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ABSTRACT: Protein vicinal dithiols play fundamental roles in intracellular redox i3
homeostasis due to their involvement in protein synthesis and function through the VT, 540 nm
reversible vicinal dithiol oxidation to disulfide. To provide quantitative information SN\ o o
about the global distribution and dynamic changes of protein vicinal dithiols in living ~ ~"~°° oW, /\o)kn/vn@::wo\ﬂz:
cells, we have designed and synthesized a ratiometric fluorescent probe (VTAF) for Y K °c

trapping of vicinal dithiol-containing proteins (VDPs) in living cells. VTAF exhibits a 7
ratiometric fluorescence signal upon single excitation, which enables self-calibration
of the fluorescence signal and quantification of endogenous vicinal dithiols of VDPs. s ° .
Its potential for in situ dynamic tracing of changes of protein vicinal dithiols under q[:

s [

different cellular redox conditions was exemplified. VTAF facilitated the direct
observation of subcellular distribution of endogenous VDPs via ratiometric
fluorescence imaging and colocalization assay. And the results suggested that there
are abundant VDPs in mitochondria. Moreover, some redox-sensitive VDPs are also
present on cell surface which can respond to redox stimulus. This ratiometric fluorescence technique presents an important
extension to previous fluorescence intensity-based probes for trapping and quantifying protein vicinal dithiols in living cells, as
well as its visible dynamic tracing of VDPs.
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B INTRODUCTION

approach has identified some new vicinal dithiol-containing

Redox-based post-translational modification of protein thiols
plays fundamental roles in cellular homeostasis and cell
signaling,'* and reversible protein vicinal dithiol oxidation to
disulfide holds a particularly prominent position due to its
involvements in protein synthesis and function, and
implications in cancer,”® diabetes,’ platelet function,® human
immunodeficiency virus type 1 (HIV-1),"""" neurodegenera-
tion,"* and so forth. Apart from its special role as the redox
center, the protein vicinal dithiols are also a key linking center
for formation and stabilization of protein structures during the
protein post-translational modification, which is considered to
be closely related to protein functions."*™'¢ Therefore,
trapping and identifying cellular protein vicinal dithiols levels
are valuable not only for further investigation of the protein
post-translational modifications, but also for the redox related
disease diagnosis and pathophysiology elucidation.'”

Since trivalent arsenicals can selectively interact with
protein vicinal dithiols, p-aminophenylarsenoxide (PAO) and
thiol alkylation agents have been widely used to estimate
different concentrations of monothiol and total thiol groups
through selective labeling of vicinal dithiols with PAO, then
the protein vicinal dithiols can be quantified by another thiol
alkylation agent after removal of PAO.'" This common
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proteins (VDPs) in cell lysate. Additionally, arsenite (III)-
affinity chromatography,'”™' biotinylated conjugates of
PAO,**** and dimaleimide fluorogens have also been
introduced to make the proteomic study of VDPs with
different possible functions (Supporting Information Scheme
S1). However, these methods focused on developing strategies
for unveiling VDPs in cell lysate and cannot collect more
information about the global distribution and dynamic
changes of endogenous VDPs in situ. Thus, in order to
investigate the essential roles of protein vicinal dithiols in
cellular redox homeostasis and protein function in living cells,
the vicinal dithols of VDPs should be specifically labeled and
trapped ideally in living cells prior to cell lysate™
Previously, we developed a highly selective fluorescent
probe (NPE) based on 2-p-aminophenyl-1,3,2-dithiarsenolane
(VTA2) and naphthalimide, which could enable an in situ
imaging of VDPs through the direct fluorescence readout.”
Most recently, a monoarsenical fluorescent probe
(TRAP_Cy3) based on cyanine chromophore has also been
exploited to identify that protein vicinal dithiols can decrease
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oxidative protein damage in adaptive microbial responses.”®
TRAP_Cy3 and NPE can trace the redox response of protein
vicinal dithiols within living cells. However, a potential
drawback of these chemical probes is the background
fluorescence from unreacted or nonspecifically bound probes.
A long washing procedure (at least 15 min) is needed to
remove the unbound probes in order to reduce the
fluorescence background, which might make measurements
prone to artifacts. Moreover, although the endogenous VDPs
have been visualized by labeled fluorescent probes, the
fluorescence-intensity based signal may be obstructed by the
probe’s concentration, inhomogeneous cellular distribution,
variations in excitation intensity, sample thickness, and other
environment factors such as changes in pH and temperature,
thus diminishing its capacity to provide more accurate and
quantitative information about dynamic changes of vicinal
dithiols on VDPs in living cells. Comparatively, ratiometric
fluorescent probes are of considerable practical value for
reducing the influence of above factors since the detectable
signal can be reflected through the ratio of emission intensity
at two wavelengths.27_31

Herein, we report a ratiometric fluorescent probe (VTAF)
based on fluorescence resonance energy transfer (FRET)
mechanism for endogenous VDPs and exemplify its potentials
for imaging protein vicinal dithiols in in vitro studies. VITAF
exhibits a ratiometric fluorescence signal upon single
excitation, which enables self-calibration of the fluorescence
signal and quantification of endogenous vicinal dithiols of
VDPs within live cells. As a result, the VDPs are specifically
labeled by a coumarin fluorophore after their interaction with
VTAF. Because the emissions of VIAF and fluorescently
labeled VDPs are different, unreacted VITAF does not need to
be washed out (Scheme 1). To our knowledge, VTAF is the
first ratiometric fluorescent probe for trapping endogenous
VDPs in live cells.

Scheme 1. (a) Chemical Structures of VTAF and VTAFC;
(b) Design Strategy of VTAF for Selective and Ratiometric
Measurements of VDPs
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B RESULTS AND DISCUSSION

Design and Synthesis of VTAF. Our investigation begins
with design and synthesis of a selective and ratiometric VDPs-
responsive fluorescent probe based on FRET mechanism. We
have previously synthesized a highly selective receptor (2-p-
aminophenyl-1,3,2-dithiarsenolane (VTA2)) for VDPs based
on the specific interaction of trivalent arsenic with protein
vicinal dithiols, while monothiols of protein have much lower
affinity.*> VTA2 displayed high stability and biocompatibility
(higher cell permeability and lower toxicity) compared to
PAO through introduction of a 1,2-ethanedithiol on the
structure of PAO.*>** We envisioned that a FRET platform
was constructed by combining two fluorophores to the
trivalent arsenic based receptor with similar structure to
VTA2. These two fluorophores were the energy donor and
acceptor of a FRET pair. Thus, we designed the target probe
VTAF (Scheme 1), which bears a coumarin and a
naphthalimide for signal transduction, and the aforementioned
arsenic moiety (VTAF1, Supporting Information Scheme S2)
for selective interaction with VDPs. When excited at 405 nm,
the FRET will move from the coumarin to the naphthalimide.
After vicinal dithiols on VDPs selectively interchange with 2,3-
dimercaptopropanol moiety of VTAF, two fluorophores are
no longer in proximity, which is essential for efficiency, and
hence, FRET is prohibited (Scheme 1). Thus, the ratiometric
signal will be related to VDPs. Meanwhile, VDPs will also be
specifically labeled by coumarin moiety, which will make the
in situ tracing and further proteomic study of VDPs possible.
As the fluorescence signal of coumarin moiety was released
after the VDPs were specifically labeled by VTAF, a wash-out
of the unreacted probe is no longer necessary.

The synthetic route for preparing VTAF was depicted in
Supporting Information Scheme S2. First, protecting group
2,3-dimercaptopropanol was introduced into PAO to furnish
VTAF1, which was further modified by coumarin (FRET
donor) and 1,8-naphthalimide (FRET acceptor). The
integration of two diglycol amine groups at 4,5-position of
1,8-naphthalimide can tune the hydrophilicity and lipophilicity
of VTAF, which enables both the water solubility and cell-
permeability of the probe. VITAF was synthesized in nine
steps under mild conditions. Similarly, a control probe
without trivalent arsenic group (VTAFC, Scheme la) was
also synthesized (Supporting Information Scheme S3).

Spectroscopic Properties and Optical Responses to
VDPs. A pH titration was conducted. As displayed by the
emission at 540 and 470 nm, respectively, negligible
fluorescence changes were observed during the pH range of
6—10 (Supporting Information Figure S1). Thus, a PBS buffer
(10 mM PBS, S mM EDTA, pH 74, 0.5% DMSO) was
chosen as the test medium in the molecular level assay.
Meanwhile, a stability test for VTAF in PBS buffer was also
conducted to check whether the urethane group of VTAF will
be hydrolyzed by water at neutral pH. As shown in
Supporting Information Figure S2, no fluorescence changes
were observed, which indicated that VTAF was not
hydrolyzed even after 3 h. Next, the fluorescence response
of VTAF toward VDPs was tested. Reduced bovine serum
albumin (rBSA) was taken as the model VDPs. There were
about 17 pairs of vicinal thiols in rBSA after the BSA was
treated with reducing agent dithiothreitol (DTT). As shown
in Figure la, upon addition of 1 equiv amount of rBSA,
fluorescence emission centered at 470 nm increased
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Figure 1. (A) Time-dependent fluorescence response of VTAF (2
uM) to 1 equiv rBSA (2 uM) in PBS buffer. (B) Ratiometric
fluorescence response of VTAF (2 uM) to different concentrations
of rBSA in PBS buffer. (C) Ratiometric determination of rBSA by
calculation of ratio of emission intensity at 470 and 540 nm. (D)
Linear relationship between ratio and concentration of rBSA (from
0.14 to 1.6 uM). 4, =405 nm. Error bars (SD) represent three
independent experiments; log(ratio) = log(ratio I,;o/Iss), rBSA =
reduced BSA (with vicinal dithiols).

remarkably with a concomitant minor increase of fluorescence
emission at 540 nm under the excitation wavelength at 405
nm. It was observed that the fluorescence intensity changed
immediately and then reached a plateau within 60 min. This
result demonstrates that VTAF interacts with rBSA very fast
in the beginning, and then reached equilibrium. Control probe
VTAFC was also applied for the interaction with rBSA. As
suggested in Supporting Information Figure S3, negligible
changes in the fluorescence signal were observed in the
presence of 1 equiv of rBSA, even the reaction time extended
to 60 min. These results indicated that the trivalent arsenic
moiety of VTAF was needed for its selective interaction with
VDPs. In the following molecular-based assays, the detection
was allowed to react for 60 min. To test the sensitivity of
VTAF for rBSA, the changes in fluorescence emission were
recorded upon gradual addition of rBSA (from 0 to 2 uM).
Excitation at 405 nm produces a fluorescence spectrum
featuring one dominant emission band centered at 470 nm
(Figure 1b). When the amount of rBSA increased to 2 uM,
fluorescence changes at 470 nm reached a plateau, which can
be directly reflected by the fluorescence ratio of emission at
470 and 540 nm (ratio I/l Figure 1c). From the
concentration-dependent ratio changes, the detection limit of
VTAF for rBSA was determined to be 0.14 yM. Then, we
take the logarithm of ratio I,;,/Is4 and concentration of
rBSA, which was defined as log (ratio I;;/Is4) and
log(rBSA), respectively. Through a linear regression by Origin
8.0 software, a linear relationship between log(ratio Iy;0/Iss0)
and log(rBSA) was observed (Figure 1d). Hence, a linear
relationship between changes of ratio I,;/Is4 and the
concentrations of rBSA (changes from 0.14 to 1.6 uM,
Figure 1c,d) can be deduced. The obtained linear curve makes
quantitative detection of rBSA very convenient over this
concentration range. This also presents a platform for
quantitative determination of VDPs by using VTAF.

To test whether other biological analytes could interfere
with this detection, fluorescence responses of VITAF for some
small amino acids (or peptide) were also studied. As shown in
Figure 2a, no significant fluorescence changes of VTAF were
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Figure 2. Selectivity of VTAF to rBSA. (A) Changes in fluorescence
emission spectra of VTAF (1 uM) with addition of rBSA (1 uM)
and other small amino acids (100 uM) after 60 min in PBS buffer.
(B). Changes in fluorescence emission of VTAF (2 uM) with
addition of rBSA (2 uM) and oBSA (2 uM). (C) Ratio changes in
fluorescence intensity (based on the peak heights at the maxima, 470
and 540 nm, respectively) with addition of rBSA and other
interfering reagents after 60 min. A, = 405 nm. Error bars (SD)
represent three independent experiments. (D) Selectivity of VTAF to
VDPs was identified by SDS-PAGE. rBSA = reduced BSA (with
vicinal dithiols), o0BSA = oxidized BSA (without vicinal dithiols).

observed in the presence of 100-fold amounts of different
common amino acids (or peptide) such as cysteine (Cys),
homocysteine (Hcy), glutathione (GSH), etc. In contrast,
upon addition of 1 equiv of rBSA, a blue shift of about 70 nm
can be observed. Similarly, 1 equiv of oxidized BSA (oBSA,
which was treated with hydrogen peroxide as an oxidant to
remove vicinal dithiols on BSA) also induced negligible
fluorescence changes of VTAF (Figure 2b). These results can
be recorded by the ratio changes of fluorescence intensity
(Ratio I,7¢/Is4, Figure 2c), from which the high selectivity of
VTAF to rBSA can be clearly observed. The ratio of
fluorescence intensities at 470 and 540 nm varies from 0.5
(in the absence of rBSA) to 3.2 (in the presence of rBSA)
with a 6-fold increase. Other common biological analytes
(even the concentration was 100-fold excess over VTAF)
exhibited no discernible ratio changes. Specifically, the
ratiometric sensing of rBSA is unperturbed by the varied
concentrations of VTAF (Supporting Information Figure $4).
These data demonstrated that VTAF represents a more
accurate probe for determination of VDPs through the
ratiometric signals. Meanwhile, electrophoresis studies were
also carried out to further identify the high selectivity of
VTAF to VDPs. A fluorescent band was observed only in the
lane loaded with rBSA and VTAF, whereas the lane loaded
with oBSA and VTAF exhibited no fluorescence signal.
Coomassie Brilliant Blue (CBB) staining demonstrated that
the fluorescent band was related to the formations of rBSA—
probe complex (Figure 2d). There was no fluorescent band
observed when VTAFC, which lacks of the cyclic dithiaarsane
moiety, was used for labeling. These results indicated that the
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cyclic dithiaarsane moiety in VIAF was cleaved by vicinal
dithiols of rBSA, and the coumarin moiety was attached to
rBSA through the interaction of vicinal dithiols of rBSA with
trivalent arsenic of coumarin moiety (Scheme 1). All these
results demonstrated that VITAF was a highly selective
fluorescent probe for VDPs.

In Situ Imaging of Endogenous VDPs with VTAF in
Live Cells. We then explored whether VTAF could be used
to detect the endogenous VDPs in live cells. Previously, some
different VDPs have been unveiled in MCF-7 cells, and these
VDPs are found to be related with redox regulation.34 Thus,
we performed the ratiometric imaging of endogenous VDPs in
living MCEF-7 cells by confocal microscopy. Initially, the
cytotoxicity of VTAF was tested by MTT assay. As
demonstrated in Supporting Information Figure SS, above
90% of MCEF-7 cells survived after the cells were incubated
with 5 uM of VTAF for 12 h, and after 24 h, the cell viability
remained at 85%, which indicated the very low cytotoxicity of
VTAF when it was used in 5 yM. Thus, concentration of
VTAF was taken as S uM for the next cell imaging
experiments. Then incubation of MCF-7 with VTAF at §
UM was conducted for 30 min at 37 °C. The fluorescence
signal was collected before removal of extracellular free VTAF.
Upon excitation by 405 nm laser line, a strong fluorescence
signal at coumarin channel (emission signal was collected at
450—490 nm) and a relatively weak fluorescence signal at
naphthalimide channel (emission signal was collected at 530—
590 nm) were observed (Figure 3a, top). When VTAF was
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Figure 3. (A) In situ fluorescence imaging of cellular VDPs in MCF-
7 cells. VTAF and VTAFC: Cells were treated with S yuM of VTAF
and VTAFC, respectively. VTAF + PAO: VTAF was coincubated
with 25 uM PAO in cells. Fluorescence was collected at coumarin
channel, 450—490 nm (left, green); naphthalimide channel, $30—590
nm (middle, yellow) upon excitation by 405 nm laser line. Scale bar,
75 pum. (B) Semiquantitative determination of endogenous VDPs in
MCEF-7 cells according to the ratio of averaged fluorescence intensity
of coumarin channel (450—490 nm) to naphthalimide channel
(530—590 nm). The semiquantitative calculation was conducted by
Image]J software. Error bars represent SD.

coincubated with PAO at 25 yM in live cells, the fluorescence
signal at coumarin channel decreased with the increase of
fluorescence signal at naphthalimide channel (Figure 3a,
middle). Treatment of cells with VTAFC (5 uM) leads to
negligible fluorescence signal at coumarin channel and strong
fluorescence signal at naphthalimide channel (Figure 3a,
bottom). The semiquantitative calculation of ratio of
coumarin channel to naphthalimide channel at averaged
emission intensity was further conducted. As suggested in
Figure 3b, the high ratio for VTAF-loaded cells indicates that

MCE-7 cells contain a high level of VDPs. An approximately
5-fold decrease in ratio for cells treated with VTAF and PAO
was observed, which reveals that the labeling of cellular VDPs
was inhibited by PAO through the competitive binding of
PAO with vicinal dithiols on VDPs. The ratio of cells treated
with VTAFC was about 0.21, which is approximately 12-fold
decrease compared to the VTAF-loaded cells. These results
demonstrated that VTAF was a highly selective and effective
tool for ratiometric trapping of endogenous VDPs in live cells.

In the case of protein labeling in live cells, many developed
labeling technologies based on synthetic small fluorescent
probes need a “washout” procedure to remove intracellular
free probes. Herein, VTAF can specifically label endogenous
VDPs without long-time washing procedure. In the specific
protocol, cells were incubated with VTAF in a fresh medium
(serum-free DMEM) for 30 min. After the culture medium
was replaced with fresh PBS to remove extracellular free
VTATF, cell images were conducted under confocal microscopy
immediately. A clear strong fluorescence signal at coumarin
channel and a relatively weak fluorescence signal at
naphthalimide channel were observed (Supporting Informa-
tion Figure S6, Bottom). In addition, the procedure for
replacing culture medium with fresh PBS is applied to remove
extracellular free VTAF, which will make the semiquantitative
determination of averaged fluorescence intensity at naph-
thalimide channel more accurate. As indicated in Supporting
Information Figure S6 (top), before the culture medium was
replaced with fresh PBS, there were no changes in the
fluorescence signal from cells at both coumarin and
naphthalimide channel except that some extracellular yellow
spots were removed, which will be beneficial for ratiometric
quantitative determination of endogenous VDPs in live cells.
Accordingly, VTAF can specifically label endogenous VDPs in
live cells without long-time washing procedure. Additionally,
live cells were incubated with VTAF in a fresh medium
(serum-free DMEM) without wash procedure, then the cell
imaging of endogenous VDPs was conducted directly under
confocal microscopy for continuous observation of fluores-
cence signal at both coumarin channel and naphthalimide
channel at the time point of 30, 45, and 60 min, respectively.
As shown in Supporting Information Figure S7, the
fluorescence signal at both coumarin channel and naphthali-
mide channel did not change at the time of 30, 45, and 60
min, respectively. Especially for the fluorescence signal at
naphthalimide channel, there is no increase in the extracellular
fluorescence intensity. Similarly, no loss of intracellular
fluorescence intensity was observed at the naphthalimde
channel. Thus, this result demonstrated that the naphthali-
mide unit might not be excluded by cells after the
naphthalimide unit leaves from the coumarin units in
VTAF. And the cellular concentration of naphthalimide unit
did not change after the interaction of VITAF with VDDPs,
which could enable an accurate semiquantitative analysis in
live cells. Through the semiquantitative calculation, there was
no significant difference in the ratio at the time point of 30
and 60 min, respectively (Supporting Information Figure S8).
This result confirmed that the interaction between VTAF and
endogenous VDPs in live cells is completed in 30 min.
Compared to the relatively slow response time of VTAF to
rBSA (about 1 h), we deduced that the interaction between
VTAF and VDPs is a dynamic equilibrium (please see the
detailed discussion in the Supporting Information).
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Dynamic Tracing of Endogenous VDPs with VTAF in
Live Cells. The successful use of VTAF for trapping of
endogenous VDPs prompted us to apply this probe for the
monitoring of dynamic changes of VDPs under a redox
stimulus in living cells. Diamide is a commonly used thiol
oxidant that can oxidize protein vicinal thiols to disulfide.*®
After VTAF and diamide were coincubated in MCF-7 cells,
the fluorescence intensity at coumarin channel decreased and
an increase in fluorescence intensity at naphthalimide channel
was observed (Figure 4a, VTAF+Diamide). Semiquantitative

a)

VTAF

b)

VTAF + Diamide

Ratio

VTAF+
DTT (later loading)

DDT pretreated
+VTAF

Figure 4. Dynamic tracing of VDPs under redox reagents stimulus in
live cells according to ratiometric fluorescence change (coumarin
channel (450—490 nm)/naphthalimide channel (530—590 nm)). (A)
Ratiometric fluorescence imaging of VDPs in live cells. Excitation
wavelength: 405 nm. Emission collection: coumarin channel, 450—
490 nm (left, green); naphthalimide channel, 530—590 nm (middle,
yellow). Scale bar, 75 pm. (B) Semiquantitative determination of
endogenous VDPs in MCF-7 cells according to ratio of averaged
fluorescence intensity at coumarin channel (450—490 nm) and
naphthalimide channel (530—590 nm). VTAF, VTAF + Diamide:
cells loaded with VTAF, VTAF and Diamide, respectively. VTAF +
DTT (P): cells pretreated with DTT (10 mM) for 10 min, then
loaded with VTAF. VTAF + DTT (L): cells loaded with VTAF first
and incubation for 10 min, then DTT was loaded. VTAF (S uM ),
DTT (10 mM), and Diamide (50 pM) were used in these
experiments. Error bars represent SD.

determination clearly demonstrated that about 1.8-fold
decrease in ratios of fluorescence intensity was observed,
compared to no diamide treated cells (Figure 4b, VTAF +
Diamide), which indicated that levels of protein vicinal thiols
decreased owning to the formation of disulfide under the
oxidant stimulus. Similarly, cells were loaded with S uM
VTAF, followed by exposure to 10 mM DTT 10 min later.
After incubation for another 20 min, the fluorescence signal at
coumarin channel was a little brighter and fluorescence
intensity at naphthalimide channel decreased to baseline levels
(Figure 4a, VTAF + DTT (later loading)). The observed ratio
increase was about 1.3-fold compared to DTT untreated cells
(Figure 4b, VTAF + DTT (L)). These data demonstrated
that VTAF can trace the changes of VDPs under different
cellular redox states. Thus, VITAF can be applied for
identifying and studying the levels of cellular protein vicinal
dithiols that play key roles in cellular redox homeostasis,
which is of considerable significance for both VDPs related
disease diagnosis and exploration of its diverse pathophysiol-

ogy.

14241

Through the plot analysis of regions of interest (ROI)
across MCEF-7 cells, it is noteworthy that the MCF-7 cell
membrane exhibited brighter fluorescence at coumarin
channel when the cells were loaded with S uM VTAF,
followed by exposure to 10 mM DTT 10 min later (Figure
Sb), which may indicate an increase in levels of protein vicinal

a) pretreated with DTT  b) later loading of DTT c¢) without DTT treated
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Figure S. Top: Fluorescence imaging of live cells with VTAF. Scale
bar 75 um. Middle: Plot analysis of regions of interest (ROI) across
MCEF-7 cells. Excitation wavelength: 405 nm. Emission collection:
450—490 nm (coumarin channel). Bottom: Intensity profile of linear
ROI across MCF-7 cells. ROI was conducted by Image] software.
Pretreated with DTT: cells pretreated with DTT (10 mM) for 10
min, then loaded with VTAF. Later loading of DTT: cells loaded
with VTAF first and incubation for 10 min, then DTT was loaded.
VTAF (5 uM) and DTT (10 mM) were used in these experiments.

dithiols in cell membrane. To further investigate whether
there is an increase in levels of protein vicinal thiols in living
cell membrane under reductant stimulus, the cells were
preincubated with 10 mM DTT for 10 min, then 5 yuM VTAF
was loaded and incubated for another 20 min. As suggested in
Figure 4a (DTT pretreated + VTAF) and Figure Sa
(pretreated with DTT), fluorescence signal at coumarin
channel increased along the cell membranes while the
cytoplasm exhibited very weak fluorescence signal compared
to DTT-untreated cells (Figure Sc). A comparison of enlarged
images based on plot analysis of ROI and intensity profile of
linear ROI across MCF-7 cells (Figure S, middle and bottom)
further demonstrated that fluorescence signal on MCF-7 cell
membranes increased under DTT stimulus. Similarly, the ratio
value of coumarin channel/naphthalimide channel also
increased to about 4.0 (Figure 4b, VTAF + DTT (P)),
which was 1.6-fold compared to DTT untreated cells. This
result displayed an interesting phenomenon and we speculated
that DTT pretreatment makes some more redox-sensitive
protein disulfides on cell surface become protein vicinal
dithiols that can be specifically labeled and visualized by
VTAF. This hypothesis can be partially supported by previous
study that reveals the existence of some redox active protein
vicinal dithiols on cell surface.*® This interaction between
redox-sensitive cell-surface protein vicinal dithiols and VTAF
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hinders the probe’s penetration into cells. Then only a little
VTAF enters the cytoplasm and intracellular VDPs are
visualized. Through the plot analysis of ROI across MCEF-7
cells (Figure 5), we can conclude that reductant stimulation
leads to an increase in levels of endogenous protein vicinal
dithiols in MCF-7 cells. Moreover, some redox-sensitive VDPs
are present on cell surface which may regulate the function of
live cells through the reversible protein vicinal dithiols
oxidation to disulfides.

Subcellular Distribution Study of Intracellular VDPs
and Ratiometric Images with VTAF. We have previously
studied the subcellular distribution of intracellular VDPs in
Chang liver cells.** Herein, the localization of intracellular
VDPs was also investigated in live MCF-7 cells. With the use
of confocal microscopy, the fluorescence signal at coumarin
channel displayed a punctuated pattern mainly concentrated
in a small, eccentric perinuclear zone (Figure 6, VTAF;

(detailed information on Pearson’s correlation coefficient can
be found in Supporting Information Figure $10).*”** This
results demonstrated that there are abundant VDPs in the
mitochondria of live MCF-7 cells. As the key organelle for
respiration, mitochondria are particularly susceptible to
oxidative damage,®”*’ and the mitochondrial VDPs may
play a key role in both oxidative damage and redox signaling.
These results were also consistent with previous report that
abundant arsenic-binding proteins in MCF-7 cell lysate were
mitochondrial related proteins.**

Next, ratiometric fluorescence imaging of endogenous
VDPs in live cells was also investigated. The ratio images
were constructed from fluorescence signal of coumarin
channel and naphthalimide channel by using Image] software.
After the cells were treated with VTAF, the subcellular
distribution of endogenous VDPs was observed through the
emission ratio values (Figure 7, ratiometric image). The

VTAF mitochondria overlay

Figure 6. Top: Colocalization of VTAF (5 uM) with Mito-Tracker
Deep Red (50 nM) in live MCF-7 cells. Scale bar 25 ym. Bottom:
enlarged images of single cell stained with VTAF and Mito-Tracker
Deep Red. Scale bar 10 pm. Excitation wavelength for VTAF: 405
nm. Emission collection: coumarin channel, 450—490 nm (VTAF,
green). The excitation of Mito-Tracker Deep red is 633 nm, and
>650 nm emission light was collected (mitochondria, red). Overlay:
the merged images of VTAF and mitochondria (overlay, orange).
Pearson’s correlation coefficient of 0.86 + 0.04 was obtained by
using the JACoP plugin on ImageJ and Image-Pro Plus (IPP 6.0)
software.

Supporting Information Figures S6A and S9A). Meanwhile,
the fluorescence signal in cytoplasm matrix and nucleus was
scarcely observed. By contrast, the weak fluorescence signal at
naphthalimide channel showed a wide pattern in cells
(Supporting Information Figures S6B and S9B). These results
confirmed that the fluorescence signal in punctuated pattern
was mainly from labeled VDPs. And the punctuated pattern
indicated a mitochondrial localization. Then a colocalization
assay was conducted through the coincubation of Mito-
Tracker Deep Red (a commercial probe for specific staining
of mitochondria) with VTAF in live MCF-7 cells. As depicted
in Figure 6, mitochondria were stained by Mito-Tracker Deep
Red and exhibited clear fluorescence signal at red channel
(>650 nm) under excitation at 633 nm. The merged image of
VTAF and mitochondria mainly showed orange fluorescence
signal (Figure 6), which indicates the fluorescence signal at
two channels overlapped well. Quantitative image analysis
showed a high Pearson’s correlation coeflicient of 0.86 + 0.04

A B ratiometric image

Figure 7. Ratiometric fluorescence imaging of endogenous VDPs
with VTAF (S pM) within live cells. Top: confocal ratiometric
images of MCF-7 cells treated with VTAF. Scale bar 25 ym. Bottom:
enlarged ratiometric image of single cells treated with VTAF. Scale
bar 25 um. (A) Fluorescence was collected at 450—490 nm
(coumarin channel, left, green), (B) 530—590 nm (naphthalimide
channel, middle, yellow) upon excitation by 405 nm laser line.
Pseudocolor illustrates the ratio image generated from fluorescence
intensities of coumarin channel to naphthalimide channel. Pseudo-
color: yellow = low ratio, blue = high ratio.

cytoplasm matrix showed the emission ratio value of about
0.9. The punctuated patterns mainly concentrated in a small,
eccentric perinuclear zone displayed emission ratio value of
2.7, which is 3-fold higher than ratio values in cytoplasm
matrix. These results further confirmed that VTAF-labled
VDPs mainly localized in mitochondria. Meanwhile, ratio
value of about 0.9 in cytoplasm matrix suggested low levels of
VDPs were also present in cytoplasm matrix. Thus, the
ratiometric images may enable a better understanding of
subcellualr distribution of endogenous VDPs through the
direct readout of ratio values.

Flow Cytometric Analysis of VDPs in Suspension
Cells with VTAF. Finally, we determined whether VTAF can
be applied in flow cytometric analysis in tracing changes in
levels of intracellular protein vicinal dithiols upon redox
regulation in suspension cells. HL-60 cells (human promye-
locytic leukemia cells) were loaded with VTAF (or VTAFC)
and redox stimulants, respectively. Histograms showed the
intracellular levels of vicinal dithiols on VDPs and

dx.doi.org/10.1021/ja5079656 | J. Am. Chem. Soc. 2014, 136, 14237—14244
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fluorescence signal from VTAF (or VTAFC) labeled VDPs
was collected through a 450/50 band-pass filter with a total of
10* cells assessed (Figure 8 and Supporting Information

a) b)
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Figure 8. (a) Flow cytometric analysis of HL-60 cells loaded with
VTAF and redox stimulants (10 mM DTT and SO M Diamide).
Violet 1 channel: 425—475 nm (450/50 band-pass filter). (b)
Normalized mean fluorescence intensity per cell. Blank: HL-60 cells
loaded without VTAF. VTAF, VTAFC, and VTAF + Diamide: cells
loaded with VTAF, VTAFC, VTAF and Diamide, respectively.
VTAF + DTT: cells loaded with VTAF first and incubation for 10
min, then DTT was loaded and incubation for another 20 min.

Figure S11). Compared to cells treated with VTAFC, a
significant increase in fluorescence intensity was observed
from the histogram of the VTAF-stained HL-60 cells (Figure
8a). In the case of cells loaded with VTAF and diamide, a
decrease in the fluorescence intensity was observed. Similarly,
the higher fluorescence intensity was observed in the VTAF
and DTT treated cells (Figure 8a). Quantification of mean
fluorescence intensity per cell clearly establishes a dynamic
tracing in intracellular levels of proteins’ vicinal dithiols under
redox stimulus (Figure 8b). Notably, these results demon-
strated that VTAF can be used in flow cytometry for
simultaneous quantification of endogenous protein vicinal
dithiols in HL60 cells. Hence, the VTAF-based flow
cytometric analysis may present a new tool for the accurate
evaluation of the roles of vicinal dithiols on VDPs against
oxidative stress, which would be helpful for a Dbetter
understanding of essential roles of protein vicinal dithiols in
inflammation and cancer.

Bl CONCLUSION

In summary, we have presented a ratiometric fluorescent
probe (VTAF) for highly selective detection of endogenous
protein vicinal dithiols in live cells for the first time.
Compared to previous fluorescent probes for VDPs,>>*°
VTAF embodies the quantitative determination of vicinal
dithiols of VDPs through the readout of ratiometric
fluorescence signal. Furthermore, VIAF was applied for
specifically labeling cellular VDPs without washing procedures,
which was beneficial for the in situ trapping of endogenous
VDPs. In particular, the dynamic changes of cellular vicinal
dithiols of VDPs can be traced by VTAF when the cells were
stimulated by different redox reagents. The subcellular
distribution of endogenous VDPs was clearly visualized in
live cells through colocalization experiments and ratiometric
images. This ratiometric fluorescent probe offers a noninvasive
tools for collecting the global distribution and dynamic
changes of endogenous VDPs in live cells, which may greatly
contribute to further investigation on the essential roles of
protein vicinal dithiols in cellular redox homeostasis and
protein function in living cells. Through this approach, some

new endogenous redox-sensitive VDPs with diverse functions
will also be unveiled, which can enable the discovery of
promising new drug target for redox related diseases such as
inflammation and cancers.
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