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A ratiometric fluorescent probe of methionine sulfoxide reductase,
Msr-Ratio, was disclosed for monitoring the enzyme activity in vitro
and in live cells. The probe displayed favorable properties such as a
nearly 400-fold fluorescence change, fast response rate (<30 min),
large Stokes shift (120 nm), and green emission (550 nm).

Methionine sulfoxide reductase (Msr) enzymes are well known
for their specific functions in protecting cells against oxidative
damage caused by reactive oxygen species (ROS) and repairing
methionine sulfoxide (MetO) residues in proteins/peptides by
the reduction of MetO to methionine (Met)."™ It is commonly
known that MetO are present in two different oxidative forms,
S-MetO epimer and R-MetO epimer, since the asymmetric
center is the sulfur in MetO. Msr A and Msr B, two important
members of the Msr family, can specifically catalyze the reduction
of the S-MetO epimer and R-MetO epimer, respectively.>” The
oxidative damage of Met protein residues would result in
structural and functional changes in proteins that may implicate
in agingrelated neurodegenerative diseases such as Alzheimer’s
and Parkinson’s diseases.®'* Although Msr enzymes play
important roles in repairing the structure and function of
proteins, the methods used to directly monitor their activity in
live cells are limited,""'> which greatly hinders the exploration
of their functions in physiological or pathological processes.
Fluorescent probes have been demonstrated to be indispensable
tools in the field of biochemistry, clinical diagnosis, analytical, and
environmental chemistry'®>>* due to multiple advantages such as
non-destructive detection, real-time monitoring, high sensitivity and
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resolution, as well as low instrumental cost. The development of
specific fluorescent probes for various analytes has experienced
rapid growth in the past years.”>* Up to now, only two paradig-
matic fluorescent probes have been reported for monitoring Msr
activity.""'> The design of Msr fluorescent probes is now based
on two important factors. First, recent studies demonstrated
that Msr can not only reduce methionine sulfoxides, but also
compounds equipped with a methyl sulfoxide group such as
sulindac, dimethyl sulfoxide (DMSO), mesoridazine, sulmazole,
TCBZSX, and sulforaphane.® Second, the reduction of the electron-
withdrawing methylsulfinyl group to the electron-donating methyl
sulfide group can lead to a change in the emission signal via
the intramolecular charge transfer (ICT) process, which is one
of the most outstanding mechanisms for designing fluorescent
probes.****7**> In our lab, we created a small probe library
containing 23 dyes uniformly conjugated with a methyl sulf-
oxide group, from which, Msr-blue (4-methyl-7-(methylsulfinyl)-
2H-chromen-2-one, Scheme 1A) was identified as an off-on Msr
fluorescent probe with a >100-fold increase in the emission
intensity and has been applied for monitoring Msr activity in
different cell lines. We also used Msr-blue to disclose the
compromised Msr activity in a Parkinson’s disease model.""
Dr Makukhin et al. used a chiral starting material to construct
the optically pure probe, (S)-Sulfox-1, to monitor Msr A activity
in bacterial cells."> Both (S)-Sulfox-1 and Msr-blue still bear
some limitations. For example, the emission wavelength of
Msr-blue is short (438 nm), the reduction of the probe by Msr
is slow (>2 h), a large amount of enzyme is required to activate
(S)-Sulfox-1, and there is only a weak enhancement in the
fluorescence signal after (S)-Sulfox-1 reduction. Therefore, the
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Scheme 1 The structures of the Msr probes, (A) Msr-blue and (B) Msr-Ratio.
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development of novel Msr probes with improved properties is
urgently needed. Herein, we reported the synthesis and char-
acterization of 2-(4-(methylsulfinyl)styryl)-4H-chromen-4-one
(named Msr-Ratio and shown in Scheme 1B) as a ratiometric
Msr fluorescent probe. The probe displays multiple favorable
properties such as nearly 400-fold fluorescence change, a fast
response rate (<30 min), a large Stokes shift (120 nm), and
green emission (550 nm). Msr-Ratio is able to image Msr activity
in different types of live cells.

Msr-Ratio was synthesized in two steps according to the
published procedures (Scheme S1, ESIT).*>*® The structure of
the probe and synthetic intermediates were fully characterized
by "H-NMR, "*C-NMR and MS (Fig. S1-S5, ESIt). The purity
of the Msr-Ratio probe was determined to be 99% by HPLC
(Fig. S6, ESIY)

We first investigated the UV spectra of the Msr-Ratio probe
and its sulfide form (compound 2, Fig. S7 and S8, ESIt). We
selected the maximum absorption band for the sulfide form at
375 nm as the excitation wavelength. We then investigated
whether dithiothreitol (DTT) would cause interferences in the
assay as some molecules with a methyl sulfoxide group can be
directly reduced by DTT."" Fortunately, there were no interferences
under different DTT concentrations from 1 mM to 20 mM (Fig. S9,
ESIT). We chose a 5 mM DTT concentration for all assays, which
was consistent with our previous work."" To our delight, the
detailed fluorescence spectral studies showed that Msr-Ratio dis-
played a ratiometric character towards Msr in the presence of DTT
in TE buffer (50 mM Tris-HCl, 1 mM EDTA buffer, pH = 7.40,
37 °C). The time-dependent fluorescence response of Msr-Ratio to
the enzyme is depicted in Fig. 1A. Msr-Ratio emitted a weak
fluorescence at 430 nm (fluorescence quantum yield, ®, was too
low to be detected). As the enzymatic reaction progressed, the
emission at 430 nm slightly decreased while a new emission at
550 nm remarkably increased (@ = 5.19%). These findings are
well-matched with the spectrum of its sulfide form (Fig. S10,
ESIT). The fluorescence spectra had a common intersection
point at 457 nm. For clear observation, the amplified image of
the wavelength peak from 380 to 470 nm is shown in Fig. S11
(ESIT). The ratio of Fss50/F430 changed from 0.134 to 51.4 with a
384-fold difference. Ratiometric fluorescent probes are superior
to other probes that are merely based on fluorescence increases
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Fig. 1 Spectral changes of Msr-Ratio towards Msr/DTT in TE buffer. (A) Time
course of Msr-Ratio (10 uM) fluorescence changes in the presence of Msr A
(200 NM) and DTT (5 mM). Inset: Fluorescence changes of Fsso/F430. (B) Time-
and dose-dependent fluorescence response of Msr-Ratio in the presence of
DTT (5 mM) and Msr A (0-200 nM). F/Fy was determined (Zex = 375 nm and
Jem = 550 nm).
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or decreases because they have two different emission wavelengths
and are measured by the ratio of the fluorescence intensities, which
can provide a built-in correction for environmental effects.’”*° The
fluorescence emission intensity was also collected at various
enzyme concentrations (0-200 nM) and is shown in Fig. 1B. The
fluorescence reached saturation levels within 30 minutes when
the probe was incubated with 200 nM of the enzyme, indicating
that the Msr-Ratio probe had a fast response rate. The detection
limit for the probe was 2.07 nM according to the reported
method (Fig. S12, ESIT).*® The fluorescent spectral changes
demonstrated that the Msr-Ratio probe had a good fluorescence
response towards Msr. This can be ascribed to the reduction of
the methyl sulfoxide to the methyl sulfide group by the enzyme,
which enabled the transformation of an electron withdrawing
group to an electron donating group and thus enhanced the ICT
process.

In order to further confirm the proposed mechanism, ie.,
the fluorescence response was due to the conversion of the methyl
sulfoxide group to the methyl sulfide group by the enzyme, we
carried out HPLC assays of the reaction. As shown in Fig. 24,
Msr-Ratio was converted to its corresponding sulfide form by
Msr. Additional HPLC assays were performed to monitor the
time-dependent enzymatic reaction. We monitored the conversion
of Msr-Ratio by incubating the probe with Msr and DTT in TE
buffer at different time points (5, 10, 20, 40, 80, and 120 min) as
shown in Fig. 2B. After Msr-Ratio was incubated with Msr/DTT for
40 minutes, more than 40% of Msr-Ratio (~4.22 uM) converted to
its corresponding sulfide form (more than 40%, ~4.19 pM),
indicating a clean conversion of the probe to its sulfide form.
Msr-Ratio was a racemic mixture containing both S-epimers and R-
epimers. The enzyme used here was Msr A, which can only
transform S-epimers into its sulfide form. The remaining amount
of Msr-Ratio was about half the initial amount of Msr-Ratio,
indicating that the probe may have been completely converted to
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Fig. 2 (A) HPLC analysis of the Msr-Ratio conversion by Msr A/DTT in TE
buffer. (B) Time course for the conversion of Msr-Ratio (10 uM) to the
corresponding sulfide form (compound 2) in the presence of Msr A
(200 nM) and DTT (5 mM) by HPLC. (C) Comparison of the conversion
of Msr-Ratio and Msr-blue in the presence of DTT (5 mM) and Msr A
(200 nM) by HPLC.
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the sulfide form by the Msr enzymes. Subsequently, we performed
additional HPLC assays to compare the response time for the
enzymatic conversion of Msr-Ratio and Msr-blue under the same
conditions. As illustrated in Fig. 2C, the Msr-Ratio showed a faster
response time towards the enzyme compared to Msr-blue.

To verify the applications of the Msr-Ratio for the analysis of
intracellular Msr activity, we performed selectivity experiments
towards various reducing species. As shown in Fig. 3A, only Msr
turned on the fluorescence with nearly a 101-fold increase.
Under the same experimental conditions, none of the tested
reducing agents turned on the fluorescence, including various
small molecule thiols, glutathione reductase (GR), thioredoxin
(Trx), thioredoxin reductase (TrxR), bovine serum albumin (BSA),
ascorbate, and tris(2-carboxyethyl)phosphine (TCEP). Next, we
examined the Msr activity in cell lysates from HL60 cells. In
Fig. 3B and C, the fluorescence displayed a gradual enhancement
during the incubation of Msr-Ratio with the lysate and
DTT. DMSO and MetSO are well-known Msr inhibitors.”® The
reduction of Msr-Ratio by the cell extract was inhibited by both

(A) (D)

400 4 The cell

80 E

£ 300 -

60 ] 3 ]

- £ O 200 -

w _ 3 3

L0 852, 100 -

25¢% E

20 acsta 0 -

I 4 > X<coSagw
JH88EEEERECRERE 0w v v w
Probe for 4h

(8) 7 400
——0 =

6 —+—0.004% DMSO 3 300
—4—0.01% DMSO 38

§1 —v—0.02% DMSO / 200

&,4 —<— Control //:/' 100 4
Z g /_/' .//4 0

- / v
-~ _— 2 3 " s
) S ;‘:‘/ 10 10 10 10
' A 500

A ——————————— Probe for 12h
400
0 20 40 60 80 100 120 .
Time (min) 3 300
©) 7 © 200
——0 mM MetSO
64 —— 0.2 mM MetSO 100 3
—— 0.4 mM MetSO =
51 ——1 mM Metso " " " "
4] —2mM Metso 10° 10° 10° 10°
E —— Control o
s 400 0.05%DMSO
2 - 300 Probe for 4h
1
0 20 40 60 8 100 120
(E) Time (min)
12h -
14000 102 10° 10¢ 108
12000
)

10000 400 0.5%DMSO
2 5000 = 300 Probe for 4h
g 5
£ e000 8 200

4000
4h 100
2000 0.05%
ﬁ 0.5%
ol==mm | | 0-
Cell " probe  DMSO +Probe 4h 102 100 10 108

Fig. 3 Selective reduction of Msr-Ratio by Msr. (A) Fluorescence response
of the Msr-Ratio probe (10 uM) towards different analytes, including Msr A
(120 nM) with DTT (5 mM) and small molecules (1 mM) or proteins
(20 ug mL™* GR, 1 mg mL~! BSA, 0.2 mM NADPH, 80 pug mL™! Trx, and
200 nM TrxR), recorded at 0.5 h. F/Fy was determined (lex = 375 nm and
Aem = 550 nm). Inhibition of the HL60 lysate-mediated Msr-Ratio
reduction by DMSO (B) and MetSO (C). (D and E) Flow cytometric analysis
of the monitored Msr cellular activity. Top to bottom: the cells, the cells
incubated with the probe for 4 h, the cells incubated with the probe for
12 h, and the cells incubated with the probe for 4 h before pre-treatment
with different amounts of DMSO (0.05% and 0.5%).
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DMSO and MetSO, suggesting that the reduction of Msr-Ratio
was from Msr enzymes in the cell lysate. The corresponding
spectra for Msr-Ratio treatment with the cell lysate in the
presence of DMSO or MetSO are shown in Fig. S13 and S14
(ESIY), respectively. Compared to the treatment with pure
Msr A, the emission wavelength was affected and the ratio-
metric character was no longer pronounced. This was mainly
because the components of the cell lysate were intricate and
had a fluorescence background. Results from the flow cyto-
metric analysis reveal that Msr-Ratio can be effectively reduced
by Msr enzymes in live cells. The time-dependent enhancement
of the fluorescence intensity and its inhibition by DMSO are
shown in Fig. 3D and E, respectively. All these results demonstrate
that Msr-Ratio has a high selectivity for Msr and the potential to
monitor Msr in live cells.

We further explored Msr-Ratio to visually observe Msr
activity in live cells. As shown in Fig. 4, there was a very weak
background signal in live HL60 cells after the addition of the
probe. As the Msr-Ratio (10 uM) incubation time increased in
cells from 0 to 8 h, the fluorescence signal constantly strengthened,
which was consistent with the flow cytometric analysis results as
shown in Fig. 3D. If the cells were treated with DMSO (2%) for 0.5 h
prior to the addition of Msr-Ratio, the fluorescence signal was
almost completely inhibited. Herein, we note that a blue fluores-
cence was observed although the probe had a fluorescence response
at 550 nm. This result was mainly because under the light source
excitation at 375 nm, the fluorescence microscope could only collect
a blue fluorescence imaging signal. The imaging of Msr activity in
293T cells and its inhibition by DMSO were also demonstrated
(Fig. S15, ESIF). All these results suggest that Msr-Ratio is
suitable for imaging cellular Msr activity.

To explore the application of Msr-Ratio in biological samples,
we used the probe to measure the Msr activity in different organs
of a mouse, including liver, spleen, kidney, brain and heart. The
fluorescence assay is shown in Fig. 5A and Fig. S16 (ESIt). The
trend for the Msr activity was kidney > liver > heart ~ brain ~
spleen. These results matched well with the results from the
western blot assay reported in our previous work." We selected
the kidney lysate to measure the reduction of Msr-Ratio in the
presence of the Msr inhibitors, DMSO and MetSO (Fig. S17 and
S18, ESIt), thus revealing the highly selective reduction of
Msr-Ratio by Msr. To confirm the specific reduction of Msr-Ratio
by Msr, we determined the reduction of Msr-Ratio with mouse
kidney lysates before and after an Msr A immune-depletion. The
removal of Msr A from the lysate significantly reduced the
fluorescence intensity (Fig. 5B), demonstrating the essential
role of Msr in the reduction of Msr-Ratio. The Msr-Ratio

Control 1h 2h 4h 6h 8h DMSO

Fig. 4 Msr activity imaging in HL60 cells.
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Fig. 5 (A) Fluorescence response of Msr-Ratio incubated with Msr activity
in the organs of a mouse. (B) Msr-Ratio reduction by mouse kidney lysate
before and after Msr A immunoprecipitation (IP).

reduction activity in the lysate after the immune-removal of
Msr A is likely from Msr B and other isoforms of Msr, as the
Msr A antibody does not cross-react with other Msr enzymes.
Overall, the results support that Msr-Ratio is a specific fluoro-
genic substrate of Msr.

In conclusion, Msr-Ratio, a novel Msr fluorescent probe with a
ratiometric characteristic and improved properties was developed.
The probe demonstrated an outstanding capability for selectively
monitoring the Msr activity. Msr-Ratio is able to determine the Msr
activity in biological samples and image Msr functions in different
types of live cells.
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