depending on its uniquely defined position within
the embryo (7). This is only possible through the ability of the cell to detect the many
mechanical and chemical cues present, and to implement changes in the activation patten of
genes in response. As such, the “when” of the program encoded in the DNA of an organism is



determined by the external and internal cues available to the organism, and by extension their
ability to sense and respond to these.

IMPROVISATION: The ability of a species to improvise new solutions for survival through
changes in its program, in other words evolution, is determinantal to its ability to adapt to
changes in the environment long term. This is at its core a stochastic process, in which the
sporadic occurrence of mutations in DNA sometimes results in gain of function or improved
adaptation to a given environment. Providing an advantage in survival for the organism, it is
likely that the mutation will be passed down in subsequent generations, possibly ending up in
a larger part of the population simply by the increased likelihood of survival in the present
environment (8). In contrast with the other pillars, improvisation cannot be said to be
immediately dependent on sensing systems. Instead, the development of highly specialized
sensor systems in living organisms can be said to depend on the improvisation resulting in the
evolution of these. An example of species evolution towards an improved adaptation in an
changing environment can be found in mosquitoes, where the Aedes and Anopheles species
have evolved a preference for humans as a source of blood in recent millennia through the
evolution of highly tuned human odor perception (9). While this indeed provides an advantage
in regions with growing human communities, this is also an excellent example of how
improvisation is environment specific — as these mosquitoes have lost the nuanced perception
of odor allowing them to recognize a wide array of vertebrate food sources (9). Here, both the
initially broad and the presently specialized odor perception of the
Aedes and Anopheles species developed through improvisation, fueled by the current
availability of food sources.

COMPARTMENTALIZATION: All living organisms are confined to a limited volume, with
an intracellular compartment separated from their surroundings (3). This separation enables the
maintenance of a stable internal state throughout changing external environments, creating an
internal microenvironment optimized for the persistence of the processes within (10). This
separation is a classic example of a distinct compartment within eukaryotic cells is found in
the lysosome, an organelle specialized in the degradation and recycling of cell components,
recycling these into new building blocks (11,12). Separated from the rest of the cell by a lipid
bilayer, a defining characteristic of the lysosome is the acidic internal state (pH 4.5-5), as
compared to the otherwise neutral pH within the majority of the human cell (pH ~7)(11,12).
This acidic environment is ideal for the function of hydrolases, enabling the degradation of
biological macromolecules including proteins, lipids, carbohydrates and nucleic acids, but
would have been determinantal to other cellular processes. Here, sensory systems play a major
part in the communication past the barriers of individual compartments, and in maintaining the
specific environments therein (13). As such, the signaling past compartment walls are key to
maintaining the cell as a whole, allowing for orchestration of the many parallel processes
therein.

ENERGY: Life requires energy to maintain itself, whether it be through movement of
chemicals and proteins to maintain the internal state, or to fuel to the metabolism of the cell.

3



As such, living organisms must be able to extract, store, and utilize energy from external
sources, making them dependent on the availability of these. In this case, sensing systems are
vital for the cell to be able to sense and adapt the energy metabolism to the specific external
energy sources available. As a yeast researcher, I have to use the example of respiro-
fermentative growth in yeast, active in the presence of excess external glucose (the primary
carbon source) and oxygen (14). Here, the simultaneous activation of respiratory and
fermentative energy metabolism pathways results in the production and accumulation of
external ethanol as a byproduct of growth. When the glucose is depleted however, the yeast
switches to using ethanol as an energy source instead. To navigate between the pathways active
in the utilization of the different carbon sources, complex sensing systems are applied, allowing
the yeast to optimize the efficiency of its energy metabolism (14).

REGENERATION: The ability of a living organism to continuously repair and renew its
components enables its lifespan to be longer than the lifespan of the individual components
themselves (3). The process of regeneration is constantly ongoing within living organisms, as
damage naturally accumulates over time. Components such as the DNA, proteins, and cell
membrane are constantly monitored through an array of sensing mechanisms, allowing the cell
to respond to the presence of any faulty components in order to prevent and repair damage.
These processes are vital for the continuous function of the cell and the body as a whole. An
example of this is found in the tumor suppressor protein p53, the most frequently mutated
protein in human cancers (15). Responding to presence of mutated or damaged DNA in healthy
human cells, p53 activates signaling pathways towards cell death — apoptosis, resulting in the
suppression of any possible tumor activity having been introduced by the present mutations
and allows for a new and healthy cell to replace the damaged one. Similar systems exist for
maintenance within cells themselves, such as intracellular detection of misfolded proteins and
the transport of these to the lysosome for recycling into new protein building blocks (16). The
reliance of these regenerative cell functions on the initial detection of underlying issues again
underscores the key role of sensor systems for the continued prevalence of life.

ADAPTABILITY: In contrast with improvisation, adaptability refers to the ability of a living
organism to rapidly adapt to changes in its environment, instead of the continued evolution
over several generations. We might notice this in our own body, such as in the gain of muscle
in response to repeated exertion (17), making our bodies less prone to damage as a result of
overexertion, or in tanning of the skin in response to UV exposure to protect it from burn (18).
While these processes are both encoded in our program, the DNA, they do not happen
spontaneously and require a trigger, and input, to be activated (18). Sensing this trigger, the
cells alter the expression profile of key genes in order to adapt, benefitting the longevity of the
system as a whole.

SECLUSION: According to the final criterion of life, seclusion, living organisms must be able
to manage parallel internal pathways while preventing undesired overlap of these. To this end,
highly specific enzymes and carrier proteins have developed over time, recognizing distinct
targets among thousands and thousands of molecules within the cell (19). Thinking back at the
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criteria for a sensor, “detection” and “response” are key terms which also happen to form the
basis of enzymatic function. Selective toward distinct target molecules, enzymes are able to
detect these by binding, and in response to binding, catalyze a biochemical reaction to produce
distinct products. As such, also this criterion is directly dependent on sensory systems within
living organisms.

As exemplified above, one cannot separate sensing systems from life, as sensing systems
themselves can be said to make up part of the foundation of its existence. For us bioengineers,
the diverse biological sensory systems found in nature today make up a smorgasbord of
possibilities to harness for biosensor applications. We have applied them in pregnancy tests
(antibody-based) (20), diagnostic tests (antibody- or PCR-based) (21), and glucose sensors
(enzymatic) (22) to name a few. With the present rise of artificial intelligence (Al), we are
further able to advance past the simple copy-paste of already existing biological sensing
systems (23,24). Applying these algorithms in protein design, we can tune specific protein
characteristics or even develop of de novo proteins with a desired function, such as improved
thermostability or tailored substrate specificity (25-29). As artificial intelligence (AI) models
are dependent on vast amounts of preexisting data for training, however, we cannot forget that
even these algorithms owe their function to the plethora of proteins already existing in nature
today, and ultimately to the evolution of life.

Synthetic biology: What it is and its use in biosensor development

My research resides within the field of synthetic biology, where we utilize the current
understanding of biological systems and their components to develop living biological systems
composed entirely or to some part of “unnatural” components (30). These components can be
unnatural in the sense that they simply do not belong in that specific system (heterologous),
having been moved from one organism to another, or even in that they themselves do not exist
in nature (artificial), such as proteins predicted by Al models.

While the concept of synthetic biology was coined in 1980 (31), used to describe bacteria which
had been genetically engineered by recombinant DNA technologies, the first application of
synthetic biology preceded this event by eight years (32). Since then, the applicability has
increased due to the drastically reduced cost of DNA synthesis (33) and sequencing (34),
combined with the advancement of technologies used for genetic engineering (35), structural
biology (36), and protein engineering (Figure 2) (37). Hence, we are now able to alter the
genomes of most organisms that can be grown in the lab at a reasonable cost, while having
access to vast databanks of genetic information from varying organisms. As a result, synthetic
biology is applied within a wide array of biotechnological disciplines today, including but not
limited to, metabolic engineering (38), biosensor development (39), and fundamental
research (40).



1966

Genetic code deciphered

1970s-1980s

Molecular cloning and genetic
engineering techniques developed

Fist complete gene synthesized (yeast tRNA)
and first recombinant DNA molecule created

Automated DNA sequencing
and synthesis developed

1990s

Widespread use of automated DNA sequencing
Complete genome sequence of S. cerevisiae
Complete genome sequence of E. coli

2004

SB1.0: The first international synthetic biology
conference held at MIT

First International Genetically Engineered Machine
(IGEM) competition held at MIT

RNA devices for modular regulation
of gene expression

2005

Light sensing circuit engineered in E.coli

Programmable ligand-based transcription
control by RNA

Circuits capable of multicellular pattern
formation are generated

2008

Fist synthesis of a bacterial genome (Mycoplasma)

2011

Initiation of the Synthetic Yeast 2.0 project

2012

Development of CRISPR/Cas9 genome editing tool

2016

First minimal synthetic bacterial cell
designed and constructed

2021

Synthesis of a mirrored DNA polymerase and
mirrored DNA

2023

De novo proteins designed using diffusion models

1953

DNA double helix structure
discovered

1980s-1990s

The emergence of omics
and high-thoughput biology

2000

Human draft sequence completed

2002

Earliest combinatorial synthesis of
genetic networks

First whole genome synthesized (poliovirus)

2003

BioBrick standard biological parts are
introduced to standardize assembly of
genetic parts with defined structure and function

Artemisinin precursor pathway engineered in E. coli
Human genome sequence completed

2006

Bacteria engineered to invade cancer cells

2007

Engineered bacteriophage for biofilm dispersal
First genome transplantation (Mycoplasma)

2010

Creation of an artificial self-replacing
synthetic bacterial cell

2014

First synthetic eukaryotic chromosome synthesized

2020

Yeast Komagataella phaffii engineered to utilize
CO0, as a carbon source

2025

Hyperspectral reporter genes expressed in E. coli
allow camera-based detection fromupto90mina
single 4,000 m2 hyperspectral image

Final chromosome of yeast 2.0 project synthesized

Figure 2. Timeline of key events for the emergence of synthetic biology. Adapted from the timeline
presented in “Synthetic biology in Australia: An outlook to 2030” (CC BY-NC 4.0 license) from 2018
(41), adding selected events of the past seven years (32,42—69). Unless otherwise specified, yeast refers

to S. cerevisiae.

Genes and regulation of gene expression

In order to implement an engineered biological system, we engineer the DNA. As such, we
should briefly consider how biological systems are encoded and regulated in the genome to
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better understand the concept of synthetic biology. The DNA present in each living cell contains
both genes and diverse regulatory mechanisms that modulate when and if a gene is to be active
(4). Traditionally, genes refer to coding genes, regions of the genome that contain blueprints
for proteins (Figure 3A), while non-coding genes that encode regulatory RNA molecules are
prevalent as well (70,71). When a coding gene is active, RNA polymerases in the cell
“transcribe” it into a blueprint copy in the form of an mRNA molecule, which is transported to
a ribosome, by which it is “translated” into a functional protein (4). This is how all proteins
are constructed within cells, with the proteins themselves making up the complex machinery
that enables the cell to persist, including the machinery for transcription and translation of
genes.

Each organism contains thousands of protein-coding genes, varying in number depending on
the complexity of the organism. As an example, the estimated number of protein-coding genes
in humans amounts to ~20,000 (71) while the protein-coding genes in baker’s yeast,
Saccharomyces cerevisiae, amount to ~5,500 (72). However, the total number of proteins
encoded by these genes are not needed at all times, and as such, gene expression is subject to
complex regulatory systems that determine when and to what degree a gene should be
expressed (73).

Design-Build-Test-Learn in synthetic biology

In synthetic biology, the different regulatory components for gene expression and the genes
themselves are viewed as modular parts, parts that can be pieced together to allow for precise
tuning of gene expression. The regulatory elements include both those present in the genome
such as promoters and terminators, as well as regulatory proteins such as transcription factors,
that regulate when the transcription machinery is recruited to a promoter (Figure 3B)(73). The
individual parts are assembled into “devices”, a collection of parts that create a desired
function, which are frequently compared to electric circuits in that these can be constructed
with switches and oscillators (74). The cell that hosts the device is defined as a “’chassis” (74).
In the development of engineered biological systems, we rely on an iterative cycle of design-
test-build-learn for successful implementation of an envisioned result (DBTL; Figure 3C). We
design a system towards a specific outcome based on our present or inferred knowledge,
implement it, and evaluate it to learn whether further adjustments are needed. Take the
production of the red pigment lycopene, a commercially and medically important compound,
in the yeast S. cerevisiae as an example (39,75). Lycopene is not naturally produced in this
yeast; however, it can be derived from farnesyl diphosphate, an intermediate compound in the
yeast metabolism, by the expression of genes of enzymes CrtE, CrtB, and Crtl from other
organisms (heterologous) which catalyze reactions towards the production of the compound
(Figure 3D). In a work by Chen and colleagues in 2016, the yield of lycopene production was
increased 22-fold through iterative engineering cycles towards increasing the amount of
precursor, identification of CrtB enzyme candidates with higher efficiency, and lastly
engineering of the regulatory network of the strain (75). Within the field of synthetic biology,
and perhaps within science as a whole, this process extends past that of an individual project,
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as we constantly learn from and build on the knowledge of those who came before us in an
iterative process towards advancement of diverse research fields.
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Figure 3. A synthetic biology overview. (A) Coding genes are transcribed to make mRNA, and the
mRNA is translated to make a protein (B). Genetic- and protein-based regulation determines when and
to what extent a gene is expressed. (C) The iterative Design-Build-Test-Learn cycle of synthetic biology.
Design includes chassis selection, planning of pathway (device) constructions, and modelling. Build
includes implementation of the devices in the chassis. 7est includes evaluation, and Learn the insights
gained from evaluation. (D) The lycopene production pathway derived from yeast metabolism, where
grey lines signify inherent parts of the yeast metabolism and colored lines signify engineered or
heterologous steps. Engineering includes both altering of endogenous enzymes, such as truncation of
HMG 1, and introduction of heterologous enzymes CrtE, CrtB, and CrtI (75).

A general introduction to biosensors

Biosensors developed via synthetic biology in yeast are the general focus of this thesis.
However, before diving deeper into how these are developed, it is necessary to define and

discuss what biosensors are and the important metrics considered in their design. A biosensor
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is generally described as a device that detects a chemical or biological analyte via a biological
sensing component, generating an output signal proportional to the analyte concentration in
response (76). Classic examples include pregnancy tests, relying on antibodies for detection of
human chorionic gonadotropin (hCG) present in the urine of pregnant women, and glucose
sensors, relying on the glucose oxidase (GOx) enzyme for measurement of the glucose present
in blood — both commercially available biosensors that are applied in point-of-use settings (76).

In the case of biosensors developed in yeast, or other microbial hosts, via synthetic biology the
organism makes up a chassis for implementation of the sensing device. Upon detection of the
analyte of interest, the transduction of the signal is intracellular and results in a transcriptional
response with a measurable output, such as production of a colorimetric pigment within the
cell. Here, synthetic biology has been applied to encode the sensor system entirely in the DNA
of a living organism, allowing for diverse opportunities for diagnostic and analytical sensor
applications.

Sensor metrics: In sensor development

Knowing what a biosensor is, we can think about the metrics that are important in biosensor
design. These depend largely on the target application of a biosensor, for instance if the aim is
application as a diagnostic tool in hospital settings, as a tool for point-of-care (POC) detection,
or for patients to use at home. The metrics can be divided into two groups, namely those related
to sensor design and those related to sensor performance. Initially looking into metrics affected
by sensor design, these include:

e Ease-of-use, i.e. whether a sensor can be applied by anyone in any place or if the
application requires trained personnel and special equipment (77). As such, the ease-
of-use affects the possibility of distribution outside a hospital setting.

e Cost and scalability, i.e. the cost of production and distribution of a sensor, as well as
the scalability of production and application (78,79). These are important to consider
for the possibility of going beyond the simple development of a proof-of-concept sensor
design, greatly affecting the possible application areas.

e Shelf-life and storage requirements, i.e. how long and in which conditions a sensor
can be stored, which also has major effects on the applicability (80). For example, if
storage at fridge temperatures is required it negatively affects the applicability in remote
locations, and if the shelf life is short, it limits the possibility of production scale up.

While some of these are easily quantifiable, such as cost, others are more diffuse, such as the
ease-of-use of a sensor. Instead looking into the metrics of sensor performance, most are
determined via the sensor response curve, i.e. the output intensity (£) in relation to the
concentration of the target analyte as determined by the variable slope sigmoidal equation
(Figure 4) (81).
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Figure 4. The response curve for a given sensor, determined by fitting a variable slope sigmoid
curve to measurement data (81). Based on this curve, the response parameters (described in the text)
can be determined. Slope, Hill slope; LOD, limit-of-detection.

e Limit-of-detection (LOD), i.e. the lowest concentration at which the analyte can be
reliably detected (82), with the required LOD being defined by the availability of the
target analyte in a sample.

¢ Enin, i.€. the baseline output in the absence of analyte, determined at the minimal curve
asymptote (81).

¢ Epa, ie. the maximum output upon induction at high analyte concentrations,
determined at the upper curve asymptote (81).

e pECS50, i.e. the negative logarithm of the analyte concentration at 50 % of Emax,
indicating the potency of sensor activation for a specific ligand.

e Operational range, i.e. the concentration range within which the sensor output
intensity is linearly proportional to the analyte concentration. Here, a wide operational
range allows for quantitative measurements, while a narrow operational range produces
a binary response applicable for simple determination of whether an analyte is present
or not, with the range being highly dependent on the Hill slope.

o Hill slope, i.c. the steepness of the linear range of a response curve, largely affected by
the ligand-binding properties of the receptor. In some cases, only a small amount of
analyte needs to bind the receptor in order to trigger a maximum response — i.e. a digital
response — while in other cases, the response is proportional to the concentration — i.e.
linear (83).

e Dynamic range, i.e. the range from the LOD to saturation for the output (82). Often, a
wide dynamic range is desired as this allows for clear determination of sensor
activation.

¢ Reproducibility and robustness, i.c. the consistency of sensor readings over multiple
instances, devices, users, and varying environmental conditions (82). These metrics are
essential for the clinical applicability of a sensor, as they affect the possibility of result
interpretation.
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e Selectivity, i.e. the ability of a sensor to correctly distinguish the target analyte from
other compounds (82). For correct diagnosis, a high selectivity is key, preventing
misidentification of other compounds as the target analyte.

¢ Time-of-detection, i.e. the time needed for a diagnostic to reach a stable output after
exposure to the analyte. As a general rule, a short TOD allows for rapid diagnosis and
an appropriate medical response (84).

These metrics form the basis of sensor performance, but the requirements for a satisfactory
performance varies widely depending on the target application. For example, if the aim is to
use a sensor as a point-of-care diagnostic, we are likely to want a digital response and therefore
a steep slope, while a gentle slope is desired when quantification is needed.

Sensor metrics: In clinical diagnostics

The metrics of sensor performance in turn affect the ability of said sensor to correctly classify
patients in clinical diagnosis. Sensor selectivity, robustness, and reproducibility tie into the
diagnostic metric of specificity while the sensor LOD ties into the diagnostic metric of
sensitivity, used to determine sensors applicability in healthcare settings.

To better understand what the sensitivity and specificity of a diagnostic test refers to, we first
need to understand the possible outcomes of diagnosis (85). These include four categories,
namely;

e True positive: The patient has the disease and test is positive.

e Fualse positive: The patient does not have the disease and the test is positive.
o True negative: The patient does not have the disease and the test is negative.
o [False negative: The patient does have the disease and the test is negative.

Ideally, a test would have no false positives and no false negatives, but such is seldom the case.
Instead, tests are often developed with a trade-off between the two. For applicability in clinical
settings, the accurate detection of true positives (sensitivity; Equation 1) is often prioritized
over the correct identification of true negatives (specificity; Equation 2), as it is important not
to miss early detection in the case of disease.

True positives

(1)

Sensitivity =
y True positives + False negatives

True negatives

Specificity = 2)

True negatives + False positives
Here, we should also consider that while it may seem reasonable to prioritize high sensitivity
over high specificity, enabling detection of as many true positives as possible, this is only the
case within limits. Low diagnostic specificity results in overdiagnosis, incorrectly classifying
healthy patients as sick. In some applications, such as surveillance of viral spread where a

positive diagnosis does not necessarily result in further medical care, an incorrect positive
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diagnosis does not have a big impact. However, in the case of diagnostic development towards
detection of a life-threatening disease, or a disease in which follow-up evaluations are invasive,
a lower specificity becomes an issue. This is further amplified in the case of population-wide
screenings, where the sheer number of tests will result in a high number of false positives even
if the diagnostic specificity is high. Say for example that a diagnostic test has 99 % specificity,
meaning that out of 100 tests one will result in a false positive result. Applying this test to the
entirety of Sweden’s population of 10.6 million people, we would end up with 106,000 false
positive misclassifications. This is why many diagnostic screenings are applied only for risk
groups, such as parts of the population over a certain age and those with predisposition towards
a specific disease, or when there is cause for concern. Breast cancer screening is a common
example of this, where excessive screening in young women is known to result in overdiagnosis
(86). In this case, a positive diagnosis (even if false) in the initial screen can result in invasive
testing, unnecessary use of cancer treatments, a mental burden for the patient, and waste of
resources for the healthcare system (86).

Having established these core metrics — both for biosensor design and clinical diagnostics — the
next question is how to engineer a biosensor platform that can effectively meet these demands.
Here, the choice of platform organism is essential, as it will affect the cost of production, the
shelf-life, and robustness in diverse conditions. Further considering the development of the
sensor via synthetic biology, the availability of tools for genetic engineering and how well-
characterized an organism is further affects the possibilities of tuning the sensor response
metrics after implementation. In this thesis, [ work with the yeast S. cerevisiae, one of the most
well-studied yeasts in terms of both genetics and physiology, in biosensor development towards
improvement of several of the sensor performance metrics outlined above.

Why utilize yeast as a biosensor chassis?

The yeast I am referring to here, S. cerevisiae, is also known as baker’s yeast or budding yeast,
and is sequenced (51), and a host for bioproduction of diverse commercially relevant products
(87). As a result of its frequent and long-term application in research, S. cerevisiae is one of
the most familiar to most via food due to its essential efforts in the production of fluffy bread.
Less frequently known, however, is that S. cerevisiae has also had a side gig in academia, being
one of the oldest model organisms used to study human disease (88), the first eukaryote of
which the genome was well-studied microbes for which an array of standardized tools and
protocols have been developed for efficient genetic engineering of the yeast genome (89).

While this in itself makes S. cerevisiae an attractive host for implementation of synthetic
biological systems, one should further take into account the suitability of a given microbe as a
host for the specific sensor (or other) implementation intended. Here, suitability refers to
whether the desired system is straightforward to implement in the host organism or whether
there are better microbial platform alternatives. This depends both on the intended sensor
design in relation to the inherent properties of the microbe, such as whether the analyte of
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interest is produced/degraded by the host or whether the biological sensing component can be
produced by it, and the tools available for implementation.

High-throughput screenings Point-of-use environmental Point-of-care diagnostics
monitoring

bassad

Figure 5. Examples of application areas for yeast biosensors. Yeast has been applied in high-
throughput screening studies for detection of ligands and protein activity (90), developed towards point-

of-use applications (91), such as for detection of pesticides in water with bioluminescence as an output
(92), and towards application in point-of-use diagnostics using production of colored compounds as an
output (39).

Today, yeast-based biosensors (YBBs) have been developed towards applications in industrial
settings, pharmacological research, and bioengineering applications (93-95). In my case, [ have
worked specifically with YBBs using G protein-coupled receptors (GPCRs) as a biological
sensing component, as these are relevant in biomedical applications (39,40,96). These receptor
proteins are present at the surface of a cell, enabling sensing of an extracellular analyte, and
are only found in organisms of the eukaryotic domain, such as fungi (including yeast) and
mammals. In fact, yeast has long been applied as a model for the study of GPCR activation and
signaling via the yeast mating pathway, and has been developed as a well-established GPCR-
based biosensor platform in turn (19,83,97,98), making it an appropriate sensor host.

The yeast mating pathway as platform for sensor development

To better understand the yeast mating pathway and its applicability towards the study of GPCR
activation, we should have a brief initial look into the mating system of yeast found in nature
as opposed to the yeast strains applied in research. In nature, S. cerevisiae is likely to be diploid,
1.e. carrying a double set of chromosomes (99). In extreme environmental conditions, such as
starvation, diploid cells split into four haploid spores, each with a single set of chromosomes
and with two possible mating types (a or a) (100). While both haploid and diploid cells are
able to reproduce asexually via budding, where a small bud emerges from the mother cell and
separates into a new cell once it has reached a certain size, haploid cells of opposite mating
types are also able to mate to make a new diploid cell (101). This process is activated by the
binding of a small mating peptide, mating factor a or a, produced by the opposite mating type
yeast, to the corresponding mating GPCR, Ste3 or Ste2, respectively (19). To enable efficient
mating, haploid cells found in nature are able to switch mating type after budding, enabling
mating with nearby cells that were previously of the same mating type (99,102).
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In most commonly deployed S. cerevisiae strains used in research however, the cells are unable
to switch mating type, while retaining the majority of the mating machinery (99,103). These
haploid strains have a fixed mating type a or a (103), and have been preferred for research
and genetic engineering purposes due to increased ease of genetic engineering and genetic
stability of strains. As a result, the mating machinery of these strains remains inactive unless
the mating pheromone of the opposite mating type yeast is added to the culture, making it
possible to study the GPCR-mediated activation of the mating pathway in the absence of
mating (83). Today, the mating pathway of S. cerevisiae is characterized to the point of
modularization — enabling precise tuning of pathway activation (83). Several applications have
been demonstrated for GPCR-based YBBs (Figure 5), such as in point-of-use screening of
high-value compounds (91), point-of-care detection of infectious, i.e. pathogenic, microbes
(39), and deorphanization of human GPCRs for which the binding agent was previously
unknown (40,90).

Signaling through the yeast mating pathway

Before diving into the details of the yeast mating pathway signaling, I want to start by quickly
commenting on what a signaling pathway generally refers to in biological systems. “Signaling”
in this case refers to the transfer of information from one part of the cell, where an input is
detected, to another part of the cell, capable of producing a biological response in turn (Figure
7A-C)(104). In biological systems, this transfer of information often occurs via a sequence of
protein interactions or signaling molecules detected by proteins within the cell (104). But how,
then, are proteins able to communicate information, and how do they know to which other
protein the signal should be relayed among the thousands of proteins present within the cell? It
is fascinating really, that the answer to both these questions lies in the highly specific protein
structures found in biological systems. This means that each protein is only able to interact with
a highly specific set of proteins or signaling molecules in a specific order, resulting in complex
but defined signaling networks that sometimes overlap between pathways. The signal itself is
relayed via the triggering of structural changes in the proteins involved, such as addition of a
phosphate group in specific protein sites (i.e. phosphorylation), the release of a protein from a
protein complex (consisting of multiple proteins), or via binding of second messengers (small
signaling molecules)(104-106). So, with this in mind we can now have a look at the yeast
mating pathway as it exists in wild-type haploid yeast, focusing on the central mating pathway
components often considered in biosensor design.
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Figure 6. Yeast sensor cell design and mating pathway engineering. The figure shows a simplified
overview of a yeast sensor function, and an overview of the central yeast mating pathway components
prior to and after engineering towards biosensor applications. (A) In the development of yeast-based
biosensors, the yeast itself serves as the device. It is able to detect a target analyte (ligand), transmission
of an intracellular signal, and production of a measurable output, such as fluorescence. In the yeast
mating pathway (B & C), the cell detects an extracellular analyte, which activates intracellular signaling
resulting in a transcriptional response and the production of a measurable output. (B) In wild-type yeast,
the o/a-mating factor binds the mating GPCR, Ste2/Ste3, stimulating the exchange of GDP for GTP in
Gpal. This results in the activation of Gpal and the subsequent release and activation of the Ste4-Stel8
G protein complex. Ste4-Stel8 in turn recruits Ste20, the first protein in the mitogen activated protein
kinase (MAPK) cascade including Stel1, Ste7, and Fus3, all bound to protein scaffold Ste5. Next, Fus3
activates Stel2, which binds promoter pFUSI and initiates transcription of mating related genes
alongside other transcription factors of the yeast mating response. Several feedback-regulatory
mechanisms are present in the yeast, including inhibition of Gpal activation by Sst2 and degradation
of the o mating factor by Barl. Additionally, Farl is activated by the pathway, inducing cell cycle arrest
in preparation for mating. (C) For sensor applications of yeast, the mating pathway has been streamlined
and modularized to allow for a tunable response. Modifications include removal of feedback-inhibition
and induced cell-cycle arrest by deletion of Sst2, Farl, and Barl. Additionally, expression levels of
central pathway proteins affecting the pathway output (shown in blue) can be tuned, including the
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GPCR, Gpal, the transcription factor (TF), and the pathway response genes (shown in green). In some
cases, the TF Stel2 and promoter pFUS! are replaced by synthetic alternatives, to allow for stricter
control of the output response. P, phosphate; TF, transcription factor; GDP, guanosine diphosphate; GTP,
guanosine triphosphate.

As previously mentioned, the yeast mating pathway is activated upon binding of a mating
pheromone (ao/a mating factor) to the corresponding mating GPCRs (Ste2/Ste3), causing a
conformational change in the receptor (Figure 6B). Common for all GPCRs is that these
receptors bind G proteins inside the cell and mediate their activation by acting as guanine-
nucleotide exchange factors (107). In the case of Ste2 and Ste3, the receptors bind the
heterotrimeric G protein complex Gpal-Ste4-Stel8 (Gafy) and mediate the exchange of Gpal-
bound GDP to GTP, activating Gpal and causing subsequent dissociation of Gy (Ste4-Stel8)
(19,107). The GPBy heterodimer in turn mediates the phosphorylation of Stell by Ste20, with
Stell being the first protein in the mitogen activated protein kinase (MAPK) cascade (19).
Stell further phosphorylates Ste7, which phosphorylates Fus3, with all three proteins being
bound to the sane scaffold protein, SteS, for proximity (19). Lastly, Fus3 phosphorylates
transcription factors involved in the yeast mating response, such as transcription factor Stel2,
which results in the activation of the mating response.

As is the case for most biological systems, the yeast mating pathway activation is subject to
regulatory mechanisms within the cell, with major feedback-inhibition including accelerated
Gpal inactivation by Sst2 (108), and degradation of the o mating factor by Bar1(19). Other
pathway components relevant to consider for biosensor applications of yeast are Farl,
responsible for the induction of cell-cycle arrest in cells prior to mating (109), and the mating
pheromone genes of the respective mating type yeast, including MFAI, MFA2, MF(alpha)l,
and MF(alpha)2 (110).

Engineering the yeast mating pathway towards biosensor applications

Over the past three decades, the yeast mating pathway has been extensively studied and
engineered towards biosensor applications. Early studies relied on placing desired output genes
under the pFUSI promoter, deleting FARI to avoid cell-cycle, and deleting SS72 and BARI to
avoid feedback regulation (40,111). Here, output genes refer to those encoding quantifiable
proteins of choice, such as fluorescent proteins or proteins catalyzing the production of a
colorimetric compound (93). As the degree of GPCR activation directly correlates with the
expression level of output genes under the pFUSI promoter, the degree of GPCR activation
can be inferred from the level of output gene expression (Figure 6C)(83).

As previously mentioned, the yeast mating pathway has been applied towards the
deorphanization and study of human GPCRs (40,90), allowing for the evaluation of these in a
biological system void of the feedback-regulation present in their native host. In these cases,
the genes of Ste2/Ste3 are often deleted to avoid interference in pathway activation (40).
Furthermore, engineering efforts have improved the coupling between heterologous GPCRs
and the yeast pathway by modifying Gpal — specifically, by replacing the five C-terminal
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amino acids of Gpal with those of the appropriate heterologous Gou subunit (112). This
modification has not only elucidated specific GPCR-Gua interactions in human cells but has
also broadened the range of GPCRs that can be functionally evaluated in yeast (112).

While the key components of the yeast mating pathway have been gradually unveiled over the
past three decades, it is only in recent years that the modularization of the pathway has been
truly explored. Shaw and colleagues (83) streamlined the pathway of a-type yeast by deletion
of genes encoding proteins involved in feedback regulation and cell-cycle arrest (SS72, BARI,
FARI), elimination of possible interference from other GPCRs and G proteins (STE3, GPRI,
GPA2), and deletion of genes encoding the yeast mating peptides (MAF'1, MFA2, MF(alpha)l,
MF(alpha)2). Next, the authors deleted the genes of central pathway components and
reintroduced these with promoters of varying strengths, identifying expression levels of Ga,
GPCR, and reporter genes as key in the tuning of pathway response characteristics — including
LOD, baseline activity, operational rang, and dynamic range (Figure 7).
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Figure 7. General overview of major tunable components of the streamlined yeast mating
pathway. Here, Ga expression tuning affects the baseline expression level and can limit the dynamic
range, operational range, and LOD. Meanwhile, GPCR expression tuning affects the LOD and response
intensity, and the GPCR ligand interaction affects the Hill slope, sensitivity, operational range and
dynamic range. Lastly, output tuning affects the dynamic range, operational range, and Hill slope.

To further refine this system, and to completely decouple mating pathway signaling from the
mating response genes managed by Stel2, this TF was replaced with a synthetic alternative.
By including the pheromone responsive domain (PRD) of Stel2 (amino acid 216-688) and
replacing the DNA binding domain (DBD) with the full length bacterial LexA repressor, the
authors produced a pheromone responsive TF unable to bind the mating response genes
(Figure 7). Moreover, a corresponding synthetic promoter was constructed, containing six
LexA operator sequences (LexO) upstream of a LEU2p core promoter, allowing for strong
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expression of the response genes, and resulting in an increased dynamic range of the sensor
(Figure 7).

In this thesis, I mainly employ the streamlined yeast mating pathway, as developed in the
aforementioned studies, as a chassis for constructing GPCR-based biosensors in yeast. By
leveraging the modular and tunable nature of this system, my work aims to evaluate and
optimize sensor performance for diverse applications.

The relevance of G-protein coupled receptors (GPCRs)

Why the interest in GPCRs specifically? GPCRs are highly conserved throughout the
eukaryotic kingdom, regulating vital biological functions in response to diverse external stimuli
such as photons, ions, lipids, and peptides (113). In humans, GPCRs make up the largest
family of membrane proteins (113). To date, approximately 34 % of the US Food and Drug
Administration (FDA)-approved drugs target GPCRs (113), underscoring the importance of
continued research towards elucidation of GPCR involvement in the development and
progression of disease. Moreover, the diversity within these receptors in terms of the type of
ligand recognized, their applicability for sensing of external stimuli, and their high sensitivity
and selectivity further makes these receptors highly attractive for biosensor applications in
yeast (114,115).

So, what does a GPCR look like and how does the receptor activation work? All GPCRs across
the eukaryotic domain consist of a bundle of seven transmembrane alpha helixes (TMs),
enabling the transduction of a signal across the cell membrane (116). These are connected by
intracellular loops (ICL) and extracellular loops (ECL), with the N-terminus of the protein
being extracellular and of varying length, and the C-terminus being intracellular. GPCRs are
however divided into classes A-F based on structural variations, with human GPCRs being
encompassed by classes A-C and F, and fungal GPCRs making up class D (117,118). While the
ligand type and the ligand binding pocket varies, the general activation mechanisms of different
GPCRs remains the same — with extracellular binding of the ligand causing a structural shift of
the TMs, enabling the GPCR to act as a guanine-nucleotide exchange factor for the intracellular
Ga..

Based on these aspects, GPCRs stand out as prime candidates for yeast-based biosensor
development due to their wide ligand range, high specificity, and ability to detect extracellular
analytes directly at the cell surface. By leveraging these properties, we can design biosensors
capable of identifying a wide array of compounds, from small molecules to peptides, without
the need for transport past the cell membrane. Moreover, understanding the fundamental
structure and activation mechanisms of GPCRs provides a strong foundation for engineering
strategies towards improved ligand binding that will be discussed in the following sections —
strategies applied with the aim to develop GPCRs for precise, robust, and versatile biosensing
applications.
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Chapter 2: Design of biosensors for biomedical
applications

Having established some background on sensor systems, synthetic biology, sensor metrics, the
yeast mating pathway, and GPCRs, we are now ready to dive into the research of my PhD. The
following chapters will explore three avenues within GPCR-based yeast biosensors (Figure 8);
(1) evaluating and benchmarking colorimetric yeast outputs (Paper I), (2) engineering fungal
mating GPCRs towards greater sensitivity via library-based screening approaches (Paper 11 &
III), and (3) attempted improvement of sensor metrics of free fatty acid 2 receptor (FFA2R)
expressed in yeast (Paper IV). In my research on these distinct yet interconnected subjects, I
aimed to explore and expand the current toolbox for development of GPCRs towards
biomedical applications.
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Figure 8. Simplified overview of the contents of Paper I-IV. Paper I focuses on the evaluation and
benchmarking of colorimetric outputs on agar plates, in liquid media, and on paper-slips. In Paper 11
and III, targeted and untargeted mutant GPCR libraries are generated for two fungal mating GPCRs,
followed by screening towards identification of variants with improved response curve metrics. In Paper
IV, the human FFA2R GPCR was expressed in yeast, the response curve metrics optimized via Ga
tuning, and diverse ligands screened in the optimized platform.
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Evaluation and benchmarking of colorimetric outputs

Selection of a biosensor output may to some seem like the last step to consider in biosensor
design, but it is actually a choice with major impact on sensor applicability in different settings.
Further affecting several sensor metrics, such as LOD, dynamic range, and operational range,
as well as the ease-of-use of a sensor, the choice of output should in fact be one of the first
considerations in yeast biosensor design.

General introduction to yeast biosensor outputs

In yeast, the main categories of outputs include colorimetric, fluorescent, luminescent, and
growth-based (119), each with applicability in distinct biosensor settings. Limitations are
imposed on each of the different outputs depending on the required equipment, incubation time,
and response curve produced, which can be summarized as follows:

Colorimetric outputs, such as lycopene and betalains, are sensitive and allow for detection by
the naked eye (39,91). As such, colorimetric outputs are appropriate for point-of-use
applications where a binary response is desired, while they can be used for quantitative
measurements in lab-based settings (39,40,91). While several of these outputs require a
substrate, such as -galactosidase requiring a cleavable substrate consisting of a colorimetric
output and galactose (40,91), this is not always the case (39).

Fluorescent outputs, such as green fluorescent protein (GFP) and red fluorescent protein (RFP)
allow for sensitive detection and quantification without the addition of a substrate. While
fluorescent outputs make up the most widely applied type of outputs in lab-based screenings,
they have limited use outside a laboratory setting due to the need of excitatory light (90,120).

The luminescent output produced by luciferase allows for rapid and sensitive detection, but
requires the addition of a substrate (91,121). While traditionally limited to lab-based settings,
recent work highlights the possibility of point-of-use applications using the camera of a phone
with an 3D-printed attachment (91).

Growth-based outputs rely on the production of lacking nutrients or antibiotic resistance in
selective conditions, allowing for slow but sensitive detection (115,122). However, this output
is largely limited to lab-based settings due to requiring conditions favoring the growth of the
organism to function well.

Having outlined the general landscape of yeast biosensor outputs and their respective
advantages and limitations, we will move on to the application of biomedical sensors in point-
of-use settings. For this application, sensors need to be rapid, sensitive, and user-friendly
(39,91,123), making the optimization of the output critical. In the following section the results
of Paper I are presented, where we focus on the evaluation of two promising colorimetric
outputs, prodeoxyviolacein and proviolacein, and benchmarking of these against the already
established colorimetric output lycopene for use in both lab-based and point-of-care settings
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(39). With these outputs allowing for detection in the absence of an external substrate, they
showed potential for applications in both lab-based screenings and for point-of-use detection.

Implementation of prodeoxyviolacein and proviolacein as biosensor outputs

Prodeoxyviolacein (green/brown) and proviolacein (green) are intermediate products of the
violacein pathway in Chromobacterium violaceum, and have previously shown potential as
biosensor outputs in yeast as strong pigments (124—126). However, the performance of these
outputs outside of agar plate-based screenings had yet to be evaluated. As such, we set out to
evaluate the applicability of prodeoxyviolacein and proviolacein in agar-based screening on
different media, in liquid media, and on paper slips in paper I. For the purpose of
benchmarking, the response metrics of these outputs were compared to the already established
colorimetric output lycopene (39).
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Figure 9. Overview of the platform strain used for the evaluation of the respective outputs. (A)
Simplified overview of the streamlined mating pathway and the output genes produced in the
colorimetric output strains. (B) Strain background and detailed genetic modifications of strains. (C)
Overview of the proviolacein/prodeoxyviolacein pathway and cofactors. Note that oxygen and NADPH
requirements of enzymes are displayed in Paper I, Figure 1. (D) Overview of the lycopene pathway and
cofactors. MFa, o mating factor; Synth. TF, Synthetic transcription factor; VioA, flavin-dependent L-
tryptophan oxidase; VioB, 2-imino-3-(indol-3-yl)propanoate dimerase; VioC, violacein synthase; VioD,
protodeoxyviolaceinate monooxygenase; VioE, violacein biosynthesis enzyme; GGPP, geranyl geranyl
diphosphate; sp., spontaneous.
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As a platform for evaluation of induction of pigment production, a yeast strain with a
minimized mating pathway was applied (Figure 9A). The strain was constructed largely based
on the minimized mating pathway strain (Design 4) by Shaw and colleagues (83), while
implemented in a CEN.PK strain background (127) as opposed to the previously used S288C
(83). Non-essential pathway genes were deleted, in addition to STE2, GPA1, and STE12, which
were re-integrated expressed under the same promoters as used for expression in the Design 4
strain (Figure 9B). Gene expression cassettes were constructed based on the pYTK (128) and
pMC (129) plasmid toolkits, allowing for efficient integration in established genomic sites from
the EasyClone-MarkerFree toolkit (Figure 9B) (130). Note that as a result, the integration sites
of mating pathway genes were different than those of the strain developed in a S288C strain
background. Genes from the colorimetric output pathway were introduced in genomic locations
established in the same paper.

Both prodeoxyviolacein and proviolacein are produced from the precursor L-tryptophan, via
the introduction of three, respectively four, genes (Figure 9C). These include vioA4, vioB, and
vioE for prodeoxyviolacein and vioA, vioB, vioE and vioD for proviolacein, integrated as single
copy genes with strong promoters for expression. As VioE is the first enzyme in the pathway
to produce a colorimetric product, the gene was placed under control of the synthetic inducible
promoter LexO(6x)LEU2p.

The lycopene pathway has been previously optimized for biosensor applications in yeast (39),
providing a strong output upon induction of the mating pathway (Figure 9D). To this end, the
expression of pathway genes crtE, crtB, and crtl from Erwinia herbicola were introduced, with
two copies of crtl expressed under the inducible promoter. Additionally, FADI from S.
cerevisiae, responsible for the production of the Crtl redox cofactor FAD, was overexpressed
(39).

Evaluation of induction in different medium complexities

Depending on the application area of a biosensor, the medium complexity will vary. For
example, in bioengineering settings we often work with defined media, while for biosensor
applications in healthcare the medium is likely to be undefined. As such, we evaluated the
performance of the different outputs on agar plates with increasing medium complexity, in the
absence and presence of the inducer (0 uM and 1 uM o mating factor). Three different media
were evaluated, including low complexity (synthetic defined medium; SDC), mixed (SDC + 5
% yeast extract peptone medium; SDC + 5 % YPD), and high complexity (YPD; Figure 10).
As anegative control, an output null strain was applied, lacking any of the colorimetric pathway
genes. Moreover, strains lacking the Ste2 receptor were included, in which the mating pathway
cannot be activated, to gauge the leakiness of the output production.
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Figure 10. Evaluation of output induction on different medium complexity. (A) Strains were spotted
on agar plates with varying medium complexity (see text), with or without 1 uM of the S. cerevisiae o
mating factor (induction +/-). The null strain does not contain genes for pigment production. (B) Results
were investigated after 24 h of incubation, via image-based quantification of outputs relative to the
output-null strain on the same plate. The increase in red/green/green-brown pigment was calculated by
relative to the uninduced state of the strain. This was done both for strains with and without the Ste2
receptor. Strains were evaluated in duplicates and negative values were set to zero.

We found that that medium complexity indeed affected the outputs, comparing the red and
green pigment intensities for the lycopene, prodeoxyviolacein, and deoxyviolacein strains
(Figure 10A-B). After 24 h of incubation, all three colorimetric outputs were clearly
discernible by eye across all tested media (Figure 10A), with only slight differences between
minimal and mixed-complexity media (Figure 10B). Interestingly, in all cases, growth on high
complexity medium produced a higher baseline expression for lycopene and
prodeoxyviolacein, also present in the proviolacein after an extended incubation (Paper I,
Supplementary Figure 2). Upon consideration of that our strain was constructed for minimal
basal expression in low complexity media (83), it is possible that the difference in nutrient
availability affected the baseline expression of the strains in complex medium. However, the
fact that baseline expression was found even in the absence of a receptor was unexpected, as
the synthetic transcription factor should not be active in the absence of pathway activation. As
such, it is important to consider the target application of the sensor already in the optimization
of the mating pathway, to allow for early adjustment and evaluation of pathway components in
the appropriate settings.

Interestingly, we further found that induction of strains with the Ste2 receptor affect the growth,
especially in low complexity media (Figure 10A). This was found both in strains with and
without a colorimetric output coupled to the yeast mating pathway, indicating that there are
still some unknown or less explored effects of pathway activation with growth-related effects.
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Evaluation of induction on paper slips

For application of yeast-based biosensors in point-of-care, the use of yeast dried onto paper-
slips has been demonstrated, for which lycopene was previously shown to produce a visible
output after 3 h of incubation (39). As such we opted to evaluate the lycopene expressed in our
strain together with prodeoxyviolacein and proviolacein in the same setting (Figure 11).

We found that lycopene outperformed the prodeoxyviolacein and proviolacein pigments,
producing a stronger intensity response (note the difference in axis scaling on the bar plots)
and a shorter TOD. While the previously demonstrated TOD of lycopene was exceeded by two
hours, one has to consider that the strain backgrounds differ, including the receptor-ligand pair
used for pathway induction (39). Moreover, the camera and camera setup can affect the readout,
as is often the case in image-based analysis. While output production in liquid was also
evaluated, the readout was weak for lycopene and non-detectable for proviolacein and
prodeoxyviolacein (see Paper I for details). This is in part caused by equipment availability, as
we performed manual measurements as opposed to the continuous surveillance in a plate reader
applied previously, introducing noise in the data (39).
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Figure 11. Evaluation of colorimetric output induction on paper slips. Strains were dried onto paper
slips and placed on wicking paper dipped in YPD media with or without 1 uM S. cerevisiae o. mating
factor, followed by incubated for 24 h. Photos were taken at indicated timepoints, from which the
red/green pigment intensity was evaluated in ImagelJ. Bar plots present the pigment intensity of strains
for (A) lycopene, (B) prodeoxyviolacein, and (C) proviolacein over time compared to the control
without the Ste2 receptor. The lower part of the figure shows pictures collected after 24 h of incubation
for the respective outputs. Stars indicate statistical significance as calculated by a one-sided t-test, * p
<=0.05, ** p <=0.01, and **** p <=0.0001. Three strain replicates were used, and negative values were
set to zero.
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What we have learned

In Paper I, we investigated proviolacein and prodeoxyviolacein as colorimetric yeast biosensor
outputs in liquid, on agar plates, and on paper slips. The pigments were benchmarked against
the previously established colorimetric output lycopene, finding that while both proviolacein
and prodeoxyviolacein provided comparable detection on agar plates, independent of media
complexity, these produced a weaker output on paper slips and were non-detectable in the
liquid assay. In general, our study would have benefitted from further optimization of the
violacein pathway, such as by tuning expression levels of the violacein pathway genes,
engineering of the L-tryptophan metabolism (131), or by increased cofactor availability
(39,132), as has been demonstrated extensively for lycopene (39,75). Even so, only few prior
examples exist of violacein pathway optimization in S. cerevisiae for which titers are reportedly
low, but exact titers have not been reported (133—135). However, extensive strain engineering
would remove the advantage of pigments derived from the violacein pathway being easy to
implement as sensor outputs.

Overlooking the presently developed mating pathway-based yeast biosensors optimized for
point-of-use applications, the current timescale of the sensor response cannot be said to be
rapid. However, depending on the application area, the present time span of detection is short
enough to be viable for application as point-of-care sensors, and may still result in shorter
detection time compared to traditional detection methods (39). This is the case both for
colorimetric and luminescent outputs, where the best TOD was reported as 2 h and 30 min
respectively (91,136). In our study, we did not find response times comparable to these.

In summary, our results underscore both the opportunities and the current limitations of
employing proviolacein and prodeoxyviolacein as colorimetric outputs in yeast biosensors.
While these pigments proved robust on agar plates, yielding a response comparable to
lycopene, their weaker or non-detectable signals in paper-based and liquid assays highlight that
further optimization is needed for a broader spectrum of applications. However, engineering
the violacein pathway or host metabolism towards this scenario must be balanced against the
simplicity of implementation that originally motivated the investigation of these pigments as
sensor outputs.
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Investigating the structure-function dynamics of fungal mating
GPCRs via library-based screening approaches

In this section, we will focus on the sensing aspect of GPCR-based yeast biosensors as
evaluated in Paper II & III. The choice of target molecule (ligand) and the GPCR greatly
affects sensor applicability, in terms of sensitivity of detection, selectivity towards the ligand,
and response phenotype (digital/linear).

In recent years, the interest in fungal GPCRs (class D) both for detection (39,83,114) and
treatment (137) of pathogenic fungal infections (137,138) has increased, as fungal GPCRs have
been implicated in fungal virulence and pathogenesis (139,140). These applications are enabled
by these receptors being structurally distinct from other classes of GPCRs, and by fungal
GPCRs being involved in diverse cellular processes such as nutrient sensing, reproduction, and
growth (138). Specifically for fungal mating GPCRs in yeast, belonging to subclass D1 out of
14 possible subclasses, they are linked to the transfer of genes between different clades of fungi
upon sexual reproduction, and may therefore aid in the propagation of traits involved in
pathogenesis and antimycotic resistance (141). As a result, the fungal mating receptors have
been suggested possible targets for antagonistic therapeutics, blocking the binding of the ligand
to the receptor (140). Conversely, as mating pathway activation results in cell-cycle arrest and
growth inhibition in wild-type yeast, agonistic therapeutics that stimulate receptor activation
may also be applicable (140). Other than as targets for therapeutics, fungal mating GPCRs have
also been suggested as applicable towards detection of fungal pathogens via yeast based
biosensors (39,83,114). Even so, the structure of class D GPCRs remains understudied to date,
with the exception of class D1 receptor Ste2 from S. cerevisiae, for which the structure and
residues interacting with the Go and ligand have been determined via cryogenic electron
microscopy (Figure 12A-B) (118,142).

As such, the fungal mating GPCRs are interesting to study in order to elucidate ligand-receptor
interactions, structure-function dynamics, and the potential for biosensor applications. Here,
we investigate the plasticity and structure-function dynamics of two fungal mating GPCRs via
mutagenesis of the receptors, with the aim of identifying mutations resulting in altered or non-
altered receptor function, via:

Paper II: Untargeted mutagenesis of Ste2 from fungal pathogen Candidozyma auris (CauSte?2)
and screening for receptors with a lower LOD.

Paper III: Targeted mutagenesis of the ligand binding (orthosteric) site of Ste2 from S.
cerevisiae (ScSte2) in a designed library and screening for functional, constitutively active, and
loss-of-function variants.
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Figure 12. Structure overview of ScSte2, a class D1 GPCR. (A) Snakeplot including interactions
with Gpal, the o mating factor and the dimer interface between Ste24 and Ste2p as determined by
cryoEM by Velazhahan and colleagues (118). (B) Cartoon of CryoEM generated protein structure of
Ste24 (yellow) bound to the o mating factor (pink), Gpala (not shown) and Ste2g (not shown; Protein
Data Bank, accession code 7AD3) (118,143).

Construction of screening platform strains

For GPCR-based sensing via the mating pathway in yeast, the GPCR-ligand and the GPCR-
Go binding dynamics have been shown to strongly impact the sensor response metrics,
including dynamic range, LOD, operational range, slope, and selectivity (40,114,144). As such,
we can apply mutagenesis of the receptor and evaluate mutants via their ability to activate the
yeast mating pathway as a way of screening mutant receptor libraries. For this purpose,
platform strains were constructed for evaluation of the mutant GPCR libraries, in which the
mating pathway activation was benchmarked for the wild-type (WT) ScSte2 and CauSte2
receptors and their cognate ligands though induction at increasing concentrations.
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Figure 13. Overview of the screening platform strains. (A) Minimized mating overview with/without
a chimeric Gpal, in which expression levels of key components have been tuned (shown in blue/green)
(B) Background and constructed strain specifications. (C) Evaluation of the response-curve of platform
strains with genome integrated Ste2 by flow-cytometry, after 3 h incubation with the corresponding o
mating factor pair. The GFP intensity is presented as log10 fold-change over baseline for the respective
strains, dots display the mean and vertical lines the s.d. of three biological replicates. GFP, green
fluorescent protein; RFP, red fluorescent protein; Synth. TF, synthetic transcription factor; Goa, G
protein o; Emin, the effect at baseline; Enax the maximal effect; pECS50, -log10(concentration at 50 % of
the maximal effect); Slope, Hill slope.

Two different screening platforms were applied for library screening, the first with the Gou of
S. cerevisiae (strain ASC2) and the second with a chimeric Ga (strain ASC4G6), in which the
five C-terminal amino acids were replaced with that of putative Gpal from C. auris (Figure
13A-B). Both strains were developed from the minimized mating pathway strain (Design 4)
produced by Shaw and colleagues, in which GFP is present as a reporter gene for fluorescent
evaluation of pathway activation (83). To allow for additional growth-based selection, HIS3
was introduced expressed from the synthetic LexO(6x)LEU2p promoter. ScSTE2 and URA3
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were deleted to allow for re-introduction of GPCR variants in integration site XII-2 (130) or
expressed from plasmids with auxotrophic selection. Lastly, constitutive expression of
miRFP670 was introduced to allow selection of viable cells in screenings by fluorescence
activated cell sorting (FACS), producing platform strain ASC2. By further deleting GPA/ and
re-introducing a chimeric variant expressed from genomic locus XI-5 (130), platform strain
ASC2G6 was produced. These strains were benchmarked with genomic expression of wild-
type ScSTE2 and CauSTE?2, respectively (Figure 13C). As the integration site of genes can
affect expression levels, ASC2G6 was evaluated next to a strain with the wild-typ GPA1
integrated in the same genomic site, ASC2GO.

Upon evaluation by flow cytometry, strain ASC2 was found to produce an LOD of 10 nM both
for expression of ScSTE2 and CauSTE2 (p <0.001 and p < 0.05, one-sided paired t-test), while
the pEC50 and max activation was slightly higher for the expression of ScSTE? (Figure 13C).
Instead comparing the expression of CauSTE?2 in strain ASC2G6 to that of a strain ASC2GO0,
no difference was found between the response curves, while strain ASC2G6 produced a
significant increase in response intensity at the LOD of 10 nM compared to ASC2G0 (p<0.01,
one-sided unpaired #-test; Figure 13C).

For evaluation of the GPCR libraries, we opted for plasmid-based expression as it allows for
higher transformation efficiencies, and thereby screening of a larger number of variants. While
plasmid-based expression of ScSte2 was initially attempted with the same strong promoter
pCCWI12 used for genomic expression, this caused a larger portion of the yeast population to
lack GFP expression (pAL00O1, Figure 14A). This was likely due to part of the population
dropping the plasmid, which has been shown to occur in cultures with auxotrophic selection
due to cross-feeding (145), and possibly further amplified by the toxicity or metabolic burden
of STE2 overexpression. Instead, the medium-strength promoter pHHF I was applied, resulting
in a larger portion of the cell population seemingly retaining the plasmid (pAL002, Figure
14A). Applying pALO002 for expression of ScSTE?2 in platform strain ASC2, we found that the
LOD and pEC50 of the response curve corresponded to that of genomic expression (Figure
14B). However, as the activation curve was evaluated based on the mean GFP fluoresce of the
population, the dynamic range was decreased due to the portion of inactive cells.
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Figure 14. Evaluation of induction in ASC2 with plasmid-based expression of ScSTE2. (A)
Plasmid-based expression of ScSTE2 under strong promoter CCW12p (pAL001) and medium strength
promoter HHF Ip (pAL002) respectively was evaluated. Strains were incubated 3 h with 1000 nM Sc o
mating pheromone and evaluated by flow cytometry to determine the percentage of cells in the
population with high GFP intensity, defined by an arbitrary cutoff at a GFP intensity > 2 (dotted line).
Density plots display the pooled events of three biological replicates, a total of 15,000 events. (B)
Response curve of strain ASC2 with plasmid pALO002 after 3 h of incubation with the Sc o mating
pheromone, evaluated by flow cytometry. The GFP intensity is presented as logl0 fold-change over
baseline for the respective strains, dots display the mean and vertical lines the s.d. of three biological
replicates. Emin, the effect at baseline; Emax the maximal effect; pEC50, -log10(concentration at 50 % of
the maximal effect); Slope, Hill slope.

Generation and screening of variant GPCRs libraries

With the screening platform strains ready for application in library evaluation, the next step
was library construction and screening. The space of possible protein variants for a given
protein is huge, considering there are 20 possible amino acids (aa) for each aa position in a
protein. In a small protein of 100 aa, there are 1900 possible variant amino acid sequences for
investigation of every possible single amino acid substitution (number aa positions multiplied
by the number of possible substitutions per position). Further considering that the same amino
acid can be encoded by several different codons in the DNA, that the codon can affect the
protein expression level, and that not only single but also co-occurring substitutions are of
interest, the number of variants increase drastically. To cope with this fact, different strategies
for library generation have been devised, ranging from mutagenesis of the whole protein
sequence via error prone PCR for evaluation of random protein variants (146), to rational
library design based on known protein structures and inferred ligand interactions (147). In my
work, I applied two different strategies for library generation and screening depending on the
target application, of which details are outlined in Figure 15 and described in the figure text.

30



Paper II: L4P0
Mutant CauSte2 library generation

2.4 mut/kb

Assembly into plasmid backbone

107 variants

Transform yeast ASC2 Transform yeast ASC4G6

(94 (94
Sy de Sy de

7.1*10° CFU 5.1*10° CFU
FACS-based Growth-based selection
selection

[CauMFa] 0nM
[CauMFa] 1nM

55

Wash cells off 10° plates

[CauMFa] 10 nM
1x GFP selection

[CauMFa] 0 nM ¥ Y
2x GFP de-selection
[CauMFa] 10 nM

1x GFP selection

Evaluate single variants by
flow cytometry

n=2%10%

Sequence top variants

Sanger sequencing PacBio sequencing

n=3 n==6
AACGCTAGGC
A CGCTAGGC Sequence
AACGCTA GC analysis
AAC  TAGGC

[CauMFa] 0 nM  [CauMFa] 1 nM
n=2%10°

(v

High-throughput sequencing

Mutant ScSte2 library generation

102 variants

Transform yeast ASC2
(000 ]
G Lo

9.6* 108 CFU

FACS-based variant screening

FACS - isolate single variants
GFP pos. M |GFP pos. &

N A

GFP neg.™ |Top5 % ™

AN

Fluorescence intensity

[ScMFa]
oM
1M

Count

Sequence variants

Sanger sequencing n = 190

Sequence [r———

analysis J—

Figure 15. Overview of library generation and screening strategies applied for libraries L4NO, L4PO,
and ARlib. Yeast libraries L4NO and L4P0 (Paper II) were generated from the same plasmid library,
produced by error prone PCR (epPCR) of CauSTE?2 and assembly into the pAL002 plasmid backbone.
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Library ARIib (Paper III) was designed and ordered as a pre-assembled plasmid library, targeting the
orthosteric site of the GPCR with substitutions based on the amino acid distribution in each position
among the entirety of known fungal mating GPCRs. Libraries L4NO and ARIib were evaluated in the
ASC2 platform strain and library L4P0 in the ASC4G6 platform strain. For library L4NO, FACS was
applied to enrich cells with high GFP fluorescence intensity at 10 nM Cau o mating peptide (MFa) in
one round of sorting, followed by two rounds of sorting at 0 nM to remove false-positive candidates.
Lastly, 96 candidates were sorted out, evaluated by flow cytometry and growth, followed by sequencing
of top candidates. For library L4PO0, cells were plated with auxotrophic selection and with/without 1 nM
CauMFa induction respectively, at different dilutions. Single variants were isolated by pickling large
single colonies from diluted induced plates, evaluation of these by flow cytometry, followed by
sequencing of top candidates. Moreover, cells were washed off from the plates with high cell densities,
barcoded, and PacBio sequenced to generate long reads with high throughput. These were analyzed
towards identification of single and cooccurring enriched mutations. Cells were washed off plates with
high cell densities from the induced and uninduced plates respectively, which were barcoded separately
prior to sequencing. For library ARlib, FACS was applied to sort out 96 candidates from four gating
settings, including cells with high GFP fluorescence intensity in absence of induction, cells without
fluorescence intensity at 1 pM of ScMFa, cells with high fluorescence intensity at 1 uM of ScMFa,
and cells with top 5 % fluorescence intensity at 1 uM ScMFa. In total 190 variants were sequenced,
divided between the different sorting conditions. mut, mutation; kb, kilo base pair; n, number; CFU,
colony forming units; FACS, fluorescence activated cell sorting; GFP, green fluorescent protein.

Paper II: Untargeted mutagenesis of the CauSte2 receptor via error prone PCR (epPCR) was
employed, generating on average 2.4 mut/kb in the resulting library (Figure 15). Library
screening was applied with the aim of identifying amino acid positions and substitutions
affecting the receptor-ligand interaction and improving the sensor LOD.

Paper III: Rational library design targeting the majority of the orthosteric (ligand binding) site
of ScSte2 was employed, with substitutions defined by the relative amino acid abundance in
each position within Class D1 GPCRs (118) (Figure 15). Screening was applied with the aim
of identifying substitutions in the orthosteric site impacting ligand binding and receptor
structure, as well as substitutions that do not affect the receptor function, contributing towards
our understanding of Class D1 GPCR plasticity.

Mutating Candidozyma auris Ste2 towards improved sensitivity

The fungal pathogen Candidozyma auris (Cau; formerly Candida auris) has unusually high
persistence and transmissibility in the clinical environment (148), as well as frequent
occurrence of resistance to antimycotics (149). While C. auris is predominantly an
opportunistic pathogen, infecting those that have increased susceptibility, the mortality related
to infection is high (150). As such, C. auris is presently on the World Health Organizations
(WHOs) critical fungal pathogen priority list (150). Additionally, C. auris can be misidentified
as other common pathogenic fungi, such as Candida albicans, Clavispora lusitaniae (Candida
lusitaniae), and Nakaseomyces glabrata (previously Candida glabrata), by traditional
diagnostic methods (148,151). While alternative methods for correct identification of C. auris
have been developed in recent years, such as MALDI-TOF MS and special growth media (148),
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these often require prolonged incubation times of 2-10 days and in addition to special
equipment (148), thereby limiting applications in point-of-care settings or remote clinical
environments. Hence, there is a call for new diagnostic methods and treatments for C. auris
infection (151).

As previously discussed, the mating GPCRs of fungi have been implicated in fungal virulence,
with these receptors being suggested as therapeutic targets (140,152,153). Additionally, fungal
GPCRs have shown potential for application in point-of-care biosensors (39). In Paper II, we
constructed and screened an untargeted mutant CauSte2 library towards identification of
variants producing a lower LOD (Figure 15), indicative of an improved ligand or Ga
interaction. Using this method, we aimed to contribute towards the understanding of amino
acid residues in the receptor with importance for receptor function, while developing the
receptor towards the possibility of YBB-based point-of-care detection of C. auris. While
functional expression of the receptor has previously been demonstrated in S. cerevisiae (114),
the selectivity of CauSte2 and the ligand response curve had yet to be evaluated in yeast prior
to this work Figure 13C.

After library generation by epPCR, the mutagenic library was evaluated in two different
platform strains, including ASC2 (library L4NO) and ASC4G6 (library L4P0) Figure 15.
Library L4NO was screened by FACS through four rounds of sorting, initially enriching
variants with a high GFP fluorescence intensity at the WT LOD of 10 nM Cau o mating factor.
Here, we noticed enrichment not only of possible candidates, but also of false-positives, cells
with a constitutive expression of GFP (Paper II, Figure S3). In fact, approximately 20 % of the
total cell population exhibited high levels of GFP expression in the absence of induction. As
such, two additional FACS sorting rounds were deployed to isolate cells without GFP
expression in the absence of inducer, resulting in a library in which 1.6 % of the population
exhibited high levels of GFP expression in the absence of induction, and 6 % of the population
exhibited high levels of GFP expression in the presence of induction. From this library, cells
were sorted onto non-selective agar plates, yielding 90 candidates. These were evaluated by
flow cytometry at 0 and 10 nM induction (Paper II, Figure S4), with the top three candidates
being sequenced and integrated into the genome of a fresh platform strain prior to evaluation
of the response curve (Figure 16A). Note that compared to the response observed in the
initially isolated library strains with plasmid-based expression was higher, indicating that either
mutations in the platform strain or the change from plasmid-based to genomic expression
affected the activation (Paper II, Figure 4).
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Figure 16. Overview of isolated variants from library L4N0. (A) Response curve of variants as
determined by flow-cytometry. The GFP intensity is presented as log10 fold-change over baseline for
the respective strains, dots display the mean and vertical lines the s.d. of three biological replicates. (B)
Snakeplot of CauSte2 as predicted by AlphaFold2 (154), with the variant-specific substitutions marked
by color. (C) Amino acid substitutions resulting from mutations for each candidate and position are
listed, with the amino acid type before and after mutation indicated by color. Emin, the effect at
baseline; Emax the maximal effect; pECS5O0, -logl0(concentration at 50 % of the maximal effect);
Slope, Hill slope; AA, amino acid; ECL1-3, extracellular loop 1-3; ICL1-3, intracellular loop 1-3.

Comparing the difference in the response curves of variant strains to that of the WT control,
the main improvement was found in the pEC50 of variants L4NO v41 and L4NO v79. While
the LOD of strains was significantly reduced compared to the WT, the difference was minor
(»<0.05, one-sided paired #-test). The biggest reduction in LOD was found in strain L4ANO v41,
with significant induction at 8 nM of o mating pheromone. Next, the locations of substitutions
in the receptor variants (Figure 16B-C) were compared to the locations in the heterologous
GPCR ScSte2, for which the interactions with the a mating factor, Gpal, and the Ste2 dimer
interface have been determined (Figure 12A). For L4NO v14 (S27T), the single substitution
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in TM1 may impact dimer formation, while the structural difference between serine end
threonine is minor (Figure 16B-C). For L4NO v41 (P63P, L150M, L2251, F244L, G323R)
containing three substitutions and two synonymous substitutions, the non-synonymous
substitutions are located in TM4, TM6, and the C-terminus of the protein. Of these, the
substitution G323R in the C-terminus of the protein is likely to have the biggest structural
effect, introducing a large negatively charged residue in place of a small and non-charged
residue, possibly affecting the GPCR-Gpal interaction. Lastly, LANO_v79 (R99G) has a single
substitution in ECL1, introducing a small non-charged residue in place of a large and negatively
charged residue. As ECLI is known to be part of the ScSte2 dimer interface, it is possible that
these residues have a similar function in CauSte2, and thereby that the substitution affects
dimer formation.

As the improvements found were minor, we opted for another round for library screening, this
time applying platform strain ASC4G6 with a chimeric Gpal-Golca to enable better interaction
between the heterologous receptor and the S. cerevisiae mating pathway (Figure 13A). A
different screening approach was applied as well, utilizing auxotrophic selection on agar plates
and induction at a lower induction concentration of 1 nM Cau mating factor (Figure 15). In
total, 72 colonies were isolated for further screening. Again, flow-cytometry was applied for
initial candidate evaluation, inducing at 0, 1, and 10 nM of ligand (Paper II, Figure S6). Six top
candidate receptors were selected, sequenced and further analyzed. The variant receptor genes
were then re-cloned into the initial pAL002 plasmid backbone and transformed into the initial
ASCA4G®6 strain, in which response curves were determined (Figure 17A). The response curves
of variant strains were evaluated alongside the WT control over three 96-well plates.
Comparing the controls, there was clear variation in the response curves between plates in
terms of pEC50 and slope, in part caused by overfitting to higher concentrations in the case of
Plate 2 (Figure 17A). Investigating the LOD of the control strains across the plates, a
significant induction compared to the uninduced baseline was found at 9 nM, 10 nM, and 7 nM
respectively (p<0.05, p<0.001, and p<0.05, one-sided paired t-test) (Figure 17A). As such, the
response curve and LOD of variants were compared to the control on the same plate. Note
however, that this also calls into question the robustness of GPCR-based YBB activation.

Investigating the LOD of isolated variants as compared to the uninduced state, significant
induction was found at 1 nM induction for strains L4P0 1, L4P0 19, L4P0 29, and L4P0 67
(p<0.01 - 0.05, one-sided paired t-test), and at 3 nM for strains L4P0 19 and L4P0 51 (p<0.01
- 0.05, one-sided paired t-test). Among the evaluated strains, all had a higher pEC50 compared
to the WT on the same plate, with variants L4P0 45, L4P0 51 and L4P0 67 displaying the
biggest improvement. Strains L4P0 45 and L4P0 51 further produced a drastically increased
slope with a switch-like activation, however, L4P0 51 also had a higher baseline expression
compared to the control in the absence of induction.
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by color. (C) Amino acid substitutions resulting from mutations for each candidate and position are
listed, with the amino acid type before and after mutation indicated by color. p1-p3, plate 1-3; Enmin, the
effect at baseline; Enax the maximal effect; pEC50, -log10(concentration at 50 % of the maximal effect);
Slope, Hill slope; AA, amino acid; ECL1-3, extracellular loop 1-3; ICL1-3, intracellular loop 1-3.

Further investigating the location and nature of substitutions, we speculated on their effect
based on the structure-function of residues in heterologous GPCR ScSte2 (Figure 12A). Firstly,
four of the isolated variants (L4P0_1, L4P0 19, L4P0 29, and L4P0_51) were found to have
substitutions in intracellular loop 1 (ICL1; Figure 17B-C). Two of these substitutions were the
same, [58T, introducing a threonine in place of an isoleucine and thereby the possibility of
hydrogen-bond formation. The remaining substitutions included 158V in variant L, introducing
a minor structural difference in the residue, and K59E, introducing the possibility of salt-bridge
formation or hydrogen bonding. While ICL1 is not directly implicated as interacting with the
Gpal in ScSte2, the nearby intracellular residues of TM2 are (Figure 12A). Thereby, it is not
improbable that such an interaction is possible for ICL1 of CauSte2, as ICL1 indeed seems to
be of importance for receptor function. However, substitutions in ICL1 never occurred as single
substitutions, meaning that the observed effect may result from the co-occurrence of these.

Looking into further non-synonymous substitutions in the individual variants, L4P0 1 (I44F,
L52F, K59E, N205N) has two additional mutations in TM1 (Figure 17B-C), in locations
known to be important for dimer formation in ScSte2 (Figure 12A). Both of these resulted in
the introduction of larger aromatic amino acid residues in place of a smaller hydrophobic amino
acid and may increase the strength of Van-der-Waals interactions. In L4P0 19 (IS8T, A215A,
E336G) the remaining substitution is located in the C-terminus, known to be important for
Gpal coupling, and removes the possibility of ionic or hydrogen bonding. Similarly, the
additional substitution in in ECL1 of L4P0 29 (IS8T, HI03L, V207V) removes the possibility
of ionic and hydrogen bonding, and may contribute towards Ste2 dimer formation. In L4P0_45
(E34G, L48M), one of the variants with the biggest improvement in pEC50 and LOD,
substitutions were located in positions of TMI1 likely to affect dimer formation. The
substitutions resulted in introduction of a small, nonpolar, residue in place of the negatively
charged glutamic acid, and the larger hydrophobic methionine in place of a leucine. The variant
with the highest number of substitutions, L4P0 51 (E17L, E23E, 158V, T71A, K105E), has
one mutation in the N-terminus possibly affecting dimer formation though the substitution of
a negatively charged residue with a smaller hydrophobic residue, in addition to the previously
discussed substitution in ICL1. Remaining substitutions in this variant were found in the areas
of TM2 (T71A) and TM3 (K105E) are not likely to interact beyond the receptor. Even so, it is
possible that they affect the overall structure and function, as this is the only variant that
exhibits a baseline expression over that of the WT control. The final variant, L4P0 67 (V51V,
L2628S), had a single substitution in a position of ECL3 known to be important for ligand
binding in the heterologous receptor ScSTE2. With the substitution of the hydrophobic leucine
with the polar serine, the possibility of hydrogen bonding is introduced, possibly affecting
ligand binding directly. This variant also exhibited the biggest improvement in terms of the
response curve and LOD (Figure 17).
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Figure 18. PacBio sequencing data processing and results. (A) Processing of reads prior to analysis,
including filtering by read quality and size, followed by alignment to the reference CauSTE?2 sequence.
Next, information on codon substitutions was extracted from the mutation data, and the counts of single
and cooccurring amino acid substitutions tallied, followed by normalization by the total read count in
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the respective library. (B) The mutational landscape across the coding sequence was investigated by
summing up the percentages of codon substitutions at each position for the respective libraries and
plotting these. (C) The difference in the total percentage of codon substitutions between the induced
and the uninduced library at each position (% induced - % uninduced, baseline set to zero). The
following analysis included enriched positions only (% difference > 0). (D) Positions identified by
investigation of enrichment of specific codon substitutions, setting a cutoft at % difference > 0.1 %,
marked in color in the CauSte2 snakeplot. (E) Following up on this analysis, the resulting amino acid
substitutions (synonymous and non-synonymous) identified as enriched in the induced CauSte2 library
variants are presented. These include single substitutions enriched in over 0.1 % of all reads,
cooccurring substitutions enriched in 0.01 % of all reads, and the top enriched cooccurring substitutions
for which at least one of the substitutions is part of the enriched single substitutions. Diff., difference;
ECL, extracellular loop; ICL, intracellular loop.

Lastly, the distribution of substitutions resulting in higher sensitivity in CauSte2 without
affecting the baseline activity was investigated. To this end, growth-based selection was applied
to isolate L4P0 sub-libraries active in the absence or presence of 1 nM Cau o mating
respectively (Figure 15), followed by extraction and barcoding of the “induced” and
“uninduced” sub-libraries. Note here that these libraries differed in size, with the CFU count
of the uninduced library being ~20,000 and that of the induced library ~200,000. Next, PacBio
sequencing was applied, allowing for sequencing of long-reads with high-throughput, and
consequently for the analysis of both single and co-occurring substitutions in reads. This is in
contrast with short-read high-throughput sequencing methods such as Illumina, which solely
allows for identification of hotspots for single mutations. Tallies of single and cooccurring
codon substitutions were extracted after data preprocessing (Figure 18A). The substitution
profiles across the receptor for the respective libraries was gauged by plotting the total
substitution percentage per position (Figure 18B), revealing similarities across the baseline of
the two libraries. Whether this is due to bias in mutagenesis from library generation, bias of
errors from the PacBio sequencing, or due to similar rates of enrichments of these positions in
the two libraries is unclear. In contrast to the similar baseline between the two samples, the
uninduced library (containing false positive variants) presented enrichment of multiple
positions that were not enriched in the induced library (containing all positives). This indicates
that the substitution profile of variants exhibiting constitutive activity is distinct, while that of
variants with improved sensitivity is varied.

To identify positions enriched in the induced library relative to the uninduced library, the
difference in total codon substitutions at each position was investigated (Figure 18C),
revealing several candidate positions. From these, the enrichment of specific codon
substitutions was investigated, and the resulting amino acid substitutions of top candidates (%
difference > 0.1) further examined (Figure 18D-E). Among these, the already identified and
experimentally verified substitution L262S was present in addition to the previously identified
substitution L48M, validating the applicability of this screening method. Several substitution
hotspots were indicated by the presence of more than one substitution, including TM1, the
extracellular region of TM3, and the transmembrane region of TM4. While substitutions in
TMI likely affect the CauSte2 dimer formation, it is possible that the substitutions found in
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TM3 and TM4 either affect the receptor structure or ligand interaction directly, given that the
orthosteric site differs from that of heterologous GPCR ScSte2. Lastly, the enrichment of
cooccurring substitutions was investigated. Initially, the same approach as applied for the
identification of single enriched substitutions was utilized to investigate the enrichment of any
specific substitution pair in the induced library as compared to the control (Figure 18E).
However, as this yielded limited results, substitutions cooccurring together with the previously
identified enriched single substitutions were investigated as well (Figure 18E). Here,
substitution L262S was present twice, with two different synonymous substitutions. Notably,
substitution 158V, which was previously found in variant receptor L4P0 51, was found to
cooccur with F22L, one of the top enriched substitutions in the enriched library. Interestingly,
several synonymous substitutions cooccurred with the already identified single substitutions,
and the previously identified single substitutions did not appear together among the top
candidates. It is however possible that these did in fact cooccur, but at a percentage below the
applied cut-off threshold, or that these were more frequent in the uninduced as compared to the
induced library. The multiple synonymous substitutions may indicate that the receptor
sequence might not be optimal for expression in S. cerevisiae, although the sequence has been
codon optimized for this purpose (1). As such, it is also possible that this is an artifact of the
strict filtering applied, in which case further analysis of the cooccurring mutations is required.
An interesting approach could be analysis of reads based on the mutational load, as
investigating these separately may elucidate the phylogeny of mutations contributing towards
increased sensitivity and constitutive activation.

What we have learned

With this, we have isolated and evaluated a total of nine CauSte2 variants that exhibited
improved response metrics to the cognate ligand in Paper II. We find that the majority of
substitutions are located in parts of the receptor likely to affect dimer formation and Gpal
interaction. As the receptor is expressed in a heterologous host, it is likely that differences in
the lipid composition of the yeast cell membrane affect the receptor structure (155). Moreover,
while we showed that the replacement of the Gpal C-terminus with that of C. auris Gpal may
aid in G-protein coupling for the fungal GPCR, the interaction may not be the same as in the
native host of CauSte2. As such, the majority of observed substitutions in related areas of the
receptor may simply improve the receptor function in the heterologous host. We also identified
one substitution likely to directly impact the interaction with the o mating factor of C. auris.
This remains to be further explored through site saturation mutagenesis or similar strategies.
Moreover, we demonstrated the applicability of long-read high-throughput sequencing towards
identification of both single and cooccurring mutations contributing towards increased receptor
sensitivity. Simultaneous sequencing of sub-libraries containing false-positive and all positive
variants, respectively, enabled identification of substitutions conferring increased sensitivity
without baseline expression, with identified variants aligning with those previously identified
in experimental screenings. To summarize, these findings contribute towards the understanding
of the importance of specific residues of CauSte2 on the function of the receptor when
expressed in the heterologous host S. cerevisiae. Additional investigation could allow for
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further improvement of the response upon activation, with potential applications in biosensor
development. While previous work towards development of YBBs for detection of fungal
pathogens have focused on optimization of the signaling pathway, we demonstrate the
applicability of receptor engineering to improve the sensitivity and response curve dynamics.

Evaluation of a designed Saccharomyces cerevisiae Ste2 mutant
library

ScSte2 is the most extensively studied class D GPCR, largely as a result of this yeast being
commonly applied as a model organism for basic eukaryotic biology (156—158). Moreover, the
structure of the receptor in its active homodimer state, bound to both its ligand and Gpal, has
been determined (140,142). Extensive mutagenic studies have been applied to Ste2, uncovering
mutations resulting in altered function and ligand specificity (144,159-165). In total, 29 out of
the 31 amino acids interacting with the Sc mating peptide o have been substituted, with
substitutions in 23 of these positions resulting in major effects on receptor signaling, including
loss of function, constitutive activity, altered ligand specificity, and altered ligand sensitivity
(Paper 111, Figure S1)(118). However, no study has simultaneously targeted the majority of the
orthosteric site of the receptor for mutagenesis.

Here, we generated a designed library with substitutions in 22 ligand-binding and two non-
ligand binding positions (Figure 19). Additionally, one of the targeted positions was highly
conserved (>65 %) within Ste2 the fungal kingdom (118). By screening the library in the
absence and presence of the Sc o mating factor and isolating functional, non-functional, and
constitutively active variants, we hoped to gain further insight into the plasticity of the
orthosteric site of this class D1 GPCR.

In the library (ARIib), the fraction of the WT residue in each position was set to 0.8, resulting
in 0.37 % of library variants being predicted as the WT receptor. For the remaining substitution
fraction of 0.2 in each position, 2-7 possible substitutions were selected to limit the total
magnitude of possible library variants (Figure 19). The relative abundance of substitutions was
based in part on the abundance of amino acids in each position in known Ste2 sequences across
the fungal kingdom (118) and in part to include amino acids from different amino acid groups
to introduce variability (Paper III, Supplementary file 2).
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Figure 19. Library design overview for ARlib. The snakeplot displays the ScSte2 structure (118) and
amino acid positions targeted in the library design in addition to the possible substitutions for each
targeted position, as well as the amino acid group. Amino acids interacting with the o mating factor,
highly conserved amino acid positions within class D1 GPCRs, and the location of positions targeted
in the library are marked in the snakeplot. AA, amino acid; TM1-7, transmembrane helix 1-7; ICL1-3,
intracellular loop 1-3; ECL1-3, extracellular loop 1-3; aa, amino acid.

The library was screened by FACS in the presence and absence of 1 uM Sc o mating factor,
isolating cells with high GFP fluoresce intensity from both an uninduced (NA_ p) and induced
(Sc_p) culture, in addition to cells with the top 5% GFP fluoresce intensity in the induced
population (Sc_t5p) and cells without fluorescence in the induced population (Sc n; Figure
15). In total, 96 cells were sorted from each sub-library (NA_p, Sc_p, Sc_t5p, and Sc_n), from
here on out referred to as individual libraries. After regrowth, a total of 190 variants were
sequenced by Sanger sequencing (Table 1). However, due to the colony recovery after sorting
being lower for library Sc_n, this library included fewer variants. The final number of variants
analyzed from each library was further reduced in initial filtering of reads based on sequence
quality (Table 1).
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Table 1. Overview of sequenced reads and average amino acid substitutions. The number of amino
acid substitutions per read (not including silent mutations) was evaluated, and the average per sub-
library summarized in the table.

Library Sequenced reads Reads after trimming Average substitutions/read
NA p 59 51 49+14
Sc n 33 26 34+1.4
Sc p 50 41 44423
Sc_t5p 48 39 41+1.7

Upon initial sequence analysis, we realized one mistake in library design, being that while the
fraction of the WT amino acid in each position was indeed 0.8, the original codon in the DNA
was in some cases substituted for a different codon encoding the same amino acid (silent
mutation). As this could interfere with data analysis owing to the high mutational load when
including these, we opted to instead compare sequences in terms of amino acid substitutions.
Moreover, as all codon substitutions were made in regard to expression in S. cerevisiae, it is
unlikely the silent mutations would have a major effect on expression levels of the receptor in
the presently evaluated conditions of uninduced versus strongly induced. Even so, the average
amino acid substitutions per read ranged between 3.4-4.9 (Table 1) with the majority of reads
containing over two substitutions (Paper III, Figure S2).

Investigating reads with 1-2 substitutions in terms of their relative occurrence and enrichment
in the respective isolated libraries, six substitutions and their hypothesized effect were
identified (Figure 20A). One of these substitutions, A265E, hypothesized to cause constitutive
activity when co-occurring with mutation Y106F, was further identified as significantly
enriched in library NA_p in the subsequent enrichment analysis (p<0.0001, Fishers exact test;
FDR<0.0001; Figure 20B). However, as the enrichment analysis does not take into
consideration the co-occurring substitutions in reads, it is uncertain whether substitution A265E
alone has this effect or solely in combination with other substitutions. For the remaining
libraries, no significant enrichment or depletion was found after multiple testing correction
(Figure 20C-E).
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Figure 20. Identified ScSte2 substitutions and enrichment analysis. (A) Locations, amino acid group
substitutions, and hypothesized phenotypes of identified substitutions from the evaluation of reads with
1-2 substitutions. AA, amino acid; TM1-7, transmembrane helix 1-7; ICL1-3, intracellular loop 1-3;
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ECL1-3, extracellular loop 1-3; aa, amino acid. The heatmaps display the difference between the
calculated frequency (Diff. freq.) of specific substitutions in the (B) NA p, (C) Sc_p, (D) Sc_t5p, and
(E) Sc_n libraries respectively, compared to the theoretical frequency of specific substitutions in the
designed library. Amino acids are grouped by type, including hydrophobic (Hydroph.), negatively
charged (Neg.), polar uncharged (Pol.), positively charged (Pos.), negatively charged (Neg.), and grey
boxes signify amino acid substitutions not included in the designed library. Stars signify the wild-type
amino acid in each position.

Upon investigation of whether the side chain exchange of substitutions resulted in new
interactions within protein residues based on the AlphaFold2-predicted receptor structure
(154), we found potential for altered interactions for all but substitution A198V (see paper II
for details). Residue A265 has previously been identified as being important for receptor-ligand
selectivity, conveying increased sensitivity towards the K/uyveromyces lactis o. mating factor
when substituted by the polar uncharged amino acid threonine (166). Located in the
extracellular region of TM6, the WT alanine residue is known to directly interact with mating
factor o (118). Substitution A265E replaces a small hydrophobic residue with a negatively
charged and large one, introducing the possibility of hydrogen and ionic bond formation, with
the possibility of stabilizing the receptor. Our results further establish residue A265 as
important for receptor structure and function. Several other residues were found to be enriched
prior to, but not after, multiple testing correction. Substitution Y106F was found to co-occur
with A265E in several variants isolated with constitutive activity, present on the opposite side
of the binding pocket. However, whether this has an impact on the receptor structure in the
absence of the o mating factor is unclear as the structural difference between sidechains of
phenylalanine and tyrosine is minor. Substitution Y 106F was also found to co-occur with loss-
of-function substitution T131A, resulting in two hydrogen bonds with V127 and Y128 in the
ScSte2 receptor being abolished, possibly explaining the phenotype through resulting structural
alterations. Here, Y106F appeared to rescue the receptor function, while the mechanism for
this is unclear. Instead investigating residue substitutions without apparent effect on receptor
signaling, F55E and T278Y (and TM?7), these were somewhat surprising due to the change in
side chain group. F55 is located in TM1 and is known to contribute towards o mating factor
binding via Van der Waals interactions. Based on the ligand-bound model (118), introduction
of a glutamic acid in place of a phenylalanine will remove this interaction, but introduce a
hydrogen bond with residues R58 and S95. Substitution T278Y resulted in replacement of a
small polar residue with a large hydrophobic one, but due to the side chain being located at the
surface of the protein and being oriented outwards when bound to the a mating factor, it likely
limits the effect on signaling. While these substitutions have limited effect on receptor
activation, they contribute insight into the structural plasticity of ScSte2. Lastly, the substitution
A198V was also found as a single mutation in a constitutively active variant. However, as the
change in the side chain is small and is placed on the protein surface facing outwards, this
substitution is likely to have little effect on the receptor structure. As such, this indicates the
need for further experimental validation of the phenotype produced by the isolated variants.
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What we have learned

In Paper III, we generated and screened mutant variant libraries of the class D1 GPCR ScSte2
towards uncovering substitutions in the orthosteric site of the receptor resulting in constitutive
activity, loss-of-function, or improved receptor sensitivity. We identified substitutions
associated with the respective phenotypes via enrichment analysis and investigation of variants
with low substitution numbers. Moreover, the potential effect of substitutions on the protein
structure was investigated based on the active structure of ScSte2. While the presented results
require further experimental validation, they contribute towards elucidation of the plasticity
and structure-function relationship of residues in this class D1 GPCR.

A limitation in the analysis performed is the number of samples sequenced from each,
considering the probability of occurrence of residues in the theoretical library, which was
especially the case for the smaller library of inactive variants. For some substitutions, this
meant that only one or fewer occurrences were theoretically expected, as such not allowing for
analysis of depletion, and only allowing for detection of substantial enrichment. Including 100
samples in each group would have increased the minimum theoretical frequency to two, with
the same issue remaining. Here, enrichment prior to screening may have assisted in the
amplification of substitutions of interest. However, it would also have made direct comparison
with the frequency of substitutions in the theoretical library difficult, as the enriched library
would technically be a separate library. Again, the risk of enriching false positives may have
skewed the results as well, which is why we decided to follow the presented approach.
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Evaluation and engineering of a YBB platform for free fatty acid 2
receptor (FFA2R)

Lastly, we attempted improvement of a yeast biosensor based on the platform design, namely
for the human free fatty acid 2 receptor (FFA2R, also known as FFAR2, FFA2, GPR43),
towards applications in ligand screening in Paper IV. FFA2R is expressed in cells of the
adipose tissue, pancreatic -cells, endocrine cells, and in several immune cell types, activating
specific transcriptional responses in the presence of short-chain fatty acids (SCFAs) such as
acetate, propionate, and butyrate (Figure 21A)(167-170). However, much is still unknown
regarding the complex signaling mechanisms of this receptor, with this being an active field of
study (171,172). As such, we started this project as a collaboration with the Dahlgren group at
Gothenburg University, a group focusing on the investigation of the activity of this receptor in
neutrophils. While the initial project aim was application of the yeast sensor for screening of
fractionated ligand libraries towards identification of allosteric modulators, i.e. ligands binding
outside the orthosteric site and affecting the activation response, it was limited to yeast sensor
strain improvement due to time constraints.

The first mating pathway-based sensor in yeast for FFA2R was developed in the early 2000s,
utilizing chimeric Gpal-Ga substitutions for improved coupling between the human GPCR
and the yeast mating pathway (40). Since then, this yeast-based sensor has been applied
towards screening of ligands of FFA2R and their mode of action, including ligands binding the
orthosteric or allosteric sites of the receptor, with either agonistic (activating) or antagonistic
(inactivating) activity (40,115). The outputs of these sensor systems allowed detection by
colorimetry (-galactosidase) or growth (uracil or histidine auxotroph), determined after 24 h
incubation (40,115). Moreover, the yeast platform strain applied utilized a minimally
engineered yeast mating pathway, in which GPA1, FARI, SST2, and STE2 were deleted and the
output genes were expressed from the mating pathway responsive promoter FUSIp (112).
However, expression levels of genes were not tuned, while the GPCRs were often
overexpressed from a plasmid or the genome. As such, we set out to investigate if the sensitivity
and response intensity of a FFA2R platform strain could be improved by applying a minimized
and tuned mating pathway in yeast (Figure 21B)(83).
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Figure 21. Overview of isolated variants from library L4N0. (A) General overview of the Ga and
Gpy-mediated signaling in human cell types (170,173) (B) Minimized mating overview with chimeric
Gpal coupled to the heterologous GPCR FFA2R, in which expression levels of key components (shown
in blue/green) have been tuned. The expression level of the chimeric Gpal was further tuned. (C) Bar
plot displaying the mean GFP fluorescence intensity over baseline for different Gpal-Ga chimeras,
evaluated by flow-cytometry. Dots display the data from replicates (n=3) and vertical lines the s.d. (D)
Bar plot displaying the mean GFP fluorescence intensity over baseline for different promoters applied
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for expression of Gpal-Gaii, evaluated by flow-cytometry. Dots display the data from replicates (n=3)
and vertical lines the s.d. (E) Response curve of strains with different promoters for Gpal-Gaii
expression, induced by propionate as determined by flow-cytometry, either shown as unadjusted fold-
change mean logl0 GFP fluorescence (fluo.) intensity or fold-change mean logl0 GFP fluorescence
intensity over baseline. Curve parameters are shown for strain with promoter pPGKI. (D) Response
curve of strain with promoter pPGKI when induced with acetate and synthetic ligand Cmpl as
determined by flow-cytometry. Data is presented as fold-change mean log10 GFP fluorescence intensity
over baseline. All response curves were estimated via fitting of a three-parameter sigmoid curve, with
the slope fixed (Hill slope =1), to the data. Dots display the mean and vertical lines the s.d. of three
biological replicates. All response evaluations were carried out in media of pH 6.8. Emin, the effect at
baseline; Emax the maximal effect; pECS5O0, -logl0(concentration at 50 % of the maximal effect).
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-sided unpaired t-test.

In humans, FFA2R couples to more than one of the twelve Ga subunits, including Gaiii, Gais,
and Go., of the Gai/o subunit family and Gog and Gaui of the Gog/11 subunit family. In yeast,
functional coupling of FFA2R to chimeric Gpal-Gaii and Gpal-Gais has been demonstrated,
but not for the remaining groups. To identify the best chimeric Gpal-Ga candidate in our
platform, we implemented Gpal-Gaiii/izg11 together with FFA2R in the engineered platform
strain previously applied for library evaluation. Activation was found in strains with Gpal-
Gaiiiz, but not Gpal-Gogi1 (Figure 21C). Moreover, there was very slight, but significant,
activation in Gpal-Ga,. Additionally, a significant baseline expression was found for strains
with Gpal-Gog/11 compared to a negative control strain with Gpal.

As Gpal-Goi; produced the highest intensity response, we proceeded with this chimeric
subunit for expression level tuning, applicable for tuning of the baseline expression of the
output, to evaluate if the response intensity could be increased and the baseline expression
adjusted (83). Three alternative promoters were applied, of which one weaker and two stronger
relative to the initially applied pPGKI (Figure 21D-E)(128). We found that the baseline
expression could indeed be diminished with promoter pTEF2 and pTDH3, at the cost of
sensitivity. If a slightly weaker promoter than pTEF2 had been evaluated, it is possible that we
could have achieved a strain without baseline expression and without loss of sensitivity. The
weaker promoter, pRPLI8B, demonstrated the saturation point of pathway activation. Even
with the reduced Gpal-Gaii1 mediated inhibition of pathway signaling, the increase in Emax was
not proportional to the increase in baseline expression, resulting in a decreased dynamic range.
As such, we chose to proceed with the originally applied promoter pPGKI for Gpal-Gaii
expression, as a baseline expression also allows for evaluation of antagonistic activity.
Interestingly, we found the pEC50 of propionate induction of our strain to be slightly lower
compared to than that of the previous FFA2R yeast strain, which utilized a growth-based output
(115). While the reason for this remains unclear, it is possible that the high metabolic burden
caused by constitutive RFP expression in our platform strain contributes to this result.
Moreover, while induction assays in human cell lines are time consuming, the pEC50s reported
for acetate and propionate induction in stable human cell lines with both Gai,o and Gogii
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Figure 22. Evaluation of effect synthetic ligands applied alongside propionate. Bar plot
displaying the mean GFP fluorescence intensity over baseline, evaluated by flow-cytometry.
Dots display the data from replicates (n=3) and vertical lines the s.d. (A) The signal repression
by synthetic orthosteric antagonists GLPG0974 and CATPB were evaluated when incubated
with orthosteric agonist propionate. (B) The signal amplification by synthetic allosteric
agonists Cmp58 and AZ1729 when incubated together with orthosteric agonis propionate. (C)
The signal amplification by allosteric agonist AZ1728 when added together with allosteric
agonist Cmp58. *p<0.05, **p<0.01, ***p<0.001, one-sided paired t-test.

Multiple synthetic ligands - including Cmpl (orthosteric agonist), GLPG0974 (orthosteric
antagonist), CATPB (orthosteric antagonist), Cmp58 (allosteric positive modulator), and
AZ1729 (allosteric positive modulator) - were evaluated in the yeast platform based on their
recent application in human neutrophil research (171,172,175—177). These ligands were all
developed for potential therapeutic applications targeting FFA2R originally (178—182), in some
cases with Ga subunit bias in signaling (182), and have not been previously evaluated in yeast.
We found that, in accordance with the literature, Cmp1 produces a higher pEC50 compared to
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acetate and propionate and has a lower LOD compared to acetate and propionate (Figure 21).
Next, the synthetic antagonists GLPG0974 and CATPB were evaluated alongside propionate
(Figure 22A), with both producing significant inhibition at concentrations from 0.1 uM and
higher. Interestingly, both compounds repressed the baseline activation also in the absence of
propionate, indicating these compounds as inverse agonists able to affect the receptor structure.
While this has been suggested in the literature, the mode of signal repression of these ligands
is currently unclear (167,183,184). This finding also aligns with recent findings in human
neutrophils, where both GLPG0974 and CATPB were shown to inhibit transactivation of
FFA2R by other receptors in addition to inhibiting the allosteric activity by Cmp58 and
AZ1729, respectively (Lind et al. 2023). Interestingly, GLPG0974 has also been indicated as a
positive modulator for co-activation by allosteric modulators AZ1729 and Cmp58 in these cells
(Lind et al. 2022).

Lastly, allosteric modulators AZ1729 and Cmp58 were evaluated alongside propionate (Figure
22B), with both adding to the activation produced by the orthosteric ligand. Interestingly, both
compounds produced activation also in the absence of propionate, indicating these functioning
as allosteric agonists and not just modulators. However, the activation by AZ1729 was
comparatively weak in relation to that of Cmp58 and propionate respectively, while in line with
the response recorded in certain human cell lines (182). Moreover, the cooperative activation
of Cmp58 and AZ1729 was evaluated, as these compounds have been shown to produce an
amplifying effect in human neutrophils when added together (175,176). While the activation
by both compounds was found to be additive (Figure 22C), the observed activation did not
extend past that of the activation by the individual compounds combined. While this is in
contrast with the reported cooperative activation in human neutrophils, the mechanisms of this
activation are still unclear (175,176). As such, the absence of such an effect in the yeast may
indicate that this effect occurs via an Gaiii-independent signaling route (175,176).

What we have learned

In Paper IV, a platform strain for evaluation of ligands of the human FFA2R receptor was
constructed in a minimal mating pathway platform already optimized for high sensitivity and
a potent activation upon induction. We learned that in this platform, chimeric Gpal-Gai1 and
Gpal-Goygq exhibited a significant but slight expression over a Gpal-negative strain, indicating
some interaction between the receptor and these chimeric Gpal-Ga subunits not previously
demonstrated in yeast. Upon further optimization of signaling in the strains with Gpal-Gaii,
by tuning of the Ga expression levels, we learned that the expression levels of the already
applied pPGK1 promoter allowed for expression with a full dynamic and operational range,
with a higher baseline expression allowing for evaluation of antagonists. Instead applying the
stronger promoter pTEF2 removed the baseline expression, with minimal effects on dynamic
and operational range. For screenings using induction of colorimetric outputs, this strain may
be applicable as an alternative. We did however not succeed in engineering the sensitivity of
the sensor strain by simple pathway engineering. Here, alternative strategies could be applied,
such as further engineering of the pathway response by introduction positive feedback loops or
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the use of yeast co-cultures to enable detection at lower concentrations (83,136). However, the
sensor platform did demonstrate a decreased time-of-detection compared to previously applied
platforms.

In terms of applicability for screening of allosteric modulators, it appears these may act
somewhat differently in yeast as compared to in human cell lines, even when considering
readouts in human cells that should be specific to Go and GBy-mediated signaling. While this
limits the applicability towards description of the effects, the demonstrated response induced
in the strain by allosteric modulators and antagonists respectively does show that candidates
can be identified via the yeast system. Moreover, the absence of the expected activation via
Gair in yeast may also contribute towards the understanding of signaling mechanisms,
indicating that the observed phenotype in human cells may be due to alternative signaling
pathways (175,176).
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Chapter 3: Final conclusions

GPCR-based YBBs constitute valuable platforms that can aid our understanding of GPCR-
mediated diseases, GPCR structure, and GPCR-ligand interactions (40,118,166). Moreover,
they have shown potential towards applications as low-cost sensors in point-of-use industrial
and biomedical settings (39,91,136). As such, the work presented in this thesis was carried out
with the overarching goal of further developing GPCR-based YBBs towards biomedical
applications, focusing on three essential parts of yeast biosensor design, i.e. outputs, sensing
element, and signaling pathway.

For the output, we investigated the violacein pathway side products prodeoxyviolacein and
proviolacein for applications in screening on agar plates, in liquid media, and on paper slips in
Paper 1. Benchmarking these outputs against the already established lycopene (39), we found
that while the pigments performed equally well on agar plates, lycopene outperformed
prodeoxyviolacein and proviolacein in the other settings. Moreover, different media
complexities were evaluated on agar plates which resulted in different levels of baseline
expression in the absence of the inducer, demonstrating the importance of pathway
optimization towards the specific media used in the target application setting.

Next, we focused towards expanding the current understanding of fungal mating GPCR
structure and function upon expression in yeast, by constructing and screening mutant libraries
of Ste2 from fungal pathogen C. auris in Paper II and from S. cerevisiae in Paper III. For
CauSte2, an untargeted library was generated and screened towards increased sensitivity
towards the cognate ligand, resulting in identification of ICL1 as a mutational hotspot likely
affecting the interaction with the Ga and TM1 as a mutational hotspot likely affecting dimer
formation. Moreover, a single substitution mutant, with L262S in ECL3, was found with
improved LOD and response curve metrics, indicating this position as potentially important for
ligand interaction, aligning with previous findings the heterologous ScSTE2 receptor (118).
For ScSte2, a designed library targeting the majority of the orthosteric site residues was
constructed, with substitutions selected based on the occurrence of these in heterologous Ste2
of the fungal kingdom. Mutant variants from this library were sorted into bins based on
phenotype, followed by sequencing and sequence analysis. Based on the presence of mutations
in single and dual substitution variants, we identified substitutions conferring constitutive
activity (A265E, A198V), potential loss-of-function (T131A), and neutral effects on signaling
(F55E, T278Y). Investigating the enrichment of substitutions within subgroups, A265E was
further found to be highly enriched in constitutively active variants. Taken together, these
findings contribute towards a better understanding of the structure-function relationship and
plasticity of fungal GPCRs.

Lastly, we attempted to engineer the mating pathway signaling towards increased sensitivity
and improved response curve metrics for detection of FFA2R ligands in Paper IV. While we
found limited improvements upon pathway tuning, we investigated the activation mechanisms
of several ligands not previously evaluated in yeast. As such, we found that GLPG0974 and
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CATPB act as inverse agonists rather than antagonists, and that the collaborative activation by
allosteric modulators AZ1729 and Cmp58 is likely to occur via mechanisms separate from
Gai-mediated signaling.

In summary, this work contributed towards the development of GPCR-based YBBs for
biomedical applications by systematically benchmarking colorimetric outputs, identifying key
receptor regions in fungal mating GPCRs, and optimizing signaling for FFA2R-mediated
ligand evaluation. Although challenges remain, these findings highlight both the potential and
current limitations of GPCR-based YBBs, setting a clear direction for future research.
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Chapter 4: Future perspectives

As research in synthetic biology and protein engineering continues to advance, the potential
applications of GPCR-based YBBs are rapidly expanding beyond the laboratory. In this thesis,
I have largely focused on development of YBBs towards potential applications outside a
research environment. This chapter aims to explore this possibility further by highlighting key
areas of innovation relevant to the future of YBBs and biosensors as a whole - from the
engineering of custom GPCRs and ligands, to the development of biosensors suited for
deployment in diverse environments, and finally to speculative future scenarios where the
technological boundaries of today may no longer apply.

Designing GPCR-based YBBs viable for point-of-use applications

While YBBs are already applied in pharmaceutical and industrial research, both for screening
of ligands binding GPCRs of interest (185) and for acceleration of production host screening
(186), their application beyond a research environment is limited or even nonexistent.
However, with the recent development of a proof-of-concept sensor for broad-range point-of-
use detection of cannabinoids by Miettinen and colleagues (91), we are moving closer to such
a scenario. The authors leverage the modularity of YBBs to develop a GPCR-based sensor
strain, applicable with colorimetric output and luminescent output respectively. To enable
quantitative readouts, concept designs were developed which utilized the camera of a phone
for image-based analysis, with a readout within 30 minutes depending on the output. This may
indeed be the future for GPCR-based YBB applications, offering advantages over traditionally
applied antibody-based tests in terms of being quantitative and having increased sensitivity.
Moreover, depending on the GPCR applied, these YBBs can be developed with varying levels
of selectivity, from being highly selective towards a single molecule to being selective towards
a group of similar molecules (91).

Another demonstration of a proof-of-concept GPCR-based YBB design includes that of Ostrov
and colleagues towards detection of fungal pathogen C. albicans (39). Utilizing a lateral flow
assay (LFA) design often applied for antibody tests, the authors demonstrated detection with
colorimetric outputs within 3 h of incubation. In a later study by Fan and colleagues (136), the
sensitivity of detection was drastically increased towards the detection in the picomolar range
of mating peptides of C. albicans by engineering of mating pathway signaling. However, even
in the case of infection the units of fungi present in human samples are low (39), and the
concentrations of mating peptides expected in a sample are unknown. As such, enrichment by
cultivation may be needed prior to evaluation, while the time of detection would still exceed
those of traditionally applied methods in such as agar plate-based cultivations in theory (39).
Here, one can imagine alternative designs that enable evaluation alongside the enrichment of
pathogenic fungi present in these patient samples, such as hydrogel-encapsulated YBBs that
change color if the target peptide is present. With hydrogels having been shown to provide an
extensive shelf-life of yeast while enabling separation of the yeast from a liquid culture
(187,188), these may indeed be applicable. However, the production cost may be increased and
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scalability decreased, as 3D bioprinting would theoretically be required for even distribution
of cells within the hydrogel and to create a large surface area.

Beyond the development of YBBs for detection of single target ligands, one could postulate
whether the use of mixed consortia of YBB strains would be applicable to allow for distinction
between separate targets of interest in one single test. Indeed, this could be theoretically
possible utilizing strains with distinct GPCRs and colorimetric outputs, with the potential for
application in large-scale screenings to decrease the number of distinct tests to be performed.
However, the mixed yeast strains may result in a decreased intensity of readout as well as issues
with interpretation in the case that multiple strains are activated at once.

Altogether, these examples highlight the potential of GPCR-based yeast biosensors for diverse
detection scenarios — ranging from detection of distinct chemical compound groups and
detection of pathogenic fungi to a possible future of multiplexed screening in a single tube.
Moreover, they also underscore the challenges of developing such tests towards large-scale
applications, including consideration of the cost and ease of manufacturing, as well as the ease-
of-use of tests. Addressing these factors in YBB design requires thoughtful engineering of the
biosensor strains towards applications in tests that allow for specific, sensitive, and robust
detection. With continued innovation, GPCR-based YBBs could ultimately transition from
their use in research to widely adopted tools, bridging the gap between research and real-life
applications.

Towards custom proteins for sensing applications

In GPCR-based YBBs, the GPCR itself constitutes the core detection unit. With GCPRs being
able to detect diverse ligands — including photons, ions, lipids, hormones, peptides, and
odorants (113) — these receptors show potential for sensing if we can engineer them
accordingly. However, at present the availability of GPCRs able to detect a target of interest
imposes a limitation of the possible application areas of GPCR-based YBBs. While research
into the altering the ligand specificity of GPCRs has been conducted (166,189), we still lack a
wider understanding of how to engineer GPCRs towards detection of novel targets. This may
however be enabled soon, though the application of Al to elucidate the structure-function
relationship of GPCRs and their ligand interactions (154,190—194).

We are presently amidst the boom of Al technology, applied towards diverse applications in
our everyday lives in addition to applications to accelerate research. Deep learning models have
already been trained towards deciphering and prediction of protein structures (154,194),
prediction of protein-ligand interactions (195), design of synthetic proteins able to carry out
novel functions (23,25), and prediction of proteins with a conserved function but altered
properties (196). As such, the emergence of Al has already rapidly accelerated diverse areas of
protein structure research, shifting the focus from “can we model this protein structure” to
“how do we model protein ligand interactions” (197).
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Despite this success in protein structure prediction, challenges still remain. The availability of
structural data is key to model training, and for GPCRs fewer than 500 GPCR-ligand
complexes were available as of 2024, in which several classes of GPCRs have little or no
coverage (198). Here, the availability of data is largely limited by experimental constraints, as
GPCRs are one of most challenging protein families in regards to structure determination, often
requiring overexpression in a heterologous host in addition to protein engineering for increased
structure stability (199). Even so, it has been shown that the application of AlphaFold allowed
for modelling of GPCR-ligand interactions with reasonable accuracy (200). In cases where
these predictions fail, model refinement such as via physics-based tools has been demonstrated
to result in accuracy comparable to an experimental structure (201).

Beyond structure prediction lies the possibility of leveraging machine learning for the custom
design of GPCRs that respond to user-designated ligands. Classic examples include receptors
activated solely by a synthetic ligand (RASSL) and designer receptors exclusively activated by
designer drugs (DREADDs) (189). These are developed via iterative mutagenesis of residues
in the binding pocket of GPCRs, followed by screening towards isolation of variants inert to
natural stimuli while responsive to a synthetic drug (189). Similar methods have also been
applied in fungal GPCRs, where the ligand specificity of ScSte2 was altered towards the ligand
of Kluyveromyces lactis Ste2 (166). While these methods ultimately allow for reprogramming
of receptor specificity, they are labor intensive, as each receptor-ligand pair is evolved
individually (189). More importantly, this approach is also limited in programmability, with
the chance of successfully implementing larger modifications in receptor structure being low.

As such, predictive modelling offers a new avenue of possibilities via the option of in silico
protein design. In fact, such an approach was recently implemented by Di Renzo and colleagues
for the prediction of structural changes in ScSte2 required to change the ligand specificity of
the receptor from the o mating factor peptide to epinephrine (202). While these results were
solely confirmed via simulations of molecular docking, and not in vivo, they demonstrate a
future avenue for development of GPCR-based YBBs towards detection of an expanded array
of ligands.

Beyond the engineering of the GPCR-ligand interaction, a recent breakthrough called
programmable antigen-GPCR chimeras (PAGERs) by Kalogriopoulos and colleagues
demonstrates the use of chimeric receptor designs to fuse antigen-sensing domains to a GPCR
scaffold (203). Applying the antibody as a conditional inhibitory domain, blocking GPCR-
ligand binding in the absence of the antigen, enabled detection of dozens of new ligands (large
protein antigens) without engineering the GPCR binding pocket (203). With this, GPCR-based
sensors can theoretically be designed towards detection of a vastly expanded range of ligands.
Moreover, the authors demonstrated the use of SPARK (specific protein association tool giving
transcriptional readout with rapid kinetics) to enable transcriptional activation simply based on
the GPCR and B-arrestin interaction (separate Goffy-mediated signaling), towards a rapid
transcriptional response (203). As such, it may be possible to develop GPCR-based YBBs
independent of mating pathway signaling, in which the signal amplification produced by
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transcription is retained, and even to utilize multiple GPCRs for sensing per strain with distinct
transcriptional outputs.

Beyond GPCR-based sensing

While GPCR-based YBB sensing offers detection of versatile targets, many emerging
biosensing technologies bypass living cells entirely, such as the engineering of proteins and
enzymes to act as molecular switches. Utilizing de novo protein design and protein engineering,
biosensor proteins designed to directly detect a target molecule and produce a measurable
signal have been developed (24). An example of this is the utilization of de novo protein design
to produce a “luciferase cage” (LucCage) containing split luciferase fragments (24). While
remaining in an off-state in the absence of a target protein, the luciferase is activated upon
binding of a target protein ligand, enabled by structural changes in the protein (24). These
biosensors have been demonstrated to be applicable for detection of an array of medically
relevant proteins with a high sensitivity (24), and have already been developed towards
commercial use (204). Moreover, engineered enzyme switches, such as split-protein sensors,
have been developed which allow detection of small molecules (24). Thus far this technology
is limited in terms of the types of ligands detectable, but with the advances in Al-guided protein
structure modelling it is possible that we will see diversification in this area (23,25). Note,
however, that as opposed to cell-based systems relying on a transcriptional output, these
systems lack signal amplification, which may limit sensitivity of detection.

For alternatives in point-of-care detection of DNA and RNA, CRISPR-based diagnostic tools
based on Cas12a and Cas13a respectively have been developed, demonstrating high specificity
and sensitivity (205). These technologies allow detection in samples containing few target
molecules, triggering nondiscriminatory cleavage of reporter-tagged DNA/RNA in tests,
resulting in a visual readout (205). Outputs such as fluorescence in liquid or colorimetric
readouts on a lateral flow assay strip has been demonstrated, making these technologies
applicable in both medical and point-of-care settings (205). Because Cas enzymes can be
programmed to detect virtually any DNA or RNA sequence, the possible applications are
extensive. These enzymes are, however, limited to the detection of DNA/RNA, indicating the
presence of a target organism or virus, but cannot be applied for detection of byproducts of
active metabolism.

Beyond these technologies, circuit-based tests utilizing biological components in a cell-free
system have been developed towards detection of environmental contaminants by Jung and
colleagues (206). Utilizing programmable components including RNA polymerases,
transcription factors, and DNA templates, the detection of varying target molecules was
enabled via transcription of a fluorescence-activating RNA aptamer (206). The authors
demonstrated detection of tetracyclines, large and small molecules, and metal ions, showing
the applicability of this method towards detection of different ligand targets, while it is limited
by the availability of transcription factors.
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While storage of these cell-free sensing systems can be sensitive to changes in temperature or
require low temperatures for a prolonged shelf-life, efforts have been made towards improving
the stability of these. For example, lyophilization followed by freeze-drying has been
demonstrated to preserve the function of both cell-free circuits and CRISPR-based proteins
(206,207).

In summary, biosensing technologies are rapidly reaching maturity towards deployment,
improving our ability to detect and monitor disease and the environment. Allowing for
applications towards detection of a wide range of ligands, the applicability of these sensors is
wide. By moving surveillance from the lab to the field, we are entering a new era of diagnostic
and environmental monitoring, hopefully enabling improved possibilities for early intervention
in the event of disease outbreaks or environmental contamination.

Implications of early detection in the propagation of infectious
disease

Growing and aging human populations, increasing population density, and increased
accessibility of travel in the last decades has contributed towards the development and rapid
spread of infectious disease (208-210). These largely include diseases caused by viral, fungal,
parasitic, and bacterial infection, as well as disease caused by prions (infectious misfolded
proteins) (209). While we have been able to treat and manage the spread of both bacterial,
fungal, and parasitic infections to some degree, the current rise in resistance against antibiotic,
antimycotic, and antiparasitic treatments is limiting our capacity for intervention (211,212). Of
course, research is ongoing towards finding novel solutions for treatment and prevention
(213,214), but this process is slow and we cannot be sure when — or if — we will find
comparatively effective solutions.

In the meantime, it is paramount that we shift our focus towards limiting the spread and impact
of infectious disease through other means. Here, early detection is crucial to enable early
preventative interventions, such as preparation of healthcare facilities to limit spread and to
enable effective treatment (210,215,216). By isolating outbreaks, we also decrease the need for
treatment, which is likely to have beneficial effects beyond fewer people suffering from the
disease. For example, in the case of antibiotic and antimycotic resistance, limiting the spread
of infection will likely limit the continued selection for resistance in pathogenic bacteria and
fungi (217), thus making these continuously applicable in the case of emergency.

For this to be possible, we need tests that enable effective screening and surveillance of the
spread of infectious disease, even beyond medical facilities. While blanket lockdowns are
indeed the most effective way of hindering the spread of disease for which we have no
countermeasures, these have also been shown to result in grave effects on the economy and
mental health of populations (218). In the case of a pandemic, the availability of at-home tests
at an earlier stage than for the recent Sars-CoV-2 pandemic may have limited the need for such
widespread lockdowns, allowing only those that were sick and those at risk to stay at home. In
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a future dream scenario where we are able to rapidly develop biosensing devices for accurate
detection, we might be able to do so by implementing widespread population screenings. Even
so, there would be hurdles to overcome for widespread point-of-care application of tests, such
as how to handle cost, distribution logistics, and false positives/negatives. Moreover,
compliance with the implementation of such testing regimes remains another challenge, as not
all members of a population may be willing to participate.

Ultimately, more than just scientific innovation will be needed to realize the full potential of
widespread and rapid biosensing for early detection. It will demand robust policy frameworks,
global collaboration, and effective public education to address the issues of cost, logistics, and
application (217,219). While the challenges are significant, the potential rewards — including
healthier communities, reduced healthcare burdens, and slower emergence of drug resistance
—underscore why continued investment and research in this field is critical. Through continued
efforts, we can move closer to a future in which we can apply rapid and targeted interventions
to curb the spread of infectious diseases before they become crises.

A future of smart biomaterials

Currently, we are entering a time and age where the development of wearable materials with
incorporated biosensing abilities has become a possibility (220). At present, this includes
materials in which cell-free sensor systems have been incorporated in a matrix or scaffold, to
generate functionalized textiles and substrates as demonstrated by Nguyen and colleagues
(207). Utilizing lyophilized and freeze-dried biosensor systems, these are activated upon
hydration and generate colorimetric or fluorescent outputs in response to viral or bacterial
nucleic acid signatures (207). Suggested applications included in textiles and in face masks,
allowing for rapid detection in real time with a high sensitivity without the need for
incorporation of electronic devices (207).

Beyond the use of cell-free circuits incorporated in wearable material, there is potential for
development of living materials, which are responsive to environmental stimuli (220).
Examples include skin patches containing live organisms engineered towards biosensing or
drug delivery, enabling active detection and treatment (220). Challenges remain in terms of
material design, as it needs to allow organisms to retain metabolic function and allow for
diffusion of relevant molecules, while confining the organisms within the material.

Perhaps, in a not too distance future, we could go even further to produce living materials with
self-healing properties, allowing for extended wear and tear (221), in which these biosensing
modalities are incorporated (222). In fact, leather-like materials produced by bacteria are
already being developed, with potential for further functionalization (223). As synthetic
biology continues to push the boundaries of material engineering, smart biomaterials may
evolve from passive sensing platforms into dynamic, multifunctional systems - capable of
environmental adaptation, therapeutic delivery, and even self-regeneration - ultimately blurring
the line between biological and synthetic matter. In this scenario, future biomaterials would not
simply mimic life-like properties, but could behave as hybrid living systems, combining the
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programmability of synthetic constructs with the adaptability and complexity of living cells.
Who knows, we might even engineer these to emit pleasant, tailored fragrances, such a flowery
aroma or perhaps even the smell of freshly baked bread.
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