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targeted activity-based sensing
probe for ratiometric imaging of formaldehyde
reveals key regulators of the mitochondrial one-
carbon pool†

Logan Tenney, a Vanha N. Pham, a Thomas F. Brewer a

and Christopher J. Chang *abc

Formaldehyde (FA) is both a highly reactive environmental genotoxin and an endogenously produced

metabolite that functions as a signaling molecule and one-carbon (1C) store to regulate 1C metabolism and

epigenetics in the cell. Owing to its signal-stress duality, cells have evolved multiple clearance mechanisms

to maintain FA homeostasis, acting to avoid the established genotoxicity of FA while also redirecting FA-

derived carbon units into the biosynthesis of essential nucleobases and amino acids. The highly

compartmentalized nature of FA exposure, production, and regulation motivates the development of

chemical tools that enable monitoring of transient FA fluxes with subcellular resolution. Here we report

a mitochondrial-targeted, activity-based sensing probe for ratiometric FA detection, MitoRFAP-2, and apply

this reagent to monitor endogenous mitochondrial sources and sinks of this 1C unit. We establish the utility

of subcellular localization by showing that MitoRFAP-2 is sensitive enough to detect changes in

mitochondrial FA pools with genetic and pharmacological modulation of enzymes involved in 1C and amino

acid metabolism, including the pervasive, less active genetic mutant aldehyde dehydrogenase 2*2

(ALDH2*2), where previous, non-targeted versions of FA sensors are not. Finally, we used MitoRFAP-2 to

comparatively profile basal levels of FA across a panel of breast cancer cell lines, finding that FA-dependent

fluorescence correlates with expression levels of enzymes involved in 1C metabolism. By showcasing the

ability of MitoRFAP-2 to identify new information on mitochondrial FA homeostasis, this work provides

a starting point for the design of a broader range of chemical probes for detecting physiologically important

aldehydes with subcellular resolution and a useful reagent for further studies of 1C biology.
Introduction

Formaldehyde (FA) is a reactive carbon species that plays
diverse biochemical roles in physiology and disease across all
kingdoms of life. This one-carbon aldehyde is a ubiquitous
environmental toxin, where its sources include vehicle exhaust
and forest res, and in the chemical industry in the formulation
of household products like plywood and resins.1 Indeed, the
Environmental Protection Agency (EPA) has designated FA as
a human carcinogen with the Occupational Safety and Health
Administration (OSHA) setting permissible exposure limits of
0.75 ppm in workplace air.2,3 Elevations in FA are associated
with serious diseases, including cancer, neurodegenerative
ifornia, Berkeley, CA, 94720, USA. E-mail:

, University of California, Berkeley, CA,

ty of California, Berkeley, CA, 94720, USA

tion (ESI) available. See DOI:

088
diseases, heart disease, and diabetes.4,5 Concurrently, cells
produce FA through several endogenous modes, including
detoxication of alcohols and amines,6 enzymatic serine
cleavage,7 oxidative folate metabolism,8 and demethylation of
RNA and histones.9,10

Along these lines, cells have evolved biochemical mecha-
nisms to clear FA, and other aldehydes, in subcellular spaces to
prevent their accumulation to toxic levels. For example, the
cytosolic enzyme alcohol dehydrogenase 5 (ADH5) oxidizes the
adduct of FA and glutathione, S-hydroxymethylglutathione, to
form S-formylglutathione with subsequent release of formate.11

In mitochondria, aldehyde dehydrogenase 2 (ALDH2) directly
oxidizes aldehydes, including FA, to more benign carboxylic
acid products.12,13 Indeed, ALDH2 deciency, presenting as
alcohol-induced facial ushing, tachycardia, nausea, and
headaches, is of the most common hereditary enzyme de-
ciencies, affecting 35–40% of East Asians and 8% of the world
population.14 Mouse models lacking established modes of FA
clearance by genetic ADH5 and/or ALDH2 knockout are pre-
disposed to DNA damage with subsequent bone marrow failure
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and leukemia, highlighting the importance of metabolic clear-
ance of endogenously produced FA.15 ALDH2 and ADH5 also act
to redirect FA into the one-carbon (1C) metabolic cycle of the
cell via conversion to formate, which is subsequently utilized as
a 1C unit in the biosynthesis of nucleobases.8 Recently, we have
demonstrated that FA serves as a signaling molecule, where it
can post-translationally modify specic privileged cysteine sites
in the proteome, including the terminal enzyme for S-adeno-
sylmethionine (SAM) biosynthesis. FA-mediated SAM depletion,
in turn, regulates the 1C metabolic cycle and epigenetics of the
cell.16 This emerging body of work highlights the diverse roles of
FA as a signaling molecule, 1C stock, and toxin, motivating the
expanded development of chemical probes to enable studies of
FA biology.

Recently, our laboratory17–22 and others23–27 have made
advances in the development of activity-based sensing
strategies28–30 to selectively image FA to probe its signaling and
stress contributions in living cell, tissue, and whole-animal
settings. FA-responsive uorescence probes for use in micros-
copy assays can preserve spatial and temporal information that is
lost in traditional analytical methods that involve biological
sample destruction to measure FA levels.31–34 In this context,
activity-based sensing probes with further improved spatial
resolution, specically those with organelle specicity, have
shown promise in uncovering newmodes of analyte regulation, as
our laboratory has previously shown with molecular imaging of
reactive oxygen species and transition metal signals.35,36 Given
that the modes of FA production and scavenging are highly
compartmentalized, the development of FA probes with
organelle-level resolution is important in understanding its bio-
logical maintenance in subcellular detail. Mitochondria, in
particular, are important to FA metabolism as they house several
potential FA sources, including the serine cleavage enzyme serine
hydroxymethyltransferase-2 (SHMT2)37 and a main mode of
aldehyde clearance, ALDH2.38

Here we report the design, synthesis, and biological evaluation
of Mitochondrial-targeted Ratiometric Formaldehyde Probes
(MitoRFAPs) for ratiometric FA imaging (Scheme 1). These probes
rely on our versatile 2-aza-Cope reactivity approach which enables
Scheme 1 Chemical mechanism of the 2-aza-Cope trigger reaction f
derivatives of RFAP for imaging FA in living cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry
selective detection of FA over other biologically relevant reactive
carbon species, while other hydrazine-based mitochondrial alde-
hyde probes, that lack the rearrangement step, may interact with
other aldehyde species.39,40 RFAPs provide a ratiometric readout
(lex = 488 nm product/lex = 405 nm reactant) that enables
internal self-calibration to correct for potential uctuations in dye
loading, light intensity, and sample thickness between biological
specimens.19 Working through a modular synthetic pathway that
relies on a key intermediate, RFAP-Alkyne (4), we synthesized and
tested two MitoRFAP derivatives that leverage a triphenylphos-
phonium headgroup popularized by Murphy for mitochondrial
targeting,41–44 nding that tuning to the appropriate linker length
is key to optimizing the live-cell permeability of the probe. We
establish the benets of subcellular targeting by showing that
MitoRFAP-2 can identify a depletion in mitochondrial FA pools in
response to genetic knockout of SHMT enzymes, while an anal-
ogous, non-targeted RFAP-2 derivative is not capable of detecting
this change to the mitochondrial 1C pool. We also leveraged
MitoRFAP-2 to observe enhanced FA clearance achieved upon
pharmacological activation of cells carrying the common human
mutant form of ALDH2 (ALDH2*2) to correct for their genetic
deciencies in ALDH2 activity. Finally, we used MitoRFAP-2 to
prole basal mitochondrial FA pools across a panel of breast
cancer cell lines, showing that FA-dependent uorescent signals
correlate with the expression ofmajor FA-producing (SHMT2) and
FA-scavenging (ALDH2) enzymes. Taken together, these experi-
ments showcase the ability of MitoRFAP-2 as an enabling chem-
ical tool to detect and decipher endogenous mitochondrial FA
sources, scavengers, and signals. This work opens the door to
further development and application of probes to study reactive
carbon species in health and disease.
Results and discussion
Design and synthesis of mitochondrial ratiometric
formaldehyde probes (MitoRFAPs), mitochondrial-targeted
activity-based sensing probes for formaldehyde (FA)

To probe mitochondrial formaldehyde pools in living cells, we
designed bifunctional uorophores comprised of two
or activity-based sensing of formaldehyde (FA). Previous and current
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Scheme 2 Synthesis of MitoRFAP-1 and MitoRFAP-2.

Fig. 1 Fluorescence responses of MitoRFAP-1 and MitoRFAP-2 to
formaldehyde (FA) and other biologically relevant analytes. All spec-
troscopic assays were performed in PBS (10 mM, pH 7.4) at 37 °C. (a
and b) Change in excitation spectrum of probe (10 mM) to FA (100 mM).
Excitation spectra shown at 0, 15, 30, 45, 60, 90, and 120 min (blue,
red, green, pink, orange, black, brown) for (a) MitoRFAP-1 and (b)
MitoRFAP-2. (c) Quantification of the ratio of emission (lem = 510 nm)
at lex = 470 nm (product) and lex = 420 nm (reactant) over the two-
hour incubation period relative to the ratio at t= 0min. (d) Ratiometric
response of MitoRFAP-2 exposed to several biological analytes (100
mM, unless otherwise noted); measurements were made at 0, 30, 60,
90, and 120 min. (1) PBS; (2) FA; (3) methylglyoxal, 100 mM; (4) meth-
ylglyoxal, 10 mM; (5) acetaldehyde; (6) 4-HNE; (7) glucose, 1 mM; (8)
oxaloacetate; (9) pyruvate; (10) glutathione; (11) H2O2.
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components: (i) a formaldehyde-sensitive, coumarin dye that
responds to FA through a 2-aza-Cope reaction, and (ii) a lipo-
philic triphenylphosphonium (TPP) cation as a mitochondrial-
targeting moiety.41–45 We utilized a modular synthetic route
that relied on a key intermediate, RFAP-alkyne (4), which was
ligated to TPP-azide conjugates with varying linker lengths.

Scheme 2 depicts the synthetic route used to prepare the
Mitochondrial Ratiometric Formaldehyde Probe (MitoRFAP)
dyes described in this manuscript. First, compound 1 was
acylated via a titanium-catalyzed Friedel–Cras reaction to yield
the alkyne-functionalized coumarin 2 in 63% yield, in accor-
dance with a published procedure.46 Dye 2 was then formylated,
using the Vilsmeier–Haack formylation, to isolate the corre-
sponding coumarin aldehyde 3 in 74% yield.47 Aldehyde 3 was
then transformed by amino-prenylation by treatment with
ammonia followed by 3-methyl-2-butenylboronic acid pinacol
ester to achieve the modular RFAP-alkyne synthon 4. RFAP
alkyne 4 was then ligated to the azide-TPP targeting agent via
copper-catalyzed click chemistry. MitoRFAP-1 was designed
with 4 methylene units between TPP and RFAP moieties. A
previous observation by the Murphy and Hartley laboratories
showing that certain molecular cargo-TPP conjugates require
long, lipophilic linkers to permeate mitochondria48 led us to
design the 11-methylene linked probe, MitoRFAP-2.
Assessment of formaldehyde sensitivity and selectivity of
MitoRFAP dyes in vitro

Both MitoRFAP-1 and MitoRFAP-2 show the expected ratio-
metric uorescence response to treatment with FA aer incu-
bation in aqueous media. The response is robust, with
MitoRFAP-2 showing an approximately 5.5-fold change in exci-
tation uorescence ratios to FA within 2 hours as measured at
lem = 510 nm with lex = 470 nm for product and lex = 420 nm
for reactant (Fig. 1a–c). This observed change in ratio is based
on the FA-dependent, aza-Cope-driven conversion of an
electron-donating homoallylamine group into an electron-
withdrawing aldehyde, which leads to a red shi in the dye
excitation prole by increasing favorability of internal charge
transfer in this push–pull coumarin chromophore. Similar to
our original non-targeted RFAP derivatives,19 these activity-
based sensing probes act through the 2-aza-Cope trigger and
8082 | Chem. Sci., 2024, 15, 8080–8088
are, as expected, highly selective for formaldehyde over other
biologically relevant aldehydes, including acetaldehyde and
methylglyoxal at pH 7.4 and pH 7.8 (Fig. 1d and S1†).49,50

Importantly, no reactivity was observed with H2O2, a reactive
oxygen species with importance inmitochondrial signaling,51 or
glutathione, a biological reducing agent present at millimolar
levels throughout the cell.52

Comparing MitoRFAP-1 and MitoRFAP-2 cell permeability,
localization, and formaldehyde sensitivity in live-cell imaging
assays with exogenous FA addition

With these spectroscopic data in hand, we then applied
MitoRFAP-1 and MitoRFAP-2 in live-cell confocal imaging
experiments to determine cellular membrane permeability and
subcellular localization of the probes. As a starting point, HEK
293T cells stained with equimolar concentrations of both
derivatives show a stark contrast in uorescence intensity, with
MitoRFAP-2 providing a strong uorescence signal, and
MitoRFAP-1 showing essentially no signal under the same
conditions (Fig. 2). Moreover,MitoRFAP-2 was found to have no
signicant cytotoxicity at concentrations used for subsequent
experiments (Fig. S2 and S3†). Given the superior live-cell
staining capabilities and low toxicity of MitoRFAP-2 bearing
the longer C11 linker relative to the MitoRFAP-1 analog with
a shorter C4 linker, we conducted all subsequent live-cell
imaging experiments with this probe. Gratifyingly, MitoRFAP-
2 demonstrated strong co-localization with established mito-
chondrial dye, MitoTracker™ Deep Red, with a Pearson corre-
lation coefficient near 1 (mean value of 0.901), in HeLa cells
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Live HEK 293T cells stained with (a) MitoRFAP-1 (2 mM) or (b)
MitoRFAP-2 (2 mM) imaged with lex = 405 nm and the (c and d)
respective lex = 488 nm images and (d and e) respective brightfield
images. The data show the superior cell-permeability of MitoRFAP-2.
Scale bar represents 40 mm in all images.
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(Fig. 3a–d and i). In this context, a Pearson correlation coeffi-
cient of 1 would reect perfect overlap of signals, a value of zero
would indicate no correlation between signals, while a value of
−1 would represent a perfect inverse relationship (e.g., where
Fig. 3 MitoRFAP-2 has strong mitochondrial localization in HeLa cells. H
488 nm (b) MitoTracker™Deep Red (100 nM) at lex= 633 nm (c) overlay o
(a–c). HeLa cells stained for 30 min in HBSS with (e) MitoRFAP-2 (2 mM) a
overlay of lex= 488 nm and 633 nm channels (h) bright-field image of the
ten individual cells for MitoRFAP-2 with MitoTracker™ Deep Red and Ly
bars denote SEM, n = 10.

© 2024 The Author(s). Published by the Royal Society of Chemistry
one signal is present, the other is never present). The overlap
betweenMitoRFAP-2 and LysoTracker™Deep Red, an off-target
stain for the lysosome organelle, was also analyzed and showed
a much lower Pearson's correlation coefficient, with a mean
value of only 0.155 (Fig. 3e–i). The uorescence prole of single
HeLa cells was also analyzed, which showed a strong correlation
of signal from MitoRFAP-2 and MitoTracker (Fig. S4†).

We then applied MitoRFAP-2 to a broader range of cell lines
with co-staining using organelle markers. In each cell line,
Mito-RFAP-2 showed faithful mitochondrial localization, sug-
gesting that this probe can be used in live-cell mitochondrial FA
imaging applications derived from a range of tissue types (Fig. 4
and S5†). To ensure that MitoRFAP-2 is sensitive to changes in
mitochondrial FA levels in a live-cell context, we loaded the
probe in HEK 293T and HeLa cells with subsequent exogenous
additions of small amounts of FA. Additions of exogenous FA
resulted in a dose-dependent increase in the lex = 488 nm
(product)/lex = 405 nm (reactant) ratio of the MitoRFAP-2
reagent (Fig. 5).
Imaging endogenous formaldehyde uxes in a colorectal
carcinoma cell model lacking serine
hydroxymethyltransferases (SHMTs) and alcohol
dehydrogenase 5 (ADH5)

We next appliedMitoRFAP-2 to study the impact of modulating
the activity of mitochondrial enzymes specically involved in
the localized production and scavenging of formaldehyde
within this subcellular space. In this context, serine hydrox-
ymethyltransferases 1 and 2 (SHMT 1 and 2) are responsible for
enzymatic conversion between serine and glycine, reversibly
catalyzing the transfer of a hydroxymethyl group from serine to
tetrahydrofolate (THF). The resulting folate derivative from
SHMT activity, 5,10-methylene-THF, is a functional 1C unit in
cellular metabolism.53,54 Interestingly, we have found that 5,10-
eLa cells stained for 30 min in HBSS with (a)MitoRFAP-2 (2 mM) at lex =
f lex= 488 nm and 633 nm channels (d) brightfield image of the cells in
t lex = 488 nm (f) LysoTracker™ Deep Red (50 nM) at lex = 633 nm (g)
cells in (e–g). (i) Quantification of the Pearson correlation coefficient of
soTracker™ Deep Red, scale bar represents 20 mm in all images; error

Chem. Sci., 2024, 15, 8080–8088 | 8083
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Fig. 4 Organelle co-staining experiments in several cell lines presage that MitoRFAP-2 is broadly applicable for mitochondrial formaldehyde
detection. Cells were stained for 30 min withMitoRFAP-2 (2 mM) at lex = 488 nm, MitoTracker™ Deep Red (100 nM) at lex = 633 nm, overlay of
lex = 488 nm and 633 nm channels and bright-field image of (a–d) HEK 293T, (e–h) HCT-116 and (i–l) MCF7 cells. Scale bar represents 20 mm in
all images.

Fig. 5 MitoRFAP-2 detects exogenous additions of formaldehyde (FA)
in live cells. Cells were stained with MitoRFAP-2 (2 mM) for 30 min in
HBSS, followed by incubation in vehicle or FA (500 mM) in HBSS for 1 h
in (a) HeLa and (b) HEK 293T cells. Quantification of the dose-
dependent, ratiometric response of MitoRFAP-2 with several exoge-
nous additions of FA, lex = 488 nm/lex = 405 nm. Scale bar represents
40 mm in all images; error bars denote SEM, n = 4. **P < 0.01, ***P <
0.001, ****P < 0.0001.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 6
:3

3:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
methylene-THF also spontaneously decomposes to produce
approximately two equivalents of formaldehyde in vitro,
providing another source of 1C units that can also feed into 1C
8084 | Chem. Sci., 2024, 15, 8080–8088
metabolic cycles via formate production.8 We sought to test the
hypothesis that SHMT1/2 double knockout (dKO) cells would
have depleted mitochondrial FA pools relative to wild-type (WT)
cells, using an HCT-116 colon cancer cell line model. We also
included an HCT-116 ADH5 KO model, as ADH5 is the main
enzyme responsible for cytosolic clearance of FA, to determine
whether perturbations to the cytosolic FA pool would have any
crosstalk with the mitochondrial FA pool. Finally, as a key set of
control experiments to assess whether MitoRFAP-2 could
provide unique information on subcellular FA pools owing to its
mitochondrial targetability, we also compared the uorescent
responses of a previously reported non-targeted parent FA
sensor, RFAP-2,19 in these models under the same conditions.
Indeed, the control probe RFAP-2, which does not possess the
ability to selectively localize in mitochondria, is unable to detect
changes in FA with subcellular resolution. The ability of the
triphenylphosphonium targeting moiety to achieve rapid,
selective, and efficient mitochondrial localization48,55 of
MitoRFAP-2 compared to the relatively slower rate of aza-Cope
FA reactivity, coupled with a ratiometric response with an
internal calibration standard to normalize signal, ensures that
this probe is responsive to FA uxes with superior subcellular
resolution compared to the non-targeted control.

To our delight, imaging with MitoRFAP-2 in the SHMT1/2
dKO cell model showed a robust decrease in the mitochon-
drial FA pool relative to wild-type congeners (Fig. 6a), identi-
fying that enzymatic serine cleavage is indeed an endogenous
source of FA in mitochondria. Interestingly, MitoRFAP-2
imaging in the ADH5 KO cell line also showed depletion of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mitochondrial FA relative to WT. This result is more difficult to
interpret, but it suggests that mitochondria could be involved in
responding to elevations in cytosolic FA uxes by reciprocally
lowering mitochondrial FA pools. Most importantly, the
untargeted parent RFAP-2 probe showed no signicant differ-
ences in ratiometric uorescence signals between WT and
SHMT1/2 dKO cells (Fig. 6b), but still robustly reported the ex-
pected increase in FA levels in ADH5 KO cells vs. WT cells.19,20

Taken together, these data establish that appending an
organelle-targeting group can enhance spatial resolution for
subcellular FA imaging, in this case to the mitochondria.
Indeed, the targetable MitoRFAP-2 probe can report on
mitochondrial-localized changes in FA uxes induced by
genetic manipulation of FA-producing and FA-scavenging
enzymes that the non-targeted RFAP-2 derivative cannot.
MitoRFAP-2 monitors depletion of mitochondrial
formaldehyde pools through pharmacological activation and
rescue of decient alcohol dehydrogenase 2 activity in cells
with the inherited ALDH2 E487K human mutation

Next, we applied MitoRFAP-2 to measure endogenous changes
in mitochondrial FA pools in the SNU-182 hepatocellular
carcinoma cell line expressing a very common human mutation
in the mitochondrial ALDH2 enzyme, termed ALDH2*2. Indi-
viduals who express ALDH2*2 possess a single nucleotide
polymorphism that results in an inactive E487K point mutant
enzyme, in a homozygous or heterozygous manner.56 This
Fig. 6 MitoRFAP-2 detects changes in basal mitochondrial formal-
dehyde pools through genetic modulation of endogenous FA-
producing and FA-scavenging enzymes in a colon cancer HCT116
model. Wild-type (WT), SHMT1/2 dKO, and ADH5 KO treated with (a)
MitoRFAP-2 (2 mM) and (b) RFAP-2 (10 mM) for 30min in HBSS followed
by incubation in DMEM + 10% FBS for 1 h before imaging. Quantifi-
cation of the ratiometric response ofMitoRFAP-2, lex = 488 nm/lex =
405 nm, relative to WT. Scale bar represents 40 mm in all images; error
bars denote SEM, n = 8. *P < 0.05, **P < 0.01, ***P < 0.001.

© 2024 The Author(s). Published by the Royal Society of Chemistry
population has a greatly reduced ability to metabolize acetal-
dehyde, the initial product of ethanol metabolism, as well as
other endogenously produced aldehydes, including formalde-
hyde.57 This pervasive human mutation is associated with
a ushing effect upon consumption of alcohol, a phenotypic
signature of acetaldehyde build-up,58 and is connected to the
development of cancer,59,60 cardiovascular disease,61 and
neurodegenerative diseases.62

Using MitoRFAP-2 imaging, we probed whether a chronic,
aberrantly-elevated aldehyde state could be modulated via
pharmacological treatment with a small-molecule ALDH2 acti-
vator, Alda-1; this compound restores activity of the ALDH2*2
mutant enzyme to near wide-type activity.63 Indeed, we observed
that SNU-182 cells, which express the ALDH2*2 E487K mutant
enzyme, treated with Alda-1 for 24 h show a reduction in excess
mitochondrial FA load relative to vehicle-treated cells (Fig. 7).
Interestingly, we also found that the basal FA pool was also
lowered in HeLa cells by treatment with Alda-1, which estab-
lishes that MitoRFAP-2 is sensitive enough to detect endoge-
nous pools of mitochondrial FA in live cells and indicates that
ALDH2 activation can be observed when treating cells pos-
sessing wild-type ALDH2 with Alda-1 (Fig. S7†).63

MitoRFAP-2 provides prole of basal levels of mitochondrial
formaldehyde across a panel of breast cancer cell lines and
shows correlations with biochemical FA sources and
scavengers

With data showing that MitoRFAP-2 can detect basal levels of
mitochondrial FA and changes upon genetic and pharmaco-
logical alterations in mitochondrial FA sources and scavengers,
we proled basal mitochondrial FA levels across a panel of
breast cancer cell lines with varying levels of expression of
SHMT2 and ALDH2, two key regulators of formaldehyde
metabolism in the mitochondria. We showcased the use of
MitoRFAP-2 in this assay using ow cytometry, establishing that
the probe can be used beyond microscopy applications. Cells
Fig. 7 MitoRFAP-2 is capable of monitoring pharmacological rescue
of aberrant elevations in mitochondrial formaldehyde caused by the
inherited human ALDH2 E487K mutation (ALDH2*2) in SNU-182 cells
upon treatment with Alda-1. Cells were treated with Alda-1 (50 mM,
0.5% DMSO) or vehicle in RPMI1640 + 10% FBS for 24 h, followed by
MitoRFAP-2 (2 mM) with vehicle (0.5% DMSO) or Alda-1 (50 mM, 0.5%
DMSO) for 1 h before imaging. Quantification of the ratiometric
response of MitoRFAP-2, lex = 488 nm/lex = 405 nm. Scale bar
represents 40 mm in all images; error bars denote SEM, n = 12. **P <
0.01.
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Fig. 8 MitoRFAP-2 comparative profile basal mitochondrial formal-
dehyde (FA) levels across a panel of breast cancer cell lines, where FA-
dependent fluorescent signals correlate with expression of SHMT2 as
a mitochondrial FA-generating enzyme and ALDH2 as a mitochondrial
FA-scavenging enzyme. High SHMT2 and low ALDH2 leads to high FA
levels, shown by an elevatedMitoRFAP-2 ratio. Cells were treated with
MitoRFAP-2 (2 mM) for 30 min in HBSS, followed by an incubation in
DMEM + 10% FBS for 1 h. Cells were incubated for five min in PBS
(10 mM, pH 7.4) at room temperature and pipetted to suspend, fol-
lowed by flow analysis. Bubble size is scaled to represent relative basal
FA signal vs. ALDH2 expression (x-axis) and SHMT2 expression (y-axis)
by RNA transcripts per million, n = 3.
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were stained with MitoRFAP-2, suspended, and then analyzed.
The results show that high levels of SHMT2 expression and low
levels of ALDH2 expression, identied by RNA transcripts per
million,64 correlate with an elevated mitochondrial FA pool as
measured by MitoRFAP-2 uorescence (Fig. 8 and S8†). In
particular, MCF7 cells have the lowest reported ALDH2 tran-
script levels in the panel tested and are shown here to have the
highest levels of mitochondrial FA. Notably, this result aligns
well with previous observations that MCF7 cells have elevated
FA levels compared to several other cancer cell lines.34 More-
over, cells expressing higher levels of ALDH2 RNA, such as SK-
BR-3, show lower levels of basal mitochondrial FA. These
collective results suggest that a combination of high SHMT2
and low ALDH2 expression, read out in the form of elevated
mitochondrial FA levels, could represent a biological signature
that signals a 1C metabolic imbalance leading to elevated levels
of genotoxic FA in cancer cells.
Conclusions

To close, we have developed an organelle-targetable, activity-
based sensing platform, exemplied by MitoRFAP-2, for selec-
tive detection of mitochondrial FA pools using live-cell imaging
microscopy or ow cytometry assays. The synthesis ofMitoRFAP-1
and MitoRFAP-2 relied on a key intermediate 4, RFAP-alkyne,
which can be used in a modular fashion to ligate various chem-
ical organelle-targeting agents. Both probes rely on a lipophilic
triphenylphosphonium (TPP) cation for mitochondrial localiza-
tion, but likely owing to its longer, hydrophobic linker, only
MitoRFAP-2 appears to be permeable across live-cell membranes.
MitoRFAP-2 shows high selectivity for FA over other biologically
relevant competing reactive carbon species in the cell, including
closely related aldehydic analytes like acetaldehyde and methyl-
glyoxal, and is sufficiently sensitive to not only demonstrate dose-
8086 | Chem. Sci., 2024, 15, 8080–8088
dependent response to exogenous additions of FA, but to detect
basal, endogenous levels of mitochondrial FA and respond to
changes in this pool by genetic or pharmacological manipulation.
For example, in an HCT-116 colorectal carcinoma cell line model,
MitoRFAP-2 was able to decipher the contributions of serine
hydroxymethyltransferase enzymes (SHMTs) as 1C sources
feeding into the mitochondrial FA pool. Indeed, because upre-
gulation of mitochondrially-localized SHMT2 is correlated with
poor prognosis of cancer, with data showing that it drives cell
proliferation in several cancer types,65,66 our ndings connect this
association with potentially aberrant elevations in mitochondrial
FA. Importantly, the impact of genetic knockout of SHMT on
mitochondrial FA pools that is identied by MitoRFAP-2, which
cannot be detected by the untargeted parent probe RFAP-2,
showcases the benets of subcellular targeting of chemical
imaging probes to increase their sensitivity and spatial resolution.
Our data suggest that uniquely regulated, local uxes of FA exist
within subcellular compartments and presage that dynamic FA
gradients may exist between various organelles within the cell.

In another example to showcase its utility, MitoRFAP-2 is
capable of monitoring rescue of elevated mitochondrial FA
pools in the inherited human E487K mutation in ALDH2
(ALDH2*2), where Alda-1 treatment of SNU-182 cells expressing
ALDH2*2 can reduce basal levels of mitochondrial FA. ALDH2 is
responsible for the clearance of several toxic, endogenously
produced aldehydes, including acetaldehyde, a product of the
metabolism of consumed and internally generated ethanol.
Alda-1 activates ALDH2*2 activity towards smaller substrates,
like acetaldehyde and propionaldehyde,63 and this present
study suggests that clearance of excess formaldehyde could be
a benet of Alda-1 treatment. This situation is particularly
important given our recent ndings that FA is a 1C epigenetic
regulator by modulating cellular levels of the major 1C methyl
carrier SAM. Finally, we used MitoRFAP-2 to comparatively
prole basal levels of mitochondrial FA across a panel of breast
cancer cell lines using ow cytometry. Increases in endogenous
mitochondrial FA pools detected by MitoRFAP-2 correlate with
high expression levels of the mitochondrial FA-generating
enzyme SHMT2 and low expression levels of the mitochon-
drial FA-scavenging enzyme ALDH2. Given that FA is a carcin-
ogen and genotoxin, an emerging signal that regulates
epigenetics and 1C metabolic cycles, and acts as a 1C stock,
these data provide a starting point for the use of this reagent to
decipher complex contributions of mitochondrial FA to cancer,
metabolism and a range of other diseases, and underscore the
broader importance of developing chemical tools with
improved spatial resolution to unveil new biology.

Data availability
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