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response of an auto-fluorescent protein-based
biosensort
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Auto-fluorescent protein (AFP)-based biosensors transduce the structural change in their embedded
recognition modules induced by recognition/reaction events to fluorescence signal changes of AFP. The
lack of detailed structural information on the recognition module often makes it difficult to optimize
AFP-based biosensors. To enhance the signal response derived from detecting the putative structural
change in the nitric oxide (NO)-sensing segment of transient receptor potential canonical 5 (TRPC5)
fused to enhanced green fluorescent protein (EGFP), EGFP-TRPCS, a facile two-step screening strategy,
in silico first and in vitro second, was applied to variants of EGFP-TRPC5 deletion-mutated within the
recognition module. In in silico screening, the structural changes of the recognition modules were
evaluated as root-mean-square-deviation (RMSD) values, and 10 candidates were efficiently selected
from 47 derivatives. Through in vitro screening, four mutants were identified that showed a larger
change in signal response than the parent EGFP-TRPC5. One mutant in particular, 551-575, showed four
times larger change upon reaction with NO and H,O,. Furthermore, mutant 551-575 also showed
a signal response upon reaction with H,O, in mammalian HEK293 cells, indicating that the mutant has
the potential to be applied as a biosensor for cell measurement. Therefore, this two-step screening
method effectively allows the selection of AFP-based biosensors with sufficiently enhanced signal

rsc.li/rsc-advances

Introduction

Fluorescent biosensors are widely applied to explore the cellular
dynamics of ions and biomolecules by taking advantage of high
spatio-temporal resolution in their detection." Genetically
encoded biosensors constructed from the auto-fluorescent
protein (AFP) are especially useful because they are easy to
localize at a specific area or organelle in the cells and suitable
for long-time imaging.>* In general, an AFP-based biosensor is
designed by conjugating an appropriate recognition or reaction
module for a given target to an AFP transduction module.**®
Structural changes in the recognition module induced by the
recognition/reaction event are transduced to a structural
perturbation of AFP, which eventually results in fluorescence
signal changes of AFP.”® Structurally well-characterized native
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responses for application in mammalian cells.

proteins, such as those analyzed by X-ray crystallography,®**
NMR spectroscopy,'>** or cryo-EM,* ¢ are suitable for use as
recognition modules when conjugated to AFP by means of
a structure-based design.>®*""** However, information on the
structural change in the recognition module for a target of
interest is not always available. AFP-based biosensors can also
be constructed by conjugating protein domains without struc-
tural information, making it difficult to optimize
biosensors.*>*

By appropriately introducing the recognition module near
the chromophore of the AFP in a single AFP-based biosensor
using structure-based design with structural information of the
free and inositol-1,3,4,5-tetrakisphosphate-bound PH domain,
even a subtle structural change in the recognition module is
effectively transduced to a measurable fluorescence change.*®
This fact prompted us to apply this design strategy in an AFP-
based biosensor to detect plausible structural changes in
a partial segment of the native protein as a target of interest
with changes in fluorescence. The transient receptor potential
canonical 5 (TRPC5) channel is a nonselective calcium-
permeant cation channel, which is proposed to open its gate
upon disulfide bond formation between Cys558 and S-nitro-
sylated Cys533 induced by a reaction with second messenger
nitric oxide (NO).>”*® Disulfide bond formation is proposed to
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Fig. 1 (A) (Top) A cryo-EM structure of the TRPC5 homotetramer (PDB ID: 6AEIl).2 One monomer was represented in orange and Cys553 and
Cys558 forming the disulfide bond were shown in the CPK representation (red). In the zoomed up view, the region locating between two helices
S5 and S6 (in orange) contribute to form the pore structure. (Center) The plausible reaction scheme of TRPC5 with NO. Cys553 was S-nitro-
sylated with NO and nucleophilically attacked by Cys558 to form a disulfide bond.?8332 (Bottom) The segment of TRPC5, from Leu538 to Leu575
(purple), was embedded into EGFP (green, PDB ID: 2B3P)* between Asn144 and Phel45 through linkers (blue). The chromophore of EGFP is
represented by ball and stick model (red). (B) Schematic illustration of the parent EGFP-TRPC5 construct and its mutants. Molecular models of
reduced (green) and oxidized (red) forms are shown. Images were superimposed by matching the coordinates of Ca atoms of residues from L119
to 1128, which were opposite to the NO-sensing segment. The chromophore, Cys553, and Cys558 are shown as CPK representations. (C) NO-
sensing segment of TRPC5 (from Leu538 to Leu575) was inserted by splitting EGFP (between 144 and 145).3* EGFP-TRPC5 mutants were
designed to delete the NO-sensing segment from the N- and/or C-terminus. (D—F) (D) Plots of RMSD values of N-terminal versus C-terminal
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cause putative structural changes near the channel pore. A
three-dimensional model deduced from the cryo-EM analysis of
TRPC5 in the oxidized state did not provide detailed informa-
tion on the structural change of the segment.”** To evaluate
this putative NO-induced structural change in TRPC5, we con-
structed EGFP-TRPC5 by fusing a segment of the putative NO-
sensing module of the TRPC5 channel containing Cys553 and
Cys558 residues as a loop structure to enhanced green fluores-
cent protein (EGFP) by means of a structure-based design.*
EGFP-TRPC5 successfully detected the putative structural
change upon disulfide bond formation induced by the reaction
with NO as a change in the fluorescence intensity ratio of EGFP.
The fact that NO-induced disulfide bond formation was detec-
ted by EGFP-TRPC5 implied the potential of EGFP-TRPC5 as
a biosensor in mammalian cells by enhancing its ratiometric
signal.

Here, we report a facile two-step strategy, in silico first and in
vitro second, for enhancing the signal response of an AFP-based
biosensor using a part of the protein domains without detailed
information on its structural changes. The first screening based
on in silico simulation effectively provides the candidates and
avoid the laborious optimization process to enhance the signal
responses. Our approach allows the selection of AFP-based
biosensors suitable for application in mammalian cells.

Results

First screening: in silico root-mean-square-deviation (RMSD)
evaluation of segment structural change induced by disulfide
bond formation

In EGFP-TRPC5, a partial segment of the putative NO-sensing
region ranging from Leu538 to Leu575 of TRPC5 was incorpo-
rated into EGFP to monitor its putative structural changes upon
disulfide bond formation in response to NO. This segment was
inserted between Asn144 and Phe145 of EGFP to form a loop-
like structure with Cys553 and Cys558 located around its
center (Fig. 1A and S17).** Based on the general action mecha-
nism of a single AFP-based biosensor, structural changes in this
segment after disulfide bond formation of two cysteines were
transduced to the structural perturbation around the chromo-
phore of EGFP to modify its emission properties. The chromo-
phore of EGFP exists in equilibrium between protonated and
deprotonated forms, showing absorption peaks at around
400 nm and 470 nm, respectively.>*>” Structural changes in this
segment upon disulfide bond formation were successfully
detected as changes in fluorescence emission ratio between the
protonated and deprotonated states of EGFP chromophore,
albeit to a small degree.**

To design a fluorescent biosensor based on EGFP-TRPC5 for
application in-cell measurement, the structural change
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associated with disulfide bond formation should be transduced
more efficiently to cause structural perturbation near the EGFP
chromophore. One of the strategies to efficiently transduce
structural changes upon disulfide bond formation to the EGFP
chromophore is the deletion of amino acid residues between
the disulfide bond formation site and EGFP (Fig. 1B). The NO-
sensing segment was shortened from the N- and/or C-terminal
region (Fig. 1C). However, even with the simplest one-by-one
deletion from the N- and/or C-terminal of NO-sensing
segment, a total of 47 mutants were identified as candidate of
deletion mutants. Instead of performing bacterial expression,
purification, and evaluation of all 47 mutants, we first screened
mutants based on in silico simulations.

The structures of the 47 deletion mutants in their reduced
and oxidized forms were simulated and each reduced and
oxidized forms were superimposed on the EGFP domain
(Fig. S2-S47). The folded structure of EGFP was fixed during the
simulation to avoid an unnecessary deformation from its proper
folding. The structural change in the appended TRPC5 partial
segment would be crucial to evaluate the structural perturba-
tion of the EGFP. Therefore, the degrees of structural change in
the appended TRPC5 partial segment upon disulfide bond
formation were evaluated using the RMSD of the coordinates of
the backbone of amino acid residues in the NO-sensing
segment region between that of the reduced (Fig. 1B and S2-
S4,1 structure in green) and oxidized (Fig. 1B and S2-S4,}
structure in red) forms. The RMSD values for the N-terminal
residues of Cys553 and the C-terminal residues of C558 were
calculated separately, that is, GKL-L538-N552 and D559-L575-
GSG, where GKL and GSG were the linkers on each side in the
case of EGFP-TRPC5 (Fig. S1 and Table S11). RMSD values on
the N-terminal side were plotted against the C-terminal side for
all simulated mutants (Fig. S51). RMSD values in the N-terminal
side were distributed from 1.2 A to 4.5 A and those in the C-
terminal side from 0.5 A to 3.9 A. EGFP-TRPC5 showed small
RMSD values compared to those of the other deletion mutants
(Fig. S5,T black filled circles). Among these, 10 mutants showing
large RMSD values were chosen for subsequent screening
(Fig. S5T and 1D-F, plotted in red filled circles or shown in red
boxes). Three mutants with small RMSD values, 538-567, 538-
565, and 538-560, were also selected for comparison (Fig. S5+
and 1D-F, plotted in blue filled circles or shown in blue boxes).

Second screening: construction and expression of crude
deletion mutants

Genes encoding 13 mutants of the parent EGFP-TRPC5 deleted
at TRPC5 (L538-L575) were constructed (Table S21) and
expressed in Escherichia coli (E. coli). For high-throughput
screening, the expressed mutant proteins were partially puri-
fied by omitting several purification steps as described

sides of the TRPC5 segment of the parent EGFP-TRPC5 and its mutants selected from the first screening (the plots of all of the mutants designed
are shown in Fig. S57). Black circle: parent EGFP-TRPCS5; red circles: 10 mutants showing large RMSD values; blue circles: three mutants showing
low RMSD values. (E) Amino acid sequences of the NO-sensing segment of the EGFP-TRPC5 mutants selected after the first screening and (F)
their molecular models. Black box: parent EGFP-TRPCS5; red box: 10 mutants showing large RMSD values; blue box: three mutants showing low

RMSD values. Cys553 and Cys558 are shown in CPK representation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Changes of the fluorescence emission ratio upon reduction for all constructs at pH 6.9
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R
Constructs® w/0 DTT (Roxi’) W/DTT (Rred®) AR (Rred — Roxi) AR/Roxi (Rred — Roxi)/Roxi X 100 (%)
EGFP-TRPC5 0.147 0.134 —0.013 —9%
545-575 0.143 0.123 —0.020 —14%
551-575 0.258 0.177 —0.081 —31%
552-575 0.179 0.140 —0.039 —22%
553-575 0.234 0.195 —0.039 -17%
538-572 0.178 0.182 0.004 3%
538-559 0.240 0.251 0.011 5%
538-558 0.204 0.201 —0.003 -1%
541-572 0.144 0.136 —0.008 —5%
545-568 0.189 0.187 —0.002 -1%
548-565 0.331 0.305 —0.026 —8%
538-567 0.210 0.209 —0.001 0%
538-565 0.215 0.221 0.006 3%
538-560 0.232 0.229 —0.003 -1%

“ Rows 2-11 are shown in red in Fig. 1E, and rows 12-14 are shown in blue in Fig. 1E. ? Fluorescence emission ratio (R) in oxidized form.

¢ Fluorescence emission ratio (R) in reduced form.

previously (Fig. S6T) (see Materials and methods).** We previ-
ously reported that most of the parent EGFP-TRPC5 formed
a disulfide bond upon purification as evaluated by the
conventional DTNB (5,5'-dithio-bis-(2-nitrobenzoic  acid))
method®® with a purity of over 95% by SDS-PAGE analysis.** By
assuming that the parent EGFP-TRPC5 mutants also formed
a disulfide bond through partial purification, changes in the
fluorescence emission ratio (AR) upon reduction of the disulfide
bond would provide opposite signal changes in the responses to
NO.

First, the AR value of the parent EGFP-TRPC5, defined as the
change in the fluorescence emission ratio without or with DTT,
was measured at pH 6.9 (Table 1). The partially purified parent
EGFP-TRPC5 showed a —0.013 change in AR upon reduction of
the disulfide bond, which is consistent with the value deter-
mined using highly purified parent EGFP-TRPC5 (—0.010).**
This result indicates that the parent EGFP-TRPC5 mainly
formed disulfide bonds after partial purification. Next, AR of all
the constructed mutants was determined using the same
procedure (Table 1). Among the 10 mutants with greater RMSD,
five mutants, 545-575, 551-575, 552-575, 553-575, and 548-565,
showed larger AR values than that of the parent EGFP-TRPCS.
However, a comparison of AR/R,,;, which is the ratio of AR to
the fluorescence emission ratio (R) of the oxidized form, should
be used to evaluate the enhancement of the signal response.
Four mutants, 545-575 (—14%), 551-575 (—31%), 552-575
(—22%) and 553-575 (—17%) showed larger AR/R,,; than that of
the parent EGFP-TRPC5 (—9%), whereas 548-565 (—8%) showed
a similar AR/R; to that of the parent EGFP-TRPC5. The signal
response was enhanced in these four mutants; in particular,
mutants 551-575, 552-575, and 553-575 showed a 2 to 4 times
larger signal response compared to that of the parent EGFP-
TRPC5. In contrast, no mutant showed larger AR/R.; values
among the three mutants with the smaller RMSD (Table 1,
constructs described in blue letters). Therefore, in silico
screening provided candidates for enhanced signal response.
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Fig. 2 pH dependency of the R values of reduced (red) and oxidized
(blue) forms. (A) Parent EGFP-TRPC5 and mutants (B) 545-575, (C)
551-575, (D) 552-575, and (E) 553-575, which show a larger AR/Rox;
than that of the parent EGFP-TRPCS5. Reduced forms were prepared by
DTT treatment at pH 8.0, then diluted six times to adjust to each pH
condition. pH 5.6 or 6.1: buffer containing 100 mM citrate, 500 mM
NaCl, and 0.005% Tween-20 (triangles). pH 6.1, 6.5, 6.9, 7.4, or 8.0:
buffer containing 100 mM phosphate, 500 mM NaCl, and 0.005%
Tween-20 (circles). Oxidized forms were prepared with the same
procedure without DTT. At pH 6.1, two independent data sets with
different buffer compositions are shown. Data points are mean
+sem. (n=23).
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Table 2 Free thiol group content of mutants 551-575, 552-575, and
553-575 upon reduction

Constructs
Conditions 551-575 552-575 553-575
Without DTT <10% <13% <11%
With 1 mM DTT 100% 100% 100%

The dependence of AR/R,,; on the solution pH, from 5.5 to
8.0, was also measured for all the constructs because the R
values between the protonated and deprotonated states of the
chromophore depend on pH.”* Except for 545-575, 551-575,
552-575, and 553-575, the constructs showed smaller AR/Ry;
than those of the parent EGFP-TRPC5 at all pH conditions
(Fig. S71). In contrast, 545-575, 551-575, 552-575, and 553-575,
which showed larger AR/R,y; values at pH 6.9, also showed
a larger decrease in AR/Ry; values than that of the parent EGFP-
TRPC5 from pH 5.5 to 8.0 (Fig. 2). Based on these results,
mutants 551-575, 552-575 and 553-575, showing larger AR/R;
than EGFP-TRPC5 under all pH conditions tested, were further
investigated as redox sensors.

NO-sensing of mutants selected during the two-step screening

To investigate whether the three mutants 551-575, 552-575, and
553-575 could detect NO by forming disulfide bonds, the R
values and the free thiol group contents of these mutants upon
reaction with NO were evaluated. The three mutants were

A Excited at 395 nm Excited at 466 nm R (396/466)
*kk

0 :
480 500 520 540 560 580 600 480 500 520 540 560 580 600 0.2
Wavelength (nm) Wavelength (nm) -DTT

/,’\\ 06
/ \\ T 05

8&8w
8 8

R (395/466)

000

Fluorescence intensity
@

-3 §

2

0 500 520 540 560 580 600 480 500 520 540 560 580 600 0.2
Wavelength (nm) Wavelength (nm) -DTT

O

30

00. 6000 07 —
> >
gzsoo gsooo -
€ 2000 E 4000 /\ g
2 @ 05
g 1500 & 3000 7\ é
21000 / 204
o -4
s
g 03
o o
480 500 520 540 560 580 600 480 500 520 540 560 580 600 2.

Wavelength (nm) Wavelength (nm) -DTT +DTT

Fig. 3 Spectral changes upon reduction of disulfide bonds in mutants
(A) 551-575, (B) 552-575, and (C) 553-575 with DTT. Left: emission
spectra when excited at 395 nm; center: emission spectra when
excited at 466 nm; right: R values in reduced (blue) and oxidized (red)
forms. R values were calculated by dividing the fluorescence intensity
at 535 nm excited at 395 nm by that excited at 466 nm. *p < 0.05 and
***p < 0.001.
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purified in the same manner as that described previously for the
parent EGFP-TRPC5 (Fig. S87).** These mutants showed over
95% purity in SDS-PAGE analyses (Fig. S8At). The samples were
characterized by MALDI-TOF mass spectroscopy (see the
experimental section). The UV-Vis absorption spectra indicated
two absorption maxima at approximately 395 nm and 490 nm
(Fig. S8Bt). The excitation spectra monitored at 509 nm emis-
sion showed two excitation maxima at approximately 395 nm
and 466 nm (Fig. S8Ct). The emission spectra of the mutants
excited at 395 nm and 466 nm showed an emission peak at
509 nm (Fig. S8D and Et). These optical properties of the
mutants were comparable to those of the parent EGFP-TRPC5.%*

The free thiol group contents in purified 551-575, 552-575,
and 553-575 evaluated using the DTNB method were less than
10%, 13%, and 11%, respectively. It should be noted that the
two cysteine residues, Cys49 and Cys71, in the original EGFP
were substituted with Ser49 and Val71,* respectively, as
described in a previous report (Fig. S9t).** Thus, these results
indicate that most Cys553 and Cys558 residues in the TRPC5
partial segment of the purified mutants formed disulfide bonds.
Next, correlations between the R values and the free thiol group
content were investigated. These mutants were reduced with
DTT, and excess DTT was removed using size exclusion chro-
matography. The free thiol group contents of the mutants 551-
575, 552-575, and 553-575 were then determined to be 100% in
the reduced form (Table 2). The change in fluorescence emis-
sion upon disulfide bond cleavage was analyzed by comparing
the fluorescence spectra of the reduced and oxidized forms
(Fig. 3). When excited at 395 nm, the fluorescence emission
intensity at 509 nm of the mutants 551-575 and 552-575
decreased in the reduced form compared to that in the oxidized
form, and that of the mutant 553-575 did not change upon
disulfide bond cleavage. The emission intensity at 509 nm when
excited at 466 nm increased for the reduced form in all of the
mutants. Therefore, the R values of all mutants decreased upon
reduction with DTT, as in the in vitro screening (Fig. 3). The R
values decreased to 31%, 20%, and 14% for mutants 551-575,
552-575, and 553-575, respectively, which were slightly lower
than those observed in the in vitro screening. Among them, the
mutant 551-575 showed four times larger change in the R value
compared to that of the parent EGFP-TRPC5 (a decrease of 8%).

Next, the responses of the mutants in the reduced form to
NO were evaluated. Upon DTT reduction, the free thiol group

Table 3 Free thiol group content of mutants 551-575, 552-575, and
553-575 upon reduction and reaction to NO

Constructs

551-575 552-575 553-575
Conditions 30 min 230 min 150 min 150 min
Without DTT <10% <10% <13% <11%
With 1 mM DTT 100% 100% 71 £2% 74 £2%
With 500 uM NOC7 43+ 3% 11 +£1% <10% <10%
With 5 mM ascorbic acid 52 +3% 15+ 3% <10% <10%

RSC Adv, 2022, 12, 15407-15419 | 15411
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Fig. 4 Time course changes in R values of mutants (A) 551-575, (B)
552-575, and (C) 553-575 in the presence of NO (500 uM NOC7?). R
values were calculated by dividing the fluorescence intensity at 535 nm
excited at 400 nm by that excited at 485 nm. Reduced (blue and red)
and oxidized (black) forms were treated with (red and black) or without
(blue) NOC7 (500 uM) between 25 to 30 min.

content of mutants 551-575, 552-575, and 553-575 was deter-
mined to be 100%, 71%, and 74%, respectively, using DTNB
quantitation (Table 3). The R values of the reduced mutants
were lower than those of their respective oxidized forms (Fig. 4).
The reduced mutants were treated with a NO donor, 1-hydroxy-
2-0x0-3-(N-methyl-3-aminopropyl)-3-methyl-1-triazene

(NOC?7),** which releases two NO molecules with a half-life of
2.4 min in the reaction condition as described previously.** In
the presence of NOC7 (500 uM), all the mutants showed higher
Rvalues than the respective reduced form (Fig. 4). The free thiol
group contents of these mutants were drastically decreased to
11% or less than 10% after the reaction with NO (500 uM NOC7)
(Table 3). These results indicate that the mutants 551-575, 552-
575, and 553-575 show higher signal responses than that of the
parent EGFP-TRPC5 to NO with the reaction of their thiol
groups in a ratiometric manner. The reaction pathway for
disulfide bond formation upon reaction with NO was
confirmed. The presence of an S-nitrosylated thiol group as an
intermediate of disulfide bond formation was evaluated by the
treatment with ascorbic acid that selectively reduces the S-
nitrosylated thiol group in the presence of disulfide bond, as
described previously.**** The free thiol group contents of these
mutants after 4.5 h reaction in 551-575 and 2.5 h reaction in
552-575 and 553-575 with NO were similar or did not change
upon treatment with ascorbic acid (5 mM) (Table 3). This result
indicates that almost all cysteine residues in these mutants
reacted with NO by forming a disulfide bond without preserving
the S-nitrosylated form. The reaction of mutant 551-575 with
NO was also analyzed at an early stage to verify the formation of
S-nitrosyl cysteine. After reaction with NO for 30 min, the free
thiol group content of mutant 551-575 was 43%, which was
increased to 52% upon treatment with ascorbic acid (5 mM).
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Fig. 5 Time course changes in R values of mutants (A) 551-575, (B)
552-575, and (C) 553-575 in the presence of H,O, (500 puM). R values
were calculated by dividing the fluorescence intensity at 535 nm
excited at 400 nm by that excited at 485 nm. Reduced (blue and red)
and oxidized (black) forms were treated with (red and black) or without
(blue) H,O, (500 uM) between 16 to 18 min.

Although the results suggest the presence of S-nitrosylated
cysteine (9%), almost of the S-nitrosylated cysteine residues in
551-575 were converted to the disulfide bond form after 30 min,
suggesting that disulfide bond formation was faster than the S-
nitrosylation reaction. These results indicate that the increase
in the signal response of these mutants was the outcome of
disulfide bond formation upon reaction with NO (500 puM
NOC?7), with little contribution from the S-nitrosyl cysteine
group to detect NO in a ratiometric manner.

H,0, detection by mutants 551-575, 552-575, and 553-575

As well as NO, H,0, also function as second messenger upon
reaction with cysteines to form sulfenic acid and subsequently
disulfide bond (Fig. S107).**** Wild-type TRPC5 responds more
rapidly to NO over H,0,,”® but the parent EGFP-TRPC5 reacted
with H,0, as well.** The responses of mutants 551-575, 552-575
and 553-575 to H,0, were also evaluated. After preparation of
the reduced form of these mutants in the same manner, fluo-
rescence emission in the presence of H,0, (500 uM) was
measured (Fig. 5). The R values of all mutants in the reduced
forms increased to those of the respective oxidized forms
(Fig. 5), and the free thiol group content decreased to less than

Table 4 Free thiol group content of mutants 551-575, 552-575, and
553-575 upon reduction and reaction to H,O,

Constructs
Conditions 551-575 552-575 553-575
Without DTT <10% <13% <11%
With 1 mM DTT 100% 100% 100%
With 500 uM H,0, <11% <10% <10%

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Half-maximum times (min) of each construct upon reaction
to NO and H,0,

[NOC7]  [H,0,]

Constructs 500 uM 100 pM 250 uM 500 uM
538-575 8§+1 19+ 1 11 +1 4+1
551-575 33 +2 54 +£2 N.D.“ 13+1
552-575 38 +3 >48 30+ 1 17 +1
553-575 44 + 5 >58 37 £3 19+1

% Not determined.

11% for all mutants (Table 4). These results indicate that
mutants 551-575, 552-575, and 553-575 also detected H,O, in
a ratiometric manner by forming disulfide bonds. These results
are consistent with those of the parent EGFP-TRPC5.

Kinetics of mutants 551-575, 552-575, and 553-575 upon
reaction with NO and H,0,

To compare the kinetics and specificity of mutants 551-575, 552-
575, and 553-575 and the parent EGFP-TRPCS5 for reactions with
NO and H,0,, the half-maximum times of the reactions were
estimated. The half-maximum times were defined as the time
when R values reach the half of their maximum values (Table 5).
Comparison of the half-maximum times upon reaction with NO

Ex. 480 nm

B Ex. 403 nm

w/ 551-575

Fig. 6

o OCJ]“““‘lll[“‘l‘l““\
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and H,O, within the same construct shows that the response to
500 uM H,0, was faster than that to NO (500 uM NOC7) for all
constructs, indicating that they were more prone to react with
H,0, than the original TRPC5. Furthermore, the half-maximum
times of mutants 551-575, 552-575, and 553-575 were three to
five times longer than that of the parent EGFP-TRPC5. Based on
the fact that the S-nitrosylation step was slower than the
disulfide bond formation step as described in the previous
section (Table 3), the S-nitrosylation step, not the disulfide bond
formation step, in these mutants was slower than that in the
parent EGFP-TRPCS5. A shift in the pK, of cysteines to a basic pH
in these mutants could decrease the S-nitrosylation rate of the
thiolate group.

In-cell application of mutant 551-575

The mutant 551-575 was applied in human embryonic kidney
(HEK) 293 cells to investigate whether it could be utilized as
a redox sensor in mammalian cells. The mutant 551-575 was
subcloned into the mammalian expression vector pCI-neo and
expressed in HEK293 cells. The mutant 551-575 showed suffi-
cient fluorescence intensity at 535 nm when excited at 403 nm
and 480 nm, corresponding to the protonated and deprotonated
states of EGFP chromophore, respectively. In contrast, auto-
fluorescence derived from intracellular molecules of mamma-
lian cells, such as NADH or flavin, was not displayed in the same

Ex. 480 nm

B.F. Ex. 403 nm

150 min
(+H202)

H202

R (403/480)
S)
>
g

oaadr [

0.124

0.10 T T 1
0 50 100 150
Time (min)

Time (min)

(A) Bright field (left), fluorescence images at 535 nm when excited at 403 nm (center) and 480 nm (right) of HEK293 cells with (top) or

without (bottom) expressing mutant 551-575. (B) Bright field images (left) and fluorescent images of fluorescence emission at 535 nm when
excited at 403 nm (center) and 480 nm (right) of mutant 551-575 expressed in HEK293 cells in response to H,O,. Cells indicated by arrows show
sufficient fluorescence. Half of the pool volume of 1.5 mM H,O, was added to a final concentration of 500 uM H,0O,, causing H,O, to diffuse
freely and uniformly spread, between 20 and 25 min. (C) Time-lapse of pseudo color images of fluorescence emission ratios of mutant 551-575
expressed in HEK 293 cells in response to H,O,. Fluorescence emission ratio was calculated by dividing the fluorescence intensity when excited
at 403 nm by that when excited at 480 nm from which the background intensities were subtracted. (D and E) Analysis of the fluorescence
response of mutant 551-575 expressed in HEK293 cells upon addition of extracellular H,O, of (D) individual cells and (E) average. Time-lapses of
fluorescence images when excited at 403 nm and 480 nm were analyzed with Imaged software (NIH) (n = 17 for two cultures).
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degree of contrast applied to monitor 551-575 (Fig. 6A).**
Extracellular H,0, (500 uM) was added to the bulk solution
where the cells were soaked, causing H,0, to diffuse freely and
invade the cells. Upon addition of H,0,, the cells were not
damaged severely because their plasma membranes were intact
with slight change in the cell size (Fig. 6B). Although the fluo-
rescence intensity varied depending on the cells, the R values of
the cells indicated the similar extent, ranging from 0.12 to 0.15
(Fig. 6B and C). Analysis of R values revealed the increase
ranging from 18% in cells showing a minimum increase, to 49%
in cells showing a maximum increase upon addition of H,0,,
with 34% as the average (Fig. 6D and E). Considering the 31%
increase in R values upon reaction with H,0, in the mutant 551-
575 under in vitro measurement, the signal responses of mutant
551-575 upon reaction with H,0, in cells were comparable with
those of the in vitro measurements, although the signal
responses varied in different cells. In contrast, the original
EGFP did not show changes in fluorescence emission ratios.
These results indicate that mutant 551-575 detected H,O, with
an increase in R value in mammalian cells, and therefore can be
used as a redox biosensor in a cellular system.

The responses to extracellular NO of the mutant 551-575
expressed in HEK293 cells were also evaluated (Fig. S117) by the
addition of NO (500 uM NOC?7 in HBS) to the outer cellular
solution. Analysis of cells revealed about 30% of cells expressing
the mutant 551-575 increase in the R values ranging from 5 to
20%. The results indicated the potential reactivity of 551-575 to
NO in mammalian cells. However, the changes of R values were
smaller than that observed in the reaction of H,O,. This result
could be caused by the slower kinetics of the mutant 551-575 to
NO than that to H,0, as observed in the in vitro reactions (Table
5).

Discussions

A structural change in the sensing module induced by a recog-
nition and/or reaction event is transduced to fluorescence
emission changes of the AFP signal transduction module in
AFP-based biosensors.”® The lack of structural information in
the recognition module often hinders structure-based design of
AFP-based biosensors. Previously, the putative NO-sensing
segment of TRPC5, L538-L575, was embedded into EGFP,
generating EGFP-TRPCS5, to monitor the putative structural
change in the TRPC5 segment upon disulfide bond formation
between Cys553 and Cys558 after reaction with NO. EGFP-
TRPC5 showed a fluorescence intensity change with the
formation of a disulfide bond in the presence of NO, but the
ratiometric signal response for NO was far smaller than that
applicable for a biosensor.* In this study, a new facile screening
strategy to increase the signal response of an AFP-based
biosensor is proposed. We reasoned that appropriate deletion
of the amino acid residues from the putative NO-sensing
segment of TRPC5, L538-L575, could promote transduction of
structural changes at the putative NO-sensing segment associ-
ated with disulfide bond formation to a structural perturbation
of EGFP. The strategy consists of two screening steps: first in
silico and then in vitro. In silico screening consisted of structural
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change evaluation in 47 deletion mutants of the putative NO-
sensing segment upon disulfide bond formation using RMSD
between the reduced and oxidized forms. Many of the deletion
mutants showed larger RMSD than that of the parent EGFP-
TRPC5. Among the 47 mutants, 10 mutants showing a larger
RMSD were chosen for the second screening (group A). In
addition, three mutants that showed RMSD similar to that of
the parent EGFP-TRPC5 were chosen (538-565, 538-567, and
538-560) to validate the in silico screening (group B). For the in
vitro screening, the selected mutants were expressed in E. coli to
evaluate the AR/R,y; values upon their reduction in crude
oxidized forms. None of the mutants in group B showed a larger
AR/R.y; than that of parent EGFP-TRPC5. In contrast, the four
mutants in group A showed larger AR/R.; than that of the
parent EGFP-TRPC5. These results indicate that in silico
screening based on RMSD helped to successfully identify
candidates, and this two-step screening successfully provided
the mutants showing enhanced signal response without the
detailed information on the structural change. Of course, it
should be mentioned that the large RMSD did not always
correspond to a large signal response, because the in silico
simulation applied in this study was a quite simple structural
optimization. Thus, the screening for the optimization of signal
response was highly required. This facile two-step screening
method could contribute to the efficient optimization of dele-
tion mutation.

After the screening, further evaluations of mutants 551-575,
552-575, and 553-575 with respect to the reactivity were con-
ducted under in vitro conditions. As a result, these mutants
showed larger AR/R.i, as in the in vitro screening, upon
reduction of the disulfide bond and formation of the disulfide
bond in response to NO and H,0,. Furthermore, mutant 551-
575 also changed its R value upon reaction with H,O, in
mammalian HEK293 cells, with a 34% increase as high as that
under in vitro conditions (Fig. 6). Mutant 551-575 also showed
the response to NO in mammalian HEK293 cells (Fig. S117),
while its reactivity was smaller than that to H,O,. These results
show that mutant 551-575, which was obtained from a facile
two-step screening, could be applied as a redox biosensor for in-
cell measurements. Therefore, our screening strategy for
successfully enhancing the signal response provided mutants
with sufficiently strong signals for cell application. Considering
that mutant 551-575 showed a change in R values upon reduc-
tion from pH 5.5 to 8.0 in the in vitro screening, it has the
potential to be applied as a redox sensor in many pH ranges.
Due to the biological importance of cellular NO dynamics,**
there are demands for the development of genetically encoded
NO sensors. The AFP based genetically encoded NO sensor has
been developed to detect endogenous NO production in living
cells.® However, the NO sensor required the addition of rela-
tively high concentration of iron(u) that could cause toxicity to
the cell. While the mutant 551-575 requiring no additives for
NO detection is potentially applicable as a genetically encoded
NO sensor in the cell, its lack of the specificity to NO and H,O,
has to be compensated by a simultaneous usage of specific
H,0, sensor.**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Wild-type TRPC5 expressed in HEK293 cells shows a specific
reaction to NO (10 pM SNAP as an NO donor) over 100 pM
H,0,.® In our previous report, the parent EGFP-TRPC5 con-
taining the putative NO-sensing segment did not show speci-
ficity to NO over H,0,. Mutants 551-575, 552-575, and 553-575,
which contained the partial segments of TRPC5, N551-L575,
N552-L575, and C553-L575 as the sensing module, respec-
tively, also did not have the specificity to NO over H,0,. We had
suggested that the selectivity of wild-type TRPC5 to NO against
H,0, should be caused by the difference in hydrophobicity or
polarity of NO and H,0,.** That is, more hydrophobic NO would
be more accessible to the transmembrane domain of wild-type
TRPC5 in the plasma membrane. From the cryo-EM structure
of wild-type TRPC5,* the partial segment L538-L575 is located
in the extracellular region near the plasma membrane
(Fig. S12,F represented in purple). In detail, the C-terminal side
of this segment buried in the plasma membrane showed lower
charge density and higher hydrophobicity and the N-terminal
side of this segment exposed outside the plasma membrane
showed higher charge density and lower hydrophobicity
(Fig. S12B and Ct). However, mutants remaining higher
hydrophobic region still less selective toward NO against H,O,,
indicating that the hydrophobic transmembrane domain with
plasma membrane should be required to reinforce the acces-
sibility of NO over H,O,.

The longer half-maximum times of three mutants 551-575,
552-575, and 553-575 compared to that of the parent EGFP-
TRPC5 suggest that the pK, of the thiol group in Cys553 or
Cys558 would shift to the acidic side upon deletion of the N-
terminal side of the partial segment, L538-N552. The pK, of
the thiol group is modulated by the interaction with the sur-
rounded positive amino acid residues.>** However, because of
the presence of both positively and negatively charged residues
around Cys553 and Cys558, as observed in the surface charge
distribution of L538-L575 (Fig. S13t), a clear insight into the
effect of the amino acid residue(s) on the shift of pk, still
remains to be obtained. Alternatively, the pK, shift of the
cysteine thiol groups would not reflect the effect of amino acid
residue(s) of TRPC5 in nature, but would take place only in
constructs where the extracted NO-sensing segment of TRPC5
was embedded into EGFP and exposed to the solution.

Conclusions

Partial deletion of the recognition module of EGFP-TRPC5
enhanced the signal response by efficiently transducing the
structural change in the recognition module associated with
disulfide bond formation to the structural perturbation of the
EGFP chromophore. A two-step screening strategy was devel-
oped to obtain deletion mutants that enhanced the signal
response of EGFP-TRPCS5. In the first screening, evaluation of
the structural change of the recognition module based on
RMSD with in silico simulations provided 10 candidates from 47
possible mutants. As a result, this screening strategy success-
fully provided mutants that showed two to four times larger
ratiometric signal response than that of the parent EGFP-TRPC5
upon reaction with NO and H,0,. Finally, we demonstrated that
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mutant 551-575 could be applicable as a redox sensor for cell
experiments. Mutant 551-575 would be applicable as NO
biosensor in the cell without requiring any additives. While the
two-step screening revealed a limitation to optimize the speci-
ficity of the sensor to NO over H,0,, the strategy successfully
enhanced the signal response of parent AFP-based biosensor. In
the construction of AFP-based biosensors, enhancement of the
signal responses requires multi-step or large-scale screening
even when structural information is available, that is, optimi-
zation of the introduction site in the structural change domain
or the linker length and sequence between AFP and the struc-
tural change domain. The two-step screening strategy described
herein provides a convenient and high-throughput screening
method for these optimizations in the construction of AFP-
based biosensors. Although NO-sensing segment exhibited
specificity for NO over H,0, in wild-type TRPCS5, the deletion of
the N-terminal side of Cys553, corresponding to the extracel-
lular region of TRPC5, from the recognition module of the
mutants resulted similar reactivity to NO and H,0, as has been
observed for the parent EGFP-TRPC5. Therefore, not the
hydrophilicity and charge of the N-terminal side of the TRPC5
NO-sensing segment, but the hydrophobicity and lack of charge
of the transmembrane domain would contribute to the speci-
ficity and accessibility to NO in the TRPC5 NO-sensing segment.

Materials and methods
Materials

Restriction enzymes (EcoRI, Sall, and Dpnl) were purchased
from New England BioLabs. Purified oligonucleotide primers
for gene construction were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). E. coli BL21 (DE3) competent
cells were purchased from Invitrogen (Carlsbad, CA, USA). The
QIAprep Spin Miniprep Kit and Mini Elute Gel Extraction Kit
were purchased from Qiagen K.K. (Tokyo, Japan). His Grav-
iTrap™, PD-10, HiTrap™ Butyl HP (5 mL), and HisTrap™ HP (5
mL) columns were purchased from GE Healthcare Japan
(Tokyo, Japan). PrimeSTAR HS DNA polymerase, T4 DNA ligase,
and E. coli DH50 competent cells were purchased from TaKaRa
Bio (Shiga, Japan). NOC7 was purchased from Dojindo (Kuma-
moto, Japan). All other chemicals were purchased from Wako
Chemicals (Osaka, Japan), Tokyo Chemical Industry (Tokyo,
Japan), Sigma-Aldrich (Tokyo, Japan), and Nacalai Tesque
(Kyoto, Japan).

In silico design of deletion mutants in the first in silico
screening

Discovery Studio (version 3.1, Accelrys) was used for in silico
simulations. The parent EGFP-TRPC5 in the reduced form was
designed by embedding the amino acid sequence of Leu538 to
Leu575 into EGFP (PDB ID: 2B3P) between Asn144 and Phe145,
as described in a previous report.** All deletion mutants were
simulated based on the structure of the parent EGFP-TRPC5 in
the reduced form. Fixed-atom constraints (tool in Discovery
Studio) were applied to the EGFP structure. Amino acids in the
recognition module were deleted from the structure of the
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parent EGFP-TRPCS5 in the reduced form. Sketches tool (tool in
Discovery Studio) was applied to create new peptide bonds
between the carbon atom in the N-terminal side and the
nitrogen atom at the C-terminal side of the deleted amino acids.
Clean geometry tool (tool in Discovery Studio) was applied to
each deletion mutant 10 times to predict sterically acceptable
structures just after creating the connection between the carbon
and nitrogen atoms. A standard dynamic cascade tool (tool in
Discovery Studio) was applied to perform molecular mechanics
(MM) and molecular dynamics (MD) calculations on the struc-
tures after the application of the clean geometry tool. The
structures of the mutants in oxidized form were obtained with
same procedure after creating disulfide bonds between the
thiols of Cys553 and Cys558.

To compare the structural changes upon formation of
disulfide bonds, the obtained structures of each mutant in the
reduced and oxidized forms were superimposed by matching
the coordinates of the Ca. atoms in each residue from Leu119 to
Ile128, whose residues were opposite to the conformational
change domain. To estimate the structural changes upon
quantitative formation of the disulfide bonds, Root Means
Square Deviation (RMSD) tool (Discovery Studio) was applied to
the backbone of amino acids of the N-terminal side of Cys553
and the C-terminal side of Cys558 of the loop region. RMSD
values of the difference in coordinates between the reduced and
oxidized forms of each region were calculated. RMSD values of
the N-terminal side were plotted against RMSD values of the C-
terminal side for each mutant.

Plasmid construction

Plasmids encoding mutants selected from the in silico
screening, in which the NO-sensing segment of TRPC5 (L538-
L575) of the parent EGFP-TRPC5 was shortened to 545-575,
551-575, 552-575, 553-575, 538-572, 538-567, 538-565, 538-560,
538-559, 538-558, 541-572, 545-568, or 548-565, were sequen-
tially constructed. First, the plasmids encoding mutants in
which one side was deleted from the parent EGFP-TRPC5 were
constructed. The plasmids encoding EGFP-TRPC5 was ampli-
fied by PCR using primers 1 and 2, 3 and 4, 5 and 6, 7 and 8, 9
and 10, 11 and 12, 13 and 14, 15 and 16, 17 and 18, or 19 and 20
(Table S2t) to generate mutants, 545-575, 551-575, 552-575, 553-
575, 538-572, 538-567, 538-565, 538-560, 538-559, or 538-558,
respectively. The PCR product was treated with Dpnl (New
England Biolabs Japan) and transformed into E. coli DH5a
competent cells. Vectors encoding mutants were collected,
purified and sequenced. Plasmids encoding 541-572, 545-568,
and 548-565 were constructed using primers 21 and 22, 23 and
24, or 25 and 26 (Table S21) and the plasmids encoding 538-572,
545-575, or 538-565, respectively, with following the same
procedure.

To sub-clone mutant 551-575 to mammalian expression
vector pCI-neo, the gene encoding EGFP-TRPC5 was obtained by
digesting peT29a encoding the parent EGFP-TRPC5 with Ndel
and Xhol and sequentially amplified by PCR using the primers
listed in Table S3.1 The PCR products were run on 1% agarose
gels (TAE) and purified using a Mini Elute Gel Extraction Kit.
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The PCR products and pCI-neo were digested with EcoRI and
Sall, purified in the same manner, and incubated with T4 DNA
ligase. The mixture was transformed into E. coli DH50 compe-
tent cells for amplification. The NO-sensing segments of the
parent EGFP-TRPC5 were shortened to 551-575 with same
procedure to that of in vitro measurement.

Expression and purification of proteins

Plasmids encoding the 13 mutants were transformed into E. coli
BL21 (DE3) competent cells.

For partial purification for in vitro screening, the trans-
formed cells were grown at 37 °C until the ODg, reached 0.6—
0.8, and protein expression was induced with 1 mM IPTG for
24 h at 25 °C. The soluble fractions of the cell lysates containing
the target proteins were loaded onto a His GraviTrap™ column
with 60 mM imidazole in 50 mM phosphate and 500 mM NaCl
(pH 8.0) and eluted with 100 mM imidazole, 50 mM phosphate,
and 500 mM NaCl (pH 8.0). Each elution sample containing
each target protein was collected and loaded onto a PD-10
column equilibrated with 100 mM phosphate and 0.005%
Tween-20 (pH 8.0).

For further investigation of mutants 551-575, 552-575, or
553-575, cells were grown at 37 °C until the ODg(o reached 0.5-
0.7, and protein expression was induced with 1 mM IPTG for
24 h at 18 °C. The soluble fractions of cell lysates containing the
target proteins were loaded onto a HisTrap™ HP column with
a linear gradient of 60-225 mM imidazole in 50 mM phosphate
and 500 mM NaCl (pH 8.0). Fractions containing mutants 551-
575, 552-575, or 553-575 were collected and diluted to the initial
condition of the next purification step (50 mM phosphate,
900 mM (NH,4),SO, (pH 8.0)). The resultant products were
loaded onto HiTrap™ Butyl HP and eluted using an (NH,),SO,
gradient (from 900 to 0 mM). Fractions containing 551-575, 552-
575, or 553-575 were collected and dialyzed against a solution
containing 100 mM phosphate, 200 mM NacCl, and 50% glycerol
(pH 8.0), and stored at —20 °C. Concentrations of mutants 551-
575, 552-575, or 553-575 in the glycerol stocks were determined
using absorbance at 440 nm derived from the isosbestic point of
the EGFP chromophore (molecular coefficient of EGFP-TRPC5
at 440 nm: 15 000 M~ cm ™ %).

Measurement of the fluorescence intensity change upon
reduction in in vitro screening

After PD-10 treatment, mutants were reduced in a solution
containing 100 mM phosphate, 0.005% Tween 20, and 1 mM
DTT (pH 8.0) for 2 h at 25 °C. The reduced solutions were
diluted six times to shift the pH to 5.6 or 6.1 with buffer con-
taining 100 mM citrate, 500 mM NacCl, and 0.005% Tween 20
(pH 5.5 or 5.9) or to 6.1, 6.5, 6.9, 7.4, or 8 with buffer containing
100 mM phosphate, 500 mM NacCl, and 0.005% Tween 20 (pH
5.8, 6.3, 7.0, 7.3, or 8.0). Oxidized solutions were prepared using
the same procedure but without DTT treatment. The emission
spectra of the reduced and oxidized solutions were measured by
excitation at 395 nm and 466 nm with an Infinite M200 PRO
(TECAN, Zirich, Switzerland) at 20 °C. The fluorescence
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emission ratios were calculated by dividing the fluorescence
intensity at 510 nm excited at 395 nm by that excited at 466 nm.

Characterization of 551-575, 552-575, and 553-575 in in vitro

Mutants 551-575, 552-575, and 553-575 were characterized by
MALDI-TOF mass spectrometry (AXIMA-LNR, SA matrix, Shi-
madzu, Kyoto, Japan). Mutant 551-575: m/z caled 31 602;
observed 31 586. Mutant 552-575: m/z caled 31 488; observed
31 475. Mutant 553-575: m/z caled 31 374; observed 31 356.
Absorption spectra were measured using a UV-2550 UV-Vis
spectrometer (Shimadzu, Kyoto, Japan). The excitation and
emission spectra were measured using an F-7000 fluorescence
spectrometer (Hitachi High-Tech Science, Tokyo, Japan) at
20 °C. Samples contained 4 pM 551-575, 552-575, or 553-575 in
a buffer containing 100 mM phosphate buffer, 500 mM NacCl,
and 0.005% Tween 20 (pH 6.8). The emission spectra were
measured by excitation at 395 and 466 nm. The fluorescence
emission ratios were calculated by dividing the fluorescence
intensity at 509 nm excited at 395 nm by that excited at 466 nm.

Change in fluorescence intensity of mutants 551-575, 552-575,
and 553-575 upon reduction for further in vitro measurement

The disulfide bonds of mutants 551-575, 552-575, or 553-575
were reduced in a solution containing 70 uM 551-575, 552-575,
or 553-575, 100 mM phosphate (pH 8.0), 0.005% Tween 20, and
3.5 mM DTT for 2-3 h at 25 °C. After reduction, the solutions
containing mutants 551-575, 552-575, or 553-575 were loaded
onto a Micro Bio-Spin Chromatography Column P-6 (Bio-Rad)
equilibrated with a buffer containing 100 mM phosphate,
500 mM NaCl, and 0.005% Tween 20 (pH 6.8). Concentrations
of free thiol groups in mutants 551-575, 552-575, or 553-575
were measured using the DTNB method with Ellman’s reagent
(see Quantitation of the free thiol group). Concentrations of
mutants 551-575, 552-575, or 553-575 were determined with
absorbance at 425 nm derived from the isosbestic point of the
EGFP chromophore from pH 5.5 to 7.0 (molecular coefficient of
EGFP-TRPC5 at 425 nm: 21 000 M~ cm™"). The excitation and
emission spectra were measured using an F-7000 fluorescence
spectrometer at 20 °C. Samples contained 4 uM 551-575, 552-
575, or 553-575 in a buffer containing 100 mM phosphate
buffer, 500 mM NacCl, and 0.005% Tween 20 (pH 6.8). Oxidized
solutions were prepared using the same procedure without DTT
treatment. The emission spectra were measured by excitation at
395 and 466 nm, and the excitation spectra were measured at an
emission wavelength of 509 nm.

Reaction of 551-575, 552-575, and 553-575 to NO and H,0,

The disulfide bonds of mutants 551-575, 552-575, or 553-575
were reduced in a solution containing 100 uM 551-575, 552-575,
or 553-575, 100 mM phosphate, 0.005% Tween 20, and 5 mM
DTT (pH 8.0) for 3 h at 25 °C. After reduction, the solutions
containing mutants 551-575, 552-575, or 553-575 were loaded
onto a Micro Bio-Spin Chromatography Column P-6 (Bio-Rad)
equilibrated with a buffer containing 20 mM citrate, 500 mM
NaCl, and 0.005% Tween 20 (pH 5.5). Concentrations of free
thiol groups in mutants 551-575, 552-575, or 553-575 were
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measured using the DTNB method with Ellman's reagent (see
next section). Concentrations of mutants 551-575, 552-575, or
553-575 were determined with absorbance at 425 nm derived
from the isosbestic point of the EGFP chromophore from pH 5.5
to 7.0 (molecular coefficient of EGFP-TRPC5 at 425 nm:
21 000 M~' em ™). Reactions of mutants 551-575, 552-575, or
553-575 with NO were monitored by measuring changes in
fluorescence emission upon addition of NOC7 (dissolved in
0.01 M NaOH) to the test solution, which was diluted to 12 pM
551-575, 552-575, or 553-575 with buffer containing 100 mM
phosphate, 500 mM NaCl, and 0.005% Tween 20 (pH 6.8), at
20 °C with Infinite F PLEX (TECAN, Zirich, Switzerland).
Instead of addition of NOC7, an equal amount of 0.01 M NaOH
was added to the reaction solutions for control (0 M NOC?7). It
should be noted that the pH value of the buffer did not change
before and after the addition of NOC7 in 0.01 M NaOH. After
measurement, the concentrations of free thiol groups of
mutants 551-575, 552-575, or 553-575 in response to NO were
determined using the DTNB method (see next section). In the
case of H,0,, mutants 551-575, 552-575, or 553-575 were treated
with H,0,.

Quantitation of the free thiol group

The concentrations of free thiol groups in mutants 551-575,
552-575, or 553-575 were measured using the DTNB method. All
samples were first purified by size exclusion chromatography to
remove thiol-containing reagents such as DTT. An assay solu-
tion was prepared by mixing 100 uM DTNB in a solution con-
taining 100 mM phosphate, 500 mM NacCl, and 0.005% Tween
20 (pH 6.8) with an aliquot of mutants 551-575, 552-575, or 553-
575 solutions. The absorption spectra of the assay solutions
were measured using an Infinite M200 PRO spectrophotometer
(Tecan, Zurich, Switzerland). The concentrations of free thiol
groups in mutants 551-575, 552-575, or 553-575 were deter-
mined by measuring the absorbance at 412 nm, which was
derived from 2-nitro-5-mercaptobenzoic acid. The concentra-
tions of mutants 551-575, 552-575, or 553-575 were also deter-
mined from absorbance at 425 nm, which is the isosbestic point
of the EGFP chromophore. The concentration of free thiol
groups was determined using the following equation:

y = 0.004x + 0.005

where y and x represent the absorbance at 412 nm and the
concentration of r-cysteine [uM], respectively, as described in
a previous report.>*

To mutants 551-575, 552-575, or 553-575 treated with NOC?7,
solutions containing ascorbic acid (final concentration: 5 mM)
were added to specifically reduce the S-nitrosylated thiol. After
30 min, the reaction mixture was treated as described above to
determine the concentration of free thiol groups using the
DTNB method.

Determination of the half-maximum times

The R values of mutants 551-575, 552-575, or 553-575 under air
oxidation conditions (0 M NOC7 or H,0,) were subtracted from
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the R values upon reaction with NO or H,0, (500 uM NOC?7, 100
uM, 250 uM or 500 pM H,0,) to remove the air oxidation effects.
The subtracted R values were normalized by dividing by AR
upon reduction, which is called the normalized R. The
minimum and maximum R values were determined as the
average values of normalized R values before the addition of
NOC7 or H,0, and after saturation of the reactions, respec-
tively. The half-maximum values were determined as the mean
of the minimum and maximum R values. The average values of
the half-maximum times were determined as the mean times of
the measurement points before and after the normalized R
reached the half-maximum R values, and intervals of
measurement points were determined as error bars of the half-
maximum times. In the parent EGFP-TRPC5, the normalized R
values were smoothed with a linear weighted moving average of
three points to remove the fluctuation of the normalized R
values resulting from slight AR.

Cell culture and transfection of vectors

HEK293 cells (ATCC) were cultured in DMEM (Gibco) supple-
mented with 10% FBS, 30 units per mL penicillin, and 30 pg
mL ™" streptomycin at 37 °C under 5% CO, with 100% humidity.
pCI-neo encoding mutant 551-575 was transfected using Lip-
ofectamine 2000 (Invitrogen). The medium was replaced 3 h
after transfection.

Measurement of fluorescence responses of redox sensors

HEK293 cells were seeded onto a poly r-lysine-coated 35 mm
glass-bottom dish (IWAKI) and incubated for 1 h. Cells were
washed with HBS containing 107 mM NacCl, 6 mM KCl, 11.5 mM
glucose, 20 mM HEPES, 1.2 mM MgSO,, and 2 mM CaCl,, pH
7.4, and 200 pL HBS were added to the dish. Fluorescence was
observed using an IX-81 fluorescence microscope (Olympus)
equipped with a 20x objective lens (UPlanSApo) and Xe lamp.
Fluorescence images when excited at 403 nm and 480 nm was
acquired with electron multiplier CCD camera (Hamamatsu
Photonics K.K.) by using a 381 nm to 415 nm and a 457 nm to
507 nm band-pass filter for excitation, respectively, and
a 505 nm dichroic mirror, and 522 nm to 548 nm band-pass
filter for emission. For time-lapse imaging to observe the fluo-
rescence response to H,0,, 100 pL of 1.5 mM of H,0, dissolved
in HBS were gently added to the dish. In the case of NO, 500 uM
NOC?7 dissolved in HBS was applied. Time-lapse images were
acquired every 5 min.

Analysis of the fluorescence images and responses of redox
sensors

Pseudo images of fluorescence emission ratios were modified
with MetaFluor (Molecular devices). First, average background
fluorescence intensities, where cell did not exist, were sub-
tracted from fluorescence intensity of whole region. Fluores-
cence emission ratios were calculated by dividing the
subtracted fluorescence intensity when excited at 403 nm by
that when excited at 480 nm in each pixel. Pseudo color images
of fluorescence emission ratios were displayed proportional to
fluorescence emission ratio from 0 to 0.3 in each pixel.
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Fluorescence images and intensities of cells were analyzed
using Image] software (NIH). First, cells were specified based on
bright field images to determine the area for calculating the
fluorescence intensity. The average fluorescence intensity
within each cell was then calculated. The background signal
was also estimated by specifying regions of any size without
cells in each captured image. Fluorescence intensity of cells was
determined by subtracting the background intensity from the
raw fluorescence intensity of cells.
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