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Abstract

Studies of organometallic reactions in living cells commonly rely on ensemble-averaged
measurements, which can obscure the detection of reaction dynamics or location-specific behavior.
This information is necessary to guide the design of bioorthogonal catalysts with improved
biocompatibility, activity, and selectivity. By leveraging the high spatial and temporal resolution
of single-molecule fluorescence microscopy, we have successfully captured single-molecule
events promoted by Ru complexes inside live A549 human lung cells. By observing individual
allylcarbamate cleavage reactions in real-time, our results revealed that they occur with greater
frequency inside the mitochondria than in the non-mitochondria regions. The estimated turnover
frequency of the Ru complexes was at least 3-fold higher in the former than the latter. These
results suggest that organelle specificity is a critical factor to consider in intracellular catalyst
design, such as in developing metallodrugs for therapeutic applications.
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Single-molecule fluorescence microscopy was used to quantify ruthenium-promoted
allylcarbamate cleavage reactions in live A549 human lung cells. Individual turn-on events were
detected as single fluorescence spots and found to occur more frequently in the mitochondria
than the rest of the cell. These results suggest that the subcellular distribution is an important
consideration in designing intracellular catalysts.
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Introduction

Bioorthogonal chemistry has played important roles in advancing the life sciences, ranging
from biomedical imaging to targeted therapeutics.[2-5 Although metal-free click reactions
are powerful tools in the biosynthetic chemistry arsenal, processes mediated by metal
complexes (e.g., small molecule intracellular metal catalysts[®] or nanozymes[7-8l) offer
additional capabilities and opportunities for catalytic amplification.[®: 9-12] A variety of
organometallic catalysts have been developed to promote new-to-nature reactions, including
C—C bond cross-coupling,[23 olefin metathesis,[14-15] protecting group cleavage,[16] ring
formation,[17-18] and transfer hydrogenation.[1%21] Among these, the use of metal-catalyzed
allylcarbamate cleavage reactions is growing in popularity (Scheme 1),[10: 22-24] providing a
convenient method to uncage bioactive agents (e.g., essential nutrients, anti-cancer drugs, or
DNA intercalators) in vitro and in vivo. Research in bioorthogonal catalysis could lead to the
discovery of new ways to interface with living systems or combat diseases.
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Although organometallic catalysts have been shown to be active inside living systems,
quantitative information about their intracellular distribution and activity is generally
lacking.[2%] Typically, assays are performed at the ensemble level to confirm catalysis in
cells, such as using fluorogenic substrates that turn on only after undergoing a desired
transformation. Although they are effective for qualitative monitoring of intracellular
reactions, these assays cannot offer insights into the catalytic efficiency or organelle
specificity.

A recent report by Mascarefias and coworkers provided evidence of organometallic
reaction turnover in cells by combining measurements from liquid chromatography-mass
spectrometry (LC-MS), which quantified total product formation, and inductively-coupled
plasma mass spectrometry (ICP-MS), which quantified catalyst uptake.[26] In work by

Cai and coworkers,[27] the reaction yields of azide-alkyne cycloaddition reactions inside
cells were estimated based on LC-MS measurements. Although these studies represent

an important step toward making intracellular catalysis development more rigorous,

they rely on ensemble-averaged measurements (i.e., using results obtained from whole
cell populations and different cell samples). Because the intracellular environment is
heterogenous and individual cells can differ from one another, critical data concerning

the catalyst’s reaction dynamics or location-specific behavior are lost.[28-2%] without this
information, efforts to design more efficient and selective intracellular catalysts will have a
lower likelihood of success.

To perform in-depth analyses of metal-promoted reactions inside living cells, we used
single-molecule fluorescence microscopy (SMFM)[309-331 to track allylcarbamate cleavage
reactions in real-time. Because SMFM is capable of imaging with high spatial and temporal
resolution, we can determine precisely where and when single-molecule events take place,
respectively. SMFM has been applied to interrogate key biological processes(34-391 but,

to the best of our knowledge, has not been used to study organometallic reactions in
cells.[40-43] |n this work, we demonstrate that SMFM is well suited for quantitative
visualization of metal-promoted processes in living systems,[43] providing insights
previously unattainable using conventional approaches. Fundamental questions regarding
the location of metal-promoted reactions, turnover frequency (TOF),[44] and environment-
dependent reactivity were investigated. Because living systems are highly complex, our
results suggest that using tools capable of providing subcellular information is necessary for
quantitative studies of in-cell catalysis.

Results and Discussion

Reactions in Solution

The bioorthogonal conversion of allylcarbamates to amines in living systems can be
mediated by a variety of ruthenium[10. 22. 451 and iridium[4¢] catalysts. Initially, we
screened both Ru(ll) and Ru(IV) complexes for their catalytic activity by combining
N-allyloxycarbonyl-4-chloroaniline with 5 mol% of a Ru complex and excess thiophenol
in methanol at room temperature (Table S1). NMR spectroscopic analysis of the reaction
products revealed that >99% yield of 4-chloroaniline was obtained using [Ru'/(Cp*)
(COD)CI] (Rul, Cp* = pentamethylcyclopentadienyl anion, COD = 1,5-cyclooctadiene),
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[Ru''(Cp*)(PPh3),Cl] (Ru2), [Ru'V(Cp*)(2-quinolinecarboxylate)(allyl)]PFg (Ru3),
[Ru'V(Cp*)(8-hydroxyquinolinate)(allyl)]PFg (Ru4), [Ru''(Cp*)(CH3CN)3]PFg (Ru5), and
[Ru'v(Cp*)(allyl)Cl,] (Rus6). In contrast, [Ru''(s-cymene)(picolinamidate)CI (Ru7) and
[Rul(hexamethylbenzene)(2,2”-bipyridine)CI]CI (Ru8) were inactive.

Next, we performed Kinetic studies of allylcarbamate cleavage reactions in different aqueous
media using fluorescence spectroscopy (Figure 1). Mixtures containing fluorogenic substrate
1 (40 pM), thiophenol (200 pM), and Ru complex (2 pM) were added to individual wells

in 24-well plates and the fluorescence changes were monitored over time at 522 nm using a
microplate reader.[22] Because conversion of the allyloxycarbonyl-protected substrate 1 led
to the formation of the highly emissive rhodamine 110 (compound 2), the reaction yields
could be calculated using the fluorescence intensity observed. We found that the Ru(ll)
complexes (i.e., Rul and Ru2) in phosphate-buffered saline (PBS) achieved greater than
65% yield in 10 min, whereas the Ru(IV) complexes (i.e., Ru3 and Ru4) required at least
50 min to afford the same amount. Because Ru(IV)-allyl species must be converted to

the corresponding Ru(l1) form prior to reacting with substrates (Scheme S1),[19 Ru3/Ru4
is expected to have a slower initial rate than Ru1/Ru2. In separate but related work, [4°]
Meggers and coworkers found that reducing the steric bulk of the Ru(IVV) complexes by
using unsubstituted cyclopentadienyl anion instead of Cp* enhanced their rates relative to
that of Rul in potassium phosphate-buffered solutions. Thus, these results suggest that the
activity of the Ru complexes is highly tunable.

When kinetic measurements were conducted in complex aqueous media, the Ru catalyst
activity generally decreased in the order PBS > cell lysate > Dulbecco’s Modified Eagle
Medium (DMEM) > DMEM/fetal bovine serum (FBS) (Figure 1B). This trend tracks with
the presence of increasing amounts of nucleophilic components in the media, which could
potentially deactivate the Ru complexes. FBS, which contains an undefined mixture of
growth factors, proteins, metal salts, vitamins, and hormones, is most poorly tolerated

by Rul-Ru3. The Ru(ll) species are more susceptible to coordinative inhibition than the
Ru(1V) species, resulting in the activity trend Ru4 > Ru3 > Ru2 ~ Rul in DMEM/FBS,
which differs from that observed in PBS. These results are relevant to living systems because
the cellular environment comprises a plethora of species that could potentially poison the Ru
complexes.[47]

Biocompatibility of the Ru Complexes

Before carrying out allylcarbamate cleavage reactions in cells, we first investigated the
biocompatibility of the Ru complexes. Their tolerable concentrations were measured using
tetrazolium-based cell viability assays. Our results showed that A549 human lung cells can
be treated with at least 20 uM or higher concentrations of Rul, Ru2, or Ru3 for 4 h without
adverse biological effects (Figures S7-S9). Ru4 exhibited a lower tolerable concentration,
achieving >95% cell viability only when cells were exposed to less than 10 pM of the
complex within the same time period. Knowing these limits allowed us to determine suitable
amounts of Rul-Ru4 to use in our SMFM imaging studies below. As a reference point,
other reports on ruthenium catalysis in cells have employed Ru concentrations of 2-40 uM in
various mammalian cells without causing cell death.[10. 22, 24, 48]
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To measure cellular uptake, we treated A549 cells with 1 uM of the Ru complexes for 2

h and then analyzed the samples for Ru abundance by ICP-MS (Figure 2, Table S2). We
found that cells incubated with Ru2, Ru3, and Ru4 contained 0.4x10716, 4.1x10716 and
1.6x10716 g of Ru per cell, respectively (Figure 2). The Ru concentration in the Rul sample
was below the instrument detection limit. Increasing the Rul and Ru2 treatment amount

to 20 uM led to a corresponding increase in Ru uptake, with intracellular concentrations

of 6.0x10716 and 4.4x10716 g of Ru per cell, respectively. Based on the cell viability

and accumulation results, Rul-Ru4 were deemed sufficiently biocompatible for live cell
imaging studies.

Reactions in Individual Cells

To identify conditions suitable for imaging using SMFM, we first carried out experiments
in pure water. An aqueous solution containing Rul (1 uM), probe 1 (10 nM), and PhSH (1
uUM) was added to a custom-made single-well slide. The mixture was excited continuously
using a 488 nm laser and fluorescence images at 525 nm were acquired at a speed of 10
frames/s (fps) for 100 s (Figure 3A). The amount of 1 present was kept in the nanomolar
range to ensure that the formation of 2 could be observed as individual fluorescent spots.
These events are likely due to Ru-promoted cleavage of 1 to 2, followed by photobleaching
of 2. As shown in Figure 3A, solutions containing Rul, 1, and PhSH produced about

1000 single-molecule events, which was significantly higher than that observed in control
samples lacking the Ru complex, probe, or thiol (< 67 spots). Additionally, the fluorescence
intensities of spots observed in the Rul/1/PhSH wells were significantly higher than those
in the control (Figure S22), indicating that the emission turn on events resulted from
allylcarbamate cleavage rather than background fluorescence.

Once our SMFM imaging method was optimized, we investigated Ru-promoted uncaging
reactions in live A549 cells. In a typical experiment, cells in single-well slides were
incubated with a Ru complex for 2 h, washed with fresh media, and then treated with 1

for 30 min (Figure 3B). The samples were first irradiated with a 488 nm laser for 25 s to
photobleach any molecules of 2 formed during incubation. Fluorescence images were then
acquired for 100 s under continuous laser exposure, which clearly showed individual spots
appearing randomly due to the formation of 2.122] In biological systems, the diffusion rate
of molecules is typically on the order of 1-10 um#/s. These results suggest that the diffusion
of 2 inside cells is slow enough to be captured by our microscope camera, which has a time
resolution of 0.1 s. Reversing the order of addition by treating A549 cells with 1 first before
incubating with the Ru complex was not suitable for single-molecule imaging because the
conversion of 1 to 2 was too rapid, causing oversaturation of the fluorescence signals and
precluding individual spot detection (Figure S13). By filtering the images through a cell
mask (Figure S17), we were able to distinguish whether a reaction took place inside or
outside the cell. As shown in Figure 3B (bottom left), greater number of single-molecule
spots were detected in samples containing both Rul (20 puM) and 1 (20 uM) (PhSH is not
needed in cell studies due to the presence of endogenous thiols) than in the untreated or Rul
only treated controls. The area spot frequency, which is determined by dividing the total
spot count over the imaging area per second, varied widely from cell to cell, even between
those in the same sample well (Figure 3B, top). This variability may result from differences

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 6

in the accumulation of Rul and 1 or the extent of deactivation within individual cells.
Importantly, the area spot frequency was about 5-fold higher inside than outside the cell
(2.0x1072 vs. 0.4%1072 spot/um?-s, respectively), confirming that Ru-promoted reactions
were predominantly intracellular. It is possible that the extracellular spots could arise from
the transport of 2 from inside to outside the cell.

Detailed analysis of the single-molecule images revealed that most fluorescence spots
lasted for <0.2 s in cells (Figure S15). Some spots were due to single events (Figure

4A, top), whereas others represented multiple events (bottom). The latter may result from
sequential uncaging reactions promoted by the same Ru molecule. However, because the
Ru species could diffuse freely inside the cell, we cannot dismiss the possibility that
fluorescent spots occurring in succession were generated by different Ru complexes. The
microscope objective’s depth of focus is more narrow than the length of the cell 149 so
not all Ru-promoted reactions could be captured (Figure 4B). Thus, a turn-on event is the
result of either an uncaging reaction induced by the Ru complex (path i) or diffusion of

2 into the imaging window (path ii). Because the cells were illuminated for 25 s prior to
data collection, the early frames should be devoid of any pre-existing 2 due to light-induced
degradation within the imaging window. Meanwhile, the turn-off events may result from
out-of-view diffusion (path iii) or photobleaching to generate non-emissive species 3 (path
iv). Based on control studies, the diffusion of 2 in and out of the imaging window has a
negligible contribution to the total spot count (Figure S24B).

We next assessed the area spot frequency of allylcarbamate cleavage reactions for the
entire Ru series. Because the Ru(ll) complexes (i.e., Rul and Ru2) are less active than
the Ru(IV) complexes (i.e., Ru3 and Ru4), greater amounts of the former relative to the
latter were needed to obtain meaningful single-molecule data. After screening different
Ru concentrations, we found that using 20 uM of Rul/Ru2 and 1 uM of Ru3/Ru4 with
the corresponding amounts of 1 were needed to obtain sufficient single fluorescence spots
for statistically significant analyses. In experiments containing Ru3 and Ru4, the 30 min
incubation step with 1 was omitted to prevent the formation of too many molecules of 2
prior to imaging. Our results showed that the spot frequencies varied from 4.3x1072 to
9.6x1072 spot/um?.s. Once again, significant variability between individual cells in the same
sample well was observed (Figures 3B and S25-S28).

The turnover frequency (TOF) of the in-cell reactions was estimated by dividing the area
spot frequency over the Ru concentration. Because the Ru content in the SMFM imaged
cells could not be obtained directly (i.e., the Ru complexes are non-emissive), it was
acquired from ICP-MS measurements of separate cell samples. Thus, the TOF values
calculated are ensemble-averaged. Based on this analysis, we found that the Ru complexes
exhibited TOFs in the order Ru4 (1.3x107* s1) > Ru3 (1.1x10™* s1) > Ru2 (6.6x10~°
s71) > Rul (1.6x107° s71) (Figure S29). This trend is consistent with that observed in
uncaging reactions performed in non-PBS aqueous mixtures (Table S5). However, the
activity differences between Rul and Ru2 were significantly greater in live cells (TOFgry2/
TOFRy1 = 4.2) than in solution (TOFR,2/TOFR,1 = 1.0-1.3) (Figure S30A). In contrast,
Ru3 and Ru4 showed similar relative activities in cells (TOFRry4/TOFRry3=1.2) and in
solution (TOFR2/TOFR,1 = 1.0-2.1) (Figure S30B). We hypothesize that because the Ru(ll)
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complexes are more substitutionally labile than Ru(IV) complexes, they are more sensitive
to the variable composition of the intracellular matrix. Thus, although studies performed
in agueous media can provide useful information about reactions in cells, they cannot
adequately capture the complexity of living systems.

To interrogate the behavior of individual Ru complexes, they should be fluorescently labeled
and immobilized so that the origin of each uncaging event could be tracked.[42 50] Because
our Ru complexes are non-emissive and can diffuse freely in solution, it was not possible

in the current study to assess whether they achieved turnover inside the cell. Despite this
limitation, our results showed unambiguously that individual organometallic reactions could
be detected inside living environments, demonstrating that SMFM is a powerful tool for
real-time tracking of intracellular processes.

Reactions in the Mitochondria

Half-sandwich metal complexes can localize in different cellular organelles to different
extents.[51-54] Because the local cell environment can differ in pH, viscosity, redox potential,
and other factors,[5-56] we hypothesized that the Ru complexes could exhibit variability

in their intracellular behavior. Based on reports that some Ru species have high affinity

for the mitochondria,[>31 we performed SMFM experiments on A549 cells stained with the
commercial mitochondria dye MitoTracker Deep Red (MTDR). Cells were incubated with
Ru3 or Ru4 (1 uM) and MTDR for 2 h, followed by the addition of 1 (1 pM), and then
dual-color images were acquired continuously for 100 s. In the 680 nm channel (Figure
5A), strong red fluorescence was observed, revealing the location of the mitochondria
inside the cell. Using these images, mitochondrial masks were constructed so that the
fluorescent spots appearing in the 525 nm channel due to the formation of 2 could be

sorted based on their locations. Our results revealed that, on average, cells treated with
either Ru3 or Ru4 displayed more single-molecule events inside the mitochondria than
non-mitochondria regions, which include the cytosol and other organelles (Figure 5B and
S31). A variety of reasons could account for these observations. For example, it is possible
that the Ru complexes accumulate more in the mitochondria than the rest of the cell, exhibit
environment-specific behavior, and/or are deactivated to different degrees inside the cell.

To assess the possibilities above, further studies were conducted to quantify the amount of
Ru complexes in different cellular compartments. Because Ru3 and Ru4 are non-emissive,
their concentrations were estimated indirectly based on separate ICP-MS measurements
rather than directly via SMFM imaging. Using a commercial cell fractionation kit (see
Section V in the SI), we separated the mitochondria from the cytosol in A549 cells
pre-incubated with the Ru complexes and measured the amount of Ru in each fraction.
During the isolation process, the nuclei and cell debris were discarded so the Ru content
measured may not represent the total amount in cells. Keeping this caveat in mind, our
results showed that only ~3% of the Ru detected was in the mitochondria whereas ~97% was
in the cytosol (Figure 5C, left, and Table S3). Based on these data, the ensemble-averaged
TOFs for the Ru complexes were calculated. The estimated non-mitochondria TOFs are
upper limits because the amount of Ru in the nucleus and cell debris was not included in
the ICP-MS measurements. As shown in Figure 5C (right), Ru3 and Ru4 exhibited about
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3.1- and 3.7-fold increases in TOF in the mitochondria vs. cytosol, respectively. Because the
Ru content in the cytosol is significantly higher than in the mitochondria, it is likely that a
high percentage of Ru3 and Ru4 in the cytosol exists in an inactive state, potentially due to
coordinative inhibition by biomolecules. At this time, we cannot dismiss other possibilities,
such as differences in local pH that can alter the allylcarbamate cleavage reaction rates

in different subcellular locations. Additionally, there could be environment-specific factors
that affect fluorophore photophysics and diffusion rates, but such effects were found to be
negligible in our studies (Figure S23). These results are significant because they provide
evidence of reaction heterogeneity within individual cells, a phenomenon that could not be
captured previously using conventional imaging techniques (e.g., confocal laser scanning
microscopy).

Conclusion

We demonstrate unambiguously that organometallic reactions could be promoted by
synthetic metal complexes inside living cells. Using SMFM, we determined precisely
when and where individual allylcarbamate cleavage reactions took place by tracking single-
molecule events induced by uncaging fluorogenic substrates. Qualitatively, the activity of
the Ru complexes in the cell (i.e., Ru4 > Ru3 > Ru2 > Rul) mirrors that observed in
DMEM or DMEM/FBS, although their relative differences could vary significantly in cells
vs. in solution. By staining A549 cells with MTDR, we were able to quantify the number
of allylcarbamate cleavage reactions occurring in the mitochondria vs. non-mitochondria
compartments. Although the total spot counts varied between cells, it was clear that the
uncaging events occurred more frequently in the mitochondria. The ensemble-averaged
TOFs, calculated by combining SMFM and ICP-MS data, suggest that the conversion

of 1 to 2 by Ru complexes was at least 3-fold higher in the mitochondria than in the
cytosol. This observation could be due to a variety of factors, such as differences in the
relative distribution of active vs. inactive Ru species inside the cell and/or environment-
specific effects on the reaction. Further investigations are needed to track individual catalyst
molecules using SMFM and assess whether they achieve reaction turnover.

This work suggests that current tools used to study intracellular catalysis are inadequate
because ensemble averaging obscures important information about reaction dynamics and
heterogeneity within the cell interior. Understanding a catalyst’s intracellular behavior
will allow researchers to design variants with improved efficiency and selectivity. For
example, a mitochondria-targeted catalyst could be used to treat mitochondria dysfunction
associated with neurodegenerativel>7-58] or cardiovascular diseases.[59-601 We anticipate
that our SMFM imaging methods could be readily applied to study other organometallic
reactions in cells, paving the way for the development of new biorthogonal chemistry or
catalytic metallodrugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) Ru Complexes Used in this Study
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Figurel.
A) Ru(ll) and Ru(1V) complexes screened for their allylcarbamate cleavage efficiency. B)

Fluorescence study of the conversion of 1 to 2 using various Ru complexes. Reaction
conditions used: 1 (40 uM), PhSH (200 uM), and Ru catalysts (2 uM) in aqueous solvents.
Yields were determined at Agy = 522 nm (Agx = 450 nm) using a calibration curve. The
data shown are the average of three independent experiments. PBS = phosphate-buffered
saline, DMEM = Dulbecco’s Modified Eagle Medium, FBS = fetal bovine serum. Triplicate
experiments were performed with standard deviations typically <10%.
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Figure 2.
Quantification of Ru uptake inside A549 cells after incubation with the complexes for 2 h.

The Ru concentrations were measured using ICP-MS. The amount of Ru in cells treated
with 1 pM of Rul (marked with **) was below the detection limit. Experiments were
performed in triplicate (see Table S2 for the full data and standard deviations).
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A) Single Molecule Imaging in Water
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Figure 3.
A) Single-molecule fluorescence image and spot count obtained from the reaction of Rul,

1, and PhSH in water. B) Area spot frequency determined from the reaction of 1 and Ru
complexes in A549 cells (n == 7 cells, see Figures S25-28 for the full data and standard
deviations). These values are not normalized relative to the intracellular Ru concentration
(see Figure S29 for Ru normalized data). Images were acquired in epi-fluorescence
illumination mode. Imaging conditions used for both parts A and B: A¢x = 488 nm, Aem
=525 nm, speed = 10 fps, total time = 100 s.
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A) Time-Dependent Fluorescence Analysis
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Figure 4.

A) Time-dependent fluorescence intensity of regions of interest (~7x7 pixels) containing
single-molecule fluorescence bursts inside a cell. Cells were treated with Ru catalyst (20
uM) for 2 h, washed 3 times with FluoroBrite DMEM, and then treated with 1 (20 uM) for
30 min. B) Proposed model for the appearance and disappearance of fluorescence signals
from live cell imaging studies. Compound 3 is a non-emissive photobleached product.
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A) Fluorescence Image of a Cell Stained with MitoTracker
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C) Ru Quantification and Location-Specific Efficiency
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A) Fluorescence image of an A549 cell stained with MitoTracker Deep Red. B) Comparison
of the area spot frequency observed in the mitochondria vs. non-mitochondria regions in
different cells treated with 1 and either Ru3 or Ru4. Triplicate experiments were performed
(see Table S3 for the full data and standard deviations); C) The percent population of Ru in
the mitochondria vs. cytosol was determined by ICP-MS. An undetermined amount of Ru
in the nuclei and cell debris may be lost due to the cell fractionation procedure. Mean and
standard deviations were calculated using the spot frequency (Figure S27-28) and ICP-MS
(Table S3) data.
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Scheme 1.
Allylcarbamate cleavage by organometallic catalysts inside living cells to form bioactive
compounds.
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