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Genetically-encoded, fluorescent protein (FP)-based biosensors are powerful tools for imaging dynamic
cellular activities. Directed evolution is a highly effective method for developing enhanced versions of FP-
based biosensors, but the screening process is laborious and time-consuming. Mammalian cell-based
screening with electrical stimulation methods has been successful in accurately selecting variants of
biosensors for imaging neuronal activities. We introduce an automated mammalian cell screening platform
utilizing a fluorescence microscope and a liquid dispenser to enable the screening of biosensor
responsiveness to chemical stimulation. We demonstrated the effectiveness of this platform in improving
the response of a red fluorescent biosensor for Ca?*, K-GECO, for detection of histamine-induced
changes in Ca®* concentration. This method should be applicable to any FP-based biosensor that responds
to pharmacological treatment or other exogenous chemical stimulation, simplifying efforts to develop
biosensors tailored for specific applications in diverse biological contexts.
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Introduction

Genetically-encoded, fluorescent  protein (FP)-based
biosensors are popular and powerful tools for monitoring or
imaging of dynamic cellular activities." Compared to other
types of techniques for analyzing cellular activities (e.g:,
synthetic chemosensors, biochemical assays, and mass
spectrometry), they offer the distinctive advantages of low
toxicity, subcellular targeting, and high temporal-spatial
resolution. As the archetypical example, FP-based Ca*"
biosensors have revolutionized neuroscience research by
enabling the in vivo recording of activities of dozens to
hundreds of neurons in live mice and other model
organisms.”” To develop FP-based biosensors with the
requisite high-performance for in vivo imaging applications,
directed protein evolution is widely used.®® While highly
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effective at producing enhanced versions of FP-based
biosensors, directed evolution is an iterative method that
necessitates many rounds of mutagenesis and screening,
making the process laborious and time-consuming.

The single most important aspect of a directed evolution
strategy is a screening process that can effectively and
reliably identify biosensor variants harboring beneficial
mutations. A traditional approach, involving library
expression in E. coli and subsequent screening in bacterial
lysates, has been successfully used to develop various
biosensors,*”"® but the throughput of this method is typically
limited to at most a few 100 to 1000 variants per round. To
achieve higher-throughput screening, researchers have
previously used commercial or microfluidic fluorescence
activated cell sorters (FACS).'* "> Nevertheless, the efficiency
of those high throughput screening methods has been
limited by issues of single-cell variability. Furthermore, since
most biosensors find application in mammalian cell
imaging, their performance in bacterial cells, or lysates, or
buffers, may not accurately predict their performance in
mammalian cells.

To address these challenges, methodologies have been
successfully devised for screening biosensors directly within
mammalian cells using automated fluorescence microscopy.
For example, Wardill et al. reported a platform to screen the
sensitivity of Ca®>" biosensors expressed in cultured rat
neurons, yielding a series of ultrasensitive Ca*>" biosensors
for recording neuronal activities."® Villette et al. developed a
screening platform to assess the sensitivity of voltage

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sd00138a&domain=pdf&date_stamp=2024-09-11
http://orcid.org/0000-0002-1788-7969
http://orcid.org/0000-0003-4117-0279
https://doi.org/10.1039/d4sd00138a
https://doi.org/10.1039/d4sd00138a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00138a
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD003009

Open Access Article. Published on 18 July 2024. Downloaded on 11/8/2025 12:38:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

biosensors expressed in human embryonic kidney (HEK)
cells.' While these mammalian cell-based screening
methods did not achieve higher throughput, their efficiency
is significantly heightened due to their capacity to accurately
select for variants that retain their performance in their
intended end-use settings. Those platforms have a primary
focus on enhancing biosensors for the detection of neuronal
activities, employing electrical stimulation as a means to
trigger the sensing action, but it is not readily apparent how
this convenient triggering mechanism could be easily
extended to evaluating other types of biosensors.

Here, we propose that chemical stimulations to induce
analyte changes provide a versatile modality to screen libraries
of biosensors expressed in mammalian cells for the purpose of
directed evolution of higher performance variants. With this
objective and drawing inspiration from prior platforms,"* we
present an automated screening platform utilizing a
fluorescence microscope and a liquid dispenser to enable the
screening of biosensor responsiveness upon chemical
stimulation. Specifically, we designed a screening assay by
adapting the well-established method of histamine-induced
intracellular Ca®>" change to our platform for evaluating the
responsiveness of Ca®>" biosensors. We demonstrated the
effectiveness of this platform for improving the response of a
biosensor for the detection of histamine-induced Ca>*
activities. However, this method should be applicable to any
FP-based biosensor that responds to a pharmacological
treatment or other exogenous chemical stimulation.

Experimental
Hardware of the platform

Cell imaging was conducted using a Zeiss Axiovert 200
fluorescence microscope equipped with a 20x objective and a
motorized X-Y-Z positioning control system. Fluorescence
signals from the green and red Ca®>" biosensors were
collected using a GFP filter set (470/40 nm excitation and
525/50 nm emission) and an RFP filter set (535/50 nm
excitation and 609/57 nm emission), respectively. Digital
signal input/output was facilitated by a NI USB-6501
(National Instruments) data acquisition board. A Microlab
600 dispenser (Hamilton) equipped with PTFE tubings was
employed to withdraw histamine solution from the reservoir
and inject it into the wells to stimulate intracellular Ca**
changes in HeLa cells.

Software for screening and data analysis

The fluorescence microscope was operated through
MetaMorph (Molecular Devices), while the Microlab 600
dispenser controlled by a LabVIEW (National
Instruments) program adapted from the manufacturer's
original design to enable initiation upon receiving a digital
signal. Image processing was accomplished using a
customized macro program in Image] to measure the
fluorescence trace of individual cells over time in the images.
Subsequently, the average fluorescence response of each

was
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biosensor variant was calculated and statistical analysis was
conducted using MATLAB (MathWorks).

Library construction

Libraries of K-GECO1.3 variants in the pcDNA or pBAD vector
at single positions were constructed through site-directed
mutagenesis using the QuikChange II site-directed
mutagenesis kit (Agilent) and a primer with the degenerate
codon NNK. For random mutagenesis, libraries were
generated via error-prone PCR using the GeneMorph II -
random mutagenesis kit (Agilent). The resulting amplified
products were transformed into E. coli DHI10B
electrocompetent cells (Thermo Scientific™) through
electroporation. These transformed cells were then plated on
LB agar plates supplemented with 100 pg mL™ ampicillin
and 0.2% arabinose for an overnight culture in a 37 °C
incubator. On the following day, individual colonies were
selected for either plasmid purification or protein
characterization.

HeLa cell culture and transfection

HeLa cells (ATCC CCL-2) were cultured and maintained in
Dulbecco's modified Eagle medium (DMEM) supplemented
with 1% penicillin-streptomycin and 10% fetal bovine serum
(FBS). The cells were seeded in black/glass-bottom 96-well
plates at approximately 90% confluency and immediately
transfected with K-GECO plasmids wusing TurboFect
Transfection Reagent (Thermo Scientific™) following the
manufacturer's protocol. Approximately 2 hours post-
transfection, the transfection medium was replaced with
fresh cell culture media. The transfected cells were then
cultured in a 5% CO, incubator at 37 °C and subjected to
imaging 24 to 48 hours after transfection.

Screening process

Prior to screening, the cell culture medium was substituted
with HEPES-buffered Hank's Balanced Salt Solution (HBSS)
solution for imaging, with each well containing 100 pL of the
imaging buffer. The histamine stock solution was initially
diluted into 50 mL of HEPES-buffered HBSS, achieving a
concentration of 20 pM. The inlet tubing was immersed in
the histamine solution, while the outlet tubing was
positioned above the microwell plate. To ensure prompt
delivery of histamine to the first well, the dispenser tubing
was preloaded with the solution. Subsequently, 100 pL of
histamine-containing buffer was injected into each well for
1:1 mixing with the imaging buffer, resulting in a final
concentration of 10 uM histamine. The objective was initially
centered below well A1, and cells were manually focused in
the bright field. The X, Y, and Z positions after focusing were
recorded as the initial reference point for configuring the
positions of the remaining wells. The 96-well plate was
systematically scanned from the top left (A1) to the bottom
right (H12) using the multi-dimensional acquisition (MDA)
mode in MetaMorph.
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Purification of K-GECOs

The gene of K-GECO variants was cloned into the pBAD His-
tag backbone for expression in E. coli cells and subsequent
purification.  Initially, the assembled plasmid was
transformed into DH10B electrocompetent cells, which were
then plated on LB agar supplemented with ampicillin and
arabinose for an overnight culture at 37 °C. Colonies were
selected for inoculation in liquid LB medium and incubated
in a shaker incubator at 37 °C. Afterward, cells were collected
for plasmid miniprep, and the sequence was confirmed
through Sanger sequencing.

For protein purification, a single E. coli colony was chosen
for inoculation in 100 mL LB medium and shaken at 37 °C
for 18 hours. The following day, cells were harvested by
centrifugation, resuspended in Tris-buffered saline (TBS),
and lysed using sonication. The lysates were then centrifuged
at 4 °C for 30 minutes, and the supernatant was transferred
to a 50 mL centrifuge tube. Subsequently, Ni-NTA beads
slurry was added to the supernatant, and the tube was
shaken on ice for 2 hours. The mixture was transferred to a
Poly-Prep® chromatography column (Bio-Rad) and drained
under vacuum. The Ni-NTA column underwent washing with
TBS buffer containing 10 mM imidazole, and the proteins
were eluted using TBS buffer with 200 mM imidazole. The
purified proteins were transferred to an Amicon
ultrafiltration tube (MilliporeSigma) for buffer exchange to
remove excess imidazole. The final purified proteins were
stored at 4 °C.

In vitro characterization of K-GECOs

In vitro characterization was conducted using a Biotek
Synergy Neo2 plate reader. The protocol is similar to ones
that have been previously reported.* Proteins were diluted
into buffers and transferred to clear-bottomed 96 or 384 well
plates for measurement. Excitation and emission spectra
were recorded for K-GECO variants in 30 mM MOPS, 100 mM
KCl, with either 10 mM EGTA or 10 mM EGTA-Ca*". The
spectra for each variant were normalized to those in the Ca**-
bound state. To determine the extinction coefficient, proteins
were initially denatured in 1 M NaOH for absorbance
measurements, enabling the calculation of concentration
based on the assumed extinction coefficient of the denatured
chromophore at 44000 M™" cm™ at 446 nm. Subsequently,
this concentration was utilized to calculate the extinction
coefficient of the chromophore in its native state, obtained
by dividing the peak absorbance by the concentration.

To determine the quantum yield, K-GECO variants were
initially diluted across a range of factors for the measurement
of their fluorescence and absorbance. The quantum yield of
K-GECO1 in the Ca*-bound state was employed as the
reference standard. The total integrated fluorescence versus
the absorbance peak for each variant was plotted, and the
slope was calculated through linear fitting. The quantum yield
of each variant was then determined by comparing its slope
with that of K-GECOT1 in the Ca*"-bound state.
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The K4 of the K-GECO variants was determined by
measuring the fluorescence of diluted proteins in a series of
calibration buffers. These buffers were prepared by mixing
Ca**-free buffer (30 mM MOPS 100 mM KCl with 10 mM
EGTA) and Ca*' buffer (30 mM MOPS 100 mM KCI with 10
mM EGTA-Ca*>") in various ratios. The concentration of free
Ca”" in the buffer was calculated using an online calculation
tool (https://somapp.ucdme.ucdavis.edu/pharmacology/bers/
maxchelator/CaEGTA-TS.htm). The fluorescence plotted
against the concentration of free Ca®>" was then fitted to the
Hill equation to determine the Kj.

Model to estimate library coverage

A previously described statistical model'® was used to

describe the relation of sampling number vs. library
coverage:

T=-VIn(1 - P)

where T is the number of samples screened, V is the number
of distinct variants in a library (32 for an NNK library) and P;
is the probability of occurrence of a specific sequence which
reflects the coverage of the library. P; vs. T was plotted.

Results
Design of the screening platform
The screening platform comprises a fluorescence

microscope utilized for image acquisition and a liquid
dispenser for solution injection, both under the control of a
computer (Fig. 1b and S1f). To ensure synchronization
between liquid injection and image acquisition, a data
acquisition board is used to manage the input and output
of digital signals. Optical mounting posts are employed to
position the injection tubing, with its tip placed
approximately 1 cm above the multi-well plate. Mammalian
cells expressing a specific biosensor variant are cultured in
each well (Fig. 1a). The multi-well plate is scanned well by
well, using customized settings in the multi-dimensional
acquisition mode of MetaMorph. A singular field of view is
chosen for image recording in each well, necessitating a
high cell confluency to ensure an ample cell count for
reliable measurements.

The automated screening workflow is illustrated in
Fig. 1c. For each well, a z-scale autofocusing is first applied,
followed by the initiation of time-lapse recording and a
simultaneous digital signal output to trigger the liquid
dispenser. Upon the completion of the recording for each
well, the resulting image stack is saved before proceeding to
the subsequent well. To effectively screen for the response of
a biosensor to the change of its analyte, an appropriate
recording duration is set to capture the signal change,
facilitating a quantitative evaluation of the responsiveness of
a variant. Each variant was expressed and measured in
triplicate wells, allowing for the evaluation of 31 variants
versus one benchmark variant in one 96-well plate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic workflow and hardware of the automated screening platform. (a) Overall workflow from generation of the plasmid of biosensor
variants, cell culture, variant expression, and screening. (b) Hardware setup includes a fluorescence microscope, a liquid dispenser, a computer
and a data acquisition board. (c) Automated iterative screening steps of a multi-well plate on a microscope.

Image analysis is conducted using a customized Image]
macro program (Fig. S2t). From the image stack, an image
with the fluorescence of the cell population nearing the peak
is chosen to generate a binary mask for automated cell
segregation. Subsequently, the intensity of each segregated
cell is measured throughout the entire time-lapse image
stack. The results are exported and processed in Matlab
calculation of the responsiveness of the variant in cells. The
fluorescence response, (Fmax — Fmin)/Fmin, Was computed for
each individual cell and subsequently averaged across the
entire population within each well. The response of each
variant was then derived by averaging the results from the
triplicate wells. Apart from manual examination of the data,
cells exhibiting a response of (Fnax = Fumin)/Fmin > 20 were
automatically excluded from the analysis, as this was likely
indicative of an artificial situation, such as the presence of a
floating cell entering the field of view.

Screening assay

To demonstrate the efficacy of the screening platform, we
chose to screen Ca** biosensors to improve their
sensitivity in response to histamine-induced intracellular
Ca®* change in HeLa cells. Broadly recognized as an
activator of Ca®" signals, histamine stimulates the
histamine H1 receptor, eventually leading to the release of
Ca®* from endoplasmic reticulum pools into the cytosol

© 2024 The Author(s). Published by the Royal Society of Chemistry

through the mediation of inositol 1,4,5-trisphosphate
(IP;)."”” The histamine assay serves as a well-established
method for the preliminary evaluation of genetically
encoded Ca*>* biosensor performance in mammalian cell
culture,>'®'  providing a foundational step prior to
advancing into more specialized biological applications.
Adapting this assay to our platform, we determined that a
recording duration of 30 seconds per well is necessary to
capture the initial predominant Ca** signal wave (Fig. 2).
In this experimental setup, a 96-well plate containing cells
expressing the biosensor can be systematically scanned in
approximately 1.5 hours.

Characterization of the platform

We characterized our screening platform using several widely
used Ca”** biosensors including a green FP-based biosensor
(GCaMPe6s?), and three red FP-based biosensors (R-GECO1,°
jR-GECOL1 (ref. 20) and K-GECO1 (ref. 4)). The representative
traces of individual cells expressing the same biosensor in
response to histamine stimulated Ca** release was illustrated
in Fig. 2a-c. Since all these biosensors manifest a direct
response to changes in Ca®* levels, specifically an increase in
fluorescence in response to elevated Ca®" concentration, they
were initially dimly fluorescent when cells were in a resting
state with a low cytoplasmic Ca** concentration. The addition
of histamine for stimulation induced the release of Ca>" from

Sens. Diagn., 2024, 3,1494-1504 | 1497
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Fig. 2 Characterization of the screening platform with Ca®* biosensors. (a and c) Fluorescence trace over time of individual cells expressing
GCaMP6s (a) and K-GECOL1 (c). (b) Fluorescence microscopic images of cells expressing GCaMP6s at different time points marked by the grey
dashed lines in (a). (d) Average response of the biosensors in response to histamine induced Ca®* release. Each variant was expressed and
measured in three independent wells for replicates. Error bars represent standard deviation. Two-tailed t test. n.s. (not significant) P > 0.05. *P <

0.05. **P < 0.005.

intracellular Ca®>" stores into the cytosol, leading to an
increase in fluorescence signals.

Each biosensor was measured in three replicated wells.
Among the four biosensors, GCaMP6s exhibited the highest
fluorescence response (~11 fold) to the stimulation (Fig. 2d),
consistent with previous characterizations.>® While jR-
GECO1la and K-GECO1 was reported to outperform R-GECO1
in response to action potentials in dissociated neurons,
R-GECO1 exhibited larger responsiveness in our assay and
platform. A possible reason is that, compared to jR-GECO1la
and K-GECO1, the higher Ky of R-GECO1 makes it more
sensitive for the histamine stimulated Ca** concentration
change (from ~100 nM to ~5 uM (ref. 22 and 23)) in HeLa
cells. The relative standard deviation varies from 5% (R-
GECO1) to 24% (GCaMP6s and K-GECO1). Identification of a
significantly improved variant with a 95% confidence interval
requires an improvement of twice the standard deviation
compared to the template (e.g. 48% higher (Fmax = Fiin)/Fmin
for a K-GECO variant vs. K-GECO1 in this experiment). Our
results demonstrated that the screening platform generated
robust measurement of the responsiveness of the Ca®"
biosensors and can be utilized for screening variants of these
Ca*" biosensors.

Screening and evolution of K-GECO1

K-GECO1 has been reported to exhibit comparable sensitivity
to jR-GECO1a in terms of fluorescence response to single
actional potentials, and has the advantage of less
photoactivation and aggregation in cells.* We reasoned that
using our screening platform could further optimize the
biosensor for sensitive detection of intracellular Ca**
activities. Prior to screening, we first introduced the mutation
C47A because we considered that the thiol or thiolate form of

1498 | Sens. Diagn., 2024, 3,1494-1504

C47 could be serving as a potential excited state proton donor
or acceptor, respectively, during the photoactivation of
K-GECOL1 in the Ca**-apo state by blue light (Fig. S3t).>**
This C47A variant suffered from low brightness, which was
recovered by two rounds of random mutagenesis with
traditional colony screening for brightness on agar plates and
lysate screening for responsiveness in a plate reader. The
product bearing six new mutations with recovered brightness
but approximately 50% diminished dynamic range in
bacterial lysates, was designated K-GECO1.3 and used as the
template for further evolution using our new automated
screening platform. Note that it remains to be determined
whether K-GECO1.3 and its variants exhibit blue-light
photoactivation under live-cell imaging conditions.

Inspired by the structure guided mutagenesis rationale
that has been used to guide the development of the GCaMP
series,” we reasoned that mutations at the interface of Ca*'
binding domain, CaM, and its interacting peptide, ckkap,
can potentially lead to a more profound conformational
change upon Ca®* binding. The conformational change will
be transduced to the linker residues in vicinity of the
chromophore for modulation of its extinction coefficient or
quantum yield, eventually improving the fluorescence
response. Therefore, 19 positions at the interface of CaM
and ckkap were selected for site-directed mutagenesis using
the degenerate codon NNK at single positions (Fig. 3a).
Libraries of variants in pcDNA vectors were used to
transform bacterial cells from which single colonies were
picked. For each of the 19 positions, approximately 15-30
colonies were randomly picked, the plasmid DNA was
isolated, and the variants were expressed in HeLa cells for
screening. In our screening, up to three top variants
exhibiting at least 50% higher responsiveness and more
than twice the standard deviation of K-GECO1.3 from each

© 2024 The Author(s). Published by the Royal Society of Chemistry
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plate were selected for DNA recovery. These variants were
then validated on subsequent days using the same assay
with triplicate wells. The top three variants identified from
the screening were 114S, M374V, and E379Q, exhibiting over
70% higher response to histamine stimulated Ca®" elevation
(Fig. 3b), and 2-3 fold higher dynamic range but lower
affinity in bacterial lysates compared to their progenitor
K-GECO1.3 (Fig. S4t).

We next designed a library on the basis of the three
mutants for the second round of screening. We re-screened

© 2024 The Author(s). Published by the Royal Society of Chemistry

L304X Q306X M409X M410X

Fig. 3 Design and screening of K-GECOL1.3 libraries. (a) Crystal structure of K-GECO1 with highlighted positions selected for mutagenesis. (b)
Summary of the first round of screening as the responsiveness of K-GECOL.3 variants relative to K-GECO1.3. Relative responsiveness = 1
represents equal performance to K-GECO1.3. Average value of each position is marked by the black solid line. (c) Summary of the second round of
screening as the responsiveness of K-GECO1.3 variants relative to its template (K-GECO1.3 M374V or E379Q).

one winner position on top of another (e.g M374X on
E379Q), or screened a new position (L304X, Q306X, M409X
and M410X) on the winner E379Q. However, no variant with
further improved responsiveness was identified (Fig. 3c).

Characterization of K-GECO variants

We next purified the three variants with the best
performance, and K-GECO1, for in vitro characterization.
The excitation and emission spectra of the variants in the

Sens. Diagn., 2024, 3,1494-1504 | 1499
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Fig. 4 In vitro characterization of K-GECO variants. (a)-(d) Normalized excitation and emission spectra of K-GECO variants in the Ca®*-apo and

Ca?*-bound states. (e) Ca®* titration of K-GECO variants.

Ca**-apo and Ca**-bound states are essentially identical to
that of K-GECO1 (Fig. 4a-d). All three variants exhibit
reduced Ca®" affinity (higher K3) than K-GECO1 (Fig. 4e).
K-GECO1.3 114S has the highest K4 (1130 nM), followed by
K-GECO1.3 E379Q (811 nM) and K-GECO1.3 M374V (467
nM). K-GECO1.3 114S and M374V have substantially

1500 | Sens. Diagn., 2024, 3,1494-1504

improved molecular brightness at the Ca*"-bound state than
K-GECO1, largely attributed to their higher extinction
coefficient (Table 1). While the molecular brightness of
K-GECO1.3 E379Q is slightly lower than K-GECO1, its
dynamic range ((Fmax = Fmin)/Fmin) is the highest, followed
by 114S, M374V and K-GECOL1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of in vitro characterization of K-GECO variants
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Extinction coefficient

Molecular

Variant (Fmax = Fmin)/Fmin Kg/nM & (M em™/1000) Quantum yield ¢ brightness ¢ x ¢
K-GECO1 11.6 199 15 (- Ca*") 0.12 1.8

56 (+ Ca*") 0.45 25.2
K-GECO1.3 114S 14.3 1130 26 (- Ca>") 0.09 2.3

70 (+ Ca*") 0.49 34.3
K-GECO1.3 M374V 12.3 467 25 (- Ca*") 0.12 3.0

83 (+ Ca®™) 0.43 35.7
K-GECO1.3 E379Q 15.9 811 23 (- Ca*") 0.07 1.6

62 (+ Ca*™) 0.39 24.2

Discussion

In this study, we devised an automated platform for screening
the responsiveness of genetically encoded Ca®" biosensors in
the context of histamine-stimulated Ca®" activities. While our
demonstration focuses on screening Ca>* biosensors, the
approach can be readily generalized to enhance other
biosensors either expressed intracellularly (e.g., PyronicSF>® for
pyruvate and Citronl (ref. 7) for citrate) or displayed on the
membrane (e.g., iGluSnFR*” for glutamate and the GRAB family
of GPCR-based biosensors**™"). To apply the screening
platform to other types of FP-based biosensors, a major
challenge is the selection of an appropriate stimulus to rapidly
elevate the concentration of the intracellular or extracellular
analyte to trigger the biosensor response while having minimal
effect on cell viability. Additionally, a modified image analysis
program needs to be developed for non-cytoplasmic expressed
biosensors to effectively segregate and measure the signals.
The throughput of our screening platform is 32 variants
per 1.5 hours on a 96-well plate with triplicate wells for each
variant, comparable to the 96-well neuron-based screening
platform. With this throughput, up to 300 variants (10 plates)
can be screened in one week when the entire workflow, from
library construction to screening, is considered. While others
have demonstrated a semi-automated screening platform for
a genetically encoded voltage indicator (GEVI) using a 384-
well plate,"* thereby increasing throughput, the GEVI was
stimulated through a different modality involving an
electroporation process. In our platform, employing a 384-
well plate would present technical challenges in liquid
injection and mixing due to the smaller well size. Although
the traditional method screens biosensor variants in bacterial
lysates at a higher throughput (>1000 variants per week), the
larger dynamic range observed in the bacterial system may
not translate well to the mammalian system, thereby
compromising its screening efficiency. For mammalian cell-
based screening, a major limiting factor is the manual
processing involved in cloning, plasmid purification, and cell
culture. To advance this platform towards greater automation
and reduced dependence on manual labor, the incorporation
of a liquid handling robot is imperative to automate as many
steps as possible, especially the tedious plasmid purification
and mammalian cell transfection in our workflow. The
utilization of purified linear PCR products for transfection

© 2024 The Author(s). Published by the Royal Society of Chemistry

can further simplify the process by eliminating the need for
cloning and plasmid preparation.™

The optimization of the degenerate codon utilized in the
library holds the potential to enhance screening efficiency.
Although we employed the conventional NNK codon for its
ease of use, it exhibits considerable redundancy, often
necessitating oversampling to achieve a high percentage of
library coverage. In our specific context, sampling 15-30
colonies at a single position is estimated to yield a coverage
of 38-60% based on the model proposed by Reetz et al.'®
(Fig. S57). Under a circumstance with certain resources, we
opted to explore more positions rather than striving for full
coverage at a single position, aiming for a broader coverage
of variants. For instance, supplementing the sampling of 30
colonies at a specific position with an additional 30 colonies
can elevate the coverage from 60% to 85%, yielding a low
marginal effect. Conversely, sampling 30 more colonies at a
different unexplored position results in an additional 60% in
coverage, offering a more efficient strategy.

In recent years, codons for saturation mutagenesis have
undergone significant optimization to minimize redundancy.
For example, the NDT codon, which encodes only twelve
different amino acids, has proven highly efficient. This codon
efficiently covers the main amino acids with a variety of
physicochemical properties and eliminates the three stop
codons.'® The 22c-trick, a design involving the use of three
primers with a total of 22 different codons to encompass all 20
amino acids, has successfully reduced bias and redundancy,
thereby minimizing the need for oversampling.”> With the
decreasing cost of DNA synthesis, a library with deterministic
codons becomes an option, alleviating the challenge of
oversampling, although more efforts are unavoidable in the
cloning and DNA purification steps.

We have identified three new variants demonstrating
enhanced responsiveness in cells compared to its progenitor
K-GECO1.3. All these variants exhibit larger dynamic range
and lower Ca®" affinities in vitro. Indeed, an optimal Ky at the
one-micromolar level maximizes the response to histamine-
induced cytoplasmic Ca** changes, while a K4 around 100
nanomolar is conducive to the sensitive detection of neuronal
Ca”" activities. However, combining two beneficial mutations
did not further improve its performance in cells, possibly due
to instability of the protein or a shift of K4 towards the
suboptimal millimolar range.
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Directed evolution of FP-based biosensors is a protracted
process that often requires the utilization of different
screening technologies at various stages. Typically, screening
in bacterial lysates is a common practice during the initial
stages of biosensor development, especially for the first
generation, which typically exhibits a dynamic range of 5-fold
or higher signal change. This is unless the biosensor cannot
be tested in bacterial lysates, such as GPCR-based
biosensors.** "% As the screening in bacterial lysates
reaches its maximum efficacy, often constrained by
throughput limitations and the capacity to predict the
transferability of a variant, a more robust or specialized
screening technique becomes imperative. For instance, the
adaptation of a biosensor to different cell types or organelles
may require adjustments to the K4 and pH resistance of the
biosensor.>**> Consequently, the ideal development strategy
involves screening in the actual application scenario, as
exemplified by the successful development of GCaMP6 and
its derivatives through neuronal-based screening for
neuroscience applications. The implementation of our
designed automated screening platform, coupled with a
chemical stimulation modality, will establish a foundation,
simplifying efforts in the development of biosensors tailored
for specific applications in diverse biological contexts.
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