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ABSTRACT: The development of new or improved single End-modified Mu In vivoimaging
fluorescent protein (FP)-based biosensors (SFPBs), particularly — WM ]
those with excitation and emission at near-infrared wavelengths, is [
important for the continued advancement of biological imaging Randor insertion

applications. In an effort to accelerate the development of new

10 um

SFPBs, we report modified transposons for the transposase-based - T b

creation of libraries of FPs randomly inserted into analyte binding e ) :I

domains, or vice versa. These modified transposons feature ends Mu excision 48
that are optimized to minimize the length of the linkers that — )i
connect the FP to the analyte binding domain. We rationalized that 1. \ 2
shorter linkers between the domains should result in more effective C:DOMD miRFPE80 S N
allosteric coupling between the analyte binding-dependent NIR-GECO3 % e "

conformational change in the binding domain and the fluorescence

modulation of the chromophore of the FP domain. As a proof of concept, we employed end-modified Mu transposons for the
discovery of SFPB prototypes based on the insertion of two circularly permuted red FPs (mApple and FusionRed) into binding
proteins for 1-lactate and spermidine. Using an analogous approach, we discovered calcium ion (Ca’*)-specific SFPBs by random
insertion of calmodulin (CaM)-RS20 into miRFP680, a particularly bright near-infrared (NIR) FP based on a biliverdin (BV)-
binding fluorescent protein. Starting from an miRFP680-based Ca** biosensor prototype, we performed extensive directed evolution,
including under BV-deficient conditions, to create highly optimized biosensors designated the NIR-GECO3 series. We have
extensively characterized the NIR-GECO3 series and explored their utility for biological Ca** imaging. The methods described in
this work will serve to accelerate SFPB development and open avenues for further exploration and optimization of SFPBs across a
spectrum of biological applications.

KEYWORDS: fluorescence microscopy, cell signaling, protein engineering, directed evolution, transposons,
biliverdin-binding fluorescent protein, heme oxygenase

Single fluorescent protein-based biosensors (SFPBs) fluorescence changes of greater than 10 or, in rare cases,
represent one of the most impactful and widely used greater than 100.*

classes of tools for minimally invasive biological imaging."” Development of a new SFPB usually commences with the
SEPBs are fully genetically encoded and consist of a fluorescent discovery of a prototype in which an allosteric connection
protein (FP) domain that is allosterically linked to an analyte- between the FP and binding domains has been established.
specific binding domain.” Analyte binding elicits a conforma- Discovery of such prototypes is often a rate-limiting step in
tional change that is propagated to the FP domain. This, in SFPB development. Traditionally, a common approach for the
turn, alters the microenvironment surrounding the FP’s discovery of prototypes is the manual one-at-a-time con-
chromophore, leading to a modulation of the fluorescence struction of a large number of variants in which the FP domain

intensity that can be readily visualized in cultured tissues or in

vivo using fluorescence microscopy. Prototype or poorly Received: March 29, 2024
optimized SFPBs could have analyte-dependent fluorescent Revised: ~ May 14, 2024
intensity changes (AF/F, ;. = (Frax — Fmin)/Fmin) Of less than Accepted: May 17, 2024
one, which can complicate cell imaging due to small signal-to- Published: June 1, 2024

noise ratios (SNR). In contrast, highly optimized, high-
performance biosensors typically have higher SNR due to

© 2024 The Authors. Published b
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Figure 1. Generation of linker-shortened libraries using end-modified Mu transposons. (a) Sequences of the end-modified Mu transposon ends,
presented with the top strand in the 5’ to 3’ orientation. The chloramphenicol resistance gene (CmR) is shown in black. The efficiency of each
end-modified transposon was calculated by comparing colony number, relative to Mu-Bsal, in the primary library. (b) Schematic representation of
linker lengths in both the plasmid (above) and the protein structure (below). The target domain is depicted in blue, and the inserted domain is in
red. “AA” stands for amino acids. (c) Schematic representation of key steps in the assembly of cpmApple-inserted LIdR-LBD libraries. Colors are
consistent with panels (a) and (b). Integration of Mu-cpmApple results in a S base pair duplication at the target site (underscored). In the
representative example shown, P112 is identified as the insertion site, and V113 and Q353 are considered as “linkers” between cpmApple and LIdR-

LBD.

is inserted into the binding domain, connected via short
linkers. The sites of insertion would typically be locations that
are known to undergo conformational changes upon analyte
binding, and various other solvent-exposed sites within the
binding domain. A functional allosteric connection depends on
two aspects: the site at which one domain is inserted into the
other, and the proximity between the two domains which is
determined by the linker length.

High-throughput library generation and screening are
emerging as an alternative approach to manual one-at-a-time
construction and testing of SFPB prototypes. For example,
Nadler et al. reported a Mu transposon-based method which
enabled the rapid construction of an SFPB library with all
possible insertions of one domain into another (Figure Sla).’
Complementing such molecular biology methods are massively
parallel assays that can be used to screen large SFPB variant
libraries based on fluorescence changes in response to the
analyte of interest. One example is sort-seq which combines
fluorescence-activated cell sorting (FACS) with deoxyribonu-
cleic acid (DNA) sequencing.”~’ Whatever the screening
method, to maximize the chances of finding a highly effective
biosensor prototype, it is ideal to have minimal length linkers
connecting the binding domain to the FP domain. In the work
of Nadler et al, the transposons were designed to leave
minimal remnant “scars” (i.e., linkers) flanking the site of
transposon insertion, but linkers of 2—3 amino acids were
typical (Figure S1b). If these linkers could be further
shortened, we suspect that SFPB prototypes with greater
potential for conversion into high-performance biosensors
could be discovered.’
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In this work, we describe the development of end-modified
Mu transposons to facilitate the identification of SFPB
prototypes with shorter linkers between the FP and binding
domains. As a proof of concept, we have applied these
transposons for the development of SFPB prototypes based on
the mApple and FusionRed red fluorescent proteins (REPs)
combined with L-lactate- and spermidine-binding proteins.
Furthermore, we applied a similar approach to identify an
SEPB prototype consisting of a calcium ion (Ca®*)-binding
domain inserted into the miRFP680 near-infrared (NIR) FP.
Extensive directed evolution and optimization of this latter
construct ultimately resulted in a new series of NIR fluorescent
Ca®" biosensors, designated the NIR-GECO3 series. We
demonstrate the potential utility of the NIR-GECO3 series
for Ca* imaging in cultured cells and in live mice.

B RESULTS AND DISCUSSION

End-Modified Mu Transposons for Insertion of
cpmApple and cpFusionRed. Positioning of the FP domain
in close proximity to the analyte binding domain, through the
use of minimal linker lengths, is a prerequisite for producing
functional allostery in an SFPB. Indeed, minimization of the
linker length has been suggested as an effective strategy at the
earliest stages of SFPB engineering."”8 Based on this rationale,
we aimed to modify the ends of the Mu transposon in order to
produce the shortest possible linkers. Nadler et al. demon-
strated that the ends of the Mu transposon, which includes an
antibiotic resistance marker for the selection of plasmids into
which the transposon has been inserted, can be modified to
incorporate enzyme restriction sites for later excision and

https://doi.org/10.1021/acssensors.4c00727
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Figure 2. Characterization of LIdR-LBD and PotD Libraries with cpRFP Insertions. (a) Fluorescence change (AF/F,;,) of variants from

cpmApple-inserted LIdR-LBD libraries in response to 10 mM L-lactate in screening buffers. Negative AF/F,

min Values indicate an inverse response.

Error bars represent + standard deviation (n = 3). (b) AF/F,, values of variants from the cpFusionRed-inserted LIdR-LBD library, represented as
in (). (c) Distribution of AF/F,, values for functional insertions along the PotD sequence in response to 10 mM spermidine in screemng buffers.

(d) Positions of insertions (spheres) for functional cpmApple (left) and cpFusionRed (right) insertions into PotD (PDB 1POY)."®

shown in a sphere representation (carbon in green and nitrogen in blue).

Spermidine is

replacement with an FP domain (Figure S1).° This method
maintains the integrity of motifs within the Mu termini which
are essential for efficient transposition, while allowing for the
shortening of the length of the remnant scars. We rationalized
that the linkers could be further shortened by creating an end-
modified Mu transposon that already incorporated the N- and
C-terminal sequences of the specific FP domain that would be
inserted at a later stage (Figure 1).

To create appropriately end-modified Mu transposons, we
modified Nadler et al’s Mu transposon with Bsal cut sites
(hereinafter referred to as Mu-Bsal) by site-directed muta-
genesis (Figure la).” Bsal is a type IIS restriction enzyme that
cleaves outside of its recognition sequence. Taking advantage
of this property, we exchanged the N- and C-terminal cleavage
sites of Mu-Bsal with the N- and C-terminal sequences,
respectively, of specific FP. Accordingly, a transposon was
designed for each of the two circularly permuted (cp) red
fluorescent proteins (cpRFPs) used in this work: cpmApple’
and cpFusionRed'’ (Table S1). The Mu-cpmApple transposon
was designed with cut site sequences flanking the “gate post”
residues of mApple, Serl46, and Glul43 (mApple number-
ing).” The Mu-cpFusionRed transposon was similarly designed
with cut sites flanking Ser143 and Glul4l (FusionRed
numbering). At the S’ end of the Bsal recognition site, there
is a TG dinucleotide that is strictly conserved and could
therefore not be replaced.'’ In the end-optimized transposons,
this TG sequence is followed by the first four (at the N-
terminal end) or the last four (at the C-terminal end) of the
cpRFP. Including four nucleotides ensures that the reading
frame is maintained when the cpRFP is inserted into the target
binding domain. This strategy should result in minimal linker
lengths on both sides of the inserted domain (Figure 1b,c).
Notably, insertion in only one of the three possible reading
frames will result in the correct translation of the inserted
cpRFP domain (Figure S2).

A potential limitation of this approach is that, for each
variant in the library, there is only one N- and one C-terminal
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linker sequence being tested and the sequence of this linker
depends on the insertion site. For insertion in the correct
reading frame, the conserved TG dinucleotide is in the second
and third positions of the N-terminal linker codon (i.e., codon
NTG, where N = A, G, C, or T), and its reverse complement
(CA) is in the first and second positions of the C-terminal
linker codon (i.e., codon CAN) (Figure S2). Accordingly, only
Leu, Met, or Val can be the N-terminal linker and only His or
Gln can be C-terminal linker. This means that we are certainly
missing promising sites that might only be tolerated, or might
give a larger fluorescent response, with a different linker
sequence. Keeping this limitation in mind, the main goal of this
approach is to identify sites that are tolerant of insertion and
give enough of an analyte-dependent fluorescent change, with
minimal linkers, to suggest that further engineering by linker
optimization and directed evolution might be worthwhile.
Transposon-Based Random Insertion of cpmApple
into a Lactate-Binding Protein. Libraries were constructed
to demonstrate the feasibility of random cpmApple insertions
within the r-lactate-binding domain (LBD) of the Escherichia
coli (E. coli) LIdR transcriptional regulator,'” utilizing both the
original Mu-Bsal and the modified Mu-cpmApple transposons
(Figure 1c). We previously used LIdR-LBD as a b1nd1n§
domain to engineer a high-performance SFPB for 1-lactate.'
Random incorporation of cpmApple into LIdAR-LBD was
verified through DNA sequencing (Figure S3). The trans-
poson-based library construction strategy relies on the random
insertion of the Mu sequence throughout the LIdR-LBD in all
six reading frames. Mu is subsequently replaced with the
cpmApple sequence using Bsal digestion and DNA ligation
(that is, using Golden Gate assembly). To mitigate growth bias
in the libraries, the initially generated plasmid DNA library was
used to transform E. coli that was then grown on Luria—Bertani
(LB) agar plates supplemented with appropriate antibiotics,
harvested by scraping, and processed for DNA extraction. For
this initial step (i.e., the transposon reaction performed on a
plasmid encoding LIdR-LBD), the number of independent
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clones was greater than 10X the total number of nucleotides in
the plasmid. Subsequent steps included: excision of the LIdR-
LBD region, gel purification of the band corresponding to
LIdR-LBD plus a single Mu transposon, ligation into a bacterial
expression plasmid, and replacement of the transposon with
the gene encoding the rest of cpmApple (similar to Figure
Sla).

Screening of Libraries with Random Insertion of
cpmApple into a Lactate-Binding Protein. Following
cpmApple insertion, E. coli was transformed with libraries (Mu-
Bsal and Mu-cpmApple) and >30,000 colonies (at least 30X
the number of nucleotides (540) encoding LIdR-LBD) of each
library were assessed for fluorescence using a custom-built
colony screener. Approximately 5—10% of the variants in the
final library selection exhibited fluorescence. Colonies
displaying the brightest fluorescence were cultured and their
respective proteins were tested for in vitro functionality in a
96-well plate format (Figure S4). Using a detergent-based
reagent (B-PER), we extracted proteins and quantified AF/
F.i, in response to 10 mM L-lactate. We examined seven 96-
well plates for each library, representing over three times the
theoretical number of insertion variants (equal to the number
of amino acids (180) encoding LIdR-LBD). In the initial
screening phase, 84 variants from each library exhibiting bright
fluorescence and/or large AF/F,;, in response to L-lactate
were selected for further characterization.

As a secondary assay, we performed triplicate measurements
of each variant in the presence and absence of 10 mM L-lactate.
Notably, a subset of cpmApple insertion variants from both the
Mu-Bsal and Mu-cpmApple libraries exhibited substantial AF/
F..n (Figures 2a, SSa, and Table S2). To simplify this
discussion, we do not distinguish between direct response
(increased fluorescence upon i-lactate addition) and inverse
response (decreased fluorescence upon L-lactate addition). In
the Mu-Bsal library, cpmApple insertions at positions Phel54
(AF/F,,. = 031), Glul56 (AF/F,, = 0.36), and Glnl58
(AF/F,y, = 0.25) of LIAR-LBD exhibited substantial responses
(Figure S6a). Variants identified from the Mu-cpmApple
library, including Pro112 (AF/F,, = 1.44), Glul56 (AF/F,,
= 0.56), and Thr159 (AF/F,,, = 0.73, dissociation constant
(Kg) = 027 mM), tended to exhibit larger responses than
those from the Mu-Bsal library, suggesting that the use of short
linkers may result in more effective allosteric connections
(Figure S6b and Table S3). A clustering of insertions at
Leul09, Prol11, and Pro112 suggests that these positions may
be a promising and permissive hotspot for the generation of
SFPBs (Figure S7). Insertions in the vicinity of this hotspot
were previously used to generate the iLACCOIl and R-
iLACCOL1 v-lactate SFPBs which both have the cpFP inserted
after Leul09 of the LIAR-LBD.'”'* In the previous work,
candidate insertion sites in solvent-exposed loops were
identified by manual inspection of the computationally
predicted structure and then tested one by one.

Random Insertions of cpFusionRed into a Lactate-
Binding Protein. The use of Mu-cpFusionRed transposons
also enabled the random insertion of cpFusionRed into LIdR-
LBD. Screening this library led to the identification of several
functional variants within regions also identified from the Mu-
cpmApple library. Insertions with notable fluorescence changes
upon L-lactate addition included Phel54 (AF/F,;, = 0.72, K4
= 1.4 mM) and Prol12 (AF/F,;, = 0.12) (Figures 2b, SSb,
S6c, Tables S2 and S3). In addition, some insertions unique to
cpFusionRed were identified, such as Prol7 (AF/F,, = 0.16),
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Glul70 (AF/F,;, = 0.11), and Asnl72 (AF/F,;, = 0.15).
These results suggest that the use of different FPs may lead to
the il(ientiﬁcation of different functional insertion sites (Figure
S7).

We attempted to employ the same strategy to discover
functional biosensors based on the insertion of cpmKelly2
(derived from FR-GECO1)."”"” However, this effort yielded
predominantly dim variants that did not exhibit significant -
lactate-dependent changes in fluorescence. This suggests that
cpmKelly2 may not be particularly amenable to the develop-
ment of some SFPBs.

Random Insertions of cpmApple and cpFusionRed
into a Spermidine-Binding Protein. To further explore the
end-modified transposon strategy, we next attempted to
identify prototype SFPBs for spermidine using E. coli PotD,
a periplasmic binding protein involved in the polyamine
transport system.'”'” We used both Mu-cpmApple and Mu-
cpFusionRed to create libraries of cpRFP insertions into PotD
lacking its signal peptide (see Table S1 for sequence and
residue numbering). For each library, we picked 1140
fluorescent variants (3X the theoretical number of possible
insertions in 326 amino acids) from >30,000 colonies
screened. Each of these variants was tested for their
fluorescence response to 10 mM spermidine.

A total of 144 variants from each library, exhibiting superior
fluorescence intensity and/or AF/F,,, were subject to further
in vitro characterization and sequencing. Each variant was
cultured and protein extracted to be tested in buffers with and
without 10 mM spermidine. Notably, both libraries revealed
insertion sites with substantial responses to spermidine
(Figures 2c, S8 and Table S2). Particularly noteworthy was a
cpmApple insertion at Prol8 in PotD which gave a AF/F,;, of
1.7 and a Ky for spermidine of 30 M. For the cpFusionRed
library, insertion at Gly118 gave a AF/F,;, of 0.50 (Kg = 2.0
mM) and insertion at Thr268 gave a AF/F,;, of 1.2 (K4 = 0.68
mM). Interestingly, some regions, including Pro18, served as
common hotspots for both REPs (Figure 2d). This validation
of PotD as a suitable spermidine-binding domain sets the stage
for further optimization to produce a high-performance
biosensor (Figure S9 and Table S3).

Development of an miRFP680-Based Fluorescent
Ca** Biosensor. In principle, NIR-genetically encoded Ca**
indicators (NIR-GEClIs) should offer advantages, such as lower
background autofluorescence and deeper tissue fluorescence
imaging, relative to more blue-shifted indicators.””*' We have
previously reported several NIR-GECIs including the first- and
second-generation NIR-GECOs,”**® and a blue-shifted
version,”" based on the insertion of a calmodulin (CaM)-
RS20 Ca’**-binding domain into the monomeric infrared FP
(mIEP),” which employs a covalently attached biliverdin
(BV) as a chromophore.”® We will generally refer to such
proteins as BV-FPs. Unfortunately, the utility of the NIR-
GECO series is hindered by their suboptimal brightness during
in vivo imaging, which is likely attributed to both the low
intracellular concentration of BV and the low efficiency of
covalent attachment of the protein to BV.””** We reasoned
that such limitations of the NIR-GECO series may be inherited
from the mIFP template, which has actually been demon-
strated to be one of the dimmer BV-FPs (Figure S10a).”
Furthermore, we reasoned that developing a third-generation
NIR-GECO from one of the brightest BV-FPs (miRFP680),*
with the assistance of end-modified transposons, might enable
us to overcome these limitations.
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Figure 3. Development of NIR-GECO3 via directed evolution. (a) Schematic representation of the structure and response of NIR-GECO3
variants. (b) Relative fluorescent brightnesses of miRFP680 coexpressed with various HO-1 mutants, normalized to wild-type HO-1. (c) Genealogy

of NIR-GECO3 variants.

To discover functional prototypes for a third-generation
NIR-GECO, we created an end-modified Mu-CaM-RS20
transposon (Figure la) to enable insertion of CaM-RS20
domain into miRFP680 with a linker of one residue at the N-
terminal end and no residues at the C-terminal end. Following
methods identical to those described in previous sections, we
picked approximately 800 fluorescent variants that were
screened for response to Ca?*. As we had done previously,”*
screening was performed with the coexpression of heme
oxygenase-1 (HO-1) to produce BV in E. coli. Somewhat to
our disappointment, the largest fluorescence change observed
was a 15% reduction in fluorescence in response to 39 uM
Ca’ for the variant with CaM-RS20 inserted at Vall90
(Figures 3a and S10b). This variant was designated as NIR-
GECOa3.1.

To improve the brightness and fluorescence response of
NIR-GECO3.1, we performed 10 rounds of iterative directed
evolution which led to NIR-GECO3.2 with a AF/F,;, of 1.2
and higher molecular brightness (Table S4). At this point, we
modified our screening strategy and, in addition to targeting a
larger AF/F,;,, we also focused on improving the efficiency of
BV binding. We had come to suspect that HO-1 was producing
BV concentrations in E. coli that were much higher than what
is typically present in mammalian cells. Accordingly, there was
no selective pressure for efficient BV conjugation at
physiologically relevant concentrations. To address this
concern, we explored the use of previously reported HO-1
Gly139 mutants displaying diminished enzymatic activity,”
which should result in lower BV production in E. coli. To assess
their relative activity, we coexpressed these HO-1 mutants with
miRFP680 and measured miRFP680 fluorescence (Figure 3b).
For the Gly139Ala, Glyl39Leu, and Glyl39Phe mutants, we
found that the relative fluorescence brightness of coexpressed
miRFP680 was 15, 4.5%, and undetectable, respectively,
relative to wild-type HO-1 coexpressed with miRFP680.
Taking advantage of the lower BV concentrations, we
undertook several additional rounds of directed evolution
(Figure 3c) using the HO-1 Glyl39Ala mutant (to produce
NIR-GECO3.3 with AF/F,,;, of 4.0) followed by several more
rounds using HO-1 Gly139Leu (to produce NIR-GECO3.4
with AF/F,, of 7.5). Serendipitously, we had discovered that
modifications to the FLAG epitope within the leader sequence
significantly influenced performance. Screening of libraries in
which the residues of the FLAG epitope were randomized led
to the identification of NIR-GECO3.5 with AF/F_;, of 10

min
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(320% of the molecular brightness of NIR-GEC03.2) (Figures
3¢, S11 and Table S4).

Characterization of NIR-GECO3 Variants as Purified
Proteins. We characterized NIR-GECO3 variants as purified
proteins (Table S4), paying particular attention to NIR-
GECO3.5 because it was the final end-product of the
development process. Notably, purified NIR-GECO3.5 was
distinguished by its substantial fluorescence response (AF/F,;,
= 10) and relatively high molecular brightness in the Ca®*
unbound state (Figure 4a and Table S4). Upon Ca** binding,
the maximum extinction coefficient (at 656 nm) of NIR-
GECO3.5 substantially decreased, which explains about half of
the observed change in fluorescence (Figure 4b). The
remainder of the observed change in fluorescence is
attributable to a decrease in quantum yield upon Ca** binding
(Table S4). We speculate that two or more isomers of BV
could coexist in both the (—) and (+) states, and a shift in their
relative proportions could explain the changes in both
extinction coeflicients and fluorescence quantum yields. We
determined that NIR-GECO3.5 has an apparent K for Ca** of
298 nM, similar to that of the other NIR-GECO3 variants
(Figure 4c). Two-photon spectral analysis revealed that there
is an excitation peak for NIR-GECO3.5 at 1220 nm in the
Ca*'-free state (Figure 4d) and that the two-photon brightness
decreases upon binding to Ca’*.

To determine the kinetics of BV binding in vitro, we purified
the protein in the BV-free state and then used absorbance
spectroscopy to monitor BV binding (Figure 4e). Binding was
very slow and continued for over 24 h with NIR-GECO3.5
exhibiting a rate that was intermediate between NIR-GECO1
(ref 22) and NIR-GECO?2 (ref 23). Finally, by analyzing the
pH sensitivity of NIR-GECO3.5, we determined that it exhibits
a bell-shaped fluorescence response with pK, values around 4
and 8.5, similar to that of other NIR-GECOs (Figure 4f).

Characterization of NIR-GECO3 Variants in Cultured
Cells. To determine if the NIR-GECO3 variants functioned as
expected in cultured cells, we performed time-lapse fluo-
rescence microscopy of transfected HelLa cells. To determine
the maximum and minimum fluorescence intensity in cells, we
treated with ionomycin/EGTA to fully deplete Ca®*, and with
ionomycin/Ca®* to saturate the NIR-GECO3 variants (Figures
4g and S12). Consistent with results using purified proteins
(Table S4), NIR-GECO3.5 gave a maximum fluorescence
change (AF/F,;, = 14) that was substantially larger than the
other NIR-GECO variants. Under these conditions, the cell-
based Ca**-induced fluorescence change of NIR-GECO3.5 was
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Figure 4. Characterization of NIR-GECO3 variants. (a) Excitation (emission at 710 nm) and emission spectra (excitation at 630 nm) of purified
NIR-GECO3.5 protein in the presence (39 M) and absence of Ca”*. (b) Absorbance spectra of purified NIR-GECO3.5 protein in the presence
(39 uM) and absence of Ca**. (c) AF/F,,, as a function of Ca** concentration for NIR-GECO3 variants. (d) Two-photon excitation spectra of
purified NIR-GECO3.5 protein in the presence (39 uM) and absence of Ca**. AF/F,, is indicated on the right axis. GM, Goeppert-Mayer units.
(e) BV binding kinetics of purified NIR-GECO1, NIR-GECO2, and NIR-GECO3.5 proteins. The peak absorbance (at 680 nm for NIR-GECO1/2
and 660 nm for NIR-GECO3.5) is plotted against time and normalized to the maximum absorbance (obtained by fitting the data to an exponential
curve). (f) pH titration of purified NIR-GECO3.5 protein in the presence (39 uM) and absence of Ca®*. AF/F,,, is represented on the right axis.
Values are normalized to their maximum. (g) AF/F,,;, of NIR-GECO3 variants in HeLa cells where F is the fluorescence with ionomycin/EGTA (2
UM + 1 mM) and F,, is the fluorescence with ionomycin/Ca** (2 uM + 4 mM) (n = 8 cells per group). (h) Normalized effective brightness of
NIR-GECO3 variants, relative to NIR-GECO2G, measured from approximately 2000 cells transfected with NIR-GECO-P2A-EGFP-3NLS (3
technical replicates) using flow cytometry. Data represents the median value. (i) Fgy,/Fgy. value of NIR-GECO3 variants. The Fgy, group had 12.5
UM BV added 2 h before measurement. Flow cytometry of approximately 2000 cells transfected as in (h), with brightnesses relative to EGFP.

also larger than that of iBB-GECO1 and NIR-GECO2G.**** more efficient BV binding, we compared the brightness of

iBB-GECO1 was selected as the control due to it having a variants in the presence versus the absence of exogenous BV. A
similar emission peak (668 nm) with the NIR-GECO3 variants lower fluorescence enhancement ratio (Fgy,/Fpy_) would
(Table S4). Consistent with the in vitro results, of all of the suggest more efficient BV binding under normal cellular

NIR-GECO variants investigated, NIR-GECO3.5 exhibited the conditions. We had previously found that treatment of cells
largest intensiometric Ca**-induced fluorescence change. We expressing NIR-GECO1 with 25 yuM BV for 3 h yielded an

also determined that the NIR-GECO3 variants could be approximately $X increase in the brightness,”* and Shemetov
effectively used to monitor histamine-induced Ca*" oscillations et al. reported 8.1X the brightness with 25 uM BV for 24 h.”'
in HeLa cells (Figure S13). In the current work, we found ratios ranging from 2.1 for NIR-

Flow cytometry analysis was performed to assess the GECO03.3 to 3.8 for NIR-GECO3.4 (Figure 4i). These ratios
brightness of NIR-GECO3 variants expressed in HeLa cells are much less than those reported for NIR-GECO1, suggesting

using excitation at 640 nm and emission at 670/14 nm (Figure that our strategy of screening using HO-1 mutants was
4h). All NIR-GECO3 variants were substantially brighter than successful in increasing the efficiency of BV conjugation. It is
NIR-GECO2G, with the brightest variants being NIR- worth noting that the Fgy,/Fgy_ ratios for NIR-GECO2G and
GECO3.5 (5.0% brighter) and NIR-GECO3.3 (8.5X brighter). iBB-GECO1 are 1.8 and 2.1, respectively, suggesting that
To determine if the enhanced brightness was attributable to efficient BV binding can also be achieved without the use of
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Figure S. Two-photon imaging of NIR-GECO3.5. (a) Representative trace of NIR-GECO3.5 response in a HEK293T cell in response to 100 uM
ATP, using 1220 nm excitation. (b) Photobleaching curves for NIR-GECO3.5 and iBB-GECO1 in HEK293T cells at both 940 and 1220 nm
excitation. Laser power was adjusted so that the obtained fluorescence intensity was similar level (Figure S14c). Areas between thinner dotted lines
represent s.em (n = 57 for NIR-GECO3.5 at 940 nm, n = 75 for NIR-GECO3.5 at 1220 nm, n = 55 for iBB-GECO1 at 940 nm, n = S5 for iBB-
GECOL1 at 1220 nm). (c) Representative two-photon excitation (940 nm) images of NIR-GECO3.5 (left) and XCaMP-G (right) expressed in live
mouse brain and imaged in slices. Scale bar, 10 ym. (d) Representative time courses of AF/F for in vivo imaging of spontaneous neuronal activity
with both NIR-GECO3.5 and XCaMP-G. A Savitzky-Golay filter was applied to NIR-GECO3.5, and a median filter was applied to XCaMP-G.

HO-1 mutants.”>** Nevertheless, we recommend directed
evolution using HO-1 mutants with decreased activity as an
efficient approach to develop brighter BV-FPs and BV-FP-
based SFPBs.

Two-Photon Fluorescence Imaging of NIR-GECO3
Variants. To truly take advantage of the longer wavelength
fluorescence of an NIR-GECI for imaging deep into brain
tissue, it would be ideal to use two-photon excitation. Our in
vitro characterization had revealed that NIR-GECO3.5 under-
went most efficient two-photon excitation at wavelengths of
about 900 and 1200 nm (Figure 4d). To determine if two-
photon excitation could be used to image the Ca**-dependent
response of NIR-GECO3 in cells, HEK293T cells were
transfected with pCAG-NIR-GECO3.5 and stimulated with
100 uM adenosine triphosphate (ATP) while being imaged
with 940 and 1220 nm excitation (Figures Sa and S14a). We
observed the expected oscillatory changes in fluorescence,
consistent with our expectations of NIR-GECO3.5's Ca*'-
responsiveness to cellular Ca®>* dynamics. Excitation at the two
wavelengths resulted in similar fluorescence changes (Figure
S14b), though illumination at 940 nm led to more rapid
photobleaching for both NIR-GECO3.5 and iBB-GECOl
(Figures Sb and S14c,d).

To explore if NIR-GECO3.5 could be useful for in vivo
imaging of neural activity, the genes encoding NIR-GECO3.5
and XCaMP-G** were expressed in layer 2/3 (L2/3) of mouse
cortex using in utero electroporation. In vivo two-photon
imaging (940 nm) revealed detectable NIR-GECO3.5
fluorescence without addition of exogenous BV or coex-
pression of HO-1 (Figure Sc). Simultaneous in vivo imaging of
NIR-GECO03.5 and XCaMP-G (as a positive control) enabled
us to observe the neuronal-activity-dependent NIR fluores-
cence changes (Figure Sd). Analysis of the cumulative SNR
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data revealed that NIR-GECO3.5 exhibits superior SNR
compared to the benchmark iBB-GECO1 (Figure S15).

B CONCLUSIONS

In this work, we described an effective strategy for the
discovery of red fluorescent SFPB prototypes and provided
examples of using this strategy with two different cpRFPs
(cpmApple and cpFusionRed) and three different binding
domains (r-lactate-, spermidine-, and Ca2+-binding domains),
and with two different topologies (i.e., insertion of a
fluorescing domain into a binding domain, and insertion of a
binding domain into an FP domain). The particular challenge
that we set out to overcome in this work was how to create
libraries of prototypes in which the allosteric coupling between
the binding domain and the fluorescing domain is maximized.
We ultimately achieved this by using end-modified transposons
that leave linkers as short as a single residue, or no residues at
all, between the two domains. We are confident that this end-
modified transposon method will be broadly useful for the
development of new and improved SFPBs which, in turn, will
be applicable to a wide variety of biological problems.
Although the main focus of this work is the end-modified
transposon method, in the course of demonstrating this
technology we have produced promising biosensor prototypes
for i-lactate (i.e, cpmApple inserted into LIdR-LBD at
Prol12) and spermidine (i.e, cpmApple inserted into PotD
at Prol8), as well as the highly optimized miRFP680-based
NIR-GECO3 series of Ca®" biosensors. Among the NIR-
GECO3 series, the NIR-GECO3.5 variant stands out as
particularly promising because of its balance between bright-
ness and fluorescent response. Preliminary imaging experi-
ments in cell culture and in vivo suggest that NIR-GECO3.5
does not represent a great leap forward from existing NIR-
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GECOs. However, it does match or exceed existing NIR-
GECOs in certain criteria (i.e., effective brightness and AF/
Foin in HeLa cells, SNR in vivo), and in this regard, it serves as
both a useful new addition to the family of NIR-GECIs and a
validation of the effectiveness of our end-modified transposon
engineering strategy.
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