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ABSTRACT: The cytosolic phosphatase and tensin homologue Pten-kinase PINK1
involved in mitochondrial quality control undergoes a proteolytic process inside
mitochondria. It has been suggested that the protein is not fully imported into
mitochondria during this maturation. Here, we have established live cell triple-color super-
resolution microscopy by combining FPALM and tracking and localization microscopy
(TALM) in order to unravel the spatiotemporal organization of the C-terminal kinase
domain of PINK1 during this process. We find that the kinase domain is imported into
active mitochondria and colocalizes with respiratory complex I at the inner mitochondrial
membrane. When the processing step inside mitochondria is inhibited or mitochondria are
de-energized, full length PINK1 distributes between the outer and the inner mitochondrial
membranes, indicating a holdup of import. These findings give the molecular base for a
dual role of PINK1inside energized mitochondria and outside of de-energized
mitochondria.

The cytosolic phosphatase and tensin homologue Pten-
induced kinase 1 (PINK1) and Parkin1, a cytosolic E3

ubiquitin ligase, are key players in mitochondrial quality
assurance.1−4 Multifarious functions of PINK1 in mitochondrial
quality control have been proposed5,6 that remain controver-
sially debated due to ambiguous information about the exact
suborganellar localization of PINK1. PINK1 accumulates at the
outside of (artificially) depolarized mitochondria, where it
activates Parkin1 by phosphorylation at Ser65.7 It was also
reported that PINK1 protects against oxidative stress by
phosphorylation of mitochondrial chaperone TNF receptor-
associated protein 1 (TRAP1) inside mitochondria,8 and that it
regulates the mitochondrial protease Htr2a.9 Furthermore, a
relation between PINK1 and the phosphorylation status of
respiratory complex I subunit NdufA10 was described.10 These
observations suggest that PINK1 is active at least in two
different cellular compartments (cytosol and mitochondria),
and possibly inside two mitochondrial subcompartments: in the
intermembrane space and in the matrix. Full-length PINK1 (fl-
PINK1, 63 kDa) is synthesized in the cytosol with a genuine
mitochondrial targeting sequence (MTS) at the N-terminus.
The PINK1 protein has a putative transmembrane sequence, a
serine/threonine kinase domain, and a C-terminal regulatory
domain (CTD, Figure 1a). Mutations in the kinase domain of
PINK1 have been found in a number of Parkinson’s
patients.11,12 Under normal conditions, PINK1 undergoes a
maturation process inside mitochondria: After import of
PINK1, the MTS is removed in the matrix.13 The resulting
fl-PINK1 protein is cleaved between the A103 and F104 (i.e., in
the putative transmembrane domain, Figure 1a, arrowhead) by
the presenilin-associated rhomboid-like (PARL) protease
located in the inner mitochondrial membrane (IMM) to

produce the matured 53 kDa short form (s-PINK1, ΔN-
PINK1).13−16 s-PINK1 is subsequently degraded by a
proteasome inhibitor-sensitive process, which therefore very
likely involves the export into the cytosol.17 Usually, the
turnover of PINK1 is high;18 however, when F104 was mutated
to A104, the short form s-PINK1 was predominant. In general,
the processing and retranslocation of PINK1 is dependent on
the mitochondrial membrane potential as the key feature of
active mitochondria,19 and in depolarized mitochondria, PINK1
remains at the outside of mitochondria in close proximity to the
TOM complex.20 Another mutation in the transmembrane
domain at position 95 (P95A) shifted the ratio toward full
length PINK1, albeit it did not abrogate the PINK1-PARL
interaction.16 The localization of the active kinase domain
during PINK1 maturation and degradation is still equivo-
cal.19,21−23 One reason is that conventional biochemical
analysis methods struggle with the constitutively low steady-
state levels of PINK1 intermediates.
In order to resolve the intraorganellar trafficking of the

PINK1 kinase domain during mitochondrial processing, we
here introduce a novel approach for live cell triple-color super-
resolution (SR) imaging based on single molecule localization
microscopy. For this purpose, we implemented dual-color
tracking and localization microscopy (TALM) in combination
with fluorescence photoactivation localization microscopy (F-
PALM)24,25 for probing the spatiotemporal organization of
PINK1 in relation to marker proteins for mitochondrial
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subcompartments. TALM is based on monitoring a limited
ensemble of individual target proteins, which are typically
integrated or attached to membranes, over time.26 As these
molecules explore their accessible environment by random
walk, both the diffusion properties and the dimensions of their
microcompartment can be deduced in living cells.26,27 Recently,
we demonstrated that outer and inner mitochondrial
membrane proteins could be clearly discriminated by their
single molecule localization and trajectory maps.26 As TALM is
based on a relatively small ensemble of labeled molecules,

photostable fluorescence dyes are required, which was achieved
by post-translational labeling with functionalized tetramethyl-
rhodamine (TMR, emission maximum: 582 nm) via the
HaloTag.28,29 Here, we aimed to achieve dual-color TALM
imaging by exploiting a novel silicon-rhodamine (SiR), a red-
fluorescent dye (emission maximum: 640 nm) with high
photostability recently introduced for high and super-resolution
live cell imaging.30 For orthogonal labeling with TMR and SiR,
we combined HaloTag- and SNAPf-tag-specific post-transla-
tional conjugation. To this end, we systematically optimized
dual-color labeling conditions for single molecule fluorescence
microscopy (Supporting Figures S1 and S2). For this purpose,
the fusion protein Tom20-SNAPf-HaloTag was generated and
double labeled with SiRBG and TMRHTL or TMR-Star and
SiRHTL, respectively. We found that labeling of the HaloTag
with 1−5 nM TMRHTL or SiRHTL and of the optimized SNAPf
tag31 with 10−50 nM SiRBG or TMR-Star yielded optimum
density of labeled proteins in mitochondrial membranes. The
higher concentration of SiRBG is required due to the lower
reaction rate constant of SNAPf substrates with the SNAPf tag
compared to HTL substrates with the HaloTag as quantified by
real-time surface-sensitive detection (Supporting Figure S1 and
Table S1). The calculated localization precisions of SiRBG,
TMR-Star, SiRHTL, and TMRHTL were in the range of 15−33
nm; The signal-to-noise ratios were in the range of 17−27, and
the highest emitter intensity was found for TMR-Star
(Supporting Figure S2b−d). During time-lapse imaging, a
decay of detected molecules was observed with a typical time
constant of ∼6 s (200 frames) for both SiRBG and TMRHTL,
with 95% bleached molecules after 80 s (Supporting Figure
S2e). The delayed bleaching can be explained by partial
photoswitching of the dyes, which has been previously
reported.32 These studies established that both dyes could be
used for efficient single molecule tracking in living cells.
To pinpoint the localization of PINK1 in mitochondrial

subcompartments, we fused the HaloTag to the C-terminus of
PINK1 (PINK1-HaloTag), ensuring labeling of both fl-PINK1
and s-PINK1. As reference proteins for localization at the outer
mitochondrial membrane (OMM) and the inner mitochondrial
membrane (IMM), Tom20 and respiratory complex I (CI),
respectively, were used. For this purpose, Tom20 was fused to a
C-terminal SNAPf tag (TOM20-SNAPf) for dual-color TALM
while CI was fused to photoactivatable green fluorescent
protein (paGFP) for the combination with FPALM to achieve
triple-color super-resolution imaging.
We expected that PINK1 and complex I proteins colocalize

when the PINK1 kinase domain is imported into mitochondria.
To test this, HeLa cells were transiently cotransfected with the
three different constructs, and PINK1-HaloTag and TOM20-
SNAPf were labeled with TMRHTL and SiRBG, respectively. To
ensure minimal crosstalk between the three channels,
sequential excitation of SiR (640 nm), TMR (561 nm), and
paGFP (488 nm) was used with a readout time of 32 ms for
each channel, yielding a total frame rate of ∼10 Hz. Typically,
1000 frames were recorded (96 s acquisition time), which is
owed to the bleaching kinetics of TMR and SiR. This time
frame is also tolerable with respect to mitochondrial movement
in live cells (own observations). Depending on the respective
degree of labeling, after sufficient bleaching, individual
molecules could be clearly discerned in all three channels
(Video 1, Supporting Figure S2e). The point spread functions
of signals derived from single molecules were fitted with a
modified 2D Gaussian mask using the Thomson blurring.33

Figure 1. Live-cell super-resolution imaging of PINK1 in energized
mitochondria in HeLa cells. (a) Scheme of PINK1 structure with the
mutated residues P95 and F104 in the transmembrane domain (TM).
The red star marks the tagging with HaloTag after the C-terminal
domain (CTD). (b) Cumulative super-resolution images rendered
from single molecule localization from 1000 sequentially recorded
frames (96 ms/frame, 96 s in total). (c) Merged triple-color
colocalization image of PINK1, Tom20, and respiratory complex I
CI. (d) Dual-color SR images. (e) Co-localized molecules determined
with open source Fiji ImageJ @ colocalization plugin. (f) Averaged
cross line fluorescence distribution profiles of PINK1, Tom20, and CI.
The average cross distribution was obtained by averaging up to 30
parallel oriented cross lines (interval 40 nm) per mitochondrion in the
framed region of c (see also Supporting Information Figure S3). Scale
bar: 1 μm. Images are pseudocolored.
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The average localization precisions calculated for the three
channels were 23 ± 6 nm for paGFP, 26 ± 6 nm for TMR, and
22 ± 7 nm for SiR (Supporting Table S2). SR images were
reconstructed by a cumulative overlay of localized molecules
from 1000 subsequent frames rendered with the Gaussian
profile according to their localization precision (Figure 1b).
The overlay of all three channels (Figure 1c) yielded triple-
color SR images, revealing distinct localizations of Tom20
(blue), PINK1 (red), and CI (green). The signals of Tom20
show the broadest distribution across single mitochondria.
Pairwise colocalization analysis of PINK1 and CI, PINK1 and
Tom20, as well as CI and Tom20 from dual-color composite
images (Figure 1d) identified the highest overlap of PINK1 and
CI signals with a Pearson’s coefficient of PPINK1‑CI = 0.318. The
overlap between PINK1 and Tom20 was noticeably lower
(PPINK1‑Tom20 = 0.171, Figure 1e), while the overlap between CI
and Tom20 was negligible (PCI‑Tom20 = 0.035) in agreement
with their strict localization in distinct mitochondrial
subcompartments. These observations suggested import of
PINK1 across the IMM, which was corroborated by the
averaged cross-section fluorescence profiles of PINK1-Hal-
oTag-TMRHTL and CI-paGFP yielding similar Gaussian-like
distribution patterns. In contrast, the cross section profile of
Tom20 exhibited two peaks as expected for a protein localized
in the OMM (Figure 1f).
To explore the role of the mitochondrial membrane potential

in regulating PINK1 processing, we recorded the distribution of
PINK1-HaloTag labeled with TMR in depolarized mitochon-
dria, where PINK1 is assumed to initiate mitochondrial
clearance at the outside of mitochondria.20 For depolarization,
the protonophore carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) was added in a concentration (1 μM) sufficient to
destroy the membrane potential (data not shown), but too low
to immediately induce mitochondrial fragmentation. Triple
color SR microscopy performed with CCCP treated cells
(Figure 2) revealed a substantially reduced overlay of the
PINK1 distribution pattern with CI, while increased overlap
with Tom20 was observed (Figure 2a). Also, PINK1 and
Tom20 showed a broader distribution than CI (Figure 2b). In
the dual-color images, PINK1 and Tom20 showed the highest
colocalization (P = 0.388), while the distribution profiles of CI
and PINK1 (P = 0.099) and CI and Tom20 (P = 0.096),
respectively, were clearly different (Figure 2c). In the cross-
section, PINK1-HaloTag-TMRHTL had no longer a Gaussian
distribution profile but displayed two peaks similar to Tom20
(Figure 2d). This is in line with previous biochemical results
that PINK1 is found at the OMM in depolarized mitochon-
dria.20

The difference in PINK1 distribution between energized and
depolarized mitochondria was confirmed by single color SR
imaging, where PINK1 showed a clear Gaussian distribution
inside energized mitochondria but had a broadened distribution
with two peaks in CCCP- and valinomycin-treated mitochon-
dria. Both inhibitors are ionophores that dissipate the
membrane potential Δψm (Supporting Figure S4). Nigericin,
which destroys the ΔpH but not Δψm, had no effect on import
of fl-PINK1. Thus, the retention of PINK1 at the OMM was
induced by dissipation of the membrane potential, but not by
loss of ΔpH in accordance with previous suggestions.34

Together, our SR data strongly support the hypothesis that
fl-PINK1 is entirely localized inside energized mitochondria but
outside of depolarized mitochondria. This would allow for

access to different substrates for the kinase in different
microcompartments.
Importantly, live cell single molecule localization techniques

filter for molecules, which do not substantially change their
position during the readout time. The ability to localize
individual PINK1 at a readout time of 32 ms suggested
relatively slow diffusion of PINK1, which was further explored
by single molecule tracking (SMT). SMT generates dynamic
maps of tracked molecules, providing information about
molecular dynamics in cell membranes. (Freely diffusing
molecules in aqueous solution are too fast to be tracked due
to their at least 100-fold higher diffusion rates). Localized
molecules of PINK1 in energized and depolarized mitochondria
were connected by a multitarget tracing algorithm35 when
reappearing in subsequent frames (Figure 3a,b). From the
tracked molecules, step length histograms were generated and
analyzed for mobile, less mobile, and immobile subpopulations

Figure 2. Localization profiles of PINK1, Tom20, and complex I in
depolarized mitochondria. Depolarization was achieved by the
addition of the protonophore CCCP (1 μM CCCP for 1 h). (a)
Triple color super-resolution image rendered from 1000 frames of
respiratory complex CI-paGFP, PINK1-HaloTag-TMRHTL (5 nM
TMRHTL), and Tom20-SNAPf-SiRBG (50 nM SiRBG). The white box
indicates the area used to generate the cross-section distribution
profile in d. The yellow box indicates the area shown as a detailed
close-up of a region of interest (ROI) in images b and c. (b)
Cumulative images of single localized emitters (CI; PINK1; Tom20).
(c) Cumulative dual-color composite images of CI and PINK1, PINK1
and Tom20, and Tom20 and CI. (d) The average intensity for the
cross-section framed in a was determined across the area of the
selected region of interest in the mitochondrion as described in the
Supporting Information. Scale bars: 1 μm (a), 300 nm (b, c). Images
are pseudocolored. FWHM: full width at half-maximum of a Gaussian
distribution profile. P. dist.: Peak distance.
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by distribution fits (2−3 fractions), and the respective apparent
diffusion coefficients (Dapp) for two-dimensional diffusion were
determined. Molecules with a diffusion coefficient below Dapp ≤
0.005 μm2/s were declared immobile. The comparison between
PINK1 localized inside and outside mitochondria yielded no
significant difference for apparent diffusion coefficients or
fractions of mobile/immobile proteins. Mobile PINK1 had an
average diffusion coefficient of 0.102 μm2/s (0.004 μm2/s s.d.)
inside mitochondria and 0.100 μm2/s (0.004 μm2/s s.d.)
outside mitochondria after CCCP treatment. This is 200-times
slower than GFP diffusion in the mitochondrial matrix36 and
similar to diffusion of Tom20 (Dapp = 0.14 ± 0.01 μm2/s).26

From these data, we conclude that PINK1 is either inserted via
its TM into the IMM, or associated with integral membrane
proteins of the OMM. A likely association of PINK1 with the
TOM complex in depolarized mitochondria was reported
before.20

To validate this interpretation, we explored the localization
of the mutants PINK1-F104M and PINK1-P95A, both with
mutations in the transmembrane domain in the N-terminal part
(cf. Figure 1a). In previous studies, both mutants showed
altered processing.16 We transiently expressed PINK1-F104M-
mEGFP and PINK1-P95A-mEGFP in sister cell lines and
checked the cleavage of the respective proteins by immuno-
blotting against GFP. For the F104M mutation, we confirmed
an increase of the PARL-cleaved s-PINK1, while for P95A,
reduced PINK1 cleavage was observed (Figure 4a). For wt-

PINK1-mEGFP, neither version could be detected due to the
high protein turnover associated with low steady state levels of
the wt form (Figure 4a).
We then determined the localization of the PINK1 mutants

and their processed forms by SR imaging in situ. HeLa cells
were triple-transfected with PINK1-P95A-HaloTag (stained
with SIRHTL), Tom20-SNAPf (stained with TMR-Star), and CI-
paGFP.
The merged image of single localized molecules and the

cross section distribution analysis (Figure 4b) revealed an
intermediate distribution profile for PINK1-P95A. The profile
of the cross-section plot suggests that PINK1-P95A is localized
both at the mitochondrial surface and at the IMM. Also, the
similar Pearson’s coefficients for CI-PINK1 and PINK1-Tom20
confirmed this result (Supporting Figure S5). We explain this
distribution by PINK1-P95A being imported into mitochondria
but not being efficiently cleaved by PARL.

Figure 3. Tracking analysis of PINK1 in the inner and outer
membrane of mitochondria. (a) Single color SR image of PINK1 in
energized mitochondria with trajectory map. (b) TALM of PINK1 at
the outside of de-energized mitochondria. (c) Step-length histogram
for PINK1 in CCCP treated mitochondria. Step-length distributions
were obtained from single molecule trajectories (5 steps, ∼160 ms)
and decomposed into diffusive subpopulations by a mixture model of
Brownian diffusion. Average diffusion constants D were determined by
the slope in mean square displacement analysis (2−10 steps). (d)
Apparent diffusion coefficients of PINK1 (Dapp, μm

2/s) inside and
outside mitochondria. Scale bars: 500 nm (a,b). Images are
pseudocolored.

Figure 4. Distribution profiles of PINK1 transmembrane domain
mutants. (a) Immuno-blot analysis of PINK1 intermediates in the
mutants PINK1-F104A, PINK1-P95A and wt-PINK1. (b) Triple color
SR image of PINK1-P95A-HaloTag-SIRHTL (5 nM, red), CI-paGFP
(green) and Tom20-fSNAPf-TMR-Star (40 nM, blue) in a single
mitochondrion. Right panel: Cross section distribution profiles of
PINK1, Tom20 and CI from the same mitochondrion. (c) Dual color
SR image of PINK1-F104M-HaloTag-TMRHTL and CI-paGFP. Right
panel: Cross section distribution profile of PINK1-F104M and CI-
paGFP. (d) Cluster analysis of PINK1 distribution before and after
addition of CCCP to cells. Scale bars: 1 μm (b,c), 5 μm (d).
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Because of the impaired processing, also some PINK1
remains at the mitochondrial surface. MTS-fl-PINK1 (OMM)
and fl-PINK1 (IMM) cannot be distinguished by SDS PAGE.
In contrast to PINK1-P95A, PINK1-F104M was exclusively
found in the cytosol as the dual-color SR image clearly shows
(Figure 4c). From the size (Figure 4a), we assume that this is
the processed s-PINK1 form, which as s-PINK1-F104M is
supposed to be more stable than wt-s-PINK1 according to the
N-end rule.21

We then asked how depolarization of mitochondria (and
thus inhibition of fl-PINK1 processing) would influence the
spatiotemporal organization of PINK1-F104M. For this
purpose, we subjected TALM images of PINK1-F104M to
cluster analysis. Owing to the fact that the same set of
molecules is detected in each frame in a spatiotemporally
correlated manner, such cluster analysis filters for molecules
with relatively low mobility as expected for membrane-bound
species. Strikingly, we found a significantly increased number of
PINK1-F104M clusters in CCCP-treated cells compared to
untreated cells (Figure 4d). Some cluster arrangements
reproduce the shape of mitochondria (red arrowheads in
Figure 4d and Supporting Figure S6). These observations
suggest that PINK1-F104M was retained at the OMM of
depolarized mitochondria.

In conclusion, we here have established dual-color TALM
imaging in combination with FPALM as a powerful approach
for unraveling the spatiotemporal organization of suborganelle
microcompartments, which have important implications for
many cellular functions.37 In contrast to previously established
live-cell triple-color SR imaging based on FPALM and
dSTORM,38,39 TALM-based imaging in addition provides
detailed information on protein dynamics within micro-
compartments as individual molecules are tracked for
comparably long time periods.26 Tackling the intricate problem
of intramitochondrial trafficking of PINK1, we exploited this
specific feature of TALM to not only resolve protein
distribution beyond the diffraction limit but also to provide
detailed information on diffusion dynamics and diffusional
connectivity. Our data support the following model of PINK1
shuttling: (i) import of the complete fl-PINK1 protein

including the kinase domain into mitochondria tightly coupled
to (ii) proteolytic processing (probably by PARL) in the inner
mitochondrial membrane in a ΔΨm-dependent manner; (iii)
export of the short form with the kinase domain into the
cytosol (Figure 5). This process in principle provides at least
three possible sites for PINK1 activity: at the IMM inside
mitochondria, at the OMM, and in the cytosol. Diffusional data
moreover suggest that PINK1 remains membrane-associated
during trafficking in mitochondria.
Overall, these results highlight some key advantages of

TALM imaging for the spatiotemporal analysis of protein
distribution, in particular for studying proteins with high
turnover and low steady state concentration of intermediates.
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