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Abstract Mitochondria are cellular organelles with multifac-

eted tasks and thus composed of different sub-compartments.

The inner mitochondrial membrane especially has a complex

nano-architecture with cristae protruding into the matrix.

Related to their function, the localization of mitochondrial

membrane proteins is more or less restricted to specific sub-

compartments. In contrast, it can be assumed that membrane

proteins per se diffuse unimpeded through continuous mem-

branes. Fluorescence recovery after photobleaching is a ver-

satile technology used in mobility analyses to determine the

mobile fraction of proteins, but it cannot provide data on sub-

populations or on confined diffusion behavior. Fluorescence

correlation spectroscopy is used to analyze single molecule

diffusion, but no trajectory maps are obtained. Single particle

tracking (SPT) technologies in live cells, such as tracking and

localization microscopy (TALM), do provide nanotopic local-

ization and mobility maps of mitochondrial proteins in situ.

Molecules can be localized with a precision of between 10 and

20 nm, and single trajectories can be recorded and analyzed;

this is sufficient to reveal significant differences in the spatio-

temporal behavior of diverse mitochondrial proteins. Here, we

compare diffusion coefficients obtained by these different

technologies and discuss trajectory maps of diverse mitochon-

drial membrane proteins obtained by SPT/TALM. We show

that membrane proteins in the outer membrane generally dis-

play unhindered diffusion, while the mobility of inner mem-

brane proteins is restricted by the inner membrane architec-

ture, resulting in significantly lower diffusion coefficients.

Moreover, tracking analysis could discern proteins in the inner

boundary membrane from proteins preferentially diffusing in

cristae membranes, two sub-compartments of the inner mito-

chondrial membrane. Thus, by evaluating trajectory maps it is

possible to assign proteins to different sub-compartments of

the same membrane.

Keywords Mitochondrial membrane proteins . TOM . TIM .

hFis . Mitofilin/Mic60 . F1FOATP synthase . Cox . Single

molecule localization and diffusion .Mobility analyses .

Membrane sub-compartments . SPT technologies . FRAP .

FCS

Mitochondria are organelles with a plethora of functions, in-

cluding Ca2+ signaling, oxidation of fatty acids, respiration,

ATP synthesis and recycling of redox-equivalents. To fulfill these

tasks, mitochondria are subdivided into several compartments:

the outer membrane (OM), the inner membrane (IM) and the

matrix space. The IM is further compartmentalized into the inner

boundary membrane (IBM) alongside the OM and the cristae

membranes (CM) (Mannella et al. 2004) (Fig. 1). Despite the

presence of 13 proteins that aremitochondrially encoded and part

of the bioenergetic oxidative phosphorylation (OXPHOS) sys-

tem, the complete repertoire of mitochondrial proteins (including

further subunits of the OXPHOS) has to be imported via the

translocase of the outer membrane (TOM) (Straub et al. 2016)

and the translocase of the inner membrane (TIM) (Mokranjac

and Neupert 2010). Furthermore, the complex IM architecture

is under the control of several proteins, including F1FOATP syn-

thase (Gavin 2004; Paumard et al. 2002) and mitofilin/Mic60
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(John 2005; Tarasenko et al. 2017). To better understand the

function and interaction of these proteins, information on their

specific sub-mitochondrial localization and spatio-temporal orga-

nization is needed (Fig. 1b). Superresolution fluorescence mi-

croscopy (including immuno-electron microscopy) has en-

abled sub-diffraction localization of mitochondrial molecules,

resulting in the identification of proteins in different organelle

compartments of mitochondria (Appelhans et al. 2012;

Beinlich et al. 2015; Jans et al. 2013; Wurm and Jakobs

2006) and revealed that the proteins of the IM are apparently

sub-compartmentalized in the IBM and CM part of the IM

(Vogel et al. 2006). Information on the temporal dynamics of

proteins would help to understand this segregation of proteins

in an (in principle) continuous membrane. In the following,

three dynamic methods to study mobility and to determine

diffusion coefficients of mitochondrial membrane proteins

are presented.

The mobility of several inner and outer membrane proteins

(Sukhorukov et al. 2010) and of matrix–green fluorescent

protein (Partikian et al. 1998) was determined by fluorescence

recovery after photobleaching (FRAP), a method in which

after spot bleaching the recovery of fluorescence is monitored

and analyzed (Reits and Neefjes 2001) (Fig. 2a). The diffusion

of a matrix-targeted protein was also determined via fluores-

cence correlation spectroscopy (FCS) (Koopman et al. 2007),

which is not an imaging technology but a spectroscopic meth-

od that records changes in fluorescence intensity in the confo-

cal volume over time (Bacia et al. 2006). From autocorrelation

curves [G(τ)], the diffusion behavior is analyzed and diffusion

coefficients are extracted (Fig. 2b).

Single particle tracking (SPT) combines the spatial and

dynamic analysis of proteins by imaging single, labeled pro-

teins at high frame rates until they are bleached. After locali-

zation, trajectory maps are generated by, for example, a multi-

target tracing algorithm (Sergé et al. 2008) (Fig. 2c).

Commonly, fluorescent protein-tags (FP) are used to visualize

the proteins of interest (Subach et al. 2010). In a variant of

SPT, named tracking and localization microscopy (TALM)

(Appelhans and Busch 2017; Appelhans et al. 2012), bright

and photostable rhodamine dyes attached to a specific substrate

reacting covalently with the HaloTag or SnapTag are used for

post-translational labeling (Juillerat et al. 2003; Schröder et al.

2009). The localization and dynamics of several outer and inner

membrane proteins have been analyzed using this method.

From step length diagrams (Fig. 2c–II), apparent diffusion co-

efficients are extracted and appointed to subpopulations distin-

guished by their mobility (e.g. mobile, less mobile and confined

mobile molecules). Mean square displacement plots of >30 ms

allow for confinement analysis, following which only the dif-

fusion coefficients of mobile fractions are compared.

Movement of outer mitochondrial membrane

proteins

The outer mitochondrial membrane is tubular without extra-

invaginations. To date, information on the mobility of four

mitochondrial OM proteins is available: hFis, a protein in-

volved in mitochondrial fission (Yu et al. 2005) and three

different subunits of the TOM complex, i.e. Tom7, Tom20

and Tom40 (Shiota et al. 2015) (Fig. 1b). hFis, Tom7 and

Tom20 possess a single transmembrane domain, while

Tom40 is a β-barrel protein inserted into the OM. The local-

ization and mobility of hFis and Tom7 were determined by

FRAP analysis of FP-labeled proteins in mitochondria in situ

in cell culture (Sukhorukov et al. 2010), and the obtained mo-

bility was 0.7 μm2/s (hFis) and 0.6 μm2/s (Tom7), respectively

(Table 1). The majority of Tom7molecules showed unhindered

diffusion, but approximately 7% were immobile (Sukhorukov

et al. 2010). In a different study, the mobility of Tom40, the core

subunit of the TOM complex (Rapaport and Neupert 1999),

was determined by SPT with a localization precision of

Fig. 1 Ultrastructure of mitochondria and respective localization of

important proteins. a Electron microscopy image showing part of a

mitochondrion, with the membranes appearing black: OM outer

membrane, IM inner membrane [which is partitioned into the inner

boundary membrane (IBM) and the cristae membranes (CM)]. The

matrix is an aqueous compartment. b Scheme showing the localization

of the proteins that have been studied in terms of mobility and

localization. Tom40 Core subunit of the translocase of the outer

membrane (TOM) complex, Tom20 receptor subunit of TOM, Tom7 sub-

unit of TOM (Shiota et al. 2015), hFis human fission factor in the OM (Yu

et al. 2005), Mic60 mitofilin, part of the MICOS complex in the IBM

(Ding et al. 2015), Tim23 part of the inner membrane translocase (TIM) in

the IBM (Demishtein-Zohary and Azem 2017), Cox cytochrome c oxi-

dase, a complex of the oxidative phosphorylation (OXPHOS) system in

the CM, F1FOATP synthase, a further OXPHOS complex
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Fig. 2 Technological methods to determine the mobility of

mitochondrial proteins. a Fluorescence recovery after photobleaching

(FRAP). Usually, proteins of interest are fused to a fluorescent protein

and from a certain region of interest (roi) the pre-bleach fluorescence is

recorded. Then, the fluorescence in the roi is bleached down and imme-

diately after the recovery of fluorescence is monitored. The recovery

curve is fitted and the percentage of mobile and immobile molecules

and the diffusion coefficient of the mobile fraction can be determined.

Here, a FRAP curve for Tom7, a subunit of the TOM complex, fused to

green fluorescent protein is shown. The fluorescence was bleached in the

indicated roi (red frame) (Sukhorukov et al. 2010). b Fluorescence cor-

relation spectroscopy (FCS) reveals protein diffusion, such as in the mi-

tochondrial matrix (Koopman et al. 2007). Fluorescence intensity fluctu-

ations from the confocal volume are recorded and an autocorrelation

function is generated from which the mean diffusion constant can be

calculated. c-I Localization and tracking of single molecules in different

mitochondrial compartments by tracking and localization microscopy

(TALM) (Appelhans et al. 2012), a single particle tracking (SPT) tech-

nique. A single molecule is observed for multiple frames until bleached.

The fine localization of single molecules is obtained by two-dimensional

Gaussian fitting of the diffracted signal in a deflation process, following

which a trajectory map is generated using a multi-target tracing algorithm

(Sergé et al. 2008). c-II Step length diagrams are generated, and from the

cumulated distribution function (CDF) diffusion coefficients are extracted

by fitting until the least root mean square error is minimized. Usually,

several subpopulations characterized by different mobilities (mobile, less

mobile and confined mobile) are obtained. c-III Mean square displace-

ment (msd) plots are analyzed to obtain the confinement for short (2-5

steps, blue line) and long-range diffusion (2–20 steps, red line) (Schütz

et al. 1997). The relation between msd and the diffusion coefficient D is:

msd = 4DΔtα + 4ε2 where ε2 is the square error (localization precision)

and α is the non-linearity coefficient. Scale bar 100 nm (a)
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20 nm. Analysis of mean square displacements (msd) within

5 ms and cumulative distribution functions (CDF) provided an

apparent diffusion coefficient of Dapp = 0.5 μm2/s for Tom40,

which is only marginal slower than theD for Tom7 obtained by

FRAP. For time windows above 35 ms, the diffusion was clear-

ly confined. Several reasons were discussed for the confine-

ment: a complicated geometry, interaction with lipids or an

active, anchored complex (Kuzmenko et al. 2011). In

Table 1 Diffusion coefficients D

of mitochondrial proteins in situ

in live mammalian cells

Proteina Mitochondrial

localization

FRAP, D (μm2/s) SPT/TALM, D (μm2/

s)

FCS, D (μm2/

s)

hFis OM 0.7 ± 0.1

Sukhorukov and

Bereiter-Hahn (2009)

0.170 ± 0.05 (90%

mobile)

Appelhans et al. (this

paper)

Tom7 OM 0.6 ± 0.4

Sukhorukov and

Bereiter-Hahn (2009)

0.133 ± 0.025

Appelhans et al. (this

paper)

Tom20 OM 0.142 ± 0.014; 0.005

± 5E-4

Appelhans et al. 2012

Tom40 OM 0.5 (% mobile)b

(Kuzmenko et al.

(2011)

F1FO ATP

synthase, CV

IM 0.4 ± 0.1 (mobile)

0.0005 ± 0.0001

(immobile)

Sukhorukov and

Bereiter-Hahn (2009)

0.070 ± 0.009 (35%)

(mobile)

0.020 ± 0.004 (47%)

(less mobile)

0.005 (18%)

(immobile)

Appelhans et al.

(2012)

Cox, CIV IM 0.3 ± 0.07; 0.007

± 0.002

Sukhorukov and

Bereiter-Hahn (2009)

0.056 ± 0.016

(mobile)

0.016 ± 0.005, less

mobile

0.003 ± 0.001,

immobile

Appelhans et al. (this

paper)

Mic60 IM 0.068 ± 0.001 (49%)

0.020 ± 0.004 (51%)

Appelhans et al. (this

paper)

Tim23 IM 0.057 ± 0.001 (45%)

Appelhans et al. (this

paper)

SDH IM 0.140 ± 0.034 (79%)

0.016 (21%)

Wilkens et al. (2012)

Mt-FP matrix 22 ± 2

Partikian et al. (1998)

20–30 μm2/s

Koopman

et al. (2007)

FRAP Fluorescence recovery after photobleaching, FCS fluorescence correlation spectroscopy, SPT/TALM single

particle tracking/tracking and localization microscopy, OM Outer membrane of mitochondrion, IM inner mem-

brane of mitochondrion
a SDH Succinate dehydrogenase, Mt-FP mitochondrial fluorescence-labeled protein. All other proteins are de-

fined in the caption of Fig. 1
b In isolated mitochondria from yeast
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complementary studies, hFis and Tom20 mobilities were deter-

mined by TALM, a specific SPT method (Appelhans and

Busch 2017; Appelhans et al. 2012). Apparent diffusion coef-

ficients were Dmobile, hFis = 0.17 μm2/s for hFis and Dmobile,

Tom20 = 0.142 μm2/s. The obtained trajectory maps of hFis1

and Tom20 show rather unhindered diffusion for the majority

of proteins (Fig. 3a-I, 3a-II) with a random directionality. The

calculated localization precision was 10 nm on average, although

a subpopulation of 14% of hFis and Tom20 had a diffusion

coefficient of D <0.009 μm2/s, indicating immobile/confined

fractions (as also found for Tom7 in FRAP measurements).

Alternatively, this can be an outcome of movement in z.

Movement in z gives small step lengths in two-dimensional

(2D) projections and thus results in low diffusion coefficients.

A correction taking into account the geometry resulted in an

increase in the diffusion coefficients to Dapp,corr = 0.215 μm2/s

for Tom20 andDapp,corr = 0.410 μm2/s for hFis (Appelhans et al.

2012). which are still lower than those obtained from FRAP

studies (D=0.6 and D= 0.7 μm2/s, respectively).

Movement of inner mitochondrial membrane

proteins

The mobility of inner mitochondrial membrane proteins Cox

and F1FO ATP synthase, both complexes of the oxidative

phosphorylation system (CIV and CVof OXPHOS), was de-

termined by FRAP (Sukhorukov et al. 2010) and yielded dif-

fusion coefficients ofD = 0.3 μm2/s (Cox) and D = 0.4 μm2/s

(F1FO ATP synthase). In a complementary study, diffusion

analysis by TALM resulted in Dapp,Cox = 0.056 μm2/s and

Dapp, F1FO ATP synthase = 0.070 μm2/s (Table 1). TALM trajec-

tory maps also show details about possible confinement and

directionality. Contrary to OM proteins (Fig. 3a), the trajecto-

ry maps of Cox and F1FO ATP synthase indicate a confine-

ment of those specific IM proteins in cristae (Fig. 3b). In

contrast, trajectory maps of the IM proteins Tim23 and

Mic60 show a different type of confinement: the trajectories

are found in a pearl-like arrangement along both sides of the

IBM with no preferential directionality (Fig. 3c). The diffu-

sion coefficient for Tim23 was Dmobile,Tim23 = 0.044 μm2/s

(±0.025 μm2/s; N = 2 independent assays, >1900 trajectories

analyzed); for Mic60 it was Dmobile,Mic60 = 0.063 μm2/s

(±0.010 μm2/s; N = 2 independent assays, >2000 trajectories

analyzed). Albeit the diffusion coefficients of both proteins

were similar to those of Cox and F1FO ATP synthase in the

samemembrane, their specific localizationwas clearly distinct

as the trajectory maps revealed (Fig. 3c).

The apparent diffusion coefficients for the IM proteins Cox

and F1FO ATP synthase determined by TALM were signifi-

cantly lower than those obtained by FRAP, likely due to a

significant quota of molecules being restricted in their diffu-

sion due to geometrical constraints. When msd were plotted,

for long range diffusion >50 ms, confinement started to dom-

inate the mobility in accordance with preferential localization

in cristae membranes (Wilkens et al. 2012) (Fig. 3d-II). These

confined mobile molecules were probably not recorded by

FRAP, since their confinement within 0.01 μm2 (Fig. 3c-II)

is below the diffraction limit. For Tim23 and Mic60, the con-

finement was in a similar range, albeit for a different reason:

these molecules are anchored in the membrane in conjunction

with supercomplex formation (Harner et al. 2011; van der

Laan et al. 2016).

Conclusion

The determination of protein mobility in mitochondrial compart-

ments is still a challenge. FCS, which is an established method

for the determination of the mobility of soluble proteins, has had

no application in the determination of mitochondrial membrane

protein mobility, but only for a matrix-targeted soluble FP. The

determined diffusion coefficient was similar to that determined

by FRAP (Table 1). Indeed, FCS and FRAP are probably the

only methods to characterize the mobility of matrix proteins,

since diffusion coefficients attributed to soluble FPs are

>93 μm2/s (Petrasek and Schwille 2008) and the corresponding

step lengths are too large to obtain confident connections be-

tween subsequent localizations in SPT. The reduced mobility of

FPs with 20–30 μm2/s in the mitochondrial matrix is probably

related to diffusion obstacles imposed by cristae membranes di-

viding the matrix (Sukhorukov and Bereiter-Hahn 2009). For

membrane proteins, FRAP studies have provided higher diffu-

sion coefficients as SPT analysis, possibly attributable to two

factors: (1) FRAP is a diffraction-limited imaging technique

and thus is spatially coarse; (2) FRAP measures only highly

mobilemolecules, since confinedmolecules or slowmobile mol-

ecules are too slow to contribute to a fluorescence recovery. In

addition, the bleachingwhich continues during recording is more

of a problem for FRAP than for single molecule imaging (where-

by the signal is lost, but has no influence on the analysis).

Furthermore, recovery analysis after spot photobleaching of FP

in mitochondria is not straightforward to analyze due to geomet-

rical factors, shape changes and the movement of mitochondria

themselves (Dikov and Bereiter-Hahn 2013; Mishra and Chan

2016). This also partially impacts SPT analysis and a thorough

review of data is necessary. Mitochondrial movement interfering

with protein motility can be revealed by superimposing images

of mitochondria taken before and after the FRAP analysis or

superimposing the first and last 500 frames of SP imaging. The

power of single molecule tracking in contrast to FRAP and FCS

is that is provides localization and trajectory maps and thus en-

ables sub-organellar resolution. Based on the pattern of their

trajectory maps, Tim23 and Mic60 could be designated to the

IBM in line with a functional localization at interaction sites with

the TOM complex (Tim23) and the cristae junctions (Mic60)
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(van der Laan et al. 2016), while Cox (CIV) and F1FO ATP

synthase (CV) could be appointed to cristae membranes, which

are the site of OXPHOS. On the other hand, in SPT/TALM, the

diffusion coefficients are extracted from2Dprojectedmovement,

which results in an underestimation of mobility on tubular or

spherical structures (Renner et al. 2011). Albeit a variety of

methods for obtaining both 3D super-resolution images and 3D

tracking information have been devised (von Diezmann et al.

2017), 3D tracking is still a challenging option and to our

knowledge has not yet been applied to the analysis of the mobil-

ity of mitochondrial proteins. Hitherto, even 2D SPT/TALM has

been feasible to elucidate sub-organelle localization from the

pattern of the respective trajectory maps. To summarize, FRAP

and SPT/TALM are complementary methods revealing different

aspects of the spatio-temporal organization of proteins.
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