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Abstract

Mitochondria are responsible for maintaining a variety of cellular functions. One such function is 

the interaction and subsequent import of proteins into these organelles via the translocase of outer 

membrane (TOM) complex. Antibodies have been used to analyze the presence and function of 

proteins comprising this complex, but have not been used to investigate variations in the 

abundance of TOM complex in mitochondria. Here, we report on the feasibility of using capillary 

cytometry with laser-induced fluorescence to detect mitochondria labeled with antibodies 

targeting the TOM complex and to estimate the number of antibodies that bind to these organelles. 

Mitochondria were fluorescently labeled with DsRed2, while antibodies targeting the TOM22 

protein, one of nine proteins comprising the TOM complex, were conjugated to the Atto-488 

fluorophore. At typical labeling conditions, 94 % of DsRed2 mitochondria were also 

immunofluorescently labeled with Atto-488 Anti-TOM22 antibodies. The calculated median 

number of Atto-488 Anti-TOM22 antibodies bound to the surface of mitochondria was ∼2,000 

per mitochondrion. The combination of fluorescent immunolabeling and capillary cytometry could 

be further developed to include multicolor labeling experiments, which enable monitoring several 

molecular targets at the same time in the same or different organelle types.
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Introduction

Mitochondria are heterogeneous organelles that perform a variety of cellular functions 

including ATP synthesis [1], the formation of reactive oxygen species [2], and the 

biotransformation of xenobiotics [3]. These functions are possible due to the translocation of 

nuclear-encoded proteins into mitochondria, through translocases. The TOM22 protein is a 

core component of the translocase of the mitochondrial outer membrane (TOM) protein 

complex [4, 5]. For the majority of nuclear-encoded proteins, the TOM complex is 
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responsible for translocation of the protein into the intermitochondrial space, often resulting 

in subsequent interaction with the translocase of the mitochondrial inner membrane (TIM) 

and ultimate incorporation of the protein in the inner mitochondrial membrane or the 

mitochondrial matrix [4]. Although much is known regarding the role TOM22 has in protein 

import, the quantitation of this protein on individual mitochondria is critical in 

understanding how variations in protein import contribute to mitochondrial heterogeneity.

Previous reports regarding the heterogeneous nature of mitochondria have described 

variations among individual mitochondria in terms of isoelectric point, cardiolipin content, 

abundances of select proteins, and other mitochondrial properties being implicated in 

different states of mitochondrial function and viability [6–9]. However, there are no studies 

reporting heterogeneity in proteins associated with TOM or TIM complexes.

Most of the traditional bulk analyses of mitochondrial preparations, such as Western blots, 

enzyme assays, membrane potential measurements, monitoring ATP generation, and 

proteomics [10–12], are inadequate to describe the heterogeneous nature of mitochondria 

because they fail to provide information at the single-mitochondrion level [13]. Accordingly, 

the presence of TOM22 in mitochondria has been established using Western blots [14]. To 

our knowledge, there are no reports providing the abundance of TOM22 proteins on single 

mitochondria.

Recent technological advances including highly sensitive flow cytometry (HSFCM), 

capillary electrophoresis with laser-induced fluorescence, and capillary cytometry allow for 

high-throughput analysis of individual mitochondria that use mitochondrion-specific 

fluorescent labels [15]. Labels, such as 10-nonyl acridine orange, which probes for 

cardiolipin content, tetramethylrhodamine, a membrane potential probe, and DsRed2 used as 

a fusion protein targeting mitochondrial proteins, are popular for use in individual 

mitochondria analysis because they selectively accumulate in mitochondria at detectable 

levels.

On the other hand, immunofluorescent labeling, common for whole-cell flow cytometry 

applications [16], has not been widely used. The explanation is straightforward: 

Conventional flow cytometry is adequate for analysis of fluorophores in single cells because 

the sensitivity of such instruments is adequate for detection of sufficiently abundant 

fluorophores tagging single cells, but insufficient to detect fluorophores at the single 

organelle level. Recently, Zhang et al. reported using HSFCM for high-throughput analysis 

of individual mitochondria detected after immunofluorescently labeling of cytochrome c and 

porin [17]. Briefly, smaller probe volume lowered their background noise and extended 

transit time (from microseconds to milliseconds) through the laser beam increased the 

sensitivity characteristic of HSFCM.

In this paper, we use a custom-built system combining a capillary with laser-induced 

fluorescence detection, previously termed capillary cytometry [18], which is simpler than 

the previously reported HSFCM [17], to detect and quantify TOM22 on the surface of 

individual mitochondria. Labeling is based on a mitochondrion-selective Anti-TOM22 

antibody with high specificity for mitochondria as recently demonstrated in affinity 
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purification studies [19]. Fluorescent immunolabeling is a convenient approach to monitor 

specific proteins in biological systems [20]. As such, the Anti-TOM22 antibody has been 

conjugated with the Atto-488 label (excitation at 488 nm; maximum fluorescent emission at 

523 nm). For simplicity, this antibody is termed Atto-488 Anti-TOM22 antibody in this 

report. In this paper, we characterize the ability of Atto-488 Anti-TOM22 antibodies to label 

mitochondria and to estimate the abundance of TOM22 in individual mitochondria, which is 

relevant to future studies addressing the issue of heterogeneous protein import into 

mitochondria. This general analytical strategy could be easily extended to characterize the 

abundance of other proteins in individual organelles of various types allowing for a more 

comprehensive characterization of subcellular heterogeneity.

Experimental

Chemicals and reagents

Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), trypsin solution, 

phosphate-buffered saline (PBS), potassium hydroxide (KOH), hydrochloric acid, 

formaldehyde, poly-L-lysine, sucrose, HEPES, D(+)-mannitol, Triton X-100, Atto 488 

(41051-1MG-F Lot 1480709V), and monoclonal Anti-TOM22-Atto 488 antibody (mouse 

IgG1 isotype, T4327, Lot 058K4766) were purchased from Sigma-Aldrich (St. Louis, MO). 

Mouse IgG1 isotype antibody control (Atto 488 labeled, 804-870TD-C050, Lot L28462) 

was purchased from Enzo Life Sciences (Farmingdale, NY). Dulbecco's modified Eagle 

medium (DMEM), Geneticin, fetal bovine serum, fluorescein *NIST-traceable standard* 

(F36915, Lot 1308448), FluoSpheres® Size Kit #2 (F8888 Lot 1306514), and ProLong Gold 

antifade reagent were purchased from Invitrogen Molecular Probes (Eugene, OR). Bovine 

serum albumin (BSA) Fraction V, heat shock, fatty acid free was purchased from Roche 

Diagnostics (Indianapolis, IN).

Buffers

Mitochondria isolation buffer (MIB) contained 220 mM mannitol, 70 mM sucrose, 0.5 mM 

EGTA, and 2 mM HEPES; the final pH was adjusted with KOH to 7.4. All buffers were 

prepared with Milli-Q water and filtered through a 0.22-μm membrane filter unless 

otherwise noted.

Cell culture

Adherent 143B human osteosarcoma cells, expressing DsRed2 targeting mitochondria 

(Mito-DsRed2), were prepared previously for an earlier report [21]. Briefly, these cells 

express Mito-DsRed2 because they were transfected with a pDsRed2-mito plasmid encoding 

genes that confer neomycin/ kanamycin resistance and express a fusion protein of the 

mitochondria targeting sequence from subunit VII of cytochrome c oxidase and the red 

fluorescent protein DsRed2. When Mito-DsRed2 is translocated to mitochondria, its 

targeting sequence is cleaved and DsRed is released to the mitochondrial matrix. These cells 

were cultured in DMEM medium supplemented with 10 % (v/v) fetal bovine serum, 50 

μg/mL gentamicin, and 5 % CO2 in 75-cm2 vented flasks at 37 °C. Cells were split every 3–

4 days when they reached confluence. Cells were rinsed with PBS and lifted with 1.00 g/L 

trypsin in PBS for 5 min at 37 °C and diluted with fresh medium in a 1:40 ratio for 
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subsequent passages or diluted 1:1 in DMEM prior to use in mitochondria preparations. The 

typical number of cells used in an experiment was ∼1 × 107 cells.

Mitochondria preparation

Differential centrifugation was used to isolate mitochondria from 143B human osteosarcoma 

cells. Lifted cells were washed and resuspended in MIB before homogenization. Repeated 

strokes (70–100) of a 7-mL tight-fitting Dounce Homogenizer (0.0008–0.0022 in. clearance) 

(Wheaton, Millville, NJ) were used to mechanically disrupt cells. Disrupted cells were 

centrifuged at 1,000×g for 10 min to pellet out intact cells, cell debris, and the nuclear 

fraction. The supernatant was centrifuged at 10,000×g for 10 min to obtain a mitochondrial-

enriched pellet which was resuspended in MIB. The protein content of this suspension was 

determined using a bicinchoninic acid protein assay according to vendor instructions (Pierce 

Scientific, Rockford, IL) with the following modifications. A 50:1 solution of reagent A 

(sodium carbonate, bicinchoninic acid)/reagent B (copper(II) sulfate, pentahydrate) was 

incubated with each BSA protein standard, ranging from 25 to 2,000 μg/mL and the 

mitochondria suspension in MIB. After a 30-min incubation at 37 °C, mixtures were loaded 

on a Corning 96 well plate (Corning Inc., Acton, MA). The absorbance values at 562 nm 

were then recorded on a Biotek Synergy 2 plate reader (BioTek Instruments Inc., Winooski, 

VT).

Aliquots corresponding to 5 μg of total mitochondrial protein in the sample were centrifuged 

at 10,000×g for 10 min, pelleting mitochondria. After discarding the supernatant, the 5-μg 

mitochondria pellet was resuspended with gentle pipetting in a ∼2 % BSA in MIB solution, 

resulting in a final concentration of 50 μg mitochondria pellet per milliliter MIB. The 

estimated number of mitochondria given the protein content of the mitochondrial pellet is 

∼6×106. The suspension was aliquoted out and used for (a) unlabeled controls, (b) samples 

incubated with Atto-488 Anti-TOM22 antibodies, or (c) samples incubated with Atto-488 

mouse IgG1 isotype controls. For samples subjected to antibody treatment, concentrations 

ranging from 1 to 32 μg/mL (or 6.7×10−9 to 2.1× 10−7 M) of the respective antibodies were 

incubated with 50 μg/mL mitochondria protein in a total volume of 100 μL MIB for 1 h at 4 

°C in the dark; conditions typical for Anti-TOM22 antibody binding to mitochondria 

isolated from cell culture [19]. After incubation, mitochondria were centrifuged at 10,000×g 

for 10 min at 4 °C, discarding the supernatant.

Confocal microscopy

Cells were cultured overnight in DMEM in an eight-well Lab-Tek no. 1.5 chambered slide 

(Nunc, Rochester, NY) coated with poly-L-lysine. Cells were fixed with 4.0 % (v/v) 

formaldehyde in PBS for 15 min, washed with PBS, and permeabilized with 0.1 % (v/v) 

Triton X-100 in water.

Permeabilized cells were washed with 2 % BSA in PBS for 1 h at room temperature then 

washed with PBS. Working dilutions of Atto-488 antibodies, 1 μg/mL (6.7 nM) Atto-488 

Anti-TOM22 and 1 μg/mL Atto-488 mouse IgG1 isotype controls (Supplementary Material, 

Section A, Fig. S1), were then incubated with cells at 4 °C overnight in the dark. Cells were 

then washed three times with PBS, set using ProLong Anti-Fade reagent, and imaged.
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Confocal microscopy images were captured as previously described with minor variations 

[22]. Images were acquired using an Olympus IX-81 inverted microscope with a 120-W 

mercury lamp, a DS-IX100 disk spinning unit, and a C9100-01 EM CCD camera 

(Hamamatsu, Bridgewater, NJ). Images were captured using a ×60 oil immersion lens unless 

noted otherwise. Filter cube configurations to capture green fluorescence (460–500 nm 

excitation, 505 nm dichroic, 510–560 nm emission) and red fluorescence (510–560 nm 

excitation, 565 nm dichroic, 572–648 nm emission) were used to image subcellular regions 

labeled with Atto-488 Anti-TOM22 antibodies and the DsRed2 mitochondria fusion protein, 

respectively.

Images were subject to analysis to determine the Pearson correlation coefficient, intensity 

correlation quotient (ICQ), and the Manders' colocalization coefficients (M1 and M2). 

Images obtained with either the green or red optical filter settings were corrected for the 

respective background fluorescence by selecting five regions of interest of extracellular and 

nuclear space and subtracting the background average fluorescence intensity from these 

regions. The Manders' coefficients assess colocalization of both fluorophores in the same 

pixel, while the Pearson correlation coefficient and the ICQ correlate the fluorophore 

intensities of the two fluorophores in the same pixel. The Colocalization Plugin from Image 

J-W version 1.43s (National Institutes of Health), was used to analyze 143B human 

osteosarcoma cells expressing DsRed2 and labeled with Atto-488 Anti-TOM22 antibodies 

and to calculate the Manders' colocalization coefficients, M1 and M2. The Pearson 

correlation coefficient was calculated as described by Adler and Parmryd [23].

Capillary cytometry

Experiments were performed on a custom-built setup with post-capillary sheath flow dual 

LIF detection, which has been previously described [18, 22]. Samples were excited with an 

argon ion laser (10 mW, Melles Griot, Irvine, CA). Fluorescence from the DsRed2 and 

Atto-488 was spectrally resolved with a 560 long-pass dichroic long pass filter (DCLP560, 

Omega Filters, Brattleboro, VT), selected with 517.5–552.5 nm (535DF35, Omega Optical, 

Brattleboro, VT) and 607.5–662.5 nm (635DF55, Omega Optical) bandpass filters, 

respectively, and detected simultaneously by two separate photomultiplier tubes (PMT) 

(R1477, Hamamatsu). The output of each PMT was digitized at 200 Hz with a NiDaq I/O 

board (PCI-MIO-16XE-50, National Instruments, Austin, TX) run with LabVIEW (National 

Instruments) and stored as binary files.

Samples were passed through a 50-cm-long, 30-μm I.D., 150-μm O.D. uncoated fused silica 

capillary (Polymicro Technologies, Phoenix, AZ) at a rate of 20 nL/min (3 cm/min) 

maintained by the application of external pressure (10± 1 kPa) provided via a nitrogen 

pressurized filtering flask (Electronic Supplementary Material, Section E, Fig. S5 and Table 

S2). The optics were adjusted until the fluorescence intensities of individual alignment beads 

(AlignFlow™, 2.5-μm, 488-nm excitation, Invitrogen Molecular Probes, Eugene, OR) 

reached a maximum (S/N 1,800±200) while maintaining a relative standard deviation 

(∼15±3 %) within the manufacturer's specifications (∼20 % RSD).

Prior to running each sample, alignment beads were passed through the capillary and the 

average median intensity was calculated. This value was used to normalize the fluorescence 
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intensities of the events detected in the subsequent run. Raw data for each run consisted of a 

flowgram describing the appearance of fluorescent events as a function of time. Depending 

on the PMT at which events were detected, they were classified as green (517.5–552.5 nm), 

red (607.5–662.5 nm), or dual-labeled (517.5–552.5 nm; 607.5–662.5 nm) peaks. Dual-

labeled peaks had green and red peaks with maxima occurring within 20 ms of one another. 

Based on the labeling scheme, we anticipated that green, red, and dual-labeled peaks 

corresponded to mitochondria labeled with Atto-488 Anti-TOM22 antibodies, Mito-

DsRed2, or both of these, respectively.

Data analysis

Raw data were processed using a combination of IgorPro and MATLAB routines (available 

upon request). A region of the flowgram not having any peaks (e.g., 500–1,500 ms) was 

used to determine a baseline standard deviation (σ). A threshold value of 5σ was used to 

detect peaks. Previous reports utilizing the custom-built LIF detector used in this work 

resulted in a false-positive rate of less than 5 % relative to the total number of the total 

number of mitochondrial events when using a threshold value of 5σ [6]. Typical peak widths 

were 53± 17 ms (N=129).

Due to the cross-talk between PMTs used to detect green and red events, controls with only 

one fluorophore (DsRed2 and Atto488) were used to determine a correction factor. This 

factor was determined empirically as a third-order polynomial fit (Electronic Supplementary 

Material, Section B, Fig. S2). These controls were mitochondria isolated from 143B cells (a) 

containing DsRed2 and (b) not containing DsRed2 but labeled with Atto-488 Anti-TOM22 

antibodies. Green peak intensities were corrected for cross-talk from DsRed2 fluorescence 

as follows:

(1)

where GT is the corrected green intensity, Gm is the observed green intensity, Rm is the 

observed coincident red peak intensity, and C(Rm) is the correction factor given by the 

polynomial fit at a given Rm. Likewise, red peak intensities were corrected for cross-talk 

from Atto-488 fluorescence as follows:

(2)

where RT is the corrected red intensity, Rm is the observed red intensity, Gm is the observed 

coincident green peak intensity and C(Gm) is the correction factor given by the polynomial 

fit at a given Gm. The corrected red and green intensities were again compared to the 5σ 

threshold value. If RT or GT<5σ, threshold value the peak value was excluded from the 

analysis.

Atto-488 Anti-TOM22 antibodies per mitochondrion

To estimate the number of Atto-488 Anti-TOM22 Antibodies per mitochondrion, the 

following steps were taken: (a) assigning molecular equivalent of soluble fluorophore 
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(MESF) values to a fluorescein microbead standard as previously described by Poe et al. 

[24], (b) determining the relative fluorescence response between fluorescein and Atto-488, 

(c) comparing the fluorescent response of fluorescein microbeads and Alignflow 488 flow 

cytometry alignment beads, and (d) calculating the number of Atto-488 Anti-TOM22 

antibodies labeling each mitochondrion (Electronic Supplementary Material, Section C). 

These calculations allow us to estimate the number of Atto-488 Anti-TOM22 antibodies per 

mitochondrion.

Statistical analysis

To ensure the events analyzed represented single organelles rather than multiple organelles 

simultaneously traveling through the detection window, flowgrams were analyzed using 

statistical overlap theory as previously described [25]. Briefly, flowgrams were split into N 

bins, where the determination of N was based on the number of peaks detected in the 

flowgram, ptot.

(3)

The threshold m value (maximum number of observed peaks that do not represent an 

overlap; Bt=0.90) for each bin was calculated and compared to the respective number of 

observed peaks, p, in the same bin. If the number of peaks in any bin was greater than the m 

value calculated, then p is a poor estimate of m and any peaks detected in the bin were 

eliminated from further analysis. This data treatment ensures that peaks in the retained bins 

have a 90 % probability of lying within the 95 % confidence interval of representing a single 

event.

Results and discussion

Labeling of mitochondria with Atto-488 Anti-TOM22 antibodies

Initial assessment of the binding of Atto-488 Anti-TOM22 antibodies to mitochondria was 

based on confocal fluorescence microscopy of cells expressing DsRed2, a fusion protein that 

localizes in the matrix of mitochondria to release DsRed2 upon cleavage of the targeting 

sequence. An example of colocalization of Atto-488 Anti-TOM22 antibodies and DsRed2 is 

shown in Fig. 1. Not all the cells observed expressed DsRed2 because transient transfections 

used here result in highly variable numbers of cells that are positive for the expression of 

DsRed2. Furthermore, it is common to observe heterogeneous distributions of mitochondrial 

proteins among the various subcellular regions [26]. Thus, it is not surprising that the 

distribution of DsRed2 is heterogeneous among mitochondria. These two factors explain the 

labeling patterns observed in Fig. 1.

To assess the colocalization of Atto-488 fluorescence with that of mito-DsRed2, a subset of 

cells that appear to express DsRed2 were analyzed (N=3 cells), and a Pearson correlation 

coefficient of 0.78 and an ICQ value of 0.28 were indicative of a positive colocalization of 

the labels. Based on the Manders' M1 coefficient, 92 % of pixels positive for DsRed2 were 

also Atto-488 positive. The remaining 8 % of pixels positive for DsRed2 but not for 

Atto-488 may be attributed to low levels of TOM22 in mitochondria at different subcellular 
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regions [26]. Similarly, the Manders' M2 coefficient indicated 72 % of pixels positive for 

Atto-488 were also DsRed2 positive. The remaining 28 % of pixels positive for Atto-488 

were not DsRed2 positive within a cell expressing DsRed2 mitochondria, which is expected 

from nonspecific binding of this antibody to other subcellular regions or the lack of 

homogeneous mito-DsRed2 expression within the cell, which may result in some 

mitochondria having undetectable DsRed2 levels. Indeed, these results would be highly 

dependent on the transient expression of DsRed2 in the subset of cells chosen. On the other 

hand, it illustrates that both Atto-488 and DsRed2 are distinct fluorophores which are 

adequate for capillary cytometric analysis of TOM22 in individual mitochondria that is 

described below.

LIF analysis of individual immunolabeled mitochondria

Flowgrams were obtained with the capillary cytometry-LIF detection system, previously 

used for capillary electrophoretic analysis of individual organelles. Flowgrams are similar to 

electropherograms obtained in capillary electrophoretic analyses, but differ in that the time 

of appearance of an individual event in a flowgram cannot be used to calculate the 

electrophoretic mobility of the detected organelle (Fig. 2). Capillary electrophoresis requires 

an injection of a small sample volume (∼nanoliter), which contains the organelles that will 

be detected during a separation that typically lasts 10–20 min. In contrast, capillary 

cytometry uses a continuous introduction of sample into the capillary, making it possible to 

collect data of as many organelles as necessary from a given sample. The flowgrams 

obtained here proved that capillary cytometry-LIF is adequate for the analysis of 

mitochondria fluorescently labeled with DsRed2 (red peaks) and Atto-488 Anti-TOM22 

antibodies (green peaks) (Fig. 2).

Flow cytometry is also potentially useful for the analysis of individual mitochondria and 

provides results similar to those obtained by capillary cytometry-LIF [21]. However, use of 

flow cytometry is feasible only when each organelle has a relatively high number of 

fluorophores, which is the case when using probes such as 10-N-nonyl acridine orange [27] 

or MitoTracker dyes [28]. Conventional flow cytometry cannot be used to detect 

immunolabeled mitochondria due to the limited number of fluorophores attached to each 

organelle. On the other hand, the previously reported HSFCM [17] and capillary cytometry-

LIF reported here have sufficient sensitivity to detect immunolabeled organelles. As such, 

the capillary cytometer used here was capable of detecting single mitochondria labeled with 

Atto-488 Anti-TOM22 antibodies (green peaks, Fig. 2).

Taking DsRed2 as a reference label, we evaluated immunofluorescence labeling of 

mitochondria with Atto-488 Anti-TOM22 antibodies. As seen in Fig. 2, flowgrams 

displayed three types of organelles: (a) exclusively labeled with DsRed2 (red peaks), (b) 

exclusively labeled with Atto-488 Anti-TOM22 antibodies (green peaks), or (c) dual-labeled 

with DsRed2 and Atto-488 Anti-TOM22 antibodies (red and green peaks). The third type of 

event indicates successful detection of TOM22 in mitochondria.

Relative to all Atto-488 Anti-TOM22 antibody labeled events, 81±3 % (N=643) were 

positive for detection of DsRed2; only 19±4 % (N=643) did not have detectable levels of 

DsRed2. The respective values in the fluorescence microscopy images (Fig. 1) were 
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statistically different, with a Manders' M2 coefficient of 72 % (chi-square 25, P<0.0001). In 

theory, a smaller fraction of Atto-488 Anti-TOM22 antibody labeled events would be 

expected to be positive for DsRed2 in the capillary cytometry-LIF results relative to those 

from fluorescence microscopy because of some mitochondria are disrupted and lose DsRed2 

from the matrix during mechanical homogenization of the cells. However, the differences 

between the microscopy and the capillary cytometry-LIF analysis are not surprising because 

different preparations were used for each experiment and because the efficiency of protein 

expression obtained with transient transfections in each preparation is highly variable. 

Furthermore, the differences may result from the absence of nonspecific binding of Atto-488 

Anti-TOM22 antibodies to non-mitochondrial regions in the images observed or differences 

in sensitivity of the two techniques that favor improved detection of DsRed2-labeled 

mitochondria by capillary cytometry-LIF. Despite these differences, these results confirm 

that the majority of events are dual-labeled with DsRed2 and Atto-488 Anti-TOM22 

antibodies, which confirms that these events are most likely mitochondria.

Most importantly, relative to 542 DsRed2 events detected at five different antibody 

concentrations, 94±2 % were positive for detection of TOM22; only 6±2 % of the DsRed2 

organelles were not positive for TOM22. This is statistically similar to 92 % for the 

Manders' M1 coefficient obtained from the microscopy images (chi-square value of 2.6 and 

P=0.1). Together, these results suggest that only a relative small number of mitochondria 

have undetectable levels of TOM22 (<∼60 antibodies per mitochondrion).

Two additional observations were needed to confirm that indeed dual-labeled events 

correspond to mitochondria. These are negligible levels of (1) native fluorescence of 

mitochondria and (2) nonspecific binding of the Atto-488 Anti-TOM22 antibodies to 

organelles other than mitochondria.

It is unlikely that green events are caused by native fluorescence because of the high 

threshold used here to select peaks, which eliminate small peaks associated with native 

fluorescence (data not shown).

To determine the extent to which nonspecific binding results in green peaks, an Atto-488 

mouse IgG1 isotype control, which does not have any binding specificity, was incubated 

with DsRed2-labeled mitochondria and analyzed via capillary cytometry-LIF (Fig. 3). A 

wide range of identical antibody concentrations (from 4 to 32 μg/mL or 2.7×10−8 to 2.1× 

10×7 M) of isotype antibody control and the Atto-488 Anti-TOM22 antibody were used to 

analyze nonspecific binding. Out of 202 organelles that were labeled when using five 

different concentrations of the isotype antibody, only 31± 17 % labeled mitochondria, while 

69±17 % labeled other organelles or cellular debris. Of 708 DsRed2-labeled mitochondria 

detected in five samples with different isotype antibody concentrations, the percentage that 

was labeled with the isotype antibody control was 10±6 % (Electronic Supplementary 

Material, Section D, Fig. S4 and Table S1). Even at the highest antibody concentrations 

tested, 32 μg/mL (2.1× 10×7 M), the level of nonspecific antibody binding remained the 

same. Similarly, the medians of Atto-488 fluorescence intensities of individual coincident 

events indicated that nonspecific binding is ∼4 % (Electronic Supplementary Material, 
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Section D). Together, these observations confirm that Atto-488 Anti-TOM22 Antibodies are 

adequate to selectively label and detect mitochondria by capillary cytometry-LIF.

Number of Atto-488 Anti-TOM22 antibodies per mitochondrion

The antibody concentration relative to the amount of protein in isolated mitochondria was 

critical to maximize immunolabeling of the TOM22 targets on the surface of mitochondria. 

Antibody concentrations greater than 4 μg/mL (2.7×10−8 M) were needed for 50 μg/mL 

protein resuspensions of mitochondria pellets to maximize the fraction of organelles with 

both DsRed2 and Atto-488 Anti-TOM22 antibodies (Fig. 3).

Similarly, Atto-488 Anti-TOM22 antibody fluorescence of dual-labeled peaks suggests that 

antibody concentrations greater than 4 μg/mL (2.7×10×8 M) were needed to maximize the 

fluorescence response when labeling mitochondria in suspension with protein contents of 50 

μg/mL (Fig. 4).

Based on the individual peak heights (c.f. Fig. 4) at optimized antibody concentrations, we 

estimated the number of Atto-488 Anti-TOM22 antibodies per mitochondrion (Fig. 5). The 

number of Atto-488 Anti-TOM22 Antibodies per mitochondrion ranged from 60 to 10,000 

with a median of ∼ 2,000 (N=512).

Assuming that TOM22 molecules are not within ∼100 Å [29], which is the distance 

between the two paratopes of an IgG, each anti-TOM22 antibody binds to only one TOM22, 

and it is safe to assume univalent binding between the Atto-488 Anti-TOM22 antibody and 

the TOM22 protein [30]. Therefore, we can assume that the estimate on the number of 

antibodies corresponds to the average abundance of TOM22 on the surface of single 

mitochondria.

Using super-resolution microscopy techniques, Wurm et al. observed densities of TOM 

clusters of ∼112, ∼102, and ∼90/μm2 in HeLa, Vero, and PtK2 cells, respectively [26]. 

From these values, the number of TOM complexes per cluster (10), the number of TOM22 

molecules per TOM complex (3), and the expected surface area of an isolated 

mitochondrion (0.5 μm2), we estimated that there are ∼1,500 TOM22 molecules per 

mitochondrion. Although Wurm et al. used different cell types, the value based on their data 

compares well with the median of ∼2,000 anti-TOM22 antibodies that we determined for 

143B cells by capillary cytometry-LIF.

The number of anti-TOM22 antibodies labeling individual mitochondria was highly 

heterogeneous (c.f. Fig. 5). The overall shape of the observed distribution may be influenced 

by the limit of detection of the technique (60 anti-TOM22 antibodies per mitochondrion), 

which will truncate the distribution excluding mitochondria with fewer TOM22 molecules. 

The appearance of the distribution is also biased by the selection of bin width: Fewer bins 

reduce the magnitude of the bin at ∼7,000 Anti-TOM22 antibodies per mitochondrion; if 

there were more events, more bins could reveal more detail on the bin at ∼7,000 Anti-

TOM22 antibodies. Despite potential issues with limits of detection and the construction of 

the histogram representing the data, it is clear that isolated mitochondria are highly 

heterogeneous in regards to their bound Anti-TOM22 antibodies. It would not be surprising 
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if the lack of normality of the data in Fig. 5 reflects variable protein translocation activity 

into mitochondria, which ultimately would be associated with variable mitochondrial 

demands in different subcellular regions.

Concluding remarks

We have demonstrated detection and analysis of immunofluorescent labeled individual 

mitochondria using a relatively simple custom-built capillary cytometry-LIF. At optimal 

labeling conditions, the estimated median number of Atto-488 Anti-TOM22 molecules per 

mitochondrion was ∼2,000, detecting as little as 60 antibodies per mitochondrion. This 

technique could be used to determine the levels of TOM22 per mitochondrion under 

different states of mitochondrial dysfunction or in models of protein import deficiencies 

based on knockdown of TOM22 via commercially available TOM22 siRNA. Given similar 

labeling conditions, proteins with similar abundance on mitochondria or other organelle 

types such as peroxisomes, lysosomes, and autophagosomes would be detectable provided 

that antibodies and corresponding fluorophores are available.

The analysis of immunolabeled individual mitochondria via capillary cytometry-LIF 

suggests potential of immunolabeling of organelles for analysis via individual organelle 

capillary electrophoresis analyses as well as analysis of organelle subpopulations 

characterized by differences in abundance of surface molecular targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Colocalization of mito-DsRed and Atto-488 anti-TOM22 antibody in transiently transfected 

143B cells. Imaging by confocal fluorescence microscopy detection of (i) Atto-488 Anti-

TOM22 antibodies and (ii) DsRed2. The overlay (iii) illustrates the overlap of (i) and (ii). 

Note that DsRed2 localization is not equally distributed in all mitochondria. Scale bar, 10 

μm
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Fig. 2. 
Flowgram of mitochondria isolated from DsRed2 transfected 143B cells incubated with 

Atto-488 Anti-TOM22 antibodies. Panel (A) shows examples of mitochondria labeled with 

both DsRed2 and Atto-488 anti-TOM22 antibodies. Panel (B) shows an expanded view 

illustrating events observed in a typical flowgram which may include the following: (a) 

Green fluorescent peaks represent mitochondria events from Atto-488 anti-TOM22 antibody 

labeling. (b) Red fluorescent peaks represent mitochondrial events from DsRed2 labeling. 

(c) Simultaneous detection of green and red fluorescent peaks represents mitochondria 

labeled with both DsRed2 and Atto-488 anti-TOM22 antibodies
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Fig. 3. 
A graphical representation of the percentage of mitochondrial events labeled either (i) 

exclusively with DsRed, as indicated with red bars, (ii) exclusively with Atto-488 Anti-

TOM22 antibodies, as indicated with green bars, or (iii) with both DsRed2 and Atto-488 

Anti-TOM22 antibodies, is presented. At concentrations of 2.7 × 10−8 to 2.1 × 10−7 M 

antibody, 542 DsRed2 events were detected. From this total, the percent of DsRed2 

mitochondria also labeled with antibody is 94±2 % (N=5 antibody concentrations)
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Fig. 4. 
Distribution of individual fluorescence intensities of dual-labeled events. The box plot 

presents the 25th, 50th, and 75th percentile and whiskers represent the minimum and 

maximum values of green fluorescence (RFU) of dual-labeled events. At concentrations of 

2.7 × 10−8 to 2.1 × 10−7 M antibody, there is a significant increase in RFU of green 

fluorescence in dual-labeled events (P<0.0001, α=0.05)
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Fig. 5. Distribution of Atto-488 anti-TOM22 antibodies per mitochondrion. Bin width is 935
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