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ABSTRACT: In this study, the three-step build-transform-assess toolbox
for real-time monitoring of the yeast intracellular environment has been
expanded and upgraded to the two-module ScEnSor (S. cerevisiae
Engineering + Biosensor) Kit. The Biosensor Module includes eight
fluorescent reporters for the intracellular environment; three of them
(unfolded protein response, pyruvate metabolism, and ethanol con-
sumption) were newly implemented to complement the original five. The
Genome-Integration Module comprises a set of backbone plasmids for the
assembly of 1—6 transcriptional units (each consisting of promoter,
coding sequence, and terminator) for efficient marker-free single-locus
genome integration (in HO and/or X2 loci). Altogether, the ScEnSor Kit I
enables rapid and easy construction of strains with new transcriptional

units as well as high-throughput investigation of the yeast intracellular

environment.
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B INTRODUCTION mRNA degradation in order to elicit condition-specific
differences in the fluorescent output.8 Moreover, positive
clones are more likely to arise from the integration of multiple
cassettes into a single locus than from multiple loci.

Here, we describe the two-module ScEnSor (S. cerevisiae
Engineering + Biosensor) Kit (Supplementary Table 1). The
Biosensor Module expands the original toolbox by adding
fluorescent sensors for unfolded protein response (UPR),
pyruvate metabolism, and ethanol consumption. The Genome-

i ) Integration Module enables efficient marker-free single-locus
workflow and collecting fluorescent biosensors from the integration of up to six TUs (12 if both loci are used). The

litera.ture. Although the biosensor constructs hfwe been TUs can be either genes/pathways or also new biosensors,
P.ro".lded smgularl)f, the)f were not group ed into and making the ScEnSor kit a dynamic and evolving kit. Therefore,
distributed as one single kit. Moreover, the original toolbox with the use of the presented kit alone, the users will have all of

Saccharomyces cerevisiae is widely used both as a model
organism and as a cell factory." We previously developed a
three-step (build-transform-assess) toolbox of biosensors for
real-time monitoring of ATP concentration, intracellular pH,
glycolytic flux, oxidative stress, and ribosome abundance in S.
cerevisiae.” By developing the previous toolbox, we aimed to
make the investigation of the yeast intracellular environment
more easily and readily accessible through establishing an easy

focused only on the biosensors, requiring the user to seek the tools to engineer new TUs into S. cerevisiae strains and/or

additional tools and Kits if strain engineering was needed. investigate their intracellular environment with a collection of
To attain an optimal balance with the host’s metabolism, well-established biosensors.

heterologous pathways often require fine-tuning. Gene

expression levels change depending on the selected pro- B RESULTS AND DISCUSSION

moters,” terminators,” and genome-integration locus.’ Where-
as EasyClone-MarkerFree allows for simultaneous CRISPR-
Cas9-driven marker-free genome integration in 11 loci of the S.
cerevisiae genome,s’7 integration in a single locus enables equal
chromatin accessibility. Therefore, any differences in the Received: February 27, 2023
expression of multiple transcription units (TUs, each Published: August 8, 2023
consisting of a promoter, coding sequence, and terminator)

would only depend on the promoter and terminator choice.

This is essential, for example, for biosensors that rely on the

coexpression of two fluorescent constructs and subsequent

The ScEnSor Kit Expands Our Previous Toolbox. The
Genome-Integration Module in the ScEnSor Kit includes
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Figure 1. Genome-Integration Module Workflow. Each TU backbone plasmid in the ScEnSor kit harbors a GFP-dropout cassette, which can be
replaced with the desired TU (promoter-coding sequence-terminator) using a restriction-ligation step based on Bsal (see also Supplementary
Figure 4). Two to six TUs can be assembled in a Multi TU plasmid with a restriction-ligation step using BsmBI. After digesting either single TU or
Multi TU plasmids with NotI, the linear DNA can be used for genome integration. A detailed step-by-step guide can be found in the Supporting

Information (Supplementary Text).

backbone plasmids, each carrying a GFP-dropout cassette,
which was replaced by the desired TU (Figure 1,
Supplementary Tables 2—3). Using connectors from the
yeast Molecular Cloning Kit, single TU plasmids were
assembled into Multi TU plasmids with 2—6 TUs.” Both
single TU and Multi TU plasmids allow for CRISPR-Cas9
marker-free genome integration in the X2 or HO loci of S.
cerevisiae.

The Biosensor Module includes eight biosensors (Supple-
mentary Table 4 for the list and Supplementary Text for
information about each biosensor). Three new biosensors were
added to the original five to assess the functionality of the
Genome-Integration Module, expand the selection of bio-
sensors available in the kit and show the possibility to
customize the kit by adding new biosensors if the user could
benefit from it. A synthetic-minimal-promoter-based biosensor
for UPR (a key parameter in yeast strains used for protein
production)'® was implemented in the kit (UPRpro) and
coupled with the previously developed RibPro (sensing
ribosome production through the levels of RPLI3A in the
cell,”) into RibUPR. The combination of these two biosensors

2494

in the same cell allowed sensing simultaneously UPR and
ribosome abundance, giving an overview of the translational
activity and burden of the cells. Two native promoters of
central metabolism enzymes (PCD1 and ADH2) were selected
to develop promoter-based biosensors that reported the cells’
metabolic state during growth. The PDC1 promoter (pPDC1)
is strongly induced in actively fermenting cells that convert
pyruvate into acetaldehyde.'" Instead, ADH2 converts ethanol
into acetaldehyde.'” Due to its tight glucose-repressible
regulation, the ADH2 promoter (pADH2) could identify
ethanol-respiring cells in aerobic cultivations. The pPDC1 and
pADH2 probes (PyruPro and EthPro, respectively) were
combined into PyruEth for the simultaneous sensing of
pyruvate and ethanol consumptions.

Implementation of Biosensors for Ribosome Abun-
dance, UPR, Ethanol Consumption, and Pyruvate
Metabolism. To assess the impact of biosensors and media
on yeast metabolism, we tested CENPK-113-7D strains
bearing PyruEth or RibUPR in two sets of media. The first
set contained increasing concentrations of 2-deoxy-p-glucose
(Figure 2A), a glucose analogue that blocks both glycolysis,

https://doi.org/10.1021/acssynbio.3c00124
ACS Synth. Biol. 2023, 12, 2493—2497
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Figure 2. Validation of PyruEth and RibUPR Biosensors. (A, B) Growth curves of biosensor-bearing strains at increasing concentrations of 2-
deoxy-p-glucose (2DG) (A) and with various stressors (B). Selected points in the growth curves (in blue) highlight the biosensor response. (C, D)
Intracellular responses of PyruEth (C) and RibUPR (D) to various conditions. 36 h real-time line plots of biosensor responses are shown in
Supplementary Figure 2; *p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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thus affecting glucose repression regulation, and protein N-
glycosylation, thereby triggering UPR."®> The second set
included furfural (causing oxidative stress due to redox
imbalance due to NAD(P)H depletion'*), acetic acid causing
metabolic stress and ATP depletion due to acidification of the
cytosol'*'¢), and ethanol as sole carbon source (respiratory
metabolism) (Figure 2B). No significant differences in
maximum specific growth rate or lag phase were observed
between biosensor strains and the parental strain (Supple-
mentary Figure 1). This suggests that the biosensors did not
affect yeast metabolism, in line with the behavior of the
biosensors used in the previous toolbox.” Instead, 10%—60%
lower maximum specific growth rate and up to 3-fold longer
lag phases in stressor-containing media with respect to the
control condition (Supplementary Figure 1) confirmed that
the stressors slowed and affected yeast growth.

To determine the biosensor specificity, the response to the
above media was assessed. RibUPR sensed overall similar
ribosome abundances when the different conditions were
compared within the same growth phase, except in the
stationary phase under acetic acid stress (Figure 2C).
However, ribosome levels overall increased during the diauxic
shift (when present), probably due to the heavy metabolic
activity of cells switching from respiro-fermentative metabo-
lism to full respiration (Supplementary Figure 2A-B). A
stronger UPR with increasing 2-deoxy-p-glucose content was
observed (Figure 2C, Supplementary Figure 2A), confirming
earlier results with tunicamycin.'® Moreover, UPR was induced
by acetic acid but not oxidative stress (Figure 2C,
Supplementary Figure 2B), as also reported previously.'”"®

To determine the biosensor functionality, the PyruEth strain
was tested. The biosensor read-out confirmed decreased
pyruvate consumption with 2-deoxy-p-glucose due to the
reduced glycolytic capability during such growth conditions
(Figure 2D, Supplementary Figure 2C). Ethanol consumption
was sensed only in the postdiauxic shift in the control and with
0.5 mM 2-deoxy-p-glucose (Figure 2D, Supplementary Figure
2C). Furfural elicited a comparable PyruEth response as under
control conditions, with maximal activation of PyruPro in the
exponential phase due to strong fermentation and EthPro
activation at the postdiauxic shift (Figure 2D, Supplementary
Figure 2D). Even though ethanol was fully consumed in the
stationary phase, EthPro in PyruEth remained active, probably
due to the absence of glucose-repressing pADH2. When
ethanol was the sole carbon source, only EthPro activity was
detected; whereas high PyruPro and low EthPro activities were
observed in acetate-supplemented medium (Figure 2D,
Supplementary Figure 2D), in which pyruvate persisted for
longer (Supplementary Figure 3).

Utility and Possible Applications of the ScEnSor Kit.
For the first time, a kit for yeast allowing both the performance
of S. cerevisiae strain engineering and the investigation of the
intracellular environment with biosensors is presented here.
First, the ScEnSor Kit enables the user to introduce new
expression cassettes into a single genomic locus via the
Genome-Integration Module. Both loci targeted by the kit (X2
and the HO) are conserved in multiple S. cerevisige strains
(including industrial strains and isolates from nature) and
related yeasts species (such as Saccharomyces boulardii),”
allowing the kit to be used for multiple host microorganisms.
Second, the ScEnSor Kit allows for the investigation of eight
intracellular parameters via the Biosensor Module with the use
of fluorescent biosensors. The current eight biosensors showed
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already applications in studies not only to investigate the yeast
physiological responses at the population level, but also at the
single-cell level.”'”* Thanks to its simplicity and flexibility,
the kit is easily customizable by the user and can be
implemented with new biosensors as they get developed,
making the kit dynamic and able to evolve and be updated over
time with the latest and most novel biosensors. Moreover, it is
possible to combine both features (genome integration and
biosensors) into the same strain, by introducing TUs for a new
pathway in the HO locus and characterizing its intracellular
environment with the integration of biosensors in the X2 locus.
Altogether, this kit will facilitate and make the development of
new S. cerevisiae strains and the characterization of their
intracellular environment more accessible.

B MATERIALS AND METHODS

Strain, Media Composition, and Cultivation. S.
cerevisiaee. CEN.PK113-7D was used as the parental strain.”’
Plasmid construction and selection were performed in
Escherichia coli DHSa (Supplementary Figure 4).*”

Yeast strains were grown in synthetic defined minimal
Verduyn (Delft) medium, with pH adjusted to 5 with KOH.”
For BioLector I screening, Delft medium was supplemented
with either 2-deoxy glucose (0.5 to 3 mM), 2 g/L furfural, 6 g/
L acetate, or 20 g/L ethanol (replacing glucose).

Kit Workflow and Biosensor Description. A detailed
guide of the ScEnSor Kit is available in the Supporting
Information (Supplementary Text).

Cultivation in BioLector I. Yeast cells were inoculated
from a cryostock into S mL of Delft medium and grown
overnight at 30 °C. Cells were then inoculated in the desired
medium into CELLSTAR black clear-bottom 96-well micro-
titer plates (Greiner bio-one) and sealed with AeraSeal films
(Sigma-Aldrich). The final volume in each well was 200 pL,
and the initial OD600 was 0.1. Conditions were set to 30 °C,
85% humidity, 900 rpm shaker frequency, and 30 min of cycle
time. Filters used were E-OP-301 (for biomass detection) with
a gain of 10, E-OP-319 (for mCherry detection) with a gain of
55, E-OP-315 (for ymYPET detection) with a gain of 45, and
E-OP-309 (for mTurquoise2 detection) with a gain of 4S. All
cultivation conditions were investigated in triplicate.

Statistical Analysis. Statistical analysis was carried out in
R*> using Student’s t-test with Holm-Bonferroni correction.
Statistical significance was defined as follows: ns > 0.05; *p <
0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Deposition to Addgene and GitHub. All plasmids
mentioned in this study are available as a Kit from the Addgene
repository (https://www.addgene.org) using ID
(1000000215) or by contacting the corresponding author.

The script for BioLector I data analysis with line-by-line
explanation is available via GitHub (https://github.com/
lucatorep/ ScEnSor—Kjt—Scripts).

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssynbio.3c00124.

Full list of plasmids required to develop the kit
(Supplementary Table 1), combinations of transcription
unit (TU) plasmids (Supplementary Tables 2 and 3), a
summary of biosensors contained in the kit (Supple-
mentary Table 4), as well as a list of plasmids
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(Supplementary Table S) and oligos used in this study
(Supplementary Table 6); comparison of maximum
specific growth rates and lag phases (Supplementary
Figure 1), line plots showing changes in fluorescence
over time (Supplementary Figure 2), the metabolite
profile of cells grown in the presence of acetic acid
(Supplementary Figure 3), and TU plasmid assembly
workflow (Supplementary Figure 4); additional proce-
dures; an overview of the biosensors and a step-by-step
description and illustration of the protocol for using the
Kit (PDF)
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