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ABSTRACT: Mitochondrial pH (pH,,) is intimately related to mitochondrial 7.8
function, and aberrant values for pH,;, are linked to several disease states. We
report the design, synthesis, and application of mitokyne 1—the first small molecule
sensor for stimulated Raman scattering (SRS) microscopy. This ratiometric
in response to external stimuli and the
inhibition of both the electron transport chain and ATP synthase with small
molecule inhibitors. In addition, 1 was also used to monitor mitochondrial dynamics &
in a time-resolved manner with subcellular spatial resolution during mitophagy @&
providing a powerful tool for dissecting the molecular and cell biology of this critical

pHmito
probe can determine subtle changes in pH,

mito

organelle.

timulated Raman scattering (SRS) microscopy is a power-
ful, cutting-edge technology for visualizing endogenous
cellular biomolecules in a label-free manner with excellent spatial
resolution' and video rate image acquisition.” The recent advent
of commercial vendors of instruments for SRS has accelerated
the integration of this spectroscopic method into pharmaceut-
ical and drug discovery research.”” The technique can be used to
track and monitor the cellular milieu and its response to external
stimuli in a spatiotemporal manner, and in combination with
chemical probes, it can be used to ima%e the distribution of
drugs,s_5 natural products,6_9 sugars,1 =12 and lipids.n’_15
Raman-active tags have also been metabolically incorporated
into nucleic acids and proteins significantly expanding the
potential uses of this instrumentation.'® The majority of probes
reported so far for SRS imaging possess constant signal intensity
and frequency, which limits their applications to staining.'”~>°
An exciting yet overlooked area of Raman imaging is the
development of reversible sensors which permit the quantifica-
tion and monitoring of cellular dynamics. This type of probe
would be crucial for exploiting the full potential of SRS imaging
in chemical biology and pharmaceutical research.”"
Mitochondria are a structurally unique organelle responsible
for cellular adenosine triphosphate (ATP) production. Resting
mitochondrial pH (pH,;,) is typically alkaline (pH ~ 8.0) as
protons are pumped out of the inner mitochondrial matrix via
the electron transport chain (ETC), providin§ a proton motive
force (yy") which drives ATP synthase.”” " ys,* also acts to
regulate Ca®* homeostasis, which, in turn, regulates elements of
the tricarboxylic acid (TCA) cycle.zs_27 Alkalinization of pH,;,
is associated with apoptosis,”® while acidification is associated
with mitochondrial autophagy (mitophagy).””*” Aberrant levels
of mitophagy are associated with cardiovascular disease,*
Parkinson’s disease,®" Alzheimer’s disease,*” and cancer.®® It is
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also likely that multiple indications associated with mitochon-
drial dysfunction have yet to be identified. As such, sensors to
determine pH,;, represent highly valuable tools for the study of
human physiology and pathology and drug development. Small
molecule fluorescent sensors for pH,;, have been reported;
however, challenges exist in their application. Those probes
which are non-ratiometric>”**** are limited in their capacity for
quantitative measurements due to artifacts arising from changes
in probe distribution, concentration, or instrument setup. Those
probes which are ratiometric**~* are limited in their capacity
for multiplexing by their intrinsically broad spectral absorption
and emission profiles. The development of a ratiometric pH, ;o
sensor for SRS imaging could simultaneously address both
issues.

Within this article, we report the design, synthesis, and
application of mitokyne 1—a small molecule pH,,;,, sensor for
SRS microscopy (Figure 1). This ratiometric probe is able to
determine subtle changes in pH,,, in response to external
stimuli, including the inhibition of both the electron transport
chain and ATP synthase, as well as monitoring mitochondrial
dynamics during mitophagy in a time-resolved manner.

In designing mitokyne 1, we reasoned that a pH,;, sensor
required a strong, bioorthogonal Raman band which underwent
a Raman shift upon ionization of a conjugated functional group
to enable ratiometric analysis. In our previous work, we
identified that bisarylbutadiynes with ionizable head groups
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Figure 1. Design of mitochondrial pH sensor mitokyne 1.

were suitable for this purpose.”’ A pH,, sensor would also
require a pK, close to 8.0, for accuracy in the pH,;,, range, and a
mitochondrial targeting group.*”~* This led to the structure
shown in Figure 1—a phenolic bisarylbutadiyne with a pK, of
7.9 and a mitochondria-targeting triphenylphosphonium group
linked via a benzylic carbamate.

Our investigations began with a simple, effective, and scalable
synthesis which provided access to suitable quantities of material
for the Raman investigation (Scheme 1). Silyl-deprotection/
Glaser—Hay coupling of a mixture of 2 and 3 (syntheses detailed
in the Supporting Information) generated bisarylbutadiyne 4 in
51% yield. This was followed by carbamate formation, reacting

Scheme 1. Synthesis of Mitokyne 1
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the pendant benzylic alcohol of 4 with CD], and then addition of
amine S to generate carbamate 6 in 87% yield. Finally,
deprotection of the phenolic headgroup with concentrated
HCl in MeOH afforded mitokyne 1 in 66% yield.

The spectroscopic properties of mitokyne 1 are reported in
Figure 2. Figure 2A shows a Raman spectrum of 1, indicating the
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Figure 2. Raman spectroscopy of mitokyne 1 (532 nm). (A) Raman
spectrum of mitokyne 1 in solid form (0.1%, 1 s, 20 accumulations). (B)
RIE (relative intensity vs EQU) and alkyne Raman shift of 1 relative to
literature alkyne probes (log scale, 100%, 1 s, 20 accumulations).*>*¢
(C) Alkyne regions of 1 in solution at a range of pH values (100 uM,
30% wt EtOH/Britton—Robinson buffers, I = 0.2), normalized to the
solvent peak at 1455 cm™ (100%, 1 s, 20 accumulations). (D) Plot of
Dliyne Values of 1 as a function of pH and pK, determination using
curve-fitting analysis.*!

high intensity of the alkyne band at 2214 cm™" relative to other
vibrational bands. The intensities of alkyne probes are typically
evaluated by their relative intensities versus S-ethynyl-2’-
deoxyuridine (EdU, RIE).*® We collected Raman spectra of
mitokyne 1 and EdU in DMSO solution and determined the RIE
of the neutral form of 1 to be 24, indicating high Raman
intensity. Figure 2B shows a plot of RIE vs Raman shift of 1
alongside a series of literature alkyne probes with resolvable
stretching frequencies. The data from which this plot derives can
be found in Table S1. The plot highlights the potential for
multiplexing 1 with a considerable array of Raman probes, while
also being compatible with commercial fluorescent probes.
The pH-responsive nature of the alkyne band in 1 was
investigated in buffered solutions (100 uM, 30% wt EtOH/
Britton—Robinson buffer, I = 0.2). Figure 2C shows the alkyne
regions of Raman spectra of 1 in solutions at different pH values,
showing the redshift of the alkyne band upon increasing pH. At
higher pH, the phenol group of 1 is deprotonated. The resulting
phenolate anion is conjugated with the butadiyne Raman
reporter, resulting in a redshift of the Raman band upon
increasing pH. This redshift of the alkyne peak is also
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accompanied by an increase in the Raman scattering cross
section. The combined spectral range encompassed by the
alkyne bands of both ionization states of the probe was ca.
2190—2230 cm™'. This narrow bandwidth indicated that
multiplex imaging with other alkyne probes such as those
highlighted in Figure 2B, as well as fluorescent probes, should be
facile. Peak deconvolution analysis*' was used to estimate the
mole fraction of the conjugate base of 1 (yp,.) from Raman
spectra at a range of pH values. This enabled determination of
the pK, of 1, which was found to be 7.91 + 0.03 under the
conditions of solvent, temperature, and ionic strength studied
(Figure 2D, Figure S1). This pK, appeared ideal for measure-
ment of mitochondrial pH, as it indicated 1 was most responsive
to changes in pH in the typical mitochondrial pH range.”*

To determine whether mitokyne 1 accumulated within the
mitochondria of cells, HeLa cells were treated with mitokyne 1
(10 uM, 30 min) and mitotracker red*’ (MTR, 100 nM,
30 min), then imaged by tandem SRS-fluorescence microscopy
(Figure 3). SRS imaging at 2930 and 2850 cm™" indicated the

m

Figure 3. Tandem SRS-fluorescence imaging of HeLa cells treated with
mitokyne 1 (10 xM, 30 min) and MTR (100 nM, 30 min).
Fluorescence images were acquired first (1., = 561 nm, collection =
580—620 nm) followed by SRS images at 2225 cm™" (C=C, 1), 2125
cm ™ (off-resonance), 2930 cm™" (CHj, protein) and 2850 cm™ (CH,,
lipid). All images were acquired at 512 X 512 pixels, 20 us pixel dwell
time, with false colors applied to different detection wavelengths in
Image]. All scale bars represent 20 ym. The merged image of mitokyne
1 and MTR signal was generated in ImageJ, and the Pearson’s R value
was determined using the Coloc2 tool.

distribution of endogenous proteins and lipids, respectively,
allowing identification of cell boundaries and the location of
nuclei. The signal at 2225 cm™ indicated the distribution of
mitokyne 1 within the cell, which was confirmed by the lack of
signal in the off-resonance channel at 2125 cm™". A fluorescence
signal arising from MTR and a SRS signal arising from 1
appeared nearly identical in distribution, which was confirmed
by the merged image. Colocalization analysis using Image] gave
a Pearson’s R value for these two images of 0.93—a very strong
correlation confirming that mitokyne 1 is mitochondrially
localized.

We assessed the photostability of 1 by treating HeLa cells with
1 (10 uM, 30 min) and MTR (100 nM, 30 min) and acquiring
eight consecutive images of both probes. The signal for 1
remained constant, whereas the MTR signal decreased rapidly

after one acquisition (Figure S2). Mitokyne 1 therefore allows
for time-lapsed imaging of mitochondrial dynamics without the
signal degradation observed with MTR. We also considered the
cytotoxicity of 1. HeLa cells were treated with DMSO control
(6 h) or 1 (10 uM, 6 h). Cells were counted by trypan blue
exclusion, finding no significant difference between the control
and test samples and indicating minimal toxicity of 1
(Figure S3).

We next aimed to apply mitokyne 1 to the quantification of
pH.ii, in HeLa cells. First, we calibrated the probe by treating
HeLa cells with 1 (10 #M, 30 min) and then treating with buffer
solutions containing the ionophores nigericin (10 M) and
monensin (10 uM) to set pH,;, to known values.””** The cells
were then imaged by SRS microscopy at 2230 cm ™" (neutral 1)
and 2216 cm™' (ionized 1). These Raman shifts were
determined to be optimal for ratiometric analysis from
wavelength scans of mitokyne-treated HeLa cells at pH 6.0
and 8.5 (Figure S8). It is noteworthy that the alkyne detection
wavelengths were slightly blueshifted in SRS compared to
spontaneous Raman, and the origin of this effect remains
uncertain. Figure 4A shows representative false-color images of
the 2230 and 2216 cm™' channels of HeLa cells at pH values
ranging from 6.5 to 9.0. Pseudocolored ratiometric images of the
2230/2216 cm™! intensity ratios are also shown, indicating a
clear change in the ratio as a function of pH.

Figure 4B shows a plot of average 2230/2216 cm™" ratios from
within cells as a function of pH. These values represent the
average from three sets of 2230/2216 cm ™' images + standard
deviation (SD). The plot was fitted to a Boltzmann function in
OriginPro2018, which served as a calibration curve with which
to relate the 2230/2216 cm™ ratio to pH,, values going
forward. Figure 4C shows that the average pH,;,, value of HeLa
cells treated with mitokyne 1 (10 M, 30 min) only (control)
was 7.84 = 0.07 (nine sets of images, + SD), a value consistent
with previous reports from fluorescent pH,;, sensors.”””*” This
result served as further confirmation of the mitochondrial
localization of 1.

Given that pH_;, is inextricably linked to cellular metabolism
via the ETC, we reasoned that nutrient starvation would also
induce mitochondrial acidification. HeLa cells were treated with
mitokyne 1 (10 M, 30 min) and then incubated in media
containing no glucose, pyruvate, serum, or glutamine. As
expected, when imaged by SRS microscopy, these cells exhibited
a relatively rapid drop in pH,;;, (Figure SA). Ratiometric 2230/
2216 cm™ images collected prior to starvation and after 10, 20,
and 30 min of starvation show a significant change in ratio. After
30 min, pH,,;;, had reduced to 7.30 + 0.18. These results are
consistent with the arrest of proton pump activity across the
inner mitochondrial membrane in the absence of an energy
source. This experiment, along with the calibration process, was
repeated via spontaneous Raman microscopy (Figure S4) with
consistent results. This indicated that, although SRS imaging is
necessary to achieve the desired subcellular resolution to image
mitochondrial dynamics, 1 is still able to determine average
PH,.io values using the more widely accessible technique of
spontaneous Raman imaging.

Nutrient starvation causes mitochondrial acidification via
mitophagy.””*” To test whether mitokyne 1 could be used to
monitor mitochondrial dynamics during mitophagy, HeLa cells
were cotreated with mitokyne 1 (10 uM, 30 min) and
lysotracker red (LTR, 100 nM, 30 min), then starved of
nutrients for 10, 20, 30, and 40 min and imaged by tandem SRS/
fluorescence microscopy in the same cell population

mito
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Figure 4. Calibration of mitokyne 1 in HeLa cells and measurement of HeLa cell pH, ;.- (A) HeLa cells were treated with 1 (10 #M, 30 min), clamped
to discrete pH values using buffers containing the ionophores nigericin (10 M) and monensin (10 4M), and imaged by SRS at 2230 and 2216 cm ™.
False colors were applied to different detection wavelengths in ImageJ, and pseudocolored ratiometric images were produced using the image
calculator tool. (B) Calibration plot of average 2230/2216 cm ™' ratio from within cells as a function of pH (average of three images, error bars + SD).
(C) Representative pseudocolored ratiometric 2230/2216 cm™" image of HeLa cells treated with 1 (10 #M, 30 min, control). Reported pH, ;, value
represents the average value from nine images (+SD). All images were acquired at 512 X 512 pixels and 16 us pixel dwell time. Scale bars represent

20 pm.
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Figure S. HeLa cell nutrient starvation. (A) Pseudocolored ratiometric
2230/2216 cm™ images of HeLa cells treated with mitokyne 1 (10 uM,
30 min), then starved of glucose, glutamine, pyruvate, and serum for the
indicated times. Graph indicates average pH,;, values derived from
average cellular 2230/2216 cm ™! ratios in the images shown (10 cells,
error bars + SD) (*#¥%*p < 0.0001, ***p < 0.001, Student’s ¢ test). (B)
Pseudocolored SRS (2225 cm™, 1), fluorescence (4, = 561 nm,
collection 580—620 nm, LTR), and merged images from HeLa cells
treated with mitokyne 1 (10 #M, 30 min) and LTR (100 nM, 30 min),
then starved of glucose, glutamine, pyruvate, and serum. All images
were acquired at 512 X 512 pixels and 16 ys pixel dwell time. Scale bars
represent 20 ym.

(Figure SB). We found that the overlap between mitokyne 1 and
LTR signal (as indicated by Pearson’s R value) increased over

time, rising to a value of 0.82 after 40 min, consistent with the
degradation of mitochondria by lysosomes, i.e., mitophagy.*’
This temporal analysis in a single cell population without loss of
C=C signal demonstrates an advantage of a Raman-imaging
approach, as photodegradation of MTR would not permit this
type of analysis. To the best of our knowledge, this also
represents the first time-resolved analysis of live cells using SRS
at a fixed temperature of 37 °C.

It is established that the pH,;, gradient is driven by proton
pumping in the ETC and oxidative phosphorylation. The ETC is
composed of four complexes, responsible for a series of redox
reactions, which ultimately result in the reduction of molecular
oxygen to water (Figure 6A). Complexes I, III, and IV of the
ETC are responsible for pumping protons out of the inner
mitochondrial matrix and into the intermembrane space. The
resulting electrochemical gradient, and re-entry of protons via
ATP synthase (complex V) provides an energetic driving force
for the production of ATP from adenosine diphosphate
(ADP).”>** Consequently, inhibition of ETC complexes I and
III and ATP synthase would be expected to impact pH,;;, and be
detected by our mitochondrial probe. HeLa cells were treated
with mitokyne 1 (10 #M, 30 min) followed by either rotenone
(2 uM, 10 min, complex I inhibitor), antimycin A (2 uM, 10
min, complex I11 inhibitor), or oligomycin (S M, 10 min, ATP-
synthase inhibitor). Figure 6A shows representative ratiometric
2230/2216 cm™" images from these experiments. As expected,
treatment with rotenone and antimycin A both induced
mitochondrial acidification by 0.3—0.4 pH units, consistent
with the arrest of proton pump activity. Conversely, oligomycin
treatment induced mitochondrial alkalinization by ca. 0.3 pH
units, indicating the arrest of proton re-entry via ATP synthase
(Figure 6B). Acidification of mitochondria by rotenone and
antimycin A is consistent with previous qualitative reports of
mitochondrial membrane potential (MMP) reduction in other
cell lines,”* > while oligomycin-induced mitochondrial alkalin-
ization has been reported in 293T cells.”* These results highlight
the potential of mitokyne 1 as a powerful tool for interrogating
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Figure 6. Effect of inhibition of the ETC and ATP synthase on pH,;,,. HeLa cells were treated with mitokyne 1 (10 M, 30 min), followed by either
rotenone (2 #M, 10 min), antimycin A (2 #M, 10 min), or oligomycin (S M, 10 min), then imaged by SRS microscopy. All images were acquired at
512 X 512 pixels and 16 s pixel dwell time. All scale bars are 20 gm. (A) Summary of the chemical transformations involved in the ETC and oxidative
phosphorylation, showing representative ratiometric 2230/2216 cm™' images from cells treated with the inhibitors rotenone, antimycin A, and
oligomycin. (B) Graph of average pH,,;, values observed in HeLa cells after treatment with mitokyne 1 only (control, nine images, + standard
deviation), rotenone (four images, + standard deviation), antimycin A (four images, + standard deviation), and oligomycin (five images, + standard

deviation) (**#¥p < 0.0001, ***p < 0.001, **p < 0.01, Student’s ¢ test).

how pH,, fluctuations are mechanistically associated with
mitochondrial biochemistry.

We have reported the development of the first small molecule
probe for the measurement of pH,, via SRS microscopy.
Mitokyne 1 is nontoxic, highly photostable, and possesses a pH-
chromic alkyne band which enables accurate ratiometric pH_;,
measurement in live cells in a time-dependent manner. The
narrow spectral resonances of mitokyne 1 enabled four-color cell
imaging by tandem SRS-fluorescence microscopy, with clear
potential for higher order multiplexing. The mitochondrial
localization of the probe was confirmed in HeLa cells, and
following calibration, mitokyne 1 was used to quantitatively
measure changes in HeLa pH,_;, in response to nutrient
starvation and treatment with inhibitors of the ETC and ATP
synthase. With an optimized pK,, the probe reliably reported on
acidification and alkalinization events at the mitochondrial scale.
The probe was also used to visualize mitochondrial dynamics
with subcellular spatial resolution during mitophagy in a single
cell population—owing to excellent photostability. These
results demonstrate the ability of mitokyne 1 to be used as a
tool for elucidating the roles of pH,;, in physiological and
pathological cellular processes to advance collective under-

standing of cell biology.
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