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ABSTRACT

The mitochondrial inner membrane is a protein-rich environment
containing large multimeric complexes, including complexes of the
mitochondrial electron transport chain, mitochondrial translocases
and quality control machineries. Although the inner membrane is
highly proteinaceous, with 40-60% of all mitochondrial proteins
localised to this compartment, little is known about the spatial
distribution and organisation of complexes in this environment. We
set out to survey the arrangement of inner membrane complexes
using stochastic optical reconstruction microscopy (STORM). We
reveal that subunits of the TIM23 complex, TIM23 and TIM44 (also
known as TIMM23 and TIMM44, respectively), and the complex IV
subunit COXIV, form organised clusters and show properties distinct
from the outer membrane protein TOM20 (also known as TOMM20).
Density based cluster analysis indicated a bimodal distribution of
TIM44 that is distinct from TIM23, suggesting distinct TIM23
subcomplexes. COXIV is arranged in larger clusters that are
disrupted upon disruption of complex IV assembly. Thus, STORM
super-resolution microscopy is a powerful tool for examining the
nanoscale distribution of mitochondrial inner membrane complexes,
providing a ‘visual’ approach for obtaining pivotal information on how
mitochondrial complexes exist in a cellular context.

KEY WORDS: Mitochondria, STORM, Nanoscopy, Mitochondrial
complexes, Protein import, TIM23, COXIV

INTRODUCTION

Mitochondria are essential for eukaryotic cellular function, with
central roles in cellular metabolism, energy production, calcium
homeostasis and apoptosis, to name a few (Anderson et al., 2019;
Nunnari and Suomalainen, 2012; Rossi et al, 2019). The
mitochondrion is comprised of four compartments; the outer and
the inner membranes, and the aqueous compartments comprising
the intermembrane space and the matrix. The inner membrane is
highly folded to increase the surface area for the production of
energy and metabolites, with increased cristae density found in the
mitochondria of cells with a high energy demand (Kiihlbrandt,
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2015; Mannella et al., 2013; Zick et al., 2009). The inner
mitochondrial membrane is highly proteinaceous, with 40-60%
of all mitochondrial proteins localised to this compartment
(Morgenstern et al., 2017; Vogtle et al., 2017). This membrane
contains a number of large multimeric membrane complexes,
including the inner membrane protein translocase complexes like
the translocase of the inner membrane 23 (TIM23 complex),
complexes [-IV of the respiratory chain, and the protein scaffold
MICOS (mitochondrial contact site and cristae organising system)
(Kang et al., 2018; Kiihlbrandt, 2015; Lobo-Jarne and Ugalde,
2018; van der Laan et al., 2016).

Import of nuclear-encoded mitochondrial precursor proteins is
accommodated by large and dynamic multimeric machines, referred
to as translocases. The translocase of the outer membrane (TOM)
complex is a highly conserved multimeric machine that
accommodates mitochondrial precursors as they passage across
the outer membrane (Kang et al., 2018; Suzuki et al., 2000). The
TIM23 complex mediates precursor import across or into the inner
membrane (Kang et al., 2018). TIM23 is a versatile nanomachine,
existing in different conformations that modulate the import of
distinct classes of precursor proteins (Jackson et al., 2018;
Mokranjac and Neupert, 2010). The association of a TIM23
‘core’ complex (consisting of TIM23, TIM50 and TIM17A/B, also
known as TIMM23, TIMMS50 and TIMMI17A/B, respectively)
(Jackson et al., 2018; Kang et al., 2018; Mick et al., 2012; Sinha
et al., 2014) with the presequence-associated motor (PAM) gives
rise to the TIM23MOTOR complex that facilitates precursor import
into the mitochondrial matrix (Chacinska et al., 2005, 2010; Hutu
et al, 2008). The PAM module contains multiple subunits,
including mtHsp70, TIM44 (also known as TIMM44), GRPEI,
Mortalin, MAGMAS (also known as PAM16) and DNAJC15/19
(Chacinska et al., 2009; Jackson et al., 2018; Kang et al., 1990,
2018; Mokranjac and Neupert, 2010; Naylor et al., 1998).
Conversely, the addition of TIM21 and ROMOL1 to the TIM23
core complex gives rise to the TIM23S°RT complex, which
facilitates the lateral insertion of precursor proteins into the inner
membrane (Chacinska et al., 2009; Jackson et al., 2018; Kang et al.,
2018). TIM21 is also involved in the assembly of complex IV
subunits, connecting TIM23 to the biogenesis of the electron
transport chain (ETC) (Mick et al., 2012). Complex IV
(Cytochrome ¢ oxidase or COX) is the final enzyme in the ETC,
which catalyses the transfer of electrons from cytochrome ¢ and
the reduction of oxygen, and is coupled to the proton gradient
(Kadenbach and Hiittemann, 2015; Zhao et al., 2019). Complex IV
is assembled via modules with the use of multiple assembly factors,
and the mature complex can be found in association with respiratory
chain supercomplexes. The mitochondrial respiratory chain has
been shown to exist in a number of forms within the mitochondrial
inner membrane, with both a megacomplex (MCIL,III,1V,) and a
supercomplex (SCIIIILIV;) purified from mammalian cells
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(Guetal., 2016; Guo et al., 2017). In addition, complex IV has been
observed in smaller forms, as visualised by blue-native PAGE
(BN-PAGE), including CII,CIV and monomeric CIV (Lazarou
et al., 2009; Schifer et al., 2006).

Within the highly protein rich environment of the mitochondrial
inner membrane, the spatial arrangement of large protein complexes
has remained unclear. In part, this is because the average diameter
of many mitochondrial protein complexes are well below the
diffraction limit of optical microscopy, and thus much of what we
know about the composition, activity and structural arrangement
of the multimeric assemblies in mitochondria has come from
biochemical studies. However, with the advent of super-resolution
microscopy, visual insights into the nanoscale distribution of
mitochondrial protein complexes have begun to emerge. For
example, super-resolution technologies, such as stimulated emission
depletion (STED) microscopy, and single molecule localisation
microscopy (SMLM) methods, such as photoactivation localisation
microscopy (PALM), have been used to investigate a variety of
proteins in human mitochondria, including mitochondrial DNA
arrangement, FoF{-ATP synthase and Bax assembly at the
mitochondrial outer membrane (Brown et al., 2011; Dlaskova
et al., 2018; Jans et al., 2013; Klotzsch et al., 2015; Kukat et al.,
2011; Salvador-Gallego et al., 2016; van de Linde et al., 2008;
Wilkens et al., 2013). STED microscopy has shown that the inner
membrane organising system (MICOS) is arranged in clusters at
cristae junctions (Jans et al., 2013), and that a protein scaffold
containing Mic60 (also known as IMMT) can form a helical
arrangement in cristae of both yeast and human mitochondria
(Stoldt et al., 2019). Furthermore, using STED, TOM20 (also
known as TOMM20), a TOM receptor, was shown to be localised to
clustered regions in the mitochondrial outer-membrane, forming a
gradient distribution within the mitochondrial network that changes
in response to growth conditions (Huang et al., 2008a; Wurm et al.,
2011). The spatial arrangement of complex III and complex IV of
the ETC have also been shown by immunoelectron microscopy to
dynamically rearrange during assembly in yeast, with the
localisation of subcomplexes found to be in distinct regions in the
cristae (Stoldt et al., 2018). Furthermore, single-particle tracking
and photoactivated localisation microscopy (SPT/PALM) has
demonstrated the restricted diffusion of respiratory chain
complexes in contrast to the more mobile outer-membrane
components TOM20 and hFisl, and TIM23, which had restricted
movement in mammalian cells (Appelhans and Busch, 2017;
Appelhans et al., 2012; Salewskij et al., 2020; Wilkens et al., 2013).

Stochastic optical reconstruction microscopy (STORM) is a
SMLM-based technique that detects photon emissions from single
spatiotemporally distinct fluorescent molecules to precisely localise
individual fluorophores and reconstruct a super-resolved image
(Bates et al., 2007, 2013; Heilemann et al., 2008; Huang et al.,
2008b; Rust et al., 2006). A cluster-based analysis of the
fluorescently tagged protein positions within the many thousands
of frames that make up a reconstructed STORM image enables
extraction of the nanoscale organisation of proteins and protein
complexes. This analysis segments the point localisation data into
groups, in which a point is assigned to a cluster when it is in close
proximity to many points from that cluster (Pageon et al., 2016a,b).
Here, we couple N-STORM (Nikon STORM) with a density-based
spatial clustering of applications with noise (DBSCAN) analysis to
characterise the spatial organisation of mitochondrial inner
membrane proteins TIM44, TIM23 and COXIV, alongside the
outer membrane protein TOM20, in human mitochondria, and
describe for the first time the cluster arrangement of mitochondrial

inner membrane import proteins (Ester et al., 1996; Pageon et al.,
2016a,b). This analysis showed that subunits of the TIM23 core
complex (TIM23), PAM complex (TIM44) and complex IV
(COXIV) of the ETC adopt unique spatial arrangements. The data
indicate that different subcomplexes contain TIM23 or TIM44,
as shown by cluster analysis, and a high number of clusters of
TOM20 are indicative of the central role of the TOM complex in
mitochondrial import. Furthermore, using a cell model of complex
IV disassembly (hTim8aX® and hTim8b¥© cells) (Kang et al.,
2019), we showcase a change in the cluster dimensions of COXIV
that is underpinned by an increase in molecule number per um? and
the number of clusters per pum?, whereas the density of clusters
is reduced in the hTim8bX°. Therefore, N-STORM represents
an invaluable method for analysing the spatial arrangement of
mitochondrial membrane complexes and investigating how these
complexes change in response to physiological cues.

RESULTS

Super-resolution microscopy reveals that human
mitochondrial inner membrane proteins TIM23, TIM44 and
COXIV are arranged in ordered clusters

Visualisation of mitochondrial translocases in the mitochondrial
membrane has been limited by the spatial resolution of conventional
fluorescence microscopy. The protein to lipid ratio within the
mitochondrial inner membrane demonstrates the highly protein-rich
environment, with almost half of the hydrophobic environment of
the membrane taken up by protein (Schlame, 2021). Within the
highly folded mitochondrial inner membrane, this protein crowding
results in an estimated average surface distance of less than 10 nm
between membrane proteins (Schlame, 2021). Given the size of
mitochondrial membrane complexes (~16 nm by 10 nm, TIM22
complex; 13 nm by 10 nm, core TOM complex; 30 nm by 19 nm,
respiratory super-complex SCIIILIV,) are well below the
diffraction limit (~250 nm), and the protein-rich environment in
which these complexes are found, optical microscopy alone is
unable to provide quantitative information on the spatial
arrangement of these multimeric assemblies within an intact
mitochondrial membrane (Bausewein et al., 2017; Qi et al., 2021;
Schlame, 2021; Wu et al., 2016). To overcome this limitation, we
applied SMLM using N-STORM to achieve a localisation precision
of ~20-30 nm to the TIM23 complex and complex IV, and then
performed a DBSCAN analysis on the acquired datasets to extract
quantitative information on how these mitochondrial proteins are
clustered (Bates et al., 2007; Ester et al., 1996; Huang et al., 2008b;
Rust et al., 2006). The use of DBSCAN allows analysis of the large
datasets obtained by N-STORM, with 10,000 image frames
collected per set, and the detection of arbitrarily shaped clusters
rather than a bias to circular clusters (Ester et al., 1996). The
advantage of STORM over other super-resolution microscopy
techniques, such as SIM or STED, is the relatively simple and cost
effective optical configuration, performed in total internal
fluorescence (TIRF) mode here, which enables the barrier of
diffraction limited imaging to be broken and subsequent cluster
based analysis (Tam and Merino, 2015). In addition, with the
combination of drift-corrected stable TIRF microscopy, STORM or
other SMLM techniques, it is possible to achieve resolutions of a
few nm (Coelho et al., 2020). We reasoned that the TIM23 complex
and complex IV would be interesting candidates to analyse by
N-STORM, as the TIM23 complex exists in two conformations: the
TIM23MOTOR fo1m with the PAM complex for matrix targeting of
proteins; and the TIM2359RT complex (lacking PAM) for proteins
destined for the inner membrane (Chacinska et al., 2005; Hutu et al.,

2

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




RESEARCH ARTICLE

Journal of Cell Science (2021) 134, jcs252197. doi:10.1242/jcs.252197

2008; Mokranjac and Neupert, 2010). There is also a reported
association with complex IV of the respiratory chain, with a member
of the TIM23 complex implicated in the assembly of complex IV
subunits (Mick et al., 2012).

HeLa cells were chemically fixed and immunodecorated with
antibodies against the inner membrane translocase proteins TIM23
and TIM44, COXIV, as a component of complex IV, and TOM20, a
TOM complex and outer membrane marker. The samples were
analysed via both confocal and N-STORM microscopy. The
submitochondrial localisation of TIM23, TIM44, TOM20 and
COXIV proteins is depicted in Fig. 1A. In cultured HeLa cells,
mitochondria form a reticular network that radiates out from the
nucleus and extends throughout the cell (Fig. 1B, top panel). As
visualised by confocal imaging, TOM20 staining in the
mitochondrial outer membrane appeared to be homogeneous,
whereas super-resolution microscopy revealed a more punctate
staining pattern (Fig. 1B, bottom panel), as seen previously (Tam
et al., 2014; Wurm et al., 2011). Using conventional diffraction
limited imaging, each of the mitochondrial proteins examined
(TOM20, TIM23, TIM44 and COXIV) appeared to be distributed
throughout the mitochondrial tubules, with the fluorescent signal of
the inner membrane proteins TIM23, TIM44 and COXIV
displaying regions of higher intensity, presumably due to their
location within the dense cristac (Fig. 1D-F, left panels). Although
TOM20 was clearly localised to the outer mitochondrial membrane
with confocal imaging (Fig. 1B, top panel, and Fig. 1C), the
nanoscale arrangement of this protein as visualised by N-STORM
displayed a clustered arrangement, with some dispersion throughout
the tubule (Fig. 1B, top panel, and Fig. 1C), likely due to the
increased mobility of TOM20 in the outer membrane (Appelhans
and Busch, 2017). This arrangement is similar to that seen for
TOM20 by STED super-resolution microscopy (Wurm et al., 2011).
In comparison to TOM20, N-STORM microscopy revealed that
TIM23 (Fig. 1D, right panel), TIM44 (Fig. 1E, right panel) and
COXIV (Fig. 1F, right panel) were frequently visualised as clusters
along the mitochondrial tubule. These clusters were often observed
to be at regular intervals (Fig. 1D,E) at opposite sides of the tubule
(Fig. 1F), or in helical arrangements (Fig. 1F), which is indicative of
mitochondrial inner membrane protein arrangement in the cristae, as
recently shown with the mitochondrial inner membrane protein
Mic60 using STED super-resolution microscopy (Stoldt et al.,
2019). Owing to the compact nature of the perinuclear region of the
mitochondrial network, these arrangements were most clearly seen
in the peripheral tubules of the mitochondria.

TIM23 and TIM44 have distinct arrangements in the
mitochondrial inner membrane

To quantify mitochondrial protein clusters in the mitochondrial
network, we acquired N-STORM data in HeLa cells
immunolabelled for the proteins TOM20, TIM23, TIM44 and
COXIV. DBSCAN analysis was then applied to N-STORM SMLM
point localisation data as a means to quantify the number of
molecules and clusters in a region of interest, as well as the number
of localisations per cluster and the cluster size (Fig. 2A). DBSCAN
is a propagative cluster detection method that links points that
are closely packed together, and which has been modified for
N-STORM data analysis in a customised cluster detection analysis
program (Clus-DoC) (Ester et al., 1996; Pageon et al., 2016a,b). We
applied DBSCAN via Clus-DoC to N-STORM point localisation
data obtained from three independent experiments; at least nine cells
per protein were examined, from which >33 regions per condition
were analysed. Using this analysis, clusters are identified as

overlapping regions of high density separated by regions of low
density, and, as such, allow the identification of clusters of
different size, density and shape (Ester et al., 1996; Pageon et al.,
2016a,b). TOM20 displayed the highest average number of clusters
(10.27+4.47; meanzs.d.) per area (um?), whereas TIM23 displayed
the lowest average number of clusters (4.82+1.66) per area (um?)
(Fig. 2B). These results are also mirrored in the molecule density
expressed as the number of molecules (per um?), with TOM20
displaying the highest and TIM23 the lowest average number of
molecules (Fig. S1A). COXIV had the highest number of molecules
detected per cluster, which is indicative of the abundance of the
respiratory chain in mitochondria (Fig. S1B). Given that the TOM
complex is the main entry gate for precursors into mitochondria,
it would be expected that there are more TOM complex clusters,
as detected by TOM20 (Bausewein et al., 2020). Indeed,
a comprehensive proteomic analysis of isolated mitochondria
showed that the TOM complex was the most abundant
translocase, highlighting the importance of this complex in
mitochondrial import (Morgenstern et al., 2017). Indeed, this was
supported by fewer detected clusters of TIM23, which represents a
downstream translocase for a subset of mitochondrial precursors.
The largest variation in cluster number was observed in the number
of TOM20 clusters per um? (Fig. 2B), suggesting possible different
conformations in which TOM20 is associated with the TOM
complex during TOM complex biogenesis at early and late stages of
complex assembly (Humphries et al., 2005; Model et al., 2001).
Alternatively, this variation in cluster number may also be caused by
dynamic or transient association of TOM20 with the core TOM
complex, which may be disrupted upon chemical fixation (Suzuki
et al., 2000). The large variation in the number of clusters of Tom20
per um? also supports the model of increased fluidity of proteins in
the outer membrane, as proteins move throughout different regions
of the membrane (Appelhans and Busch, 2017). In addition,
variation in the cluster density of TOM20 within mitochondria has
been described previously, with the density of TOM20 higher in
mitochondria adjacent to the nucleus compared to mitochondria
at the periphery of the cell (Wurm et al., 2011). As such, the
variation in TOM20 cluster number per um? may be a result of the
range of regions within the mitochondrial network analysed for
each cell.

TIM23 and TIM44 have less variation in the average number of
clusters per area compared to TOM20 and COXIV (Fig. 2B).
Despite having a smaller number of clusters per um? than the other
proteins investigated here, TIM23 was found to have a significantly
greater average cluster density than COXIV, TIM44 and TOM20
(Fig. 2B,C). Of note, TIM23 had significantly fewer clusters per
um? than TIM44 (Fig. 2B). This may be because of the dynamic
nature of the TIM23 and the PAM complexes, which have been
proposed to undergo multiple association and dissociation events
(Chacinska et al., 2005; Popov-éeleketié et al., 2008; van der Laan
et al., 2007). Interestingly, TIM44 had the greatest average cluster
area (nm?) (Fig. 2D), but the lowest average relative cluster density
(Fig. 2C). We note that a polyclonal TIM44 antibody was used, and
the cluster density for this protein may be inflated. Additionally, the
TIM44 distribution of cluster area was bimodal (Fig. 2D), providing
evidence that TIM44 may exist in distinct subcomplexes. In support
of this finding, dual colour N-STORM localisation of TIM23 and
TIM44 indicated that the TIM23 complex is heterogenous within
the mitochondrial inner membrane, with TOM20 and COXIV as
controls (Fig. S2A,B). The arrangement of TIM23 and TIM44 in the
mitochondrial inner membrane is likely to exist in multiple
conformations depending on the status of protein import
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Fig. 1. The nanoscale distribution of TOM20, COXIV, TIM23 and TIM44
in mammalian cells. (A) Schematic of the submitochondrial localisation of
TIM23, TIM44, TOM20 and COXIV proteins. TOM20 is associated with the
TOM Complex in the outer mitochondrial membrane. TIM23 and TIM44 are
components of the TIM23 complex in the inner membrane. COXIV is a
subunit of complex IV of the respiratory chain (CIV) in the mitochondrial
inner membrane. (B) HeLa cell immunostained for TOM20 showing a
comparison of confocal microscopy (top) and reconstruction of N-STORM
point localisation (bottom). (C-F) HeLa cells immunostained for TOM20 (C),
TIM23 (D), TIM44 (E) and COXIV (F), and visualised by confocal
microscopy (left) and reconstruction of N-STORM super-resolution point
localisation (right). Scale bars: 10 ym (B); 0.5 ym (C-F).

featured in Fig. 2B support the biochemical data that human TIM44
exists in a subcomplex ready to associate with TIM23
upon activation via signal cascade, resulting in additional TIM44
clusters.

TIM44 and TOM20 had similar cluster densities, suggesting that
although they may have a greater number of clusters present, they
contain fewer proteins compared to TIM23 and COXIV (Fig. 2B,C).
As can be observed from the cluster maps and quantification of the
average cluster area (Fig. 2A,D), both COXIV and TIM44 formed
large clusters in the membrane; however, TIM44 did have a greater
spread in measurements than COXIV, similar to that observed for
TOM20, indicating a variety in calculated cluster size (Fig. 2D).
Together these data provide information on the nanoscale
distribution of the mitochondrial complexes containing TIM23,
TIM44, COXIV and TOM20. The mitochondrial distributions of
TIM23 and TIM44 are consistent with them existing in a
constrained conformation at the boundary membrane, with TIM44
existing in two distinct pools (Appelhans and Busch, 2017; Stoldt
et al., 2019).

Loss of hTim8a or hTim8b alters COXIV distribution in the
mitochondrial membrane

We wanted to ascertain whether we could use this visual approach to
detect physiological changes to inner membrane complexes.
Recently, Kang et al. (2019) showed that loss of the
intermembrane space chaperone hTim8a or hTim8b resulted in
cell line-specific changes in the protein levels and assembly of
complex IV (Kang et al., 2019). Specifically, the amount of intact
complex 1V, as detected by the subunit COXIV on BN-PAGE, was
decreased in HEK293 cells lacking Tim8b (Tim8bX®); in addition
an increase in a higher molecular complex was observed. A similar
loss of complex IV on BN-PAGE was seen in SH-SYSY cells
lacking hTim8a (Kang et al., 2019). Although the stability of
complex IV was shown to be affected upon loss of hTim8a or
hTim8b, the protein level of the subunit COXIV was not affected
(Kang et al., 2019). Subsequently, visualisation of COXIV
nanoscale localisation in the mitochondrial inner membrane may
provide unique insight into the effect of the loss of hTim8a or
hTim8b on complex IV. We set out to assess the arrangement of
COXIV protein in hTim8aX® or hTim8bX® HEK293 cells compared
to control HEK293 cells to ascertain whether we could mirror these
biochemically characterised changes using high resolution imaging.
N-STORM reconstruction images were obtained for at least ten cells
from three independent experiments for each cell line examined,
from which >35 regions per condition were analysed using cluster
analysis.

There were no observable differences in the fluorescence
intensity of COXIV between control and hTim8aX® or hTim8b¥©
HEK293 cells, as visualised by confocal microscopy (Fig. 3A). In
contrast, N-STORM microscopy revealed a change in the

arrangement of COXIV in the mitochondrial tubule in both the
hTim8aX® and hTim8bX® cells compared to control cells
(Fig. 3A,B). Line scan analysis of the COXIV localisation profile
in the hTim8aX® and hTim8bX® cells revealed a significantly
greater number of COXIV intensity peaks in hTim8aX® and
hTim8bX® HEK293 cells compared to wild-type cells (Fig. 3B,C),
indicating increased frequency of COXIV points in these cells
compared to wild-type HEK293 cells. In support of this, cluster
analysis of N-STORM localisation data revealed a significant
difference in the number of molecules per pum of both hTim8aX® and
hTim8bX® mitochondria compared to control mitochondria
(Fig. 4A,B); however, there was no significant difference between
hTim8aX° and hTim8b*° HEK293 cells. hTim8b*° mitochondria
also exhibited a significantly greater number of clusters per um? and
relative cluster density when compared to hTim8aX® and control
cells (Fig. 4C,D). There was also a significant increase in the
average cluster area (nm?) in the hTim8aX® cells compared to
control cells (Fig. 4E). This indicates an alteration in the spatial
arrangement of complex IV in hTim8aX® HEK293 cells. The
differences in complex IV assembly in HEK293 cells was also
observed biochemically and indicates potential differences in the
role of these proteins in the stability of complex IV (Kang et al.,
2019). Interestingly, of the four DBSCAN parameters described
here, the greatest change was observed in hTim8bX° HEK293 cells
compared to both wild-type and hTim8a HEK293 cells. This is in
agreement with the biochemical results presented by Kang et al.
(2019), with a significant change in complex IV stability on
BN-PAGE observed in hTim8b*? HEK293 cells but not hTim8aX®
HEK293 cells. The change in the cluster arrangement of COXIV in
the hTim8aX® and hTim8bX® HEK293 cells provides a unique
insight into the arrangement of complex IV in these cells once the
complex has been destabilised. These possible subcomplexes
containing COXIV are not visible with BN-PAGE analysis (Kang
etal., 2019); however, it is possible that these subcomplexes are not
stable and are subsequently lost following detergent solubilisation
of' samples, or consequently could be exclusively assembled into the
respiratory chain super-complex in hTim8b¥® cells, as seen with the
presence of the higher molecular weight complex visible with BN-
PAGE (Kang et al., 2019). Based on the number of molecules
detected within the COXIV clusters, this would represent a number
of complex IV modules within this cluster in the form of super-
complexes and/or the complex IV monomer and dimer, and could
indicate regions within the inner membrane that are concentrated
sites containing the respiratory chain complexes. In addition, the
different effects of the loss of Tim8a or Tim8b in HEK293 cells
indicates a possible role for these proteins at different stages of
complex IV assembly.

These results demonstrate the additional information obtained
from N-STORM microscopy and cluster analysis in cell models that
was not available using biochemical analysis or conventional
microscopy. Taken together, these data extend previous
biochemical analysis of complex IV assembly in cells lacking
hTim8a or hTim8b (Kang et al, 2019). Super-resolution
microscopy has demonstrated that complex IV may indeed still be
present; however, the COXIV protein is no longer maintained solely
in clusters, as seen in control cells. DBSCAN analysis revealed that
the number of clusters per um? and the relative cluster density in
hTim8bX© cells were in fact affected when compared to control
cells, with a significant difference in the number of molecules per
um for both knockout cells lines, providing new insight into the
arrangement of complex I'V upon changes to the complex stability in
hTim8aX° and Tim8b*°® HEK293 cells.
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Fig. 2. Cluster analysis of TOM20, TIM23, TIM44 and COXIV single molecule localisation microscopy. (A) Representative reconstruction of single
molecule localisation for COXIV, TIM23, TIM44 and TOM20 shown as a localisation map (left). Cluster density map from representative regions highlighted,
corresponding to the left box (middle), highlighted in the cluster map regions corresponding to the middle box (right). Representative regions of 4x4 pm? were
analysed for cluster properties. (B) Number of clusters per um? of selected regions from single molecule localisation. (C) Relative cluster density of selected
regions from single molecule localisation. (D) Average cluster area (nm?) of selected regions from single molecule localisation. Cluster analysis was
performed using DBSCAN. n=3 experiments, >33 regions from at least nine cells per protein examined. Data are meanzs.d.; *P<0.05, ***P<0.001,

****P<0.0001 (unpaired t-test with Welch’s correction).

DISCUSSION

We have used N-STORM super-resolution microscopy to visualise
complexes of the mitochondrial inner membrane. Specifically, we
show that two components of the TIM23 Complex, TIM23 and
TIM44, form clusters within the mitochondrial inner membrane that
exhibit distinct properties in terms of number, density and area
(Fig. 2). In addition, these clusters exhibited an ordered rail-like
arrangement as observed recently for Mic60 using STED super-
resolution microscopy (Stoldt et al., 2019). Although the TIM23
complex has been studied extensively in yeast and mammalian cells

using biochemical methods, there is little information on the
nanoscale arrangement within the mitochondrial inner membrane.
This represents, to our knowledge, the first study to explore the
arrangement of this complex in the mitochondrial inner membrane
using STORM microscopy. The similarity of the arrangement
within the membrane to that observed with components of the
MICOS complex (Stoldt et al., 2019) suggests that the TIM23
complex is localised to specific regions within the membrane,
possibly at cristae junctions. TIM44 has been described to have
a role in the recruitment of the J-complex (DNAJCI9 and
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Fig. 3. COXIV localisation is dispersed in
Tim8aX® HEK293 and Tim8bX°® HEK293
cells compared to control cells. (A) Left:
wild-type, Tim8aX® and Tim8bX® HEK293
cells immunostained for COXIV, and
visualised by diffraction limited confocal
microscopy. Right: reconstruction of STORM
super-resolution microscopy point
localisation. Scale bars: 0.5 ym. (B) Wild-
type, Tim8ak® and Tim8b"® HEK293 cells
immunostained for COXIV, and analysed by
N-STORM super-resolution microscopy.
Line scans from 2 um regions were obtained
using the Dynamic ROI profiler plugin in Fiji
image analysis software. Example line
scans are presented here. (C) The average
number of peaks [>5000 arbitrary unit (a.u.)
intensity] from 2 ym lines were recorded
(n=3 experiments with >13 cells analysed,
five regions per cell). Lower and upper box
boundaries are the 25th and 75th
percentiles, respectively, line inside box is
median, upper and lower error lines are
maximum and minimum, respectively.
****P<0.0001 (unpaired t-test with Welch’s
correction).
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MAGMAS) to the TIM23 complex to facilitate translocation of the
preprotein across the membrane, with DNAJC19 and MAGMAS
forming a subcomplex in human cells (Hutu et al., 2008; Sinha
etal., 2010). The TIM44 clusters described here indicate that TIM44
possibly exists in a subcomplex prior to associating with the
TIM23ORE during active import. As there are multiple forms of the

TIM23 complex, it is plausible that subcomplexes are recruited to
the TIM23“ORE ypon a signal cascade to enable a rapid response to
protein import. Alternatively, as TIM44 is a proposed scaffolding
and recruiter for the PAM complex during active protein import,
these two cluster populations may represent those engaged in active
import and bound to the PAM complex, and those that are not
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A Fig. 4. Cluster analysis of COXIV single

Localisation Map Cluster Density Map Cluster Map molecule localisation data in Tim8a*®,

- T Tim8b*® and control HEK293 cells.

(A) Representative reconstruction of single
molecule localisation for COXIV in wild-
type, Tim8aX® and Tim8bX® HEK293
shown as a localisation map (left). Cluster
density map from representative regions
highlighted, corresponding to the left box
(middle), highlighted in the cluster map
regions corresponding to the middle box
(right). (B) Number of molecules per um? of
selected regions from single molecule
localisation. (C) Number of clusters per
um? of selected regions from single
molecule localisation. (D) Relative cluster
density of selected regions from single
molecule localisation. (E) Average cluster
area of selected regions from single
molecule localisation. Cluster analysis was
performed using DBSCAN. n=3
experiments, >23 regions from at least five
cells per cell line. Data are meants.d.;
*P<0.05, **P<0.01 (unpaired t-test with
Welch'’s correction).
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(Chacinska et al., 2005, 2010; Hutu et al., 2008). Complementary
biochemical analysis is required to investigate this further.

Using N-STORM super-resolution microscopy, we could look at
a previously described system of complex IV disassembly and
mirror these biochemical observations. We could describe the
localisation of COXIV in cells lacking mitochondrial chaperones,
but also demonstrate the use of nanoscale imaging in analysis of
complex IV formation. The loss of hTim8a or hTim8b in HEK293
and SH-SYSY cells causes a significant reduction in the complex IV
copper chaperone COX17 (Kang et al., 2019). Reduction of COX17
has also been shown to reduce the level of correctly assembled
respiratory chain super-complex without causing a reduction in the
amount of the complex IV dimer, as detected by BN-PAGE
(Oswald et al., 2009). Our data show that loss of hTim8b in
HEK?293 cells results in a change in the density and the number of
clusters of COXIV within mitochondria, indicating a possible
destabilisation of complex IV. Interestingly, the same phenotype
was observed following the loss of hTim8a, despite a different
profile of complex IV in HEK293 cells visible on BN-PAGE (Kang
et al., 2019), demonstrating the novel information available from
super-resolution microscopy. The loss of hTim8b in HEK293 cells
also results in the reduction of the mitochondrial respiratory chain
assembly factor HIGD2A, as shown by mass spectrometry analysis
(Kang et al., 2019). This assembly factor was recently shown to
affect supercomplex assembly and defective complex IV activity
(Hock et al., 2020; Timoén-Gomez et al., 2020). The loss of the
complex IV assembly factors COA6 or HIGD2A has also recently
been shown to result in a loss of the holo-complex IV, with a
concurrent stabilization of complex IV-containing supercomplexes
(Hock et al., 2020; Stroud et al., 2015). As such, the loss of Tim8b in
HEK293 cells may result in a similar phenotype, as demonstrated by
the higher molecular weight supercomplex visible on BN-PAGE
(Kang et al., 2019). This analysis demonstrates that the stability
of complex IV and/or association with the supercomplex can be
detected supporting the role of the small TIM proteins in the
biogenesis of complex IV.

These results demonstrate that N-STORM super-resolution
microscopy is a powerful technique that can provide visualisation
and quantification of mitochondrial inner membrane complexes.
Future analysis of mitochondrial membrane complexes with
N-STORM and DBSCAN analysis could include colocalisation
analysis to examine complex formation in both control and deficient
cell lines, providing unique insight into the formation of these
complex machineries. In addition, super-resolution microscopy can
give a unique insight into the fate of proteins and/or complexes
upon physiological insults, such as cell death induction or cell cycle
arrest.

MATERIALS AND METHODS

Cell culture

The cell lines used in this study were HeLa (kindly provided by Prof.
Paul Gleeson, The University of Melbourne, Australia), HEK293 Flp-In
(Thermo Fisher Scientific) and HEK293 Flp-In Tim8a*® and HEK293
Flp-In Tim8b*© cells. Tim8a*© and Tim8b*® cells were generated using
CRISPR/Cas9-mediated gene editing (Kang et al., 2019). HeLa and parental
HEK293 Flp-In cells have been verified by STR profiling, as described
previously (Kang et al., 2017). Cells were routinely checked for mycoplasma
contamination using a MycoAlert Mycoplasma detection kit (Lonza). Cells
were cultured in Dulbecco’s modified Eagle’s medium (Gibco) containing
4.5 g/l glucose supplemented with 10% (v/v) foetal bovine serum (FBS,
In vitro Technologies) and 0.01% penicillin-streptomycin (v/v) (Gibco), and
cultured in an atmosphere of 5% CO? at 37°C.

Sample preparation

Cells were seeded onto Lab-Tek II Chambered coverglass (Thermo
Fisher Scientific) chambers and grown for 1-3 days (37°C, 5% CO,). For
immunolabelling, cells were fixed with 4% paraformaldehyde (Proscitech)
and 0.1% glutaraldehyde (Sigma-Aldrich) diluted in PBS [137 mM NacCl,
2.7 mM KCl, 10 mM Na,HPO,4 and 1.8 mM KH,PO,, (pH 7.4)] containing
5% (w/v) sucrose (Sigma-Aldrich) for 10 min at room temperature.
Following fixation, cells were washed with PBS and permeabilised with
0.1% (v/v) Triton X-100 (Sigma-Aldrich) in PBS, and subsequently
blocked with 5% bovine serum albumin (w/v) in PBS for 1 h at room
temperature. Primary antibodies used were directed against the proteins
Tom20 (F10) (1:500, Santa Cruz Biotechnology, sc-11415, batch 2117),
Tim23 (Clone 32) (1:300, BD Biosciences, 611222, batch 7208950), Tim44
(1:300, Proteintech, 13859-1-AP) and COXIV (3El11) (1:300, Cell
Signaling Technology, 4850S, lot 10). For conventional imaging, goat
anti-rabbit IgG Alexa Fluor 568 or goat anti-mouse IgG Alexa Fluor 488
(1:500, Thermo Fisher Scientific, Molecular Probes A11011, lot 2017252
and A11001, lot 2015565) secondary antibodies were used. For N-STORM
imaging, primary antibodies were detected with custom dual-labelled
secondary antibodies (1:100, anti-mouse Cy 2 Alexa Fluor 647, anti-mouse
Cy 3 Alexa Fluor 647, anti-rabbit Cy 2 Alexa Fluor 647 and anti-rabbit Cy 3
Alexa Fluor 647). Customised secondary antibodies were generated using
the dye pair Alexa Fluor 647 Carboxylic acid (A20006, Invitrogen) and
Cy 3 mono-reactive dye (GE Healthcare, PA23001) or Cy 2 bis-reactive
dye (GE Healthcare, PA22000), 1 M NaHCOj3; and AffiniPure donkey anti-
rabbit IgG (Jackson ImmunoResearch Europe, 711-005-152, lot 136480)
or AffiniPure donkey anti-mouse IgG (Jackson ImmunoResearch Europe,
715-005-151, lot 136584). Reagents were incubated for 30 min at room
temperature, and subsequently purified using a NAP-5 gel filtration column
(GE Healthcare, 17-0853-02). STORM imaging was conducted in a buffer
containing 50 mM Tris (pH 8.0), 10 mM NaCl, 10% (w/v) glucose, 7 ul
B-mercaptoethanol and 7 pl GLOX [56 pg/ml glucose oxidase, 3.4 pg/ml
catalase, 10 mM Tris (pH 8.0) and 50 mM NaCl].

Fluorescence microscopy
Conventional imaging of cells was conducted using a Leica SP8 confocal
microscope equipped with a 488 nm 20 mW solid-state laser and a direct
modulation laser diode (DMOD) 405 nm 50 mW laser, and a SP PMT
spectral fluorescence detector. Samples were mounted on a 63x/1.4 HC PL
APO CS2 oil lens and images were captured using Leica LAS X SP8
software. Laser intensity and gain were optimized for each sample. Images
were processed using Fiji image software (Schindelin et al., 2012).
N-STORM microscopy was conducted using a Nikon N-STORM
microscope equipped with a TIRF objective. N-STORM microscopy was
collected in a 256x256-pixel (156 nm/pixel) region of interest through a
Nikon 100%/1.4 NA oil objective, with TIRF angle and focus adjusted
to optimize signal to noise ratio. Cy 2 or Cy 3 and Alexa Fluor 647
fluorophores were excited with 488 nm or 561 nm and 647 nm laser lines,
respectively, and recorded using an Andor EMCCD iXon3 or Andor
EMCCD iXon DU897 camera. For each reconstruction, 10,000 frames were
acquired (16 ms/frame exposure), and reconstruction was performed using
Nikon NIS Elements N-STORM Software.

Image analysis

Line scan analysis was completed using the Dynamic ROI Profiler in Fiji
(Schindelin et al., 2012). For each cell, 5x2 pm lines were performed. The
number of peaks >5000 intensity (a.u.) was recorded for each 2 um line.
Measurements were obtained from >13 cells, five measurements per cell
from three independent experiments. SMLM N-STORM data were analysed
using custom software written in MATLAB (MathWorks) (Pageon et al.,
2016a,b) for the detection of clusters and extraction of clustering
parameters. Typically, for each cell, one to five non-overlapping
representative regions of 4x4 um? were selected for analysis. N-STORM
data obtained from DBSCAN analysis was used to identify individual
clusters. The DBSCAN method detects clusters using a propagative method
that links points belonging to the same cluster based on two parameters; the
minimum number of neighbours € (€=3) in the radius of r (=10 nm), and
clusters had at least ten molecules. The DBSCAN routine was implemented
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in MATLAB and subsequently coded in C++, and compiled in a MEX file
(Pageon et al., 2016a). Statistical analysis was conducted using GraphPad
Prism9. Significance was determined using an unpaired two-tailed #-test
with Welch’s correction to determine significance between two conditions/
proteins, as described previously (Schmider et al., 2020). Mann—Whitney
test analysis was also conducted to validate results (data not shown).
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