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SUMMARY:
This protocol establishes a quantitative imaging workflow that features the application of confocal microscopy to monitor the selective localization of the fluorescent peptidyl ClpP inhibitor FAM-FAPAL-CMK (Carboxyfluorescein-FAPAL-chloromethyl ketone) into the mitochondria to target ClpP, and the subsequent morphological changes in mitochondria in intact cells caused by ClpP inhibition.  

ABSTRACT:
Mitochondrial ATP-dependent proteases are essential for maintaining protein homeostasis through degradation of damaged or misfolded proteins. Among these, the ClpXP protease complex locates in mitochondrial matrix and contributes to mitochondrial quality control under physiological and stress conditions. This work demonstrates a quantitative fluorescence microscopy workflow to assess mitochondrial targeting of the fluorescent peptidyl inhibitor FAM-FAPAL-CMK and evaluate mitochondrial morphological changes associated with ClpXP inhibition in mammalian cells. HeLa cells were treated with FAM-FAPAL-CMK and analyzed using confocal microscopy combined with immunofluorescence staining of mitochondrial markers and quantitative image analysis. Colocalization analysis using Costes thresholding and Manders’ overlap coefficients demonstrated mitochondrial enrichments of the inhibitor signal. As a consequence, inhibition of ClpP altered mitochondrial morphology. Immunoblot analysis showed no significant change in ClpP protein abundance upon inhibitor treatment. Taken together, this work describes a reproducible imaging-based workflow that will enable interrogation of mitochondrial ClpXP functions in intact cells in response to perturbations of homeostasis, such as oxidative stress.

INTRODUCTION:
Mitochondrial ATP-dependent proteases are central to protein homeostasis, degrading misfolded or damaged proteins1–6. Among these, ClpXP is a hetero-oligomeric AAA+ protease complex located in the mitochondrial matrix. The ClpX ATPase recognizes and unfolds proteins, then translocates them to the ClpP proteolytic chamber7–9. Along with other mitochondrial proteases, ClpXP maintains protein quality control under both normal and stress conditions, including oxidative stress and metabolic perturbations1,2,4. Disruption of mitochondrial protein homeostasis has been linked to diseases such as neurodegeneration and cancer, underscoring the importance of understanding these protease activities in intact cellular systems3,6,10.

A major challenge in the field is the lack of methods to directly monitor mitochondrial protease activity with spatial resolution in intact cells. Existing approaches rely primarily on biochemical assays using purified proteins or cell lysates, which provide detailed kinetic information but do not preserve subcellular context11–14. Chemical biology strategies have addressed this limitation in part by developing fluorogenic peptide substrates and active-site-directed inhibitors. Fluorescent peptidyl substrates enable quantitative measurement of ATP-dependent peptidase activity, while peptidyl inhibitors form reversible covalent interactions with the proteolytic site to achieve selective inhibition13,15–19. Previously, the lab-synthesized ClpXP inhibitor FAPAL-CMK has been shown to form a covalent bond with ClpP20. In this study, FAM-FAPAL-CMK, a fluorescein-labeled derivative of FAPAL-CMK, was developed as a mechanism-based inhibitor of ClpP, enabling visualization of its intracellular localization.

Compared with biochemical assays, confocal fluorescence microscopy enables spatially resolved assessment of probe distribution and mitochondrial morphology in intact cells, providing information that cannot be obtained from lysates alone. However, unlike enzymatic assays, fluorescence localization does not directly measure catalytic activity or molecular binding events and may be influenced by probe uptake efficiency, mitochondrial dynamics, and imaging conditions. In addition, successful implementation depends on adequate probe accumulation and sufficiently resolved mitochondrial networks, making this workflow most suitable for adherent cultured cells with clearly distinguishable mitochondrial morphology.

The goal of this study is to establish a quantitative workflow that integrates mechanism-based fluorescent probes with confocal microscopy to monitor mitochondrial protease localization and function in intact cells. By combining selective chemical probes with high-resolution confocal imaging, this workflow enables assessment of mitochondrial localization, probe distribution, and morphological responses to perturbations of mitochondrial homeostasis in intact cells. It can complement the existing biochemical assays that directly measure protease activity but lack spatial resolution.

PROTOCOL:
Experiments were performed using commercially available HeLa cells. No human participants, vertebrate animals, or primary human- or vertebrate-derived biological materials were used. The reagents and the equipment used are listed in the Table of Materials.

1. Cell culture and treatment

1.1 Culture HeLa cells in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37 ˚C in a humidified incubator with 5% CO2.

1.2 Plate cells onto sterile glass coverslips and incubate for 24 h to allow cell attachment.

1.3 Dissolve the inhibitor FAM-FAPAL-CMK in DMSO to prepare a 50 µM stock and freeze at -20 °C for storage.

1.4 Add 50 nM FAM-FAPAL-CMK to the cell growth medium in the treated cell samples. 

1.5 Add an equal volume of DMSO to control samples to match the final solvent concentration of inhibitor-treated samples, ensuring that any effects are not due to DMSO.

1.6 Incubate the cells for an additional 18 h under the same culture conditions prior to downstream processing.

Note: FAM-FAPAL-CMK inhibitor is lab-designed and synthesized, and the synthesis method has been reported previously20.

2. Fixation and permeabilization

2.1 Wash the cells with pre-warmed D-PBS for 5 min and repeat once.

2.2 Fix the cells for 15 min at room temperature using PHEM buffer (68 mM PIPES, 25 mM HEPES, 15 mM EGTA, 3 mM MgCl2, pH 6.9) containing 2.4% (v/v) formaldehyde, 0.05% (v/v) glutaraldehyde, and 0.5% (w/v) saponin.

2.3 Prepare fresh sodium borohydride solution (5 mg/mL in D-PBS). 

2.4 Incubate the cells in the sodium borohydride solution for 15 min at room temperature to neutralize residual glutaraldehyde.

2.5 Rinse cells three times with D-PBS  for 5 min each prior to staining.

NOTE: Formaldehyde and glutaraldehyde are toxic fixatives. Perform fixation steps in the hood and wear appropriate personal protective equipment (gloves, lab coat, and eye protection). Sodium borohydride is a reactive reducing agent and should be handled carefully. The PHEM-based fixation buffer containing formaldehyde, glutaraldehyde, and saponin was selected to preserve mitochondrial morphology while maintaining antigen accessibility during immunostaining. Formaldehyde and glutaraldehyde provide protein crosslinking for structural preservation, while the buffering composition and pH of PHEM help stabilize mitochondrial ultrastructure21. Saponin facilitates membrane permeabilization to improve the rate of fixative penetration. This fixation strategy minimizes distortion of mitochondrial networks and is particularly suitable for quantitative analysis of mitochondrial morphology.

3. Immunofluorescence staining

3.1 [bookmark: OLE_LINK1]Block cells for 1 h at room temperature in blocking buffer containing 3% (w/v) bovine serum albumin (BSA) in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) with 0.1% (v/v) Triton X-100.

3.2 Incubate cells with primary antibodies diluted in blocking buffer for 1 h at room temperature. Use mouse anti-TOMM20 (1:500) and rabbit anti-ClpP (1:500).

3.3 Wash cells three times with PBS for 5 min each to remove unbound primary antibodies.

3.4 Incubate cells with secondary antibodies diluted in blocking buffer for 1 h at room temperature. Use CF405S-conjugated mouse secondary antibody (1:500) and Alexa Fluor 647-conjugated rabbit secondary antibody (1:500).

3.5 Protect samples from light during and after secondary antibody incubation.

3.6 Repeat step 3.3.

3.7 Mount coverslips onto glass slides using mounting medium.

NOTE: ClpP and TOMM20 were visualized under 405 nm and 647 nm to avoid any spectral overlap with FAM signals. 

4. Image acquisition

4.1 Acquire images using a confocal laser scanning microscope equipped with a high-numerical-aperture oil-immersion objective.

4.2 Excite fluorophores using 405 nm and 633 nm laser lines. Use appropriate dichroic beam splitters to reflect excitation light and transmit emitted fluorescence to the detectors. 

4.3 Set the pixel size to 35.3 nm (X, Y) and the Z-step to 0.1 µm to ensure sufficient axial sampling of mitochondrial structures.

4.4 Acquire images with a frame size of 1900 x 1900 pixels (X, Y) and collect 5 optical sections per Z-stack beginning at the upper mitochondrial signal and ending below the mitochondrial signal to ensure the predominant mitochondrial signal is collected. 

NOTE: Representative microscope acquisition settings are provided in Supplementary Figure 1. For HeLa cells, mitochondria are typically thin tubular structures, around 0.5-1 µm in diameter22. So a 0.5 µm Z-volume is enough to capture a substantial fraction of the individual mitochondrial matrix, but not necessarily the entire cell. A 5-section Z-stack was selected to balance sufficient sampling of mitochondrial structures with rapid image acquisition to minimize motion-related artifacts during cell imaging. 

5. Live cell treatment and imaging

5.1  Culture HeLa cells on 35 mm glass-bottom dishes in DMEM with 10% FBS at 37 °C in a humidified incubator with 5% CO2.

5.2 Add inhibitor (final concentration: 50 nM) or an equivalent volume of DMSO to cells 24 h after seeding. Incubate cells for an additional 18 h under standard culture conditions.

5.3 Remove culture medium containing the inhibitor or DMSO and rinse the cells once with pre-warmed D-PBS for 5 min.

5.4 Add live-cell imaging solution containing 20 nM MitoTracker DeepRed.

5.5 Perform live-cell imaging at room temperature using the same microscope settings described above. Acquire images in per-frame scanning mode with an approximate 4.72 s per optical section (about 24 s total per 5-section Z-stack). 

NOTE: Five optical sections per Z-stack are set to balance sufficient sampling of mitochondrial structures with manageable acquisition times. Additionally, a room-temperature live-cell imaging solution is used to reduce mitochondrial motility compared to imaging at 37 °C. Although mitochondrial movement during live-cell imaging may still contribute to variability in colocalization measurements, consistent acquisition settings across all samples help to reduce systematic bias. Representative software settings are shown in Supplementary Figure 2.

6. Mitochondrial morphology analysis

6.1 Open image files in Fiji23 and generate maximum intensity projections from Z-stacks by selecting Image  Stacks  Z project and choosing Max Intensity.

6.2 Apply the Otsu thresholding method by navigating to Image  Adjust  Threshold and selecting Otsu from the thresholding options. Apply the threshold to segment mitochondria.

6.3 Run the Mitochondria Analyzer plugin24 and select 2D analysis mode on a per-mito basis.

6.4 Measure mitochondrial size (area) and perimeter using the Mitochondria Analyzer output.

6.5 Obtain the mitochondrial form factor values directly from the Mitochondria Analyzer output, where form factor is calculated as P²/(4πA), with P representing the perimeter and A the area.

6.6 Measure total branch length per mitochondrion using the network analysis function within the plugin to assess mitochondrial connectivity.

6.7 Present the data as distributions of individual mitochondrial measurements along with mean values derived from 30 cells per condition across three independent biological replicates.

6.8 Evaluate the statistical significance using Welch’s t-test in a statistical analysis software.

7. Colocalization analysis

7.1 Open image files in Fiji and generate maximum intensity 2D projections from 3D image stacks. For consistency, analyze all samples using the same projection and acquisition strategy.

7.2 Split fluorescence channels by selecting Image  Color  Split Channels.

7.3 Launch the Coloc 2 plugin by selecting Plugins  Colocalization  Coloc 2.

7.4 Assign the appropriate channels for analysis and enable Costes threshold regression in the plugin settings. Run the analysis on a per-cell basis.

7.5 Record Manders’ overlap coefficients (M1 and M2) to assess the fraction of signal in each channel that spatially coincides with the other. 

7.6 Enable Costes randomization in the Coloc 2 settings and set the number of randomizations to 50 to assess statistical significance. 

8. Cell lysate generation

8.1 Seed HeLa cells in DMEM with 10% FBS and incubate at 37 °C in a humidified incubator with 5% CO2.

8.2 Add 50 nM inhibitor or equivalent volume of DMSO to the cells 24 h after seeding, and incubate for an additional 18 h under standard culture conditions.

8.3 Remove the culture medium and rinse cells with pre-warmed D-PBS for 5 min, and trypsinize to detach.

8.4 Quench trypsinization with fresh cell growth medium and centrifuge at 300 x g for 3 min at room temperature. Discard the supernatant.

8.5 Resuspend the cell pellet in D-PBS and centrifuge at 300 x g for 3 min to wash cells. Discard the supernatant.

8.6 Resuspend the cell pellet in pre-chilled lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM sodium chloride, 0.1% SDS, 0.5% sodium deoxycholate, 2% CHAPS, 10 mM TCEP, 1 mM PMSF, 1x protease inhibitor cocktail).

8.7 Incubate lysates on ice for 20 min and sonicate lysates in an ice-water bath for 2 min to ensure complete lysis.

8.8 Centrifuge lysates at 13,000 x g, 4 °C for 20 min.

8.9 Transfer the cleared supernatant to a fresh pre-chilled tube for downstream analysis.

NOTE: PMSF is toxic and should be handled in a fume hood with appropriate personal protective equipment. SDS is an irritant, and sonication generates heat and aerosols. Perform lysis and sonication steps on ice and follow institutional safety guidelines.

9. Bradford assay

9.1 Prepare a set of standard solutions using BSA in 0.15 M sodium chloride. The concentrations are: 0, 0.02 mg/mL, 0.04 mg/mL, 0.06 mg/mL, 0.08 mg/mL, 0.10 mg/mL.

9.2 Dilute the unknown cell lysate 50-fold and 100-fold in 0.15 M sodium chloride.

9.3 Pipette replicates of each standard curve solution and unknown samples into a 96-well plate.

9.4 Add Bradford reagent to each well. For each well, use 160 µL protein solution with 40 µL 5x Bradford reagent (commercially available). Mix gently by pipetting.

9.5 Incubate the plate at room temperature for 10 min and measure absorbance at 595 nm using a plate reader.

9.6 Generate a standard curve by plotting BSA concentrations on the x-axis and the averaged absorbance at 595 nm from replicate measurements on the y-axis.

9.7 Determine protein concentrations of samples using the standard curve. Multiply calculated values by the dilution factor to get the original concentration.

10. Immunoblotting

10.1 Load equal amounts of cell lysate onto a 12% polyacrylamide gel and separate proteins by SDS-PAGE.

10.2 Activate the PVDF membrane by briefly immersing it in ethanol. Equilibrate both the membrane and blotting papers in the transfer buffer.

10.3 Transfer proteins from the gel to a PVDF membrane using a semi-dry transfer system.

10.4 Block the membrane in 5% (w/v) non-fat dry milk in TBS (20 mM Tris, 150 mM NaCl, pH 7.6) at room temperature for 1 h with gentle agitation.

10.5 Incubate the membrane with the primary antibody diluted in blocking buffer at room temperature for 1 h with gentle agitation. Use rabbit anti-ClpP (1:2000) and mouse anti-beta-actin (ACTB, 1:10,000).

10.6 Wash the membrane three times with TBST (20 mM Tris, 150 mM NaCl, 0.1% (v/v) Tween 20, pH 7.6) for 5 min per wash to remove unbound antibody.

10.7 Incubate the membrane with HRP-conjugated secondary antibody diluted in blocking buffer (1:3000) at room temperature for 1 h with gentle agitation.

10.8 Repeat the wash step.

10.9 Detect protein bands using chemiluminescent detection reagents.

11. Densitometric analysis

11.1 Open the Western blot image in Fiji.

11.2 Change the image type to 8-bit by Image  type  8-bit.

11.3 Subtract the image background by Process  subtract background. Check light background and set the rolling ball radius to 50.0 pixels.

11.4 Circle out the band at the first lane using the rectangle tool, then select analyze  gel  select first lane.

11.5 Move the rectangle tool to the second lane, and select analyze  gel  select next lane. Repeat this step until all lanes are selected.

11.6 Plot the band density by analyze  gel  plot lanes.

11.7 Use the straight line tool to draw a line at the bottom of the band density peak, and use the wand tool to read the band density.

11.8 Repeat the same procedure from steps 11.1–11.8 on the loading control blot image.

11.9 Report the relative band density by dividing density (ClpP) by density (ACTB).

RESULTS:

ClpP inhibition alters mitochondrial morphology and network organization
Mitochondrial morphology was assessed to determine whether ClpP inhibition alters mitochondrial organization in HeLa cells. Representative fluorescence images showed clear differences in mitochondrial organization between control and FAM-FAPAL-CMK-treated cells (Figure 1A). Quantitative analysis showed that mitochondrial area decreased from 1.15 ± 4.8 µm2 (n = 8013) in control cells to 0.47 ± 1.1 µm2 (n = 8516) upon inhibitor treatment. This reduction was accompanied by a decrease in mitochondrial perimeter from 8.1 ± 20 µm to 4.6 ± 6.4 µm upon inhibition (Figure 1B,C). In addition, mitochondrial form factor decreased from 5.9 ± 7.8 in control cells to 4.3 ± 3.6 in treated cells (Figure 1D), indicating that inhibition induces fragmentation and reduces overall structural complexity. Network-level analysis also showed a decrease in total branch length per mitochondrion from 8.6 ± 37 µm in control cells to 3.2 ± 7.8 µm in treated cells (Figure 1E), indicating disrupted mitochondrial connectivity.

Successful datasets feature well-resolved, continuous mitochondrial structures that enable accurate segmentation. This step is critical for the consistent measurement of area, perimeter, and branch length. The distributions of mitochondrial parameters show reproducible shifts between control and treated samples, with minimal segmentation artifacts. In contrast, unsuccessful datasets typically show incomplete staining, low signal-to-noise ratios, and fragmented or merged mitochondrial structures. These artifacts shorten branch lengths and produce variable parameter distributions, limiting the ability to distinguish among experimental conditions. Accurate staining and segmentation are critical for reliable quantification of mitochondrial morphology.

ClpP colocalization with mitochondria is maintained upon inhibition
Dual-color immunofluorescent staining was used to evaluate the subcellular localization of ClpP relative to mitochondria. Representative imaging showed spatial overlap between ClpP and the mitochondrial outer membrane protein TOMM20 (Figure 2A). Colocalization analysis yielded Manders’ coefficients of M1 = 0.96 ± 0.017 and M2 = 0.73 ± 0.023 (n = 30 cells) under control conditions, which remained similar upon inhibitor treatment (M1 = 0.96 ± 0.026, M2 = 0.71 ± 0.029; n = 30 cells), indicating that ClpP localization to mitochondria is maintained with or without inhibition (Figure 2B,C). Manders’ overlap coefficients quantify the fraction of signal in each channel that spatially coincides with the other, where M1 represents the proportion of ClpP signal overlapping mitochondrial regions relative to total ClpP, and M2 represents the corresponding fraction for TOMM20. The consistently higher M1 relative to M2 indicates that a large fraction of the ClpP signal overlaps with mitochondrial regions, whereas a smaller fraction of mitochondrial signal overlaps with ClpP. The data suggest that ClpP is localized to mitochondria but not uniformly distributed across the entire mitochondrial network.

Successful colocalization datasets exhibit high signal-to-noise with consistent spatial alignment in both channels. Suboptimal datasets reduce apparent overlap and increase variability, typically accompanied by reduced correlation. These deviations indicate technical limitations in staining or imaging rather than biological differences.

FAM-FAPAL-CMK accumulates in proximity to mitochondria without altering ClpP protein levels
Live-cell imaging was performed to determine the intracellular distribution of FAM-FAPAL-CMK. The inhibitor signal was enriched in mitochondrial regions labeled by mitochondrial dye (Figure 3A). Quantitative analysis yielded Manders’ coefficients of M1 = 0.71 ± 0.049 and M2 = 0.61 ± 0.055 (n = 30 cells), indicating substantial but partial overlap between the inhibitor signal and mitochondria (Figure 3B). Consistent with Costes thresholding analysis, these values support mitochondrial enrichment of the inhibitor signal but do not independently establish direct molecular engagement with ClpP. Because ClpP resides within the mitochondrial matrix while mitochondrial dye labels the broader mitochondrial network, complete overlap between the two signals is not necessarily expected.

Successful live-cell imaging is characterized by intact mitochondrial morphology, stable fluorescence signals, minimal photobleaching, and consistent spatial enrichment of the inhibitor signal relative to mitochondrial regions, producing reproducible Manders’ coefficients across cells. Suboptimal datasets often exhibit photobleaching or insufficient mitochondrial staining, leading to diffuse signal or noise. This results in reduced overlap values and poor spatial correspondence between channels. Because live-cell colocalization imaging was performed, mitochondrial movement may modestly reduce measured overlap values. However, room-temperature imaging conditions and consistent acquisition settings were used to minimize motion-related variability across samples.

ClpP protein expression level upon inhibitor treatment was then evaluated by immunoblotting. Comparable ClpP levels were observed between control and inhibitor-treated samples, with loading controls confirming equal lysate input. Densitometric analysis of ClpP band intensity, normalized to the loading control ACTB band, showed no significant difference in ClpP abundance upon inhibitor treatment (Figure 3C,D). In successful experiments, protein bands appear at the expected molecular weight with consistent intensity across replicates after normalization to loading controls. In suboptimal datasets, uneven loading, incomplete transfer, or high background can lead to variability in band intensity.

FIGURE LEGENDS:

Figure 1: ClpP inhibition alters mitochondrial morphology and network architecture in HeLa cells. (A) Representative fluorescence images of mitochondria under inhibitor-treated (with inhibitor) and untreated (without inhibitor) conditions (scale bar: 20 μm). Quantitative analysis of individual mitochondrion features, including (B) area, (C) perimeter, (D) form factor, and (E) total branch length, is shown. Each point represents an individual mitochondrial structure, with distributions compared between conditions. A total of 30 cells were analyzed per condition. Statistical significance is indicated (****p < 0.0001).

Figure 2: ClpP colocalized with mitochondria in HeLa cells. (A) Representative immunostained images of ClpP (red) and mitochondria (gray) under inhibitor-treated (with inhibitor) and untreated (without inhibitor) conditions (scale bar: 20 μm). Colocalization analysis was performed to quantify the spatial overlap between the two fluorescence channels (B) with or (C) without inhibitor treatment. Manders’ overlap coefficients (M1 and M2) were calculated to assess the fraction of signal in each channel that coincides with the other. M1 reports the ratio of ClpP signal in the intersection over total ClpP, and M2 reports the ratio of TOMM20 signal in the intersection over total TOMM20. Pearson’s correlation coefficient was used to evaluate intensity correlation between channels. To determine statistical significance, a Costes randomization test was performed by shuffling one channel 50 times while preserving intensity distribution, generating a null distribution of Pearson coefficients. The observed correlation exceeded all randomized controls (p < 0.02), indicating that the measured colocalization is unlikely to arise from random overlap.

Figure 3: FAM-FAPAL-CMK accumulated near mitochondria in live HeLa cells. (A) Representative fluorescent images of FAM-FAPAL-CMK (green) and mitochondria (red) under inhibitor-treated (with inhibitor) and untreated (without inhibitor) conditions (scale bar: 20 μm). (B) Colocalization analysis was performed to quantify the spatial overlap between the two fluorescence channels upon inhibitor treatment. Manders’ overlap coefficients (M1 and M2) were calculated to assess the fraction of signal in each channel that coincides with the other. M1 reports the ratio of inhibitor signal in the intersection over total inhibitor, and M2 reports the ratio of MitoTracker dye signal in the intersection over total MitoTracker signal. Pearson’s correlation coefficient was used to evaluate intensity correlation between channels. To determine statistical significance, a Costes randomization test was performed by shuffling one channel 50 times while preserving intensity distribution, generating a null distribution of Pearson coefficients. The observed correlation exceeded all randomized controls (p < 0.02), indicating that the measured colocalization is unlikely to arise from random overlap. (C) Western blot analysis of ClpP showed no significant difference in expression levels between inhibitor-treated and untreated samples. β-actin (ACTB) was used as a loading control. (D) ClpP protein band density was measured and normalized to the ACTB band.

Supplementary Figure 1: Representative microscope acquisition settings for fixed cell imaging.

Supplementary Figure 2: Representative microscope acquisition settings for live cell imaging.

DISCUSSION:
The peptidyl chloromethyl ketone FAPAL-CMK15 has previously been shown to be a potential irreversible inhibitor of the protease subunit (ClpP) of the mitochondrial ATP-dependent protease ClpXP. While the kinetic experiments demonstrated the inhibitor’s potency and the mechanism of action, the in vitro approach could not evaluate the efficacy of FAPAL-CMK as a selective mitochondrial ClpP inhibitor in intact cells. Fluorescence confocal microscopy confirmed that FAM-FAPAL-CMK was selectively localized to the mitochondria, where ClpP resides. Because mitochondrial localization alone does not establish direct target engagement, colocalization measurements are interpreted here as evidence of mitochondrial enrichment consistent with ClpP localization rather than direct proof of covalent binding. Since FAM-FAPAL-CMK did not react with the other mitochondrial ATP-dependent protease Lon, the mitochondrial localization of FAM-FAPAL-CMK could only be attributed to the covalent attachment of the fluorescent inhibitor to the proteolytic residue in ClpP. The discovery that FAM-FAPAL-CMK can selectively target mitochondrial ClpP in intact cells and induce morphological changes in mitochondria will greatly facilitate the evaluation of ClpP function in mitochondria.  As a peptidyl boronate inhibitor has been developed for the other mitochondrial ATP-dependent Lon17,25, the approach described in this work should be employable to evaluate the efficacy of the Lon inhibitor.

This protocol establishes a quantitative workflow that integrates mechanism-based chemical probes with confocal imaging to interrogate mitochondrial ClpXP in intact cells. A critical feature of this method is the use of fluorescent inhibitors to directly link the inhibitor incorporation with subcellular localization. This approach enables visualization of ClpXP-associated signals within the mitochondrial network while preserving cellular architecture, addressing a key limitation of biochemical assays that lack spatial resolution.

Several steps in the protocol are particularly sensitive and may require optimization depending on experimental conditions. Accurate interpretation of mitochondrial morphology and colocalization requires robust staining and consistent imaging conditions, including optimized fixation, permeabilization, and antibody labeling. Fixation must balance structural preservation with antigen accessibility, as excessive crosslinking reduces labeling efficiency while insufficient fixation compromises morphology. If mitochondrial staining appears fragmented or discontinuous, reducing fixation time or glutaraldehyde concentration may improve antibody accessibility. Distorted mitochondrial morphology may indicate insufficient fixation and can often be improved by preparing a freshly diluted fixative and minimizing the time cells spend in the washing solution before fixation. Image acquisition and analysis parameters, particularly segmentation and thresholding, must be carefully controlled, as they directly affect quantification of mitochondrial structure and colocalization metrics. Low signal-to-noise ratios or diffuse fluorescence can often be improved by increasing antibody incubation time, optimizing probe concentration, reducing photobleaching through lower laser power, or increasing detector gain while avoiding saturation. Apparent reductions in colocalization may arise from mitochondrial movement during live-cell imaging or inconsistent z-stack acquisition. In these cases, reducing acquisition time, minimizing stack depth, or switching from per-frame to per-lane frame changes could better reflect the true colocalization. Thresholding parameters should be adjusted if segmentation artifacts occur during mitochondrial morphology analysis. Inconsistent signal quality or imaging settings can introduce artifacts that obscure biologically meaningful differences. Troubleshooting typically involves optimizing staining conditions, exposure settings, and analysis parameters. While fluorescent probes enable assessment of protease engagement in cells, their interpretation is limited by probe permeability and the steady-state nature of confocal imaging, which does not capture dynamic enzymatic turnover. Accordingly, colocalization measurements should be interpreted alongside complementary approaches to fully assess protease activity.

This workflow is broadly useful for studying mitochondrial proteostasis and cellular stress responses. By combining fluorescent probes with live- and fixed-cell imaging, it enables direct visualization of protease locations and inhibitor interactions within intact cells. It also allows simultaneous examination of mitochondrial shape and network organization, offering insights into mitochondrial health that bulk biochemical methods cannot provide. Unlike genetic perturbations, chemical probes offer rapid, reversible, and adjustable control over protease activity. By coupling quantitative mitochondrial morphology analysis with protease activity measurements, this workflow can explore how mitochondrial proteases respond to stressors such as oxidative stress, metabolic shifts, or protein misfolding. Additionally, the method can be adapted to other mitochondrial enzymes or pathways by developing new fluorescent probes. Given the importance of mitochondrial dysfunction in diseases such as neurodegeneration and cancer, this approach provides a valuable platform for studying mitochondrial quality control and testing potential therapeutics targeting mitochondrial proteases.
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