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Zusammenfassung  
 

Fast alle Proteine der Mitochondrien werden im Erbgut des Zellkerns kodiert, weshalb diese 

Proteine nach bzw. schon während ihrer Bildung im Zytosol in die Mitochondrien importiert 

werden müssen. Daher ist ein effizienter Proteinimport in die Mitochondrien essentiell für die 

vielen wichtigen Funktionen dieser Zellorganellen. Die Fähigkeit der Mitochondrien, Proteine 

zu importieren, kann jedoch eingeschränkt sein, wodurch es zu einer Akkumulation dieser 

Proteine im Zytosol oder Kern kommen kann. Die Erfassung des mitochondrialen 

Proteinimports (MPI) und seiner Defekte kann sowohl zellulären Stress als auch Fitness 

anzeigen. In dieser Arbeit werden hochauflösenden Sensoren, welche auf der Basis von 

fluoreszierendem Protein (FP) aufgebaut sind, zur Visualisierung des MPI und seiner Defekte 

entwickelt, charakterisiert und angewandt. Die Anwendung der ersten Klasse von MPI-

Sensoren, bei denen FPs mit verschiedenen mitochondrialen Targeting-Sequenzen (MTS) 

fusioniert wurden, ergab, dass Krebszellen konstant und sehr effizient sehr hohe Mengen von 

Proteinen mit optimiertem MTS in die Mitochondrien importieren können. Zusätzlich deuten 

unsere Daten auf einen kotranslationalen Import solcher Proteine in Mitochondrien hin, der die 

hohe Kapazität von Mitochondrien zur Aufnahme von kernkodierten Proteinen erklären könnte. 

Dieser Ansatz erwies sich auch als geeignet, um die Bedeutung des Membranpotentials der 

Inneren Mitochondrien-Membran für den Proteinimport  zu erforschen. Bei Depolarisation der 

Mitochondrien kam es akut zu fehllokalisierten Proteinen außerhalb der Organellen. In einem 

weiteren Versuch entwickelten wir neuartige zwei- und dreiteilige Sensoren, bei denen Split-

FP-Technologien (scSplit-FP) und dimerisierungsabhängige FP-Technologien (ddFP) zur 

Anwendung kamen. Die auf dem scSplit-FP-Ansatz basierende Generierung des 

mitochondrial Sirtuin4-Tripartite-Abundance-Reporter (Mito-STAR) ermöglicht die quantitative 

Untersuchung der subzellulären Verteilung von Sirtuin 4 (Sirt4), einem mitochondrialen 

Matrixprotein, das Signalwege und Zellstoffwechseländerungen bei bestimmten 

Zellstressarten auslöst. Unsere Daten zeigten, dass Sirt4 bei Zellstress verstärkt auch im 

Zytosol und Zellkern von Krebszellen vorkommen kann. Mithilfe der ddFP-Technologie haben 

wir eine weitere Klasse von FP-basierten Sensoren für die Untersuchung von MPI entwickelt. 

Diese sogenannten Mitochondrial Protein Import Analyzer (Mito-PRIMA). ermöglichen die 

Erkennung von Störungen in der MPI-Maschinerie, indem dabei ein Fluoreszenzsignal durch 

FP Dimerisierung erzeugt wird. Die Nutzung von Mito-PRIMA ergab, dass die Stimulierung der 

Transkription eine Überlastung der MPI-Maschinerie in Krebszellen auslösen kann. Insgesamt 

unterstreichen die in dieser Arbeit vorgestellten Ergebnisse, dass die neuentwickelten 

Sensoren und Protokolle genaue Untersuchungen des Proteinimportes in Mitochondrien 

ermöglichen, wodurch Defekte und deren Ursachen dieses wichtigen zellulären Vorgangs bei 

unterschiedlichen Erkrankungen besser erforscht werden können.     
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Abstract   
 

Almost all mitochondrial proteins are encoded by nuclear genes, meaning that all of these 

proteins have to be imported into mitochondria. Therefore all mitochondrial functions rely on 

an efficient protein import into the organelle. However, the capability of mitochondria to import 

proteins can be exceeded, leading to an accumulation, hence mistargeting of nuclear encoded 

mitochondrial proteins in the cytosol and/or nucleus. Thus, the detection of the targeting 

efficiency of mitochondrial proteins can act as a sensor of mitochondrial fitness or 

mitochondrial stress, respectively. Here, we introduce the engineering and application of novel 

fluorescent protein (FP) based probes, protocols and image analysis for the visualization of 

the MPI and its defects in single cells under various conditions.  

Applying the first class of MPI-sensors, where we fused FPs to different mitochondrial targeting 

sequences (MTS), revealed that cancer cells constantly and very efficiently import very high 

amounts of proteins with optimized MTS to mitochondria. Additionally our data emphasize a 

cotranslational import of proteins into mitochondria that might explain the high capacity of 

mitochondria to take up nuclear-encoded proteins. This approach proved also suitable for the 

detection of defects in MPI, due to depolarization of mitochondria resulting in an instant 

accumulation of mitochondria-targeted proteins within the cytosol and nucleus.  

In an additional attempt we developed novel bi- and tripartite sensors, applying self-

complementation split-FP (scSplit-FP) and dimerization-dependent FP (ddFP) technologies. 

Generation of mitochondrial Sirtuin4 Tripartite Abundance Reporter (mito-STAR), based on 

scSplit-FP approach allows the quantitative investigation of sirtuin 4 (sirt4), a mitochondrial 

matrix protein considered to be involved in cellular stress responses. Our data indicate that 

sirt4 may contribute to the mitochondrial unfolded protein response by its accumulation within 

the cytosol and nucleus upon cell stress.  

By applying the ddFP-technology, we developed an additional class of FP-based probes to 

study the efficiency and activity of MPI. We named these probes mitochondrial Protein Import 

Analyzers (mito-PRIMA). The mito-PRIMAs are dually targeted bipartite probes that allow the 

detection of impairments in the MPI machinery by generating fluorescence within the nucleus, 

when the MPI is defect. Exploiting mito-PRIMA revealed that stimulation of transcription can 

trigger an overload of the MPI machinery in cancer cells.  

Altogether, the findings presented in this work emphasize that the novel fluorescent MPI-

sensors are suitable to gain mechanistic insights into MPI, its defects and mitochondrial-to-

nucleus signaling as well as mitochondrial stress responses under various cellular conditions.   
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Preface 
 

Since the beginning of my PhD I have the honor to deal with a research area, which was 

pioneered by Gottfried Schatz, namely the mitochondrial protein import (MPI).  

 

Gottfried Schatz, not only demonstrated in the early sixties that mitochondria contain their own 

DNA (2), he also deciphered the mechanisms by which mitochondrial proteins are synthesized 

(3). Because only a very small fraction of mitochondrial proteins are encoded in the 

mitochondrial genome, his attention turned to those proteins, which are encoded by the nuclear 

genome and hence have to be imported into the organelle. Nuclear encoded mitochondrial 

proteins harbor a so called mitochondrial targeting sequences (MTS) (4). These MTS are 

responsible to direct nuclear encoded mitochondrial proteins to the organelle and make it 

possible that these proteins are imported into mitochondria (5). Scientists put a lot of effort and 

came up with various tricks to explore and discover the essential parameters, which guarantee 

a functioning MPI and to identify the key players of the MPI machinery.  
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1. Introduction  
 

Mitochondria, classically considered as the powerhouse of the cell, contribute as metabolic 

highly active organelles to far more than bioenergetics. To guarantee a functioning 

mitochondrial network within a cell and hence being able to fulfill the various duties in the cell, 

mitochondria have to exhibit a functioning mitochondrial protein import (MPI) machinery, since 

more than 99% of all mitochondrial proteins are nuclear encoded and have to be directed and 

imported into the organelle (6) (7) (8). The maintenance of the mitochondrial protein 

homeostasis is essential for cell viability (9). Therefore all mitochondrial functions rely on an 

intact and efficient import of nuclear encoded proteins into the organelle. For many years two 

main mitochondrial import pathways have been described (10), which were responsible to 

direct proteins into the mitochondrial inner membrane and the lumen of mitochondria, the 

mitochondrial matrix. During the last years, more and more research has been done in this 

regard, leading to the identification of various new players in the MPI (11). This novel 

mechanistic insights deliver the findings of new pathways and the discovery of new import 

mechanism into the outer mitochondrial membrane and the intermembrane space. Nowadays, 

the versatile composition of mitochondrial import machineries and mechanisms include at least 

four main MPI pathways, which facilitate the import and sorting of nuclear encoded 

mitochondrial proteins (12).  

The reason, why the MPI machinery comprises more different import pathways is probably due 

to the fact, that mitochondria possess a characteristic architecture (13) . Mitochondria consist 

of at least four sub-compartments, namely the outer mitochondrial membrane (OMM), the 

intermembrane space (IMS), the inner mitochondrial membrane (IMM) and the mitochondrial 

matrix (MM). The many nuclear encoded mitochondrial proteins, are translated as 

presequences on cytosolic ribosomes and have to be directed to one of the compartments 

afterwards.  

An intact MPI machinery, consisting of the different pathways for each submitochondrial 

compartment, is necessary to control mitochondrial biogenesis, dynamics and function under 

physiological and pathophysiological conditions (14) (15).  

As mitochondria play an essential role in cell viability, cells established a nuclear response 

when mitochondrial functions such as the mitochondrial protein import face defects (16). 

Therefore, the import machinery of mitochondria is not only essential for the survival of the cell 

but can additionally act as a regulatory hub in metabolism, stress and disease in the frame of 

the retrograde signaling (17). However, an effort is needed to answer questions related to MPI 

in terms of cellular and mitochondrial stress.  
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1.1. Mitochondrial architecture 
 

The diversity of various functions, which mitochondria participate in, such as intermediary 

metabolism, oxidative phosphorylation, synthesis of Fe-S clusters, heme and certain 

phospholipids are tightly linked to the organelles structure (18).   

Light microscopy makes the visualization of mitochondria already possible, however an 

electron microscope or super-resolution microscopy is required to reveal their detailed internal 

ultrastructure.  Mitochondria are build up of two membranes, namely the outer mitochondrial 

membrane (OMM) and the inner mitochondrial membrane (IMM) (19). In addition to that, 

mitochondria also harbor an intermembrane space (IMS), which is located between the OMM 

and the IMM. The innermost part of mitochondria consists of the lumen of mitochondria, the 

mitochondrial matrix. Frey and Mannella claim that the cristal membrane and inter-cristal space 

represent additional sub-compartments (20).  

Both membranes, the OMM and the IMM have distinct functions and different protein and lipid 

compositions (21). A complex and very specific translocation machinery escort more than 1000 

proteins selectively to those compartments (17). The OMM functions as a barrier to the cytosol. 

The outer membrane of mitochondria depicts a porous, meaning freely traversed membrane, 

which can be passed by ions and small uncharged molecules. The voltage-dependent anion 

channel (VDAC), is such a pore-forming unit, enabling these kind of passages (22). Also, the 

VDAC happens to be one of the most abundant proteins of the OMM (23) (24). The voltage-

dependent pore operates not only as an gatekeeper, it also functions as a mediator between 

mitochondria and the rest of the cell, by controlling the entry and exit of mitochondrial 

metabolites (25).  The transport of molecules between the cytosol and mitochondria through 

the outer membrane of mitochondria might be rather unspecific (24). In contrast to that, the 

inner mitochondrial membrane (IMM), however seems to represent a tight filter under normal 

physiological conditions (24). Whereas the OMM, due to its porosity harbors no membrane 

potential, the inner membrane, acting as a tight diffusion barrier to all ions and molecules, 

shows a membrane potential of about -180 mV (negative inside), possibly because of specific 

membrane transport proteins, channels and exchangers, which are all selective for particular 

ions and molecules (26).  

In contrast to the OMM, which shields mitochondria from the rest of the cell and represent one 

compartment, the IMM by forming invaginations, the cristae junctions, is classified into two 

structurally and functionally distinct domains. The IMM can be subdivided into in the cristae 

membrane (CM) and the inner boundary membrane (IBM) (27). These two sub-compartments 

of the inner membrane of mitochondria outline the localization of proteins for electron transport 

chain subunits and ATPase, and also for proteins of the import machinery of the IMM. 



 

17 
 

Interestingly, also components of the mitochondrial Ca2+ uniporter machinery are differently 

distributed among the IMM sub-membranes (28).  

The OMM and the IMM act not only as two independent mitochondrial membranes, facilitating 

a huge amount of various pathways and tasks. Hackenbrock proposed the model of both 

membranes being in close contact, based on transmission electron micrographs (19).  The 

IBM, which is also tightly attached to the outer membrane of mitochondria may be responsible 

for the translocation of proteins coming from the cytosol into the lumen of mitochondria, the 

MM. Phospholipids are probably also transported through the contact spots between the OMM 

and the IBM (13). The physical connection between the outer membrane and the inner 

membrane of mitochondria, proposed by Hackenbrock is essential for a number of 

mitochondrial processes (29) , such as metabolite exchange (30) and the mitochondrial protein 

import (31).  

The space between the outer membrane of mitochondria and the IBM, the so called IMS, 

represents a mediator area for interactions between the OMM and the IMM (32). This 

specialized region is the location of many physiological and pathophysiological processes, 

such as the import of mitochondrial proteins coming from the cytosol (33) or apoptosis, the 

programmed cell death (34).  

The invaginations formed by the inner membrane of mitochondria and the IBM, the cristae, 

which were first seen by electron microscopy in plastic-embedded mitochondria and tissue can 

penetrate deeply into the matrix (35) (36). Generally crista invaginations form tubular or 

lamellar shapes and can even exceed into the matrix space (35). In post-mitotic heart or liver 

cells mitochondria, however, the crista junctions depict circular structures of around 25 nm 

diameter (37) (38). The structural maintenance of cristae junctions is essential, since a recent 

studies show the correlation between the shape of cristae and the oxidative phosphorylation 

activity, having an impact on cellular metabolism (39).  
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1.1.1. The outer mitochondrial membrane (OMM)  
 

The outer mitochondrial membrane (OMM) serves as a barrier between mitochondria and the 

cytoplasm (26). Generally the OMM represents a membrane, where ions and small, uncharged 

molecules can pass through porins, such as the voltage-dependent anion channel VDAC (22). 

Proteins and any larger molecules however, cannot freely traverse the OMM. Therefore the 

OMM harbors special multi-subunits, which are responsible for the highly specific detection 

and translocation of nuclear encoded mitochondrial precursor proteins (40). Three protein 

complexes form up the protein import machinery of the outer membrane of mitochondria.  

One of them is the translocase of the outer membrane (TOM) and depicts with its various 

subunits the main entry gate for mitochondrial proteins encoded in the nucleus (41). The main 

subunits, forming the TOM complex, namely the TOM20, TOM22 and TOM70 show cytosolic 

domains, which are known to interact with their cytosolic domains with nuclear encoded 

mitochondrial preproteins (42). There are two different classes of mitochondrial precursor 

proteins, which can be recognized by the subunits of the TOM complex. The TOM20 and 

TOM22 is responsible for the detection of preproteins harboring a MTS on the N-terminus (40). 

Proteins, which have an internal targeting sequence (ITS) are usually recognized by the 

TOM70 (42).  

The TOM complex depicts a holo-complex, including at least seven subcomponents with 

receptor proteins, which recognize and bind the precursor proteins targeted to mitochondria 

(43). The pore of the TOM complex is made up of TOM40 (44). Moreover, the pore-forming 

TOM-complex acts as a passageway for the unfolded polypeptide chains across the outer 

membrane (42) (43). This passage of nascent peptides through the protein-conducting channel 

TOM40 is assisted by three small TOM proteins, the TOM5, TOM6 and TOM7, whereby TOM5 

guides the insertion of precursor proteins into the TOM40 channel (45) and the other two small 

TOM proteins take part in the stability of the TOM complex itself (46). 

The second protein complex on the outer membrane of mitochondria is the TOB/SAM complex 

(47). This complex works separated from the TOM, by sorting and assembling mitochondrial 

precursor proteins, that cannot be correctly integrated at mitochondrial membranes by the 

TOM complex alone and are hence transferred from the TOM to the SAM complex (47).  

The mitochondrial import (MIM) complex is the third complex of the outer membrane of 

mitochondria. This complex is responsible for the insertion and import of precursor proteins, 

which contain single- and multi-spanning transmembrane helices, into the OMM (48) (49).  
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1.1.2.  The inner mitochondrial membrane (IMM)  
 

The inner mitochondrial membrane (IMM) contains also several translocases and subunits, 

which are specific for various classes of proteins and enable the further transport and insertion 

of mitochondrial proteins, once they are passing the TOM complex. So far, five subunits of the 

TIM machinery are identified at a molecular level (50) (51) (52).  

Two classes of translocases, the TIM23 complex and the TIM22 complex for the TIM complex  

(53) (54). These two TIM complexes, namely the TIM23 and TIM22 cooperate with the TOM 

complex during the import of nuclear encoded mitochondrial precursor proteins.  

Further subunits of the TIM23 complex represent the TIM17 and TIM44, which also play and 

essential role in the import of mitochondrial precursor proteins. The TIM23 protein acts as a 

presequences receptor for precursor polypeptides in the IMS, whereas together with the 

TIM17, these two TIM subunits form a protein-conducting channel across the inner membrane 

of mitochondria (55) (56).  

The TIM22 complex, which is responsible for the import of  another class of mitochondrial 

proteins interacts with three small TIM proteins, namely the TIM9, TIM10 and TIM12 (53) (56) 

(57).  

Additionally, the IMM hosts another complex, which is essential for the MPI machinery, namely 

the oxidase assembly (OXA) translocase or OXA1 complex.  This complex is needed for the 

insertion of mitochondrial proteins, which have faced the lumen of mitochondria into the inner 

membrane (58). Proteins, which are inserted by the OXA1 into the IMM have already passed 

the TOM and TIM complex machinery (59).  

The inner membrane peptidase (IMP), located on the outer surface of the IMM, cleaves the 

targeting signal off for some intermembrane space proteins, making the release of the mature 

protein into the IMS possible (60).  

Also, essential for the efficient import of mitochondrial proteins and located at the IMM is the 

Mgr2, functioning as a lateral gatekeeper for mitochondrial precursor proteins which are sorted 

into the inner membranes lipid phase (61). 

One characteristic of the inner membrane of mitochondria is the formation of invaginations, 

known as cristae (19) (27). These cristae are the main spot of the oxidative phosphorylation 

systems, containing the respiratory complex I to IV and the F1 F0 – ATP synthase for ATP (62) 

(63).  
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1.1.3. The intermembrane space (IMS)  

 

The intermembrane space of mitochondria, the IMS is located between the outer and inner 

membrane of mitochondria (36). The IMS, as a space separating the two mitochondrial 

membranes harbors an aqueous environment (64). Therefore a number of subunits of the TIM 

complex and mitochondrial chaperones are guiding hydrophobic polypeptides or peptides with 

hydrophobic regions during the import through the TOM and TIM channel and the IMS, so that 

these proteins do not aggregate or misfold (64).  

The complex of the TIM23 machinery, which contains amongst others the TIM9-TIM10 

complex is mainly located in the mitochondrial IMS. This specific complex is responsible for 

the completion of import and translocation of hydrophobic membrane proteins across the outer 

membrane and through the TOM and TIM pore (65). Meaning, that these proteins act as sort 

of chaperones of the intermembrane space for insoluble mitochondrial proteins encoded by 

the nucleus (54). In addition to the TIM9-TIM10 complex, which mainly sits in the IMS, the 

TIM12 is also structurally related to the IMS (57) . This is necessary to support the TIM22 for 

carrier translocations (53).  

The TOM complex also harbors intermembrane-space domains, such as the TOM22, facing 

the aqueous milieu of the IMS with its C-terminal terminus (66). Thereby TOM22 facilitates the 

transfer of nascent polypeptides from the TOM complex to the translocases of the IMM, the 

TIM machinery (67).  

The IMS is a sub-compartment of mitochondria where newly synthesized or matured proteins 

get disulfide bonds and can be released afterwards in the IMS (68). The formation of disulfide 

bonds is essential for many proteins to fold and assemble correctly and to gain a specific 

stability, activity and function in the respective compartment (33). Mitochondria have an own 

relay system to fulfill this functions, namely the mitochondrial intermembrane space import and 

assembly protein (MIA), which represents also a translocase of mitochondria (69). One 

essential partner of the MIA complex in the frame of the disulfide relay system is the sulfhydryl 

oxidase GFER (70). The GFER is also a central enzyme occurring in the complete architecture 

of the IMS of mitochondria (70).  
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1.1.4. The mitochondrial matrix (MM)  
 

The innermost compartment of mitochondria represents the lumen of mitochondria, the 

mitochondrial matrix (MM) (71). The MM is surrounded by an impermeable membrane, the 

inner membrane of mitochondria, the IMM.  

One of the first times, describing the MM was in isolated rat liver mitochondria, by chemical 

fixation and subsequent high-resolution electron microscopy (72). The MM harbors the 

complete mitochondrial genome, still encoding only around 1% of all mitochondrial proteins (4) 

(73).  

However, a huge number of various mitochondrial proteins and enzymes is located in the MM, 

such as molecules, which are involved in iron-sulfur cluster assembly (74) (75) or also enzymes 

of the tricarboxylic acid (TCA) cycle (76). Due to the fact, that mitochondria possess their own 

genetic information they also harbor their own transcriptional and translational systems. This 

means that mitochondria also contain their own ribosomes, referred to as mitoribosomes, 

which are localized to the MM (77).  

Another essential protein for the MPI, also located to the MM, is the ATP-driven presequences 

translocase-associated motor (PAM). The PAM forms a huge protein complex, amongst others 

with the TIM-machinery, referred to as TIM-PAM complex (67). The core of the PAM protein 

complex is formed by the mitochondrial heat shop protein 70, namely the mtHsp70 (78). The 

lumen of mitochondria offers a spot for the complex of the MPI machinery, meaning that the 

PAM complex not only interacts with the TIM machinery and the mitochondrial heat shock 

protein 70 (mtHsp70), but there is also an additional matrix protein, namely the co-chaperone 

Mge1, which functions as a nucleotide exchange factor for the mtHsp70 (67). To sum it up, the 

PAM complex consists of three essential subunits, namely the mtHsp70, the TIM44 protein 

and the nucleotide exchange factor Mge1, which are important for the translocation and 

completion of the presequences carrying proteins into the lumen of mitochondria.  

In addition to the mentioned PAM-complex in the MM, another essential enzyme is located to 

the lumen of mitochondria. The mitochondrial processing peptidase (MPP) catalyzes a crucial 

step in the completion of the import of the polypeptide translocation (79). This crucial step is 

the cleavage of the N-terminal targeting sequence, which every mitochondrial matrix protein 

contains (80).  

There is a number of other matrix peptidases for further protein processing, which reside in the 

MM and are necessary for protein stabilization (81) (82).  
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1.2. The mitochondrial protein import  
 

Taking the endosymbiotic theory into consideration, mitochondria emerge from a host cell, 

which enclosed a proteobacterium and kept it as an endosymbiont (83) (84). Most of the genes 

were carried over from the prokaryotic genome into the eukaryotes host cell nucleus during 

evolution, meaning that almost all mitochondrial proteins are synthesized in the cytosol and 

have to be somehow imported into mitochondria (85) (86).  

How does the cell manage to target nuclear encoded mitochondrial protein to mitochondria? 

To ensure the transport of mitochondrial protein, which are encoded in the nucleus and 

afterwards translated on cytosolic ribosomes into mitochondria these specific proteins carry an 

information making the successful targeting possible (4). This information lies within the 

polypeptide itself. The so called mitochondrial targeting sequence (MTS) harbors the 

information for a nuclear encoded protein to be efficiently transported and afterwards imported 

into mitochondria (5). Targeting signals for mitochondria can be located on the N-terminus of 

a protein, namely a classic MTS (41) or they can spread out over the protein, referred to as 

internal targeting signal (ITS). For the initial precursor protein targeting mitochondria 

distinguish between two different pathways.  

 

1.2.1. TOM complex: the hotspot of recognition and initial 

precursor protein targeting at the OMM  

 

The first step in the import of mitochondrial proteins is the recognition of targeting signals of 

mitochondrial proteins, which are translated on cytosolic ribosomes. This recognition of 

targeting signals takes places at the outer membrane of mitochondria. There are two pathways, 

which are responsible for the recognition and initial precursor protein targeting to mitochondria 

(87).  

The first pathway captures mitochondrial pre-proteins with a typical MTS. The MTS of these 

kind of pre-proteins depicts some characteristic features. For an efficient import into 

mitochondria the length, structure and charge of the MTS is essential. The MTSs exist as 

cleavable extensions, depicting a lengths of about 10 to 30 amino acid residues (range of 

approximately 10-80 residues) (88). Containing these specific amino acids, a classic MTS 

locates at the amino-terminus of a precursor protein (41). Usually MTSs represent amphiphilic 

helices (89). MTS make up the majority of mitochondrial targeting sequences, referred to 

presequences (90). Different mitochondrial proteins harbor no presequences with amino-acid 
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sequence identity, but they do share the above mentioned characteristic physicochemical 

properties, such as hydroxylated and hydrophobic residues, positively charged regions and 

the potential to form amphiphilic alpha helices (91) (92).  

The first interaction spot between the presequences of a mitochondrial protein and the import 

machinery of mitochondria is the cytosolic domain of the TOM20 (93). The structure and 

composition of the TOM20, with its physicochemical properties guarantees the successful 

recognition of the presequences. Based on NMR structure analysis of Abe et al (94) it became 

clear that the TOM20 depicts a hydrophobic binding pocket, where e. g. the presequence 

extension of the aldehyde dehydrogenase can bind through its amphiphilic alpha helix (94).  

After the recognition of the presequences on the TOM20, the precursor protein is further 

transported to the general import pore complex of the TOM machinery, formed by the TOM 22, 

the small subunit TOM5 and the TOM40, building up the pore of the TOM complex. The 

positively charged MTS is bound to the TOM22 via its negatively charged cytosolic domain on 

the surface of mitochondria (95). The intermembrane space domain of the TOM22 enables the 

further transport through the channel-forming TOM40 protein (96).  

The second pathway for the first interaction between precursor proteins and mitochondria 

occurs also at the TOM complex, but in addition to the TOM20 and TOM22 specifically at the 

TOM70 and TOM37 subunits, making up the TOM70-TOM37 subcomplex (97) (98). Usually 

the TOM70 recognizes and binds precursor proteins with ITS, which contain more hydrophobic 

regions (97). Backes et al. even propose a model of TOM70 and targeting sequences 

interaction, referred to as stepping stone model (99). They present the existence of internal 

MTS (iMTS), which mimic the features of classic N-terminal MTS, but in contract to those iMTS 

are scattered over the whole precursor protein and are recognized in a stepping mode by the 

TOM70. Bakes et al. think that this stepping stone model occurring at the TOM70 increase the 

efficiency of mitochondrial proteins in to the lumen of mitochondria (99).  

Generally, there is no strict separation between the both pathways, meaning that some 

proteins are recognized and bound by both TOM subcomplexes, the TOM20-TOM22 and the 

TOM70-TOM37 (87).  
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1.2.2. Import of mitochondrial precursor proteins through the 

IMM at the TIM complex   

 

The translocase complex machinery of the OMM transfers the preproteins through the outer 

membrane and the IMS. Electrophoretic effects, which evolve through the membrane potential 

across the IMM and which is negative on the matrix side, are responsible for the further 

transport of the polypeptide (100).  

To transfer and mediate the precursor protein from the OMM and the IMM to the next spot of 

the mitochondrial import pathway, the inner membrane of mitochondria, the TOM complex 

collaborates with the TIM machinery. Two subunits of the TIM machinery are the main 

cooperation partners of the TOM complex, namely the TIM23 and the TIM22 (53) (54). These 

both subunits, similarly like in the case of the case of the TOM20 and TOM70 are responsible 

for different classes of targeting signals for mitochondria. The TIM23 facilitates the import of 

classical N-terminal MTS (101). The TIM22 however mediates the import of mitochondrial 

proteins, which do not harbor a classic MTS, such it is the case for members of the 

mitochondrial carrier family, e. g. ADP/ATP carrier or other hydrophobic membrane proteins 

with ITS (53) (57). Usually, proteins which are imported through the TIM22 pathway are 

inserted via the Oxa1 machinery into the inner membrane of mitochondria, after facing the MM.  

For the translocation of precursor proteins not only across the inner membrane, but also into 

the matrix a membrane potential is required (51). ATP enables the completion of the protein 

translocation across the mitochondrial membranes (102).  

The TIM23 captures N-terminal MTS and together with the TIM17 which form a channel 

conducting pore transports the precursor protein through the IMM to the lumen of mitochondria 

(101).  
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1.2.3. Mitochondrial protein import into the mitochondrial matrix  

 

Precursor proteins harboring a classical positively charged N-terminal matrix targeting signal 

face the lumen of mitochondria after being transported through the TIM23 presequence 

pathway. The TIM44, which is an essential part of the TIM23 complex, plays a crucial role in 

the import of mitochondrial precursor proteins into the MM (103). It links the mtHsp70 together 

with its co-chaperone Mge1, forming the motor for the further translocation of the precursor 

into the lumen, namely the PAM complex (104). MtHsp70 couples the precursor polypeptide 

chain and is tightly bound to the unfolded protein via its peptide-binding domain (104).  

Until today it is not known how exactly the mechanism of the import motor including the TIM23 

complex subunits and the mtHsp70 proceeds. However, two models can be taken into 

consideration. The first model, the trapping model proposes that the preproteins by tightly 

being bound to the mtHsp70, cannot backslide through the import channel. The Brownian 

motion enables the inward movement of the polypeptide and afterwards another mtHsp70 can 

bind the peptide and ensure its stepwise import into the matrix (12). In the second model, the 

pulling model the PAM complex comes more into play. By generating an inward-directed force 

the mtHsp70 pulls the precursor polypeptide into the matrix (105) (106).  

Once the precursor polypeptide passes the PAM complex machinery the mitochondrial 

processing peptidase MPP becomes active. The amino-terminal presequence is selectively 

removed by the MPP (53). The MPP cleaves the amino-terminal targeting extensions of both, 

inner-membrane targeted and matrix-targeted precursor proteins (79). The catalytic removal 

of the targeting sequences by the MPP is not necessarily required for the translocation of the 

precursor protein through the membranes, but can also happen during or after the import of 

the polypeptide chain through the TIM23 machinery.  

Some hydrophobic targeting sequences or ITS have to be cleaved twice. Once by the MPP 

and then additionally by the inner-membrane peptides (IMP), if the mitochondrial protein is 

destined for the IMM (107).   
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1.2.4. Overview of the import machinery pathways of 

mitochondrial proteins targeted to the IMM, IMS and OMM  

 

In addition to the previously described classical presequence pathway and the carrier pathway 

to the IMM, which are responsible for the import of about 60% of all mitochondrial proteins to 

the inner membrane and matrix (81) three other mitochondrial protein import pathways exist, 

namely that one targeting mitochondrial proteins to the IMS and the outer membrane of 

mitochondria.  

Proteins, destined for the IMS depict some specific features. Meaning that those kind of 

proteins harbor cysteine rich motifs, which ensure capturing of the protein in the IMS (33) (108). 

The import pathway of mitochondrial protein destined for the outer membrane, the so called β-

barrel pathway targets precursor β-barrel proteins to the OMM by inserting those into the 

membrane through the sorting and assembly machinery, the SAM (47). The TOM complex and 

small TIM chaperones facilitate this import pathway (109).  

In addition to the β-barrel pathway, another import pathway is exploited by a number of 

mitochondrial proteins destined for the OMM, which harbor helical transmembrane segments. 

Those proteins are targeted to the OMM with the assistance of the MIM complex (48).  

For the efficient import and insertion of precursor proteins with transmembrane segments 

intended for the OMM, these kind of proteins carry also N-terminal targeting sequences, 

serving as signal-anchor peptides (49). Additionally they can occur as multispanning outer 

membrane proteins.  
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1.3. The mitochondrial protein import as a regulatory hub for 

physiological and pathophysiological conditions  

 

Due to the fact, that almost all mitochondrial proteins are synthesized outside of mitochondria 

the import of those proteins into the organelle is inevitable. Therefore all mitochondrial 

functions depend on a successful and efficient protein import into the organelle.  

Mitochondria have to fulfill a variety of functions and multiple tasks such as ATP production 

(110) , synthesis of iron-sulfur cluster and heme (111) , involvement in metabolic pathways 

including amino acids and lipids (112) and play a crucial role in the immune response (113) 

and cellular signaling in programmed cell death (114) . Taking these aspects into consideration 

it becomes clear, that the mitochondrial protein homeostasis have to be a fine-tuned process.  

More and more studies come up with indications that the protein import of mitochondria 

underlies regulations at multiple levels, which are linked to metabolism, stress and 

pathogenesis of diseases (115) (116) (117). Therefore the activity and efficiency of the 

mitochondrial protein import (MPI) can act as a sensor of mitochondrial stress or mitochondrial 

fitness.  

Many conditions occurring in the cell can lead to mitochondrial stress, such as the 

accumulation of mistargeted proteins in the cytosol, reduced activity of the respiratory chain, 

accumulation of misfolded proteins in the matrix or formation of high levels of reactive oxygen 

species (116).  

Mitochondria react to any kind of mitochondrial stress, mostly via a precise a strict regulated 

communication with the nucleus, since the nucleus provides mitochondria with proteins and 

ensures the organelles survival (16). This signaling coming from the nucleus to mitochondria, 

the so called anterograde regulation includes the tight nuclear control over mitochondria. The 

consequences of that are influence on mitochondrial activity impact on mitochondrial 

biogenesis to meet cellular needs (16) . During the last years many studies came up describing 

the different mitochondrial stress responses in the frame of the retrograde signaling, meaning 

how mitochondria react upon mitochondrial stress and responses to the nucleus (118) (119) 

(120).  
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1.3.1. Mitochondrial unfolded protein response (mtUPR)  
 

The mitochondrial unfolded protein response, the mtUPR, is a signaling pathway occurring 

under certain conditions of mitochondrial stress. Activation of the mtUPR triggers an adaptive 

transcriptional response in the frame of the mitochondrial-to-nuclear communication, the so 

called retrograde signaling pathway (121) . The mtUPR aims to promote mitochondrial 

recovery and metabolic adaptions to restore mitochondrial proteostasis (121) (122). 

Transcriptional response programs enable a proper completion of the mtUPR.  

The first observations of induction of mtUPR were seen in cultured mammalian cells, when 

Martinus et al. and Zhao et al. discovered that depletion of mitochondrial DNA (mtDNA) or 

overexpression of a specific mitochondrially targeted protein variant, which misfolds in the MM 

activated the transcription of specific chaperones (123) and proteases (124). Furthermore, 

Yoneda et al. demonstrated that inhibition of the protein synthesis of mitochondria also triggers 

mtUPR (125). Not only interference in protein homeostasis activates mtUPR, also impairments 

in the metabolic pathways of mitochondria lead to transcriptional rearrangements in the 

nucleus (125) (126) (127).    

These transcriptional adaptions in the course of mtUPR include induction of; 

- mitochondrial chaperons Hsp69 and mtHsp70 (123) 

- genes that promote mitochondrial biogenesis and function (128) 

- genes involved in the mitochondrial fission for the improvement of mitochondrial 

biogenesis (129) 

- various metabolic adaptions, such as induction of glycolysis genes to promote 

mitochondrial recovery (118) 

Also the induction of specific transcription factors are associated with the activation of mtUPR, 

such as the ATFS-1, discovered via a genetic screen in C. elegans by Nargund et al in 2012 

(118).  Mitochondrial stress conditions, which hence trigger mtUPR cause a reduction in the 

mitochondrial import efficiency of the ATFS-1. As a consequence the transcription factor 

ATFS-1 resides in the cytosol. Due to an additional targeting information for the nucleus, which 

is embedded in the protein the fraction of ATFS-1, which is not imported into mitochondria 

anymore and remains in the cytosol is transported to the nucleus. Once being present in the 

nucleus, ATFS-1 initiates a transcriptional response, thus allowing cells to sense and monitor 

mitochondrial function and homeostasis (118) (116) (130). The mammalian analogue to the 

ATFS-1, discovered by Fiorese et al. in 2016 represents the transcription factor ATF5 (131). 

Mitochondria exploit their import machinery by equipping the nuclear encoded proteins with 

dual targeting informations to act as sensor of mitochondrial stress.  
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1.3.2. Mitochondrial comprised import response (mitoCPR)  
 

Another mitochondrial stress response is the mitochondrial comprised import response 

(mitoCPR). This response program includes the unfolded protein response activated by 

mistargeting of proteins (UPRam) and the mitochondrial precursor over-accumulation stress 

(mPOS) (113) (10) (132) . These pathways lead to the accumulation of mitochondrial targeted 

proteins outside of the organelle, since their import into mitochondria failed due to conditions 

of mitochondrial stress (133). Consequently mitochondria react to that in a way which involves 

the attenuation of cytosolic synthesis of proteins and also the initiation of a degradation 

program for the mistargeted proteins to counteract the protein homeostasis perturbations 

(132).  

Again, also these stress response pathways demonstrate the capacity of mitochondria to 

report their functional status via fine-tuned regulation of checkpoints of the MPI.  

 

1.3.3. Signaling mitochondrial stress via peptide efflux  
 

Another mechanism by which mitochondria possibly communicate with the nucleus is 

exploiting peptides to sense the status (134). Yeast mitochondria contain specific transport 

proteins, such as the ATP-binding cassette (ABC) protein Mdl1, which was discovered by 

Young et al. depicting an intracellular peptide transporter and being located in the inner 

membrane of mitochondria. The assumption came up, that these peptides may cross the OMM 

and are transported to the nucleus, where they serve as messengers.  

2010 Haynes et al demonstrated in mitochondria isolated from C. elegans the contribution of 

the peptide efflux of mitochondria in the mitochondrial stress response (119). This kind of 

stress response does not only require ABC transporter, such as the HAF-1 in the case of the 

C. elegans, but also mitochondrial matrix proteases. Especially the matrix localized protease 

of C. elegans, the ClpP, which seems to be responsible for the generation of the peptides 

(135).  

All these pathways and signaling processes mentioned in this chapter demonstrate the 

importance of an intact mitochondrial protein import machinery, not only to ensure the supply 

of mitochondria with proteins, but also for efficient stress responses, which are necessary to 

counteract the damage and restore the function and vitality of mitochondria in conditions of 

mitochondrial stress.  
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2. Hypothesis and Aims 
 

Until today, only few high resolution methods are currently available that allow the detection of 

the activity and efficiency of the mitochondrial protein import (MPI) in living cells. Due to the 

lack of appropriate tools for the assessment of the activity and efficiency of the MPI, we set 

our self the aim to overcome these limitations and restrictions by developing and establishing 

novel fluorescent protein based tools, imaging protocols and image analysis to visualize 

MPIand its defects on the level of individual cells and cell populations 

 

According to this, the specific aims of this study are:  

 

I. Design, development and application of single FP-based MPI sensors:  

 

a. 2mt-sfGFP: fluorescent protein fused to mitochondrial targeting sequence 

b. determine the efficiency of the MPI in cancer cells as an endpoint readout and 

overtime 

 therefore we aimed to stress the MPI of HeLa cells by turning on the 

proteinbiosynthesis and determine the protein import capacity by 

exploiting 2mt-sfGFP  

 and accordingly we wanted to block the MPI completely by depolarizing 

mitochondria and evaluate the suitability of 2mt-sfGFP as an indicator 

of defects in the MPI machinery 

 

II. Expand the 2mt-sfGFP by exploiting the self-complementation Split-FP and 

applying it to a nuclear encoded mitochondrial protein, the Sirt4:  

 

a. Sirt4-sfGFP: quantitative analysis of the subcellular distribution of Sirt4  

b. 2mt-sfCherry21-10 + Sirt4-sfCherry211: confirmation of the localisation of Sirt4 to 

the mitochondrial matrix  

c. mito-STAR: self-complementation Split-FP based mitochondrial Sirtuin4 sensor 

to study the distribution of Sirt4 between the mitochondria and the nucleus in 

living cells  

d. Sirt4-eGFP, Sirt4-mCherry: Fusion of Sirt4 to slower maturing FPs to improve 

the targeting efficiency 
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III. Besides the development of single FP-based sensors, where a certain optical 

resolution for the analysis is required we aimed to come up with constructs 

where no optical resolution is necessary. This kind of probes should be 

valuable to capture the MPI activity in a whole cell population in a high 

throughput manner. The read-out of this class of FP-based sensor should act 

as a direct indicator of import perturbations and protein import defects in the 

mitochondrial protein uptake machinery. Accordingly we developed: 

 

a. the mito-PRIMAs: MPI-sensors based on the dimerization dependent 

fluorescent protein (ddFP) technology  
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3. Material and Methods  
 

The detailed exposition and comments of the performed experiments in the chapter of Material 

and Methods of this study were published similarly in Ramadani-Muja et al., 2019 (1). 

3.1. Chemicals and buffer solutions   
 

Materials used for the cell culture were purchased from Greiner Bio-One (Kremsmünster, 

Austria). Chemically competent 10-beta Escherichia coli (E. coli) and restriction enzymes were 

obtained from New England Biolabs (New England, GB.). Following compounds were used 

and obtained from following companies or suppliers: Oligomycin-A: Sigma Aldrich (Vienna, 

Austria); Antimycin-A1:  Sigma Aldrich (Vienna, Austria). Suberanilohydroxamic acid (SAHA) 

was a gift from Markus Wallner, Devision of Cardiology, Medical University of Graz, Austria. 

Agar−Agar Kobe I, D-Glucose, CaCl2, HEPES, MgCl2, KCl, NaCl, NaOH, Trypton/Pepton, 

extract were purchased from Carl Roth (Graz, Austria). GoTag® was obtained from Promega 

(Mannheim, Germany) and the purchase of the fetal calf serum (FCS) was done over 

lifetechnologies (Vienna, Austria). MitoTrackerTM Green FM and MitoTrackerTM Red FM were 

purchased from Fisher Scientific (Vienna, Austria). VWR International (Vienna, Austria) was 

the supplier of the Agarose. 2-deoxy-D-glucose (2-DG) was purchased from Sigma Aldrich 

(Vienna, Austria).  

Cells were stored in HEPES-bufferes solution (storage buffer) prior to fluorescence microscopy 

experiments. The storage buffer contains 138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 

10 mM HEPES, 2.6 mM NaHCO3, 0.44 mM KH2PO4, 0.34 mM Na2HPO4, 10 mM D-glucose, 

0.1% vitamins, 0.2% essential amino acids and 1% penicillin-streptomycin. Adjustments of the 

pH to 7.4 with NaOH were also performed.  

Cells were kept in storage buffer during experiments. When performing online long-term-

imaging fluorescence experiments storage buffer containing 10% FCS was applied to the cells.  

Depolarization buffer, which was used to depolarize mitochondria during the long-term-imaging 

fluorescence experiments contained 5 µM Antimycin-A1 and 10 µM Oligomycin-A diluted in 

storage buffer with 10% FCS.  

For depolarization of mitochondria and measurement of the mistargeting of the FP-based 

probes as an endpoint readout treatment was done in the incubator. Cells were incubated in 

cell culture medium containing: DMEM (see description below; in the chapter cell culture and 

transfection), 10% FCS, 100 U mL−1 penicillin, 100 μg mL−1 streptomycin and 2.5 µg mL−1 

fungizone (Thermo Fisher Scientific). Afterwards 5 µM Antimycin-A1 and 10 µM Oligomycin-

Awere were diluted in the described cell culture medium.  
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The buffer, which was used to trigger the protein biosynthesis during the long-term-imaging 

fluorescence experiments contained 5 µM suberanilohydroxamic acid (SAHA) diluted in 

storage buffer with 10% FCS.  

 

3.2. Generation of the FP-based constructs  
 

One part of the constructs were purchased from the synthesis company Gene Universal Inc. 

(Newark, USA). The other part was cloned.  

Cloning of the FP-based probes:  

Standard cloning protocols, which are provided by the manufacturer were applied to perform 

the cloning. All cloned constructs, after having the final plasmid were verified by sequencing 

(Microsynth, Vienna, Austria). The Primers used for cloning were obtained from ThermoFisher 

Scientific (Vienna, Austria). Herculase II fusion DNA polymerase (Agilent, Santa Clara, CA, 

USA) was used to perform the PCR reactions. For the generation of 2mt-sfGFP an established 

mitochondrial targeting sequence (MTS) of the COXVIII subunit was applied (136). The MTS 

was utilized as a tandem dimeric repeat and fused N-terminally to the super-folder green 

fluorescent protein (sfGFP). SfGFP-N1 was obtained from Addgene (plasmid number 54737) 

and was used for the isolation and PCR-amplification of sfGFP. The MTS was N-terminally 

fused to the sfGFP as an insert between the restriction sites NheI and EcoRI in an mammalian 

expression vector pdDNA3.1(-) (Invitrogen, Austria) to obtain the mitochondrially targeted 

sfGFP, namely the 2mt-sfGFP.  

For the generation of mtDsRed, following cloning procedure was performed: Firstly DsRed was 

ordered from Addgene (plasmid number 11151). Afterwards isolation of the DsRed was 

performed via PCR-amplification. To get mtDsRed, the tandem dimeric repeat of the MTS of 

the COXVIII subunits (136) was N-terminally fused to the DsRed.  

Transformation of the ligated constructs was done by using Top 10 chemically competent E. 

coli cells and heat shot at 42°C for 60 seconds. The cells were plated on LB-Agar plates, which 

where supplemented with ampicillin and individual selection of clones were done for the 

inoculation of 5 ml of ampicillin containing LB liquid medium. The mixture of cells and LB 

medium was incubated over night at 37 °C in a shaker. To isolate the plasmid DNA, on the 

next day STET mini preparation was performed and the verification of the insert according to 

their size was confirmed by PCR with the following sequencing primers: pcDNA3.1 (-) for 5'- 

CACTGCTTACTGGCTTATCG-3' and pcDNA3.1 (-) rev 5'-CAACAGATGGCTGGCAACTA-3'. 

The positively verified clones were exploited for the inoculation of 200 ml LB-liquid medium, 

which was supplemented with ampicillin and the mixture was incubated for around 16 hours at 
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37 °C in a shaker under permanent conditions of 200 rpm. PureVieldTM Plasmid Maxiprep 

System (Promega, Germany) with nuclease-free water was used to purify the plasmids.  

 

FP-based probes purchased from the company: 

The designed constructs (inserts) were inserted in the mammalian expression vector 

pcDNA3.1 (-). Following constructs were purchased from Gene Universal Inc.: 

Table 1: Plasmids purchased from Gene Universal Inc. 

Construct Name Description  

seCFP-omp25 seCFP-omp25 

Sirt4-sfGFP Sirt4-sfGFP 

Sirtuin4-sfCherry211 Sirtuin4-sfCherry211 

MTS-sfCherry1-10 MTS-sfCherry1-10 

Sirt4-sfCherry11 Sirt4-sfCherry11 

mito-STAR  MTS-sfCherry21–10-SC-Sirt4-sfCherry211-SC-

sfCherry21–10-NLS 

PRIMA 1.0 2MT-B1-NLS-SC-GA-NLS 

n4mt-sfGFP MTSCOXVIII-MTSGDH-MTSPDH-MTSOTC-sfGFP 

 

MTS refers to mitochondrial targeting sequence, utilizing N-terminally a tandem repeat of - of 

the COXVIII (136) ; SC indicates a self-cleavage peptide, namely the 2A self-cleaving peptide 

(137) with following sequence: MGSGATNFSLLKQAGDVEENPGP; NLS refers to the nuclear 

localizing sequence as a repetition of three times (138) as depicted here: 

DPKKKRKVDPKKKRKVDPKKKRKV.  

For the n4mt-sfGFP we chose four mitochondrial proteins, of which we picked the N-terminal 

targeting sequences respectively and fused these domains next to each other followed by 

sfGFP: mitochondrial COXVIII subunit (136), mitochondrial glutamate dehydrogenase (GDH) 

(158) , mitochondrial pyruvate dehydrogenase (PDH) (159) and ornithine transcarbamylase  

(160).  
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FP-based probes purchased from addgene:  

Table 2: E. coli glycerol stocks purchased from addgene  

Construct Name Description  

GA-NLS  MonomerA of ddFP fused to NLS (Plasmid-

code of addgene: #50852) 

B-NLS MonomerB of ddFP fused to NLS (Plasmid-

code of addgene: #50836) 

 

3.3. Cell culture and cells  
 

Following cell lines were used in this work: HeLa S3, mouse embryonic fibroblasts (MEFs) and 

H9C2 and INS-1 832/13 (INS-1). HeLa S3 cells were obtained from ATCC; MEFs were a gift 

from Thomas Simmen, Department of Cell Biology, University of Alberta, Canada. H9C2 were 

a gift from Heiko Bugger, Devision of Cardiology, Medical University of Graz. Supply of INS1- 

cells was done by C.B. Newgard, Department of Pharmacology and Cancer Biology, Duke 

University School of Medicine, USA.  

Hela, MEFs and H9C2 were grown in Dulbecco´s modified eagle´s medium (DMEM) 

containing 10% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin, 2.5 µg/ml amphotericin B 

and 2 mM glutamine, further on termed as full DMEM.  

 

INS-1 were cultivated in GIBCO RPMI Medium 1640, which was ordered at Thermo Fisher 

Scientific and was additionally supplemented with 10% FCS, 10 mM HEPES, 1 mM sodium 

pyruvate, 0.05 mM 2- mercaptoethanl, 100 U  mL−1 penicillin, 100 μg  mL−1 streptomycin and 

2.5 µg mL−1 fungizone (Thermo Fisher Scientific). 

The material needed for the cell culture was obtained from Life Technologies (Vienna, Austria) 

and Carl Roth (Karlsruhe, Germany). All cells were maintained in a humidified incubator and 

cultivated and grown at 37°C with 5% CO2 and 95% air conditions in the incubator. 
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3.4. Transfection  
 

Cells were seeded in 30 mm glass imaging dishes in 6-well plates, IBIDI glass bottom dishes, 

35mm (Ibidi, Munich, Germany) or in 4-chamber glass bottom dishes (Greiner Bio One 

International GmbH, Austria, Kremsmünster).  

Transfection was done at a confluency of 60% using transfection reagent PolyJet (SigmaGen 

Laboratories, Rockville, MD, USA) and 1µg DNA, unless otherwise specified. DMEM, free of 

antibiotic and serum was used to transfect the cells with the respective plasmids.  

Cells were transfected, when performed as an endpoint measurement 24 hours prior to 

measurement, meaning that the cells were incubated with Polyjet for 8 hours and after removal 

they were maintained in full DMEM. For online long-term imaging cells were transfected with 

PolyJet and 1µg DNA (unless otherwise specified). After 8 hours of incubation with PolyJet, 

the cells were maintained on storage buffer containing 10% FCS and the respective treatment.  

 

3.5. Mitochondrial Staining  
 

To perform colocalization analysis, firstly the cells were washed with storage-buffer containing, 

in mM, 2 CaCl2, 135 NaCl, 5 KCl, 1 MgCl2, 1 HEPES, 2.6 NaHCO3, 0.44 KH2PO4, 0.34 

Na2HPO4, 10 d-glucose (Roth), 0.1% vitamins, 0.2% essential amino acids, and 1% 

penicillin/streptomycin (Gibco). The pH of the storage buffer was adjusted at 7.4. Afterwards 

the cells were incubated in a solution of loading buffer, which was prepared containing either 

0.2 µM MitoTrackerTM Green FM or 0.2 µM MitoTrackerTM Red FM for 20 min.  

Cells were then washed three times with loading buffer and imaged in the same. Excitation of 

the MitoTrackerTM Red FM was done at 561 nm, the emission was captures at 644 nm. 

Applying a wavelength of 488 nm excited the MitoTrackerTM Green FM and the emission was 

captures at 516 nm.  

Loading of the Tetramethylrhodamine methyl ester (TMRM; catalog number T668, Invitrogen) 

was done likewise for 40 minutes with a concentration of the TMRM of 50 nM. Excitation of the 

TMRM was done at 550 nm and emission was caught at 600 nm. During the measurements 

the TMRM remained on the cells.  
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3.6. Submitochondrial Localization of Sirt4-sfGFP and 2mt-sfGFP  

 

To determine the submitochondrial localization of Sirt4-sfGFP and 2mt-sfGFP following 

constructs as plasmids were used to transfect HeLa cells: Sirt4-sfGFP, 2mt-sfGFP, seCFP-

OMP25, MTS-sfCherry21–10, Sirt4-sfCherry211, mito-STAR, or mCherry-TOM22. Additionally 

the cells were stained with MitoTrackerTM Green FM or MitoTrackerTM Red FM, respectively. 

Fluorescence imaging experiments were performed on a super structural illumination 

microscopy (SIM) or array confocal laser scanning microscope (ACLSM). ImageJ plugin 

‘coloc2’ was applied for the co-localization studies and analysis to measure the Pearson 

correlation coefficient.  

 

3.7. Structural design and construction of the FP-based probes   
 

For the construction of the mitochondrial protein import sensors various FP-technologies were 

applied, such as the self-complementation split FP-technology (139), single-FP technology 

(140) and the dimerization dependent FP-technology (141).  

For modelling of the probes the online tool Phyre2 (Protein Homolgy/analygy Recognition 

Engine V2.0) was used. The modelling consists of 3D structure prediction of the respective 

constructs. The structure predictions are performed by using profile-profile alignment algorithm 

of the desired protein by entering the sequence of the protein of interest into the online tool. 

Markov models via HHsearch were utilized to perform the alignment, which improves the 

accuracy of the alignment and of the detection rate.  

DeepView/Swiss Pdb viewer V4.1.0 (Swiss Institute for Bioinformatics – SIB, Lausanne, 

Switzerland), obtained from Expasy was applied for the the calculcation, modification and 

analysis of the 3D-models of the predicted proteins and probes. By using evolutionarily related 

structures sensitive sequences of a library of experimentally determined protein structures can 

be found. This is how the software identifies proteins, meaning that proteins, which are related 

to the target protein are generated in a 3D-structure manner of the protein of interest (142).  
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3.8. Fluorescence Imaging  
 

3.8.1. Confocal Imaging  
 

The cells were imaged with an array confocal laser scanning microscope (ACLSM), which is . 

The microscope is based on a Zeiss Observer Z.1 inverted microscope, which is equipped with 

a Yokogawa CSU-X1 Nipkow spinning disk system, a piezoelectric z-axis motorized stage 

(CRWG3-200; Nippon Thompson Co., Ltd., Tokyo, Japan), and a CoolSNAP HQ2 CCD 

Camera (Photometrics Tucson, Arizona, USA). The setup is equipped with oil-immersion 

objectives (Zeiss). An objective of 100x or 40x was used to image the cells.  

 

Table 2: Excitation and emission parameter of the various FP-based sensors 

Construct  Excitation [nm] Emission [nm] 

2mt-sfGFP 488  516 

seCFP-omp25 445  477 

mtDsRed 561 644 

mCherry-TOM22  561 644 

Sirt4-sfGFP 488  516 

Sirtuin4-sfCherry211 561 644 

MTS-sfCherry1-10 561 644 

Sirt4-sfCherry11 561 644 

mito-STAR  561 644 

PRIMA 1.0 488  516 

PRIMA 2.0  488  516 

PRIMA-RFP 488/561 516/644  

MiNts 488  516 

mito-TIMER  488/561 516/644  

 

The software which was used for data acquisition and control is VisiView Premier Acquisition 

software (2.0.8, Visitron Systems, Puchheim, Germany). 
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3.8.2. Structural illumination microscopy (SIM) 

 
The excitation laser of the SIM set up consists of following wavelengths: 405-, 488-, 515-, 532- 

and a 561-nm. A CFI SR Apochromat TIRF × 100-oil (NA 1.49) objective was arranged on a 

Nikon Structured Illumination Microscopy (N-SIM) System in combination a with standard filter 

sets of wide-field microscopy and SIM. In addition to that, two Andor iXon3 EMCCD cameras, 

which were placed to a two-camera imaging adapter (Nikon Austria, Vienna, Cells 2019, 8, 

1583 5 of 19 Austria), where part of the Apochromat. This was done in order to achieve super-

resolution.  

Both, ImageJ (National Institutes of Health (NIH), Bethesda, MA, USA) and Metamorph 

(Molecular Devices) were applied for the calibration and reconstruction of the SIM images. 

Prior to each measurement, the laser beam was projected through the objective at the top 

cover of the bright field arm of the microscope, to ensure laser adjustment. For this process 

NIS-Elements Advanced Research (AR) (4.51, Nikon Corporation, Tokio, Japan) was installed 

and ran automatically.  

3.9. Mitochondrial morphology assessment  
 

Following parameters were assessed and evaluated to determine the mitochondrial 

morphology: mitochondrial area (a), perimeter (p), minor (x), and major (y) axes of the 

mitochondria. ImageJ particle analyzer was applied to obtain the results.  

The calculation of the aspect ratio was done as depicted here: =
x

y
 . 

To evaluate the form factor (FF), following formula was applied: =
𝑝2

4πa
 . 

The freeware program ImageJ was used to perform the image analysis.  

 

3.10. Data analysis and statistical analysis  
 

Following programs were applied to analyze the obtained data: GraphPad Prism 5 Software 

(GraphPad Software, Inc., La Jolla, CA, USA) and Excel (2013, 15.0, Microsoft). To perform 

the image analysis MetaMorph (Molecular Devices) and the freeware program ImageJ (NIH, 

MA, USA) were used.  

To calculate the ratio values of the nuclear fluorescence to the cytosolic fluorescence or the 

mitochondrial fluorescence, respectively, first, the ACLSM images were background 

subtracted on MetaMorph using a background region of interest (ROI).  
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Each further steps, which was required for the analysis of the images were done with 

MetaMorph. Region measurement by drawing region randomly in the cytosol or by bordering 

the complete nucleus enabled the determination of the cytosolic and the nuclear fluorescence. 

In the case that bordering of the complete nucleus was not possible, for instance, because of 

mitochondrial structures, a region measurement was done by randomly picking a position in 

the nucleus. An auto threshold for light objects in MetaMorph was used to set a mask and by 

doing so the mitochondrial fluorescence could be determined. The threshold was set manually 

to encompass mitochondrial structures. Afterwards, the average mitochondrial fluorescence 

within the mask was evaluated.  

To do the statistical analysis and evaluation GraphPad Prism 5 was applied, by using statistical 

tests such as unpaired double-sided Student’s t-test or a one-way ANOVA with a Bonferroni 

post-hoc test. The number of independent experiments is indicated in the figure legends. The 

total number of measured cells is also indicated in the figure legends. Data are either shown 

±SEM or ±SD as indicated in the figure legends.  
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4. Results  
 

Some sections of the results described in this work are part of my first-author publication and 

are hence discussed in a similar manner as in (1).  

 

4.1. 2mt-sfGFP, a fast maturing GFP-variant fused to a 

mitochondrial targeting sequence locates to the mitochondrial 

matrix 

 

Amongst a palette of various fluorescent proteins (FPs), we decided to fuse the super-folder 

GPF (sfGFP) to the mitochondrial targeting sequence (MTS) of interest in order to detect the 

localisation of the probe, hence determine the efficiency of the mitochondrial targeting 

efficiency (Figure 1A). The sfGFP has a maturation time of a few minutes (143) (144), meaning 

that upon biosynthesis it becomes fluorescent within minutes. This feature of the sfGFP 

represents the ideal candidate, since imaging cells, which synthesize the respective constructs 

makes an acute visualization of the probe under various conditions possible.  

Regarding the MTS we decided to pick the established MTS of the COXVIII subunit (136) for 

the probe and generated thereby 2mt-sfGFP (Figure 1A). This specific MTS is known to target 

FPs efficiently into the respective organelle (136).  

Sometimes more than one repeat of the signal sequence is required for an efficient targeting 

to mitochondria, depending on the rest of the length of the translated protein or probe (136) 

(145). As indicated, 2mt-sfGFP harbors a 71 amino acid (aa) dimeric tandem repeat of the 

MTS of COXVIII (Figure 1A). 

Before we determined the efficiency of the mitochondrial targeting in HeLa cells under 

physiological conditions, we wanted to check with super-resolution microscopy whether the 

MTS of the COXVIII targets the sfGFP to the mitochondrial matrix, as it is supposed to do. 

Therefore we applied structural illumination microscopy (SIM) and co-expressed 2mt-sfGFP 

with mCherry-TOM22, a marker for the outer mitochondrial membrane and mtDSred, 

respectively. No co-localization was detectable by co-expression 2mt-sfGFP with mCherry-

TOM22 (Figure 1B and D) (1). In contrast to that we could confirm the matrix localization of 

2mt-sfGFP by a high co-localization with mtDsRed (Figure 1C and D) (1). 
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Figure 1 
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Figure 1. Co-localization analysis of 2mt-sfGFP. (A) Dimeric tandem repeat of the 

mitochondrial targeting sequence of the CoxVIII subunit, referred to as MTS
CoxVIII

 (orange) 

fused on N-terminus of the sfGFP (green). (B) Representative SIM-images of HeLa cells co-

expressing 2mt-sfGFP (green) and mCherry-TOM22 (magenta). Merged channels are shown 

in the third illustration. Scale bar, 2.5 µm. Squares in the lower right show the whole cell. Scale 

bar represents 10 µm. (C) SIM-images shown as representative images of HeLa cells co-

expressing 2mts-sfGFP (green) and mtDsRed (magenta). Illustration of merged channels. 

Scale bar, 2.5 µm. Squares in the lower right show the whole cell. Scale bar represents 10 µm. 

Shown experiments in (B) and (C) are representative of 3 independent experiments, including 

30 different cells (D) Statistical analysis of the co-localization of 2mt-sfGFP and mCherry-

TOM22 and mtDsRed, respectively. Evaluation of the Pearson correlation coefficient, 

comparing 2mt-sfGFP with mCherry-TOM22 and mtDsRed, respectively (left panel). 

Evaluation of the thresholded Manders 1 coefficient (GFP), comparing 2mt-sfGFP with 

mCherry-TOM22 and mtDsRed, respectively (middle panel). Evaluation of the thresholded 

Manders 2 coefficient (RFP), comparing 2mt-sfGFP with mCherry-TOM22 and mtDsRed, 

respectively (middle panel). ). [Figure panels reproduced from Ramadani-Muja et al., Cells 

2019.] 

 

4.2. 2mt-sfGFP is suitable for the qualitative and quantitative 

determination of mitochondrial targeting efficiency  

 

To demonstrate the suitability of the 2mt-sfGFP for the assessment of mitochondrial targeting 

efficiencies we manipulated the mitochondrial protein import machinery by provoking 

mitochondrial protein import disturbances. Expression of 2mt-sfGFP in untreated HeLa cells 

showed a nice mitochondrial staining, indicating the efficient import of 2mt-sfGFP into the 

mitochondrial matrix (Figure 2A).  

Treatment of HeLa cells expressing 2mt-sfGFP with oligomycin-A and and antimycin-A1, a 

combination of well-known mitochondrial toxins, which completely depolarize the mitochondrial 

membrane potential (146) and hence should impair the import of 2mt-sfGFP into the matrix, 

depicted a brighter fluorescence arising from mitochondria (Figure 2B). In addition to that we 

detect a fluorescence signal coming from the cytosol (Figure 2B). These observations indicate 

that the probe was firstly imported into mitochondria and after import inhibition the probe could 

not be imported anymore and hence it accumulated in the cytosol.  

Incubation of HeLa cells with oligomycin-A and antimycin-A1 and the simultaneous transfection 

with 2mt-sfGFP led us to the observation of typical dark mitochondrial tubular structures 
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surrounded by green fluorescence, which is here shown as a monochromatic illustration 

(Figure 2C). This result showed that the probe directly accumulates in the cytosol and was 

never imported into mitochondria (Figure 2C), indicating the mitochondrial protein import 

inhibition before the probe was synthesized and could be transported to mitochondria.  

These observations show, that 2mt-sfGFP is suitable for the qualitative assessment of 

mitochondrial targeting efficiencies by capturing not only the fluorescence signal coming from 

mitochondria, but also by taking the mistargeting also into consideration.  

However, rarely someone has exploited the mistargeting of mitochondrially targeted proteins 

to assess mitochondrial targeting efficiencies in a quantitative, statistical and systematic 

manner. This was the motivation for us to overcome these restrictions and come up with a 

quantification approach of mitochondrially targeted proteins.  

Firstly we decided to blot the fluorescence intensity values of 2mt-sfGFP from the cytosol on 

the x-axis of a diagram against the fluorescence intensity values coming from mitochondria on 

the y-axis (Figure 2D). By doing so we can analyze the distribution of the fluorescence of the 

2mt-sfGFP signal of each individual cell. Additionally we calculated the fluorescence intensity 

ratio of the cytosol and mitochondria and plotted the values ranking from 0 to 1 against the 

fluorescence intensity values of mitochondria (Figure 2E). This enabled us to provide a 

quantitative description of the targeting efficiencies of 2mt-sfGFP. 

We also generated a category or grading system ranking from targeting to weak and moderate 

mistargeting, over strong mistargeting to even total mistargeting (Figure 2E). Cells falling in 

the ratio 0.0 – 0.2 belong to the category targeting (Figure 2E). Weak Mistargeting covers the 

cells from 0.2 – 0.4 (Figure 2E). Cells, which are located between 0.4 – 0.6 are part of the 

category moderate mistargeting (Figure 2E). If strong mistargeting is the case the cells fall in 

the ratio 0.6 – 0.8 (Figure 2E). Cells with ratio values between 0.8 – 1.0 belong to the category 

total mistargeting (Figure 2E). In addition to that we depicted a representative image of each 

of each of the dots on the ratio-diagram (Figure 2F). 
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Figure 2 
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Figure 2. Establishment of an approach to quantify the targeting efficiency to 

mitochondria using 2mt-sfGFP. (A) Representative confocal image of HeLa cells expressing 

2mt-sfGFP (in monochromatic). Illustration of tubular mitochondrial structures. Scale bar 

indicates 10 µm. Magnification of a representative cut-out showing individual mitochondria 

harboring 2mt-sfGFP (in monochromatic). Scale bar corresponds to 3µm. (B) Representative 

confocal image of HeLa cells expressing 2mt-sfGFP, showing mistargeting of the respective 

probe (in monochromatic). Scale bar indicates 10 µm. Magnification of a representative cut-

out showing individual mitochondria and the cytosol carrying 2mt-sfGFP (in monochromatic). 

Scale bar indicates 3µm. (C) Representative confocal image of HeLa cells expressing 2mt-

sfGFP (in monochromatic). Illustration of negatively stained mitochondria, surrounded by a 

fluorescence signal (in monochromatic). Magnification of a representative cut-out showing dark 

tubular mitochondrial structures, surrounded by a fluorescence signal (in monochromatic). 

Scale bar corresponds to 3µm. (D) HeLa cells expressing 2mt-sfGFP, illustrated as 

fluorescence intensity values, and plotted as cytosolic fluorescence intensities against the 

mitochondrial fluorescence intensities. (E) Diagram of HeLa cells expressing 2mt-sfGFP, 

illustrated as ratio of cytosolic fluorescence to mitochondrial fluorescence and plotted against 

the mitochondrial fluorescence intensity in a cell. MS indicates Mistargeting and will be further 

on denoted in Figures as MS (F) Image series of representative images of each of the dots 

shown in (D) and (E). Scale bar indicates 10 µm. 

 

4.3. Cancer cells import high amounts of 2mt-sfGFP into 

mitochondria very efficiently 

 

Next, we wanted to address following question: What is the capacity of cancer cell 

mitochondria to import mitochondrially targeted proteins? To answer that question we applied 

the approach of determining the targeting efficiency of mitochondria by using 2mt-sfGFP as 

described above (Figure 2).  

First, we established a protocol (Figure 3A), in which we used HeLa cells to visualize and 

determine the mitochondrial protein import capacity as an endpoint readout. The procedure 

starts with transfection of the cells with the 2mt-sfGFP, meaning that most likely two to three 

hours after transfection the probe is imported into mitochondria (Figure 3A). The cells are 

imaged on a confocal microscope 24 hours after transfection (Figure 3A), thereby capturing 

the mitochondrial targeting efficiency of HeLa cells on the single cell level.  
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All HeLa cells expressing 2mt-sfGFP showed a nice fluorescence signal coming from 

mitochondria under control conditions (Figure 3B). Cytosolic fluorescence signal was not 

detectable in any of the HeLa cells. The expression level of the mitochondrial fluorescence 

signal was spread over a wide range (Figure 3B). Quantification of the fluorescence signal of 

HeLa cells expressing 2mt-sfGFP unveiled that no cell showed a fluorescence signal arising 

from the cytosol, even when very high fluorescence signals i.e. high expression levels of the 

construct were obtained (Figure 3C, D). In contrast to that, plotting the fluorescence intensity 

values of mitochondria and the cytosol and evaluating the cytosolic to mitochondria ratio of the 

fluorescence values revealed that all cells fell under the category targeting (Figure 3C and D). 

In line with the images, quantification of 2mt-sfGFP showed that the expression level of the 

probe ranges from very low culminating in even saturation of the confocal set-up.  

Taken these observations together, we concluded that HeLa cells constantly and very 

efficiently import very high amounts of 2mt-sfGFP into mitochondria, indicating a very high 

capacity of the mitochondrial protein import machinery in this cell type under these conditions.  

 

Figure 3 
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Figure 3. Evaluation of the mitochondrial protein import capacity of HeLa cells under 

control conditions using 2mt-sfGFP. (A) Procedure of the experimental set-up illustrated as 

a timeline (B) Representative confocal images of HeLa cells expressing 2mt-sfGFP (green). 

All images are shown with the same contrast settings. Scale bar indicates 10 µm. (C) 

Illustration of HeLa cells expressing 2mt-sfGFP under control conditions. Fluorescence 

intensity values of the cytosol are plotted on the x-axis against the fluorescence intensity values 

of mitochondria on the y-axis. Six independent experiments were performed for the control 

condition. Dots are depicted as ratio values ± SD; n = 146 cells. (D) HeLa cells expressing 

2mt-sfGFP shown as the calculated ratio between the cytosolic fluorescence intensity values 

and the mitochondrial fluorescence intensity values, which are plotted against the 

mitochondrial fluorescence intensity values. Six independent experiments were performed for 

the control condition. Data are depicted as raw intensity values with the mean n ± SD; n = 146 

cells. MS indicates Mistargeting.  

 

4.4. Only a strong overload of the mitochondrial protein import 

machinery triggers an accumulation of 2mt-sfGFP in the cytosol  

 

In the previous result section we demonstrated the high capacity of cancer cell mitochondria 

to import mitochondrially targeted proteins, when cells were transfected using a standard 

transfection procedure (see methods and Figure 3). Next, we wanted to check whether it is 

possible to overload the mitochondrial protein import machinery by further overexpressing 2mt-

sfGFP.  
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We decided to increase the DNA-concentration of the plasmid coding for 2mt-sfGFP in order 

to probably boost the amount of mitochondria targeted fluorescent proteins, which then have 

to be imported by the mitochondrial protein import machinery into the lumen of mitochondria. 

Indeed, those cells expressing 0.5 µg DNA and 1.0 µg DNA, of the 2mt-sfGFP respectively 

showed a nice mitochondrial fluorescence signal, indicating again the efficient targeting of the 

probe into mitochondria (Figure 4A, B, E, F, I and J). We were not able to detect cells with 

any fluorescence signal arising from the cytosol under these conditions (Figure 4A, B, E, F, I 

and J). 

Yet, increasing the DNA concentration to 1.5 µg DNA, clearly showed that still around 85% of 

the HeLa cells expressing 2mt-sfGFP have an exclusive mitochondrial fluorescence signal, 

indicating again the efficient import of the protein into mitochondria (Figure 4C,G, I and J).  

However, the remaining 15% of the HeLa cells expressing 2mt-sfGFP now showed a clear 

fluorescence signal, coming from the cytosol, in addition to that one coming from mitochondria 

when transfecting cells with higher amounts of DNA (Figure 4C,G, I and J). In line with the 

observation, that mitochondria of HeLa cell have a high capacity to import mitochondrially 

targeted proteins, we observed a positive correlation between the expression level and 

mistargeting (Figure 4G and I). This means, that those cells that displayed a clear mistargeting 

showed very high expression level of mitochondria targeted sfGFP (Figure 4G and I). 

We obtained similar results by incubating HeLa cells, expressing 2mt-sfGFP with up to 2.0 µg 

DNA. Increasing the DNA-concentration to 2.0 µg led to a population of cells, making up around 

28/%, which clearly showed a fluorescence signal arising from the cytosol, additionally to that 

one coming from mitochondria (Figure 4D, H, I and J). The remaining 72% of the cells, 

expressing 2mt-sfGFP with a DNA concentration of 2.0 µg depicted exclusive mitochondrial 

fluorescence (Figure 4D, H, I and J).  

The observations of this result section again emphasize the high capacity of mitochondria in 

HeLa cells to import the mitochondrially targeted sfGFP. Additionally these results indicate, 

that increasing the amount of proteins, which have to be imported into mitochondria can 

overload the import machinery, hence triggering an accumulation of the 2mt-sfGFP in the 

cytosol (Figure 4C, D, G, H, I and J).   

 

 

 

 

 



 

50 
 

Figure 4 
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Figure 4. Visualization of the accumulation of 2mt-sfGFP in the cytosol, triggered by an 

overload of the mitochondrial protein import. (A) Representative confocal image of 2mt-

sfGFP (green), expressed in HeLa cells in the amount of 0.5 µg DNA. Scale bar indicates 10 

µm in the whole image section of Figure (B) Representative confocal recording of HeLa cells 

expressing 2mt-sfGFP (shown in green; 1.0 µg DNA) (C) Representative confocal images of 

HeLa cells, which expressed 2mt-sfGFP, being incubated with 1.5 µg DNA (illustrated in green, 

left image and right image). Left image shows typical mitochondrial structures. Right image 

shown mitochondrial structures and additionally a fluorescence signal coming from the cytosol. 

(D) HeLa cells expressing 2mt-sfGFP (2.0 µg DNA) shown in representative confocal images 

(depicted in green, left image and right image). Right image is a representative image of a cell 

with a fluorescence signal coming from mitochondria. Left image represents cells with a 

fluorescence signal arising from the cytosol.  
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(E) HeLa cells, expressing 2mt-sfGFP under conditions of 0.5 µg DNA shown as fluorescence 

intensity values of the cytosol, which are plotted on the x-axis against the fluorescence intensity 

values of mitochondria on the y-axis. Three independent experiments were performed. n = 41 

cells. (F) Identical experiment as this in (E), but the amount of DNA is 1.0 µg. Three 

independent experiments were done. n = 47 cells (G) Identical experiment as this in (E), 

however HeLa cells are incubated with 1.5 µg DNA. Three independent experiments were 

performed. n = 31 cells (H) Identical experiment as this in (E), but incubation of HeLa cells was 

done with 2.0 µg DNA. Three independent experiments were performed. n = 36 cells.  

 

4.5. Depolarization of mitochondria leads to severe mistargeting, 

independently of the expression of 2mt-sfGFP 

 

Many studies suppose, that the mitochondrial membrane potential is essential in the 

presequence import pathway of mitochondrially targeted protein into the inner membrane and 

the lumen of mitochondria (100) (147) (148). However, in many cases those statements are 

mostly assumptions and theoretical models and concepts.  

We established again a protocol (Figure 5A), where we decided to treat HeLa cells with a 

combination of well-known mitochondrial toxins, which completely depolarize the mitochondrial 

membrane potential, namely oligomycin-A and antimycin-A1 (146).  

As expected, treatment of HeLa cells with oligomycin-A and antimycin-A1 expressing 2mt-

sfGFP led to a severe mistargeting of the matrix targeted probe in the cytosol, compared to 

HeLa cells expressing 2mt-sfGFP under physiological conditions, which represents the control 

group (Figure 5B, C, D and E). The grade of mistargeting occurred independently of the 

expression level, pointing to an impairment in the mitochondrial protein import machinery 

(Figure 5D) by the depolarization of the IMM. Cells in the control condition showed exclusive 

mitochondrial fluorescence, indicating the efficient import of the 2mt-sfGFP into mitochondria 

(Figure 5B, D and E). In contrast, cells treated with oligomycin-A and antimycin-A1 displayed 

a strong fluorescence signal arising from the cytosol, in addition to the mitochondrial 

fluorescence signal (Figure 5C, D and E). This indicates the mistargeting of the 2mt-sfGFP, 

which accumulates in the cytosol upon resynthesis, since the 2mt-sfGFP cannot be 

transported into mitochondria anymore due to complete depolarization of mitochondria upon 

cell treatment with oligo/antimycin.  

Applying the category system emphasized and confirmed the observation that treatment of 

HeLa cells expressing 2mt-sfGFP leads to severe mistargeting of the probe, since all cells in 



 

53 
 

the control group fell under the category targeting and all cell treated with oligomycin-A and 

antimycin-A1 displayed a mistargeting ranking from weak up to total mistargeting (Figure 5D). 

This indicates that every cell, which was treated with the mixture of the mitochondrial toxins 

was not able to import the 2mt-sfGFP into mitochondria anymore.  

 

Figure 5 

 

Figure 5. Visualization of the mistargeting of 2mt-sfGFP in the cytosol as an endpoint 

read-out, triggered by impairments in the mitochondrial protein uptake machinery upon 
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depolarization of the mitochondrial membrane potential. (A) Illustration of the protocol 

procedure for the endpoint determination of the mitochondrial protein import deficiency upon 

oligomycin-A and antimycin-A1. (B) Representative confocal images (left and right image, in 

green) of 2mt-sfGFP expressed in HeLa cells under control conditions. Scale bar indicates 10 

µm. (C) Confocal images which represent different stages of mistargeting of HeLa cells 

expressing 2mt-sfGFP, treated with oligomycin-A and antimycin-A1. (D) HeLa cells expressing 

2mt-sfGFP plotted as ratio of the cytosolic fluorescence and mitochondrial fluorescence 

intensity values against the mitochondrial fluorescence intensities. Control group and cells 

treated with oligomycin-A and antimycin-A1 are illustrated on the diagram. Four independent 

experiments were performed. Dots are shown as calculated ratio values ± SD; n (control group) 

= 144 cells, n (oligomycin-A and antimycin-A1) = 159 cells. (E) Percentage of HeLa cells 

expressing 2mt-sfGFP under control conditions and treated with oligomycin-A and antimycin-

A1, respectively, showing the fluorescence signal coming from mitochondria only or 

additionally outside of mitochondria, n = 144 cells (control group), n = 159 cells (condition 

treated with oligomycin-A and antimycin-A1). 

 

4.6. Depolarization of the mitochondrial membrane potential 

instantly affects the targeting of 2mt-sfGFP into mitochondria 

 

Previously described data in this result section clearly showed that depolarization of the 

mitochondrial membrane potential inhibits the import of 2mt-sfGFP (Figure 5B, C, D and E). 

Next we wanted to address the question, when the inhibition of the mitochondrial protein import 

machinery occurs, by depolarizing the mitochondrial membrane potential. This issue requires 

a more challenging experimental procedure, meaning that for this concern for the first time we 

tested whether the 2mt-sfGFP is suitable for long-term online-measurements. In order to tackle 

our question, we established a measurement protocol (Figure 6A), which enables the dynamic 

visualization of de novo protein synthesis of the 2mt-sfGFP in living cells under various 

conditions.  

Treatment of HeLa cells expressing 2mt-sfGFP with oligomycin-A and antimycin-A1 led to an 

accumulation of the probe in the cytosol around 20 minutes after adding the compounds, 

pointing to a fast and total inhibition of the mitochondrial protein import of 2mt-sfGFP under 

these conditions (Figure 6B).  

This means that depolarization of the mitochondrial membrane potential instantly affects the 

targeting of 2mt-sfGFP into mitochondria, namely a complete inhibition of the transport of 2mt-

sfGFP into the organelle.  



 

55 
 

In contrast to that long-term online-imaging of HeLa cells expressing 2mt-sfGFP under control 

conditions showed an exclusive mitochondrial fluorescence during the complete measurement 

(Figure 6B), indicating the efficient import of 2mt-sfGFP into mitochondria, which is constantly 

maintained.  

Additionally, cells expressing 2mt-sfGFP and treated with oligomycin-A and antimycin-A1 

showed a continuous increase in the fluorescence signal coming from the cytosol (Figure 6B), 

indicating a constant de novo synthesis of 2mt-sfGFP. Mitochondria of HeLa cells of the control 

group expressing 2mt-sfGFP showed no appreciable morphological changes, indicating high 

and constant import of the fluorescent construct did not affect the shape of mitochondria 

(Figure 6C). In contrast to that HeLa cells expressing 2mt-sfGFP, which were treated with 

oligomycin-A and antimycin-A1 exhibited evident morphological alterations (Figure 6B), which 

in addition to the mistargeting indicates the effect of the mitochondrial toxins.   

Our data so far prove the suitability of 2mt-sfGFP for the long-term online imaging of 

mitochondrial import deficiencies in living cells. In addition to that, those results demonstrate, 

that the established approach with the 2mt-sfGFP can be also exploited as a reporter system 

or technique for the protein biosynthesis rate.  

 

Figure 6 
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Figure 6. Online long-term imaging of mitochondrial protein import deficiencies using 

the targeting-analysis approach with 2mt-sfGFP. (A) Overview of the protocol procedure 

for the long-term online measurement for the determination of the mitochondrial protein import 

deficiency upon treatment with oligomycin-A and antimycin-A1. (B) Image series of HeLa cells 

expressing 2mt-sfGFP imaged on a confocal microscope, treated with oligomycin-A and 

antimycin-A1. Scale bar corresponds to 10 µm. (C) Confocal time-lapse recordings of HeLa 

cells expressing 2mt-sfGFP under control conditions. Scale bar corresponds to 10 µm.  

 

4.7. seCFP-OMP25, a cyan FP-variant targeted to the outer 

mitochondrial membrane shows no mistargeting upon 

depolarization of mitochondria  

 

Since, depolarization of the mitochondrial membrane potential led to an instant accumulation 

of 2mt-sfGFP in the cytosol (Figure 5G), indicating an immediate inhibition of the import of 2mt-

sfGFP into mitochondria, we were wondering, whether proteins, which are destined for the 

outer mitochondrial membrane also depend upon an intact mitochondrial membrane potential.  

To check that, we exploited the seCFP-OMP25, a super-enhanced variant of the cyan FP 

(seCFP), targeted to the outer mitochondrial membrane, using an established targeting peptide 

(149).  

Expression of seCFP-OMP25 in HeLa cells under control condition showed in 100 % of all 

positively transfected cells an exclusive mitochondrial fluorescence signal, indicating the 

efficient import and insertion of the protein into the outer mitochondrial membrane, as expected 

(Figure 7A, C and D). Interestingly, treatment of HeLa cells with oligomycin-A and antimycin-

A1 triggered no accumulation of seCFP-OMP25 in the cytosol, meaning that we could only 

detect a fluorescence signal coming from mitochondria (Figure 7B, C and D). This indicates 

that depolarization of the mitochondrial membrane potential does not affect the insertion of a 

protein which harbors a targeting peptide for the outer membrane of mitochondria.  

Next, we compared the subcellular distribution of seCFP-OMP25 with that one of 2mt-sfGFP 

after treatment with oligomycin-A and antimycin-A1. 100% of HeLa cells expressing seCFP-

OMP25 exhibited a prominent mitochondrial fluorescence (Figure 7B, C, D, E and F). 

However, all HeLa cells expressing 2mt-sfGFP showed a clear fluorescence signal arising from 

the cytosol, in addition to the fluorescence signal detected in mitochondria (Figure 7E and F).  
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This comparison leads to the assumption that proteins harboring a classic N-terminal 

mitochondrial targeting sequence, which are imported through the presequence pathway into 

the lumen of mitochondria (42) depend upon the mitochondrial membrane potential. This is not 

the case for proteins, which carry a targeting peptide for the outer mitochondrial membrane, 

since disrupting the mitochondrial membrane potential showed no mistargeting of the seCFP-

OMP25, representing a protein of the outer mitochondrial membrane.  

 

Figure 7 
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Figure 7. Visualization of mitochondrial protein insertion of seCFP-OMP25 upon 

depolarization of the mitochondrial membrane potential. (A) Representative confocal 

images of HeLa cells expressing seCFP-OMP25 under control conditions. Scale bar 

represents 10 µm. B) HeLa cells expressing seCFP-OMP25 shown as representative confocal 

images upon treatment with oligomycin-A and antimycin-A1. (C) HeLa cells expressing seCFP-

OMP25 plotted as ratio values of the cytosolic fluorescence and mitochondrial fluorescence 

intensities against the mitochondrial fluorescence intensities. Cells are shown in 2 different 

condition, namely control group compared to cells treated with oligomycin-A and antimycin-

A1. Three experiments were performed. Dots are shown as calculated ratio values ± SD; n 

(control group) = 23 cells, n (oligomycin-A and antimycin-A1) = 27 cells. (D) HeLa cells 

expressing seCFP-OMP25 as a control group compared to cells treated with oligomycin-A and 

antimycin-A1, illustrated in percentage. The bars are showing the fluorescence signal coming 

from mitochondria only or additionally outside of mitochondria, n = 23 cells (control group), n 

= 27 cells (condition treated with oligomycin-A and antimycin-A1). (E) Illustration of HeLa cells 

expressing either seCFP-OMP25 or 2mt-sfGFP, calculated as ratio of the cytosolic 

fluorescence and mitochondrial fluorescence intensity values against the mitochondrial 

fluorescence intensities. Cells transfected with seCFP-OMP25 and 2mt-sfGFP are treated with 

oligomycin-A and antimycin-A1, respectively. Three experiments were performed. Dots are 

represented as calculated ratio values ± SD; n (seCFP-OMP25) = 27 cells, n (2mt-sfGFP) = 

32 cells. (F) HeLa cells treated with oligomycin-A and antimycin-A1 expressing seCFP-OMP25 

and 2mt-sfGFP, respectively portrayed in percentage. The bars are showing the fluorescence 

signal coming from mitochondria only or additionally outside of mitochondria, n (seCFP-

OMP25) = 27 cells, n (2mt-sfGFP) = 32 cells. 
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4.8. Application of the mitochondrial protein import analysis 

approach to Sirtuin4, a mitochondrial sirtuin isoform  

 

Our results so far demonstrate and prove the suitability of 2mt-sfGFP being exploited as a 

proper tool to study mitochondrial protein import activities, efficiencies and impairments in 

living cells under various conditions.  

Additionally we expanded the approach by implementing another FP-based probe, which 

makes it possible to study not only the presequence pathway of mitochondrial proteins 

harboring a classic N-terminal MTS, but also to visualize the import and insertion of 

mitochondrial proteins into the outer membrane of the organelle.  

We generated data, which emphasize the power of fusing targeting peptides to fluorescent 

proteins in order to make various mitochondrial protein import pathways visible in living cells. 

These obtained data pushed us to test whether this technique is applicable to other 

mitochondrial proteins of interest.  

Given the importance of mitochondrial sirtuins in the regulation of various essential cellular 

processes related to metabolism and stress (18) (17), we decided to take a closer look into 

Sirtuin4 (Sirt4), since its subcellular distribution is still debatable (150) (151) (152).  

Screening the literature we found out that Sirt4 harbors a classic N-terminal MTS, making up 

28 amino acids of the complete protein (153). Using computational 3D-prediction tools pointed 

the insertion of a flexible linker between Sirt4 and sfGFP out, because of the bulky structures 

of the two proteins. Given the importance of the classical N-terminal MTS of mitochondrial 

matrix proteins it is essential to fuse the sfGFP C-terminally to the protein (154). Otherwise the 

MTS is not efficient in its targeting properties. Considering the computational predictions and 

the aspects of the N-terminal MTS we fused the sfGFP C-terminally to the protein and inserted 

a flexible GS-Linker between the two proteins, generating the construct Sirt4-sfGFP (Figure 

8A).  
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Figure 8 

 

 

Figure 8. Design and schematic overview of the Sirt4-sfGFP. (A) In light grey the 

mitochondrial targeting sequence is illustrated, indicated as MTSSirt4, followed by the rest of 

Sirt4, which is shown in dark grey. Sirt4 is fused to the C-terminus of the sfGFP, shown in 

bright green.   

 

4.9. Sirt4-sfGFP is less efficiently targeted and imported into 

mitochondria of HeLa cells compared to 2mt-sfGFP  

 

In order to determine the efficiency of the mitochondrial targeting of Sirt4-sfGFP, we first 

investigated the subcellular localization of the FP-based pro in HeLa cells. Sirt4 acting by 

regulating important cellular processes acts as a tumor suppressor in cancer, therefore we 

decided to perform the first experiments in our cancer cell model, name in HeLa cells (155) 

For the analysis of the subcellular localization we applied array confocal laser scanning 

microscopy. 

Applying the established 2mt-sfGFP enabled the comparison of the subcellular distribution of 

Sirt4-sfGFP with the matrix-targeted sfGFP. In 60% of all HeLa cells expressing Sirt4-sfGFP 

harboring a 28 amino acid long MTS (Figure 7A) we detected an exclusive mitochondrial 

fluorescence signal (Figure 9A, C and D) (1) . Yet, 40% of HeLa cells expressing Sirt4-sfGFP 

displayed a dominant fluorescence signal, coming from the cytosol and the nucleus (Figure 

9A, C and D) (1). In the cells were we could detect a fluorescence signal coming from the 

cytosol and the nucleus, also a mitochondrial fluorescence signal was captured (Figure 9A, C 

and D) (1).  
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Even when HeLa cells expressed rather low levels of Sirt4-sfGFP we found a population of 

cells with a prominent extra-mitochondrial fluorescence signal, although we calculated a 

significant positive correlation between the expression levels and mitochondrial targeting 

efficiency (Figure 9C) (1). A threshold of ratio FNucleus/FMitochondria ≥ 0.33 was set and denoted 

by gray areas, which were defined as areas of significant extra-mitochondrial localization 

(Figure 9C) (1). 

Comparing Sirt4-sfGFP with 2mt-sfGFP unveiled that all HeLa cells expressing 2mt-sfGFP 

displayed an exclusive mitochondrial fluorescence signal independent of the expression level 

of the mitochondria targeted FP variant (Figure 9B, C and D) (1).  

These observations led us to the conclusion that the mitochondrial targeting efficiency of Sirt4-

sfGFP in HeLa cells is rather weak, compared to the targeting efficiency of 2mt-sfGFP to 

mitochondria.  

Figure 9 
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Figure 9. Visualization of the subcellular distribution of Sirt4-sfGFP in living HeLa cells. 

(A) HeLa cells expressing Sirt4-sfGFP shown as representative images of a confocal imaging 

system. On the left image, Sirt4-sfGFP is illustrated being located to mitochondria. Right image 

displays Sirt4-sfGFP located in addition to mitochondria also extra mitochondrially. Scale bar 

corresponds to 10 µm. (B) Representative images of HeLa cells expressing 2mt-sfGFP 

recorded on a confocal imaging system. Left and right image show the exclusive localization 

of 2mt-sfGFP to mitochondria. Scale bar indicates 10 µm. (C) Calculation of the ratio of nuclear 

fluorescence to mitochondrial fluorescence and plotted against whole cell fluorescence 

intensity, generated by recordings of HeLa cells expressing either 2mt-sfGFP or Sirt4-sfGFP. 

A mathematical function was applied to describe the correlation of Sirt4-sfGFP between FNucleus 

and FMitochondria with the Pearson coefficient shown in the lower right corner, indicated with “p”. 

Three independent experiments were performed for each condition. Data are shown as ratios 

with the mean ± SD; n = 97 cells. (*** p < 0.0001, unpaired double-sided t-test). [Figure panels 

reproduced from Ramadani-Muja et al., Cells 2019.] 

 
 

4.10. INS-1 cells also target and import Sirt4-sfGFP with a lower 

efficiency to mitochondria, compared to 2mt-sfGFP 

 

We thought that it would make sense to check the subcellular distribution of Sirt4-sfGFP in the 

pancreatic beta cell line, the INS-1 cells, given the role of Sirt4 in insulin secretion through the 

leucine metabolism (152). 

Expression of Sirt4-sfGFP in INS-1 cells also showed two different populations: We could 

detect in almost 80% of INS-1 cells expressing Sirt4-sfGFP a dominant fluorescence signal, 

coming from outside of mitochondria, in addition to that fluorescence signal arising from 

mitochondria (Figure 10A, C and D) (1). The remaining 20% of all INS-1 cells expressing 

Sirt4-sfGFP displayed a dominant fluorescence signal, which was exclusively located to 

mitochondria  (Figure 10A, C and D) (1). Similarly like in HeLa cells, also in INS-1 cells we 

found some cells with a clear extra-mitochondrial fluorescence signal, despite the rather low 

expression levels of Sirt4-sfGFP and a significant positively calculated correlation between the 

expression level and mistargeting of Sirt4-sfGFP (Figure 10C) (1). Again, a threshold of ratio 

FNucleus/FMitochondria ≥ 0.33 was set and denoted by gray areas, which were defined as areas of 

significant extra-mitochondrial localization.  
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In analogy to the results we obtained in HeLa cells, also INS-1 cells positive for 2mt-sfGFP 

showed a prominent fluorescence signal arising exclusively from mitochondria (Figure 10B, C 

and D) (1), indicating the efficient mitochondrial targeting of the respective probe in this cell 

model as well. In contrast to the subcellular localization of the Sirt4-sfGFP, which was 

distributed between mitochondria, the cytosol and nucleus, we concluded that also in INS-1 

cells the targeting efficiency to mitochondria of Sirt4-sfGFP is weak, compared to the uptake 

efficiency of 2mt-sfGFP into mitochondria.  

Figure 10 

 

Figure 10. Confocal imaging of the subcellular distribution of Sirt4-sfGFP in living INS-

1 cells. (A) INS-1 cells expressing Sirt4-sfGFP shown as representative images of a confocal 

imaging system. On the left image, Sirt4-sfGFP is illustrated being located to mitochondria. 

Right image displays Sirt4-sfGFP located in addition to mitochondria also extra 



 

65 
 

mitochondrially. Scale bar corresponds to 10 µm. (B) Representative images of INS-1 cells 

expressing 2mt-sfGFP recorded on a confocal imaging system.  

Left and right image show the exclusive localization of 2mt-sfGFP to mitochondria. Scale bar 

indicates 10 µm. (C) Calculation of the ratio of nuclear fluorescence to mitochondrial 

fluorescence and plotted against whole cell fluorescence intensity, generated by recordings of 

HeLa cells expressing either 2mt-sfGFP or Sirt4-sfGFP. A mathematical function was applied 

to describe the correlation of Sirt4-sfGFP between FNucleus and FMitochondria with the Pearson 

coefficient shown in the lower right corner, indicated with “p”. Three independent experiments 

were performed for each condition. Data are shown as ratios with the mean ± SD; n = 73 cells. 

(*** p < 0.0001, unpaired double-sided t-test). [Figure panels reproduced from Ramadani-Muja 

et al., Cells 2019.] 

 

4.11. Sirt4-sfGFP is equally distributed between the nucleus and the 

cytosol in HeLa and INS-1 cells  

 

Zeng et al. described in their work, that Sirt4, as a regulator of metabolic activities in 

mitochondria, might also regulate processes within the nucleus (156). Therefore we thought 

about the possibility of Sirt4-sfGFP to accumulate in the nucleus as well, once it is not efficiently 

imported into mitochondria. To address this issue we analyzed the images we generated on 

the confocal microscope for a putative accumulation of Sirt4-sfGFP within the nucleus of 

individual cells.  

Interestingly, we found out by calculating the ratio of the fluorescence signal coming from the 

cytosol and the nucleus, respectively that Sirt4-sfGFP is equally distributed amongst these 

compartments in HeLa cells (Figure 11A and B) (1). Based on that observation we draw the 

conclusion that Sirt4-sfGFP does not accumulate in the nucleus upon mistargeting outside of 

mitochondria, but enters this organelle due to its small size allowing the passage of nuclear 

pores (157) .  

We made the same observation when we performed the experiment in INS-1 cells. The 

abundance of Sirt4-sfGFP, expressed by INS-cells in the nucleus and the cytosol was equally 

strong, (Figure 11C and D) (1). This indicates that Sirt4-sfGFP has no preference for the 

nucleus, upon mistargeting outside of mitochondria also in INS-1 cells.   
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Figure 11 

 

Figure 11. Visualization of the distribution of Sirt4-sfGFP between the nucleus and 

cytosol in HeLa cells and INS-1 cells. (A) Representative image of a HeLa cell expressing 

Sirt4-sfGFP recorded with a confocal microscope, showing a fluorescence signal coming from 

mitochondria and from the nucleus and cytosol, respectively. Scale bar indicates 10 µm. (B) 

Illustration of HeLa cells expressing Sirt4-sfGFP, shown as ratio values of the nucleus 

fluorescence and the cytosolic fluorescence, which were plotted against the whole cell 

fluorescence intensity. Dots are shown as ratios with mean ± SD; n = 52 cells. Three 

independent experiments were done. (C) INS-1 cell expressing Sirt4-sfGFP, represented as a 

confocal imaging, showing a fluorescence signal coming from mitochondria and from the 

nucleus and cytosol, respectively. Scale bar indicates 10 µm. (D) Calculation of the ratio of 

nuclear fluorescence to cytosolic fluorescence of Sirt4-sfGFP in INS-1 cells plotted against the 

whole cell fluorescence intensity. Data are shown as ratios with the mean ± SD; n = 29 cells. 

Three independent experiments were done. [Figure panels reproduced from Ramadani-Muja 

et al., Cells 2019.] 
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4.12. Fusion of four different mitochondrial targeting sequences to 

sfGFP lead to accumulation of the probe in the nucleus upon 

mitochondrial mistargeting  

 

Next, we decided to create and design a novel mitochondrial targeting sequence (nMTS) by 

fusing different N-terminal mitochondrial targeting sequences of various mitochondrial proteins 

to super-folder GFP (Figure 12A). The idea behind this purpose was to establish a so far not 

existing artificial MTS, which upon mistargeting would not distribute within the complete cell, 

instead harboring a dual targeting information, such as one for the nucleus. This would result 

in a nice separation of the fluorescence signal upon mistargeting, therefore facilitating image 

analysis. By screening the literature, we came up with following four mitochondrial proteins, of 

which we picked the N-terminal targeting sequences respectively and fused these domains 

next to each other followed by sfGFP: mitochondrial COXVIII subunit (136), mitochondrial 

glutamate dehydrogenase (GDH) (158) , mitochondrial pyruvate dehydrogenase (PDH) (159) 

and ornithine transcarbamylase  (160) (Figure 12A). As a result we generated a construct, 

which we named n4mt-sfGFP (new 4 repeat MTS fused to sfGFP) (Figure 12A).  

Indeed, expression of n4mt-sfGFP in HeLa cells showed a dominant mitochondrial 

fluorescence in 22% of all positively transfected cells (Figure 12B, E and F), indicating the 

import of the probe into mitochondria. However, HeLa cells expressing n4mt-sfGFP exhibited 

a population of cells, namely 34%, where the probe clearly displayed extramitochondrial 

fluorescence, in addition to the fluorescence signal coming from mitochondria (Figure 12C, E 

and F). This indicates that in some cells the mitochondrial targeting efficiency of n4mt-sfGFP 

was not as strong as we found it for 2mt-sfGFP. Additionally we found that in 44%- of HeLa 

cells the fluorescence signal was extremely dominant in the nucleus, meaning that under 

certain condition the probe severely accumulates in the nucleus upon mistargeting (Figure 

12D, E and F). Next, we wanted to test the suitability of n4mt-sfGFP for the visualization of 

mitochondrial stress induced by treatment of the cells with oligomycin-A and antimycin-A1. All 

HeLa cells, expressing n4mt-sfGFP treated with the combination of the two mitochondrial 

toxins exhibited no mitochondrial fluorescence at all, but only a dominant fluorescence signal 

coming from the nucleus (Figure 12G and H). Taken these results together we concluded that 

due to the fact that we found also cells with a fluorescence signal outside of mitochondria, it 

seems that we generated a fluorescent construct, which seems quite sensitive to report already 

slight defects in mitochondrial protein import. The probe is also highly suitable for the 
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visualization of severe mitochondrial stress induced by mitochondrial toxins, which depolarize 

the mitochondrial membrane potential.  

Figure 12 
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Figure 12. Generation of n4mt-sfGFP, an artificial four times repeat of different MTSs 

fused to sfGFP, to visualize mitochondrial mistargeting as an accumulation of the 

respective probe in the nucleus. (A) Scematic overview of the construction of n4mt-sfGFP. 

Four different mitochondrial targeting sequences of distinct mitochondrial proteins are fused 

one after the other, shown in yellow (MTSCoxVIII), light blue (MTSGDH), light green (MTSPDH) and 

brown (MTSOTC), followed by sfGFP (bright green). (B) Representative confocal image of HeLa 

cell expressing n4mt-sfGFP, showing mitochondrial fluorescence signal. Scale bar indicates 

10µm. (C) HeLa cell expressing n4mt-sfGFP, depicted as a confocal recording, showing a 

fluorescence signal coming from mitochondria and the nucleus, respectively. (C) 

Representative confocal image of HeLa cell expressing n4mt-sfGFP illustrating weak 

fluorescence signal arising from mitochondria and a very strong signal coming from the 

nucleus. (E) Diagram, showing HeLa cells expressing n4mt-sfGFP, where the dots are 

depicted as ratio values of the nucleus fluorescence and the mitochondrial fluorescence and 

plotted against the whole cell intensity. Definition of a new categorization for the mitochondrial 

mistargeting, defined with a threshold of ratio FNucleus/FMitochondria ≤ 0.30 as a white area of 

mitochondrial signal, 0.30 – 1.0 as an light grey area of mitochondria and the nucleus 

respectively and ≥ 1.0 as an dark grey area of mitochondrial signal and a strong and dominant 

nuclear fluorescence signal. Two independent experiments were done. Dots are shown as 

ratios with the mean ± SD; n = 38 cells. 
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(F) Percentage of HeLa cells expressing n4mt-sfGFP showing the fluorescence signal coming 

from mitochondria, mitochondria and nucleus respectively or from mitochondria and mainly the 

nucleus only. Two independent experiments were done. n = 38 cells. (G) Representative 

images recorded on a confocal microscope, showing HeLa cells, which express n4mt-sfGFP 

under treatment of oligomycin-A and antimycin-A1. Scale bar corresponds to 10 µm. (H) 

Percentage of HeLa cells expressing n4mt-sfGFP showing the fluorescence signal coming 

from the nucleus only. Two independent experiments were performed. n = 31 cells.  

 

4.13. The n4mt-sfGFP as well as Sirt4-sfGFP locates to the outer 

mitochondrial membrane  

 

 

Surprisingly, when we took a closer look at the high-resolution images, which we recorded by 

the array confocal laser scanning microscope (ACLSM), we observed mitochondrial structures 

enclosing darker mitochondrial matrices in HeLa cells expressing n4mt-sfGFP (Figure 13A). 

This finding might indicate the localisation of n4mt-sfGFP to the outer mitochondrial 

membrane.  

Since we noticed a localisation to the outer mitochondrial membrane of sfGFP fused to a 

classic N-terminal MTSs, we were curios whether this is also the case for Sirt4-sfGFP. Due to 

the fact that Sirt4 also harbors a classic N-terminal mitochondrial targeting sequence (153), 

we expected Sirt4-sfGFP to be located to the lumen of mitochondria. Interestingly enough, we 

made a similar observation, when we applied high-resolution microscopy to HeLa cells, which 

were transfected with Sirt4-sfGFP and detected a nice mitochondrial structure, however inside 

omitted (Figure 13B) (1).  

We exploited therefore seCFP-OMP25, as a marker for the outer mitochondrial membrane and 

observed a similar pattern with seCFP based probe (Figure 13C) (1). Performing co-

localization experiments in HeLa cells expressing Sirt4-sfGFP and stained with MitoTrackerTM 

Red FM, a marker for the inner mitochondrial membrane (28) resulted in a red fluorescence 

signal surrounded by a green fluorescence, indicating the low co-localization between the two 

channels respectively (Figure 13D).  
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Figure 13 

 

 

 

Figure 13. Imaging of the localization of Sirt4-sfGFP to the outer mitochondrial 

membrane using high-resolution microscopy. (A) Representative confocal image of HeLa 

cells expressing n4mt-sfGFP. Scale bar corresponds to 2.5 µm in the zoomed image. In the 

lower left square the whole cell is shown respectively with a scale bar corresponding to 10 µm. 

(B) Identical experiment as this in (A), but using HeLa cells expressing Sirt4-sfGFP. (C) Same 

experimental approach as in (A) and (B) exploiting HeLa cells transfected with seCFP-OMP25. 

(D) Confocal recordings representing HeLa cells expressing Sirt4-sfGFP (green) and stained 

with MitoTrackerTM Red FM (magenta). On the right panel the merged image is illustrated. 

Scare bar indicating 2.5 µm. Scare in the upper right displaying the whole cell respectively. 

Scale bar corresponds to 10 µm.  [Figure panels reproduced from Ramadani-Muja et al., Cells 

2019.] 
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4.14. Applying super-resolution microscopy confirmed the 

localization of Sirt4-sfGFP to the outer mitochondrial membrane  

 

To verify the previously described observations of the localization of Sirt4-sfGFP to the outer 

mitochondrial membrane we applied super-resolution microscopy, exploiting a structural 

illumination microscope (SIM). Using the SIM we planned to determine the sub-mitochondrial 

localization of Sirt4-sfGFP being expressed by HeLa cells. Having a look at the cells recorded 

by the SIM revealed strong co-localizations between Sirt4-sfGFP and Tetramethylrhodamine 

methyl ester (TMRM) (Figure 14A) (1).The analysis of the generated images in the form of 

line scans confirmed the co-localization of Sirt4-sfGFP with TMRM (Figure 14B) (1), pointing 

to the localization of Sirt4-sfGFP to the outer mitochondrial membrane.  

By analyzing the images and performing respective line scans we obtained similar results of 

HeLa cells expressing Sirt4-sfGFP, which were stained with the matrix targeted DsRed 

(mtDsRed), namely the observation of a low co-localization of the green and red fluorescence 

respectively (Figure 14C and D) (1). This finding also indicates the presence of Sirt4-sfGFP 

to the outer membrane of mitochondria. 

Moreover, by generating a series of imaging data recorded with the SIM in intact HeLa cells 

expressing Sirt4-sfGFP we emphasize the localization of Sirt4-sfGFP to the outer 

mitochondrial membrane, since we demonstrated a strong co-localization between the 

respective probe and mCherry-TOM22 (Figure 14E) (1). When we performed line scan 

analysis we could verify the high co-localization between Sirt4-sfGFP and mCherry-TOM22, 

respectively (Figure 14F) (1). We also did cross-section intensity profiles of Sirt4-sfGFP and 

mCherry-TOM22 with subpixel accuracy exploiting the mathematical analysis of a double 

Gauss fit and found out that the respective constructs overlap with a uncertainty of 12 nm (SD, 

n = 30/59 cells/mitochondria), being a strong indicator for the existence of Sirt4-sfGFP to the 

outer membrane of the organelle.  

Taken these results together we concluded that Sirt4-sfGFP locates exclusively at the outer 

mitochondrial membrane.  
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Figure 14 

 

Figure 14. Visualization of the localization of Sirt4-sfGFP using super resolution 

microscopy. (A) Representative SIM images of HeLa cells expressing Sirt4-sfGFP (left image 

in green), TMRM (middle image in magenta) and illustrated as an overlay of Sirt4-sfGFP and 

TMRM. Scale bar represents 2.5 µm in the zoomed image. In the lower left square the whole 

cell is displayed with a scale bar corresponding to 10 µm.  
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Pearson correlation coefficient: 0.34 (mean) with a standard deviation of 0.14, n = 3. (B) Line 

scan as a representative of an individual mitochondrion like in the illustration shown in (A) (left 

panel, white dashed line). (C) Identical experiment as this in (A), but using mtDsRed to stain 

the cells. (D) Same performance of a line scan as this in (B), but by staining cells with 

mtDsRed. Pearson correlation coefficient: 0.33 (mean) with a standard deviation of 0.07, n = 

3. (E) Identical image series as this in (A), but transfecting cells with mCherry-TOM22. (F) Line 

scan analysis as this in (B), but with the expression of mCherry-TOM22 in HeLa cells. Pearson 

correlation coefficient: 0.74 (mean) with a standard deviation of 0.10, n = 3. [Figure panels 

reproduced from Ramadani-Muja et al., Cells 2019.] 

 

4.15. Expression of Sirt4-sfGFP induced mitochondrial swelling  
 

Having a closer look at the images recorded by the confocal microscope we observed peculiar 

mitochondrial structures in HeLa cells expressing Sirt4-sfGFP compared to 2mt-sfGFP, 

namely blown up mitochondria (Figure 15A and B) (1). Therefore we applied the SIM by using 

2mt-sfGFP and mCherry-TOM22 as markers to find out, whether Sirt4-sfGPF expressed in 

HeLa cells might induce mitochondrial swelling. We calculated the aspect ratio, as the ratio 

between the major (height) and minor (width) axes of the ellipse equivalent to the 

mitochondrion and we determined the mitochondrial area. Both, the minor of mitochondria and 

the mitochondrial area in HeLa cells expressing Sirt4-sfGFP were significantly higher 

compared to cells expressing 2mt-sfGFP (Figure 15C and D) (1). These calculations indicate 

that expression of Sirt4-sfGFP is responsible for the swelling of mitochondria.  

The major axis and the form factor between HeLa cells expressing 2mt-sfGFP or Sirt4-sfGFP 

did not show any significant differences, indicating that the overall morphology of swelled 

mitochondria was not affected by Sirt4-sfGFP (Figure 15C and E) (1). 
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Figure 15 
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Figure 15. Determining mitochondrial morphology by the calculation of various 

established parameters. (A) Representative confocal image of HeLa cell expressing Sirt4-

sfGFP. Scale bar indicating 2.5 µm in the zoomed image. In the right left square the whole cell 

is shown with a scale bar representing 10 µm. (B) Identical experiment as this in (A), but using 

HeLa cells expressing 2mt-sfGFP. (C) Diagram on the left side showing values of the aspect 

ratio. Middle and right diagram display the minor and major values, respectively. (D) Diagram 

showing the values of the mitochondrial area. (E) Diagram, which illustrates the form factor. 

For all conditions, cells are represented in grey shapes, respectively. Data are shown as the 

mean ± SEM; n= 30 cells. For testing significance ANOVA with Bonferroni post-hoc test was 

used. (*P< 0.05) [Figure panels reproduced from Ramadani-Muja et al., Cells 2019.] 

 

4.16. Fusion of slower maturing FPs to Sirt4 improve the targeting 

efficiency to mitochondria 

 

Due to the fact, that Sirt4 harbors a classic N-terminal mitochondrial targeting sequence (153), 

it should be imported into the lumen of mitochondria. Our results so far however clearly 

demonstrate the localization of Sirt4-sfGFP exclusively to the outer membrane of mitochondria. 

That is the reason, why we were thinking whether the fast maturation kinetic of sfGFP prevents 

the complete import of Sirt4 into the mitochondrial matrix, because folding of sfGFP precedes 

the transport of Sirt4-sfGFP into the organelle and as a result the probe is trapped to the outer 

mitochondrial membrane.  

Accordingly we decided to fuse Sirt4 to FPs with slower maturation kinetics and find out, 

whether the targeting efficiency is improved, compared to that one of Sirt4-sfGFP.  

Thus, we fused Sirt4 to a FP with a slightly slower maturation time than sfGFP, namely to 

enhanced GFP (eGFP) (144) and generated thereby Sirt4-eGFP (Figure 16A). The second 

construct we designed was Sirt4-mCherry, where we fused Sirt4 to an even slower maturing 

FP than eGFP, such as the mCherry (Figure 16B) (144).  

We expressed Sirt4-sfGFP, Sirt4-eGFP and Sirt4-mCherry in intact living HeLa cells 

respectively.  

Fusion of eGFP to Sirt4 showed a slight improvement in the targeting efficiency into 

mitochondria up to 65%, compared to that one of Sirt4-sfGFP where in 60% of all cells the 

respective probe was located to mitochondria only (Figure 16C).  
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As expected HeLa cells expressing Sirt4-mCherry displayed a significant improvement in the 

mitochondrial targeting efficiency of up to 90% compared to that one of Sirt4-sfGFP (60%) and 

Sirt4-eGFP (65%), respectively (Figure 16C).  

Our results so far might indicate, that fusion of Sirt4 to slower folding FPs lead to a better 

targeting efficiency to mitochondria compared to fusion constructs with faster folding FP, such 

as sfGFP or eGFP. We also think that these data emphasize our hypothesis of a rather weak 

mitochondrial targeting efficiency of Sirt4, particularly if it is fused to fast maturating FPs.  

Figure 16 
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Figure 16. Visualization of the mitochondrial targeting efficiency of Sirt4-eGFP and 

Sirt4-mCherry respectively, compared to Sirt4-sfGFP. (A) Scematic overview of Sirt4-

eGFP. Illustration of the mitochondrial targeting sequence of Sirt4 (MTSSirt4) shown in light 

grey, followed by the rest of Sirt4, which is depicted in dark grey (Sirt4). Sirt4 is fused to the C-

terminus of the eGFP, shown in green (eGFP). (A) Scematic illustration of Sirt4-mCherry, 

identical construct as in (A) but Sirt4 is fused to mCherry, shown in red (mCherry). (C) Diagram, 

displaying HeLa cells expressing Sirt4-sfGFP, Sirt4-eGFP and Sirt4-mCherry, respectively 

where the dots are depicted as ratio values of the cytosolic fluorescence and the mitochondrial 

fluorescence and plotted against the mitochondrial fluorescence intensity values. Two 

independent experiments were done. n = 30 cells (Sirt4-mCherry), n = 25 cells (Sirt4-eGFP), 

n = 52 cells (Sirt4-sfGFP). 

 

4.17. Import of Sirt4 into the mitochondrial matrix visualized by the 

self-complementing split-FP variant of sfCherry2  

 

We could show so far, that fusion of full FPs varying in their maturation kinetics can drastically 

influence the mitochondrial targeting efficiency, such as it is the case with Sirt4 fused to sfGFP, 

eGFP and mCherry, respectively (Figure 16). Fusion of Sirt4 to sfGFP also led to trapping of 

the probe to the outer mitochondrial membrane and induced mitochondrial swelling (Figure 

13, 14 and 15). 

To avoid these kind of unintentional effects, we end up with fusion of a small tag to Sirt4. This 

tag represents a 17 amino acids short β-barrel strand of sfCherry2, which we linked on the C-

terminus of Sirt4, generating thereby Sirt4-sfCherry211 (Figure 17A) (1) (161). On the other 

hand we targeted the complementary part of the sfCherry2, namely the sfCherry21-10 (161) to 

the mitochondrial matrix, using the established mitochondrial targeting sequence of the 

COXVIII in the dimeric tandem repeat (136) and got by that MTS-sfCherry21-10 (Figure 17B) 

(1). Red fluorescence would be detectable due to the self-complementation of Sirt4-

sfCherry211 with MTS-sfCherry21-10 if Sirt4-sfCherry211 is completely imported into the lumen of 

mitochondria (Figure 17C) (1).  

We were able to confirm the import of Sirt4-sfCherry211 to the mitochondrial matrix by exploiting 

this established approach (162). Co-expression of Sirt4-sfCherry211 and MTS-sfCherry21-10 in 

HeLa cells resulted in a dominant red fluorescence signal, arising from mitochondria (Figure 

17D) (1), indicating the entire import of Sirt4-sfCherry211 into the mitochondrial matrix.  
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Additionally, performing a series of co-localization experiments on the confocal microscope 

proved the import of Sirt4-sfCherry211 into the lumen of mitochondria. Staining HeLa cells with 

MitoTrackerTM Green FM, which co-expressed Sirt4-sfCherry211 and MTS-sfCherry21-10 

showed a high co-localization when we overlaid the images (Figure 17E) (1). Furthermore, 

analyzing the images of HeLa cells co-expressing Sirt4-sfCherry211 and MTS-sfCherry21-10 with 

both 2mt-sfGFP (Figure 17F) (1) and seCFP-OMP25 (Figure 17G) (1), respectively verified 

the localization of Sirt4-sfCherry211 complemented with MTS-sfCherry21-10 exclusively to the 

mitochondrial matrix.  

 

Figure 17 

 

 

 



 

80 
 

 



 

81 
 

Figure 17. Application of the established split-sfCherry2 approach enables the 

visualization of the import of Sirt4-sfCherry211 into the lumen of mitochondria. (A) 

Scematic image of the Sirt4, shown in dark grey, followed by a GS-linker (in light grey) and 

sfCherry211 (light pink). (B) Scematic overview of the MTS-sfCherry21-10, starting with the 

mitochondrial targeting sequence (MTSCoxVIII) shown in orange and fused C-terminally to the 

sfCherry21-10, here depicted in dark pink. (C) Scematic illustration of the self-complementation 

split-FP approach, containing sfCherry21-10 fused N-terminally to the mitochondrial targeting 

sequence of the COXVIII (MTS-sfCherry21-10) and the Sirt4 fused to the complementary 

sfCherry211 (Sirt4-sfCherry211). Red luminal mitochondrial fluorescence is detectable upon 

self-complementation of sfCherry2 in the mitochondrial matrix. (D) Three confocal images 

representing HeLa cells co-expressing both MTS-sfCherry21-10 and Sirt4-sfCherry211 shown as 

fluorescence signals in magenta. Scale bar corresponds to 10 µm. (E) Representative confocal 

recordings of HeLa cells expressing MTS-sfCherry21-10 and Sirt4-sfCherry211 (magenta) and 

stained with MitoTrackerTM Green FM (green). The third illustration shows the merged 

channels. Scale bar indicates 2.5 µm. In the upper right corner of each individual image of the 

series a square is shown respectively representing the whole cell. Scale bar 10 µm. Pearson 

correlation coefficient: 0.73 (mean) with a standard deviation of 0.07. (F) Same experiments 

as those in (E), but expressing 2mt-sfGFP (green). Pearson correlation coefficient: 0.78 

(mean) with a standard deviation of 0.12. (G) Identical experiments as in (E), but using seCFP-

OMP25 (green). Pearson correlation coefficient: 0.64 (mean) with a standard deviation of 0.09. 

Three independent experiments were done, encompassing 30 different cells. [Figure panels 

reproduced from Ramadani-Muja et al., Cells 2019.] 

 

4.18. mito-STAR, a tripartite self-complementing FP-based probe 

enables the visualization of the distribution of Sirt4 between 

mitochondria and the nucleus in living cells  

 

By applying the self-complementation split-FP approach we could show that Sirt4 is entirely 

imported into the lumen of mitochondria (Figure 17). However, Zeng et al. demonstrate the 

possibility of Sirt4 being also abundant in the nucleus (156).  

Therefore we aimed to expand the bimolecular approach based on self-complementation split-

FP in order to visualize the possible distribution of Sirt4 between mitochondria and the nucleus. 

For this purpose we added a nuclear-located non-fluorescent sfCherry21-10 (sfCherry21-10-NLS) 

by exploiting an established nuclear localizing sequence (NLS) (138), which is repeated three 

times (Figure 18A) (1).  
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For the design of the tripartite self-complementation split-FP probe we also incorporated the 

P2A peptide, which has a strong self-cleavage activity to achieve equal amounts of all three 

part, namely of MTS-sfCherry21-10, Sirt4-sfCherry211 and sfCherry21-10-NLS respectively and 

to avoid low efficient expression levels upon co-transfection (Figure 18A) (1). The novel design 

probe bears the name mito-STAR, meaning mitochondrial Sirt4 Tripartite Abundance Reporter 

(1).  

A red fluorescence signal would be detectable by the self-complementation of the two non-

fluorescent sfCherry21-10, which are located in the mitochondria and the nucleus respectively, 

with Sirt4-sfCherry211 (Figure 18B) (1). The fluorescence signal represents a direct measure 

of the subcellular distribution of Sirt4 in a particular cell.  

When we expressed mito-STAR in HeLa cells we found out that in 80% of the transfected cells 

the two split-FPs self-complemented to sfCherry2 exclusively within the mitochondrial matrix 

(Figure 18C, E and F) (1), indicating the occurrence of Sirt4-sfCherry211 in the lumen of 

mitochondria only.  

However, we found a population of cells, namely 20% of all HeLa cells expressing mito-STAR, 

where a red fluorescence signal was detectable within the nucleus, indicating the self-

complementation of sfCherry2 hence the abundance of Sirt4-sfCherry211 in the nucleus 

additionally to mitochondria (Figure 18C, E and F) (1).  

We demonstrated that in HeLa cells expressing mito-STAR the expression level of the 

particular probe, represented as the overall fluorescence intensity did not positively correlate 

with the nuclear fluorescence under control conditions (generated pearson coefficient of 0.11) 

(1).  

Next we applied mito-STAR to study the subcellular distribution of Sirt4-sfCherry211 in INS-1 

cells. 70% of all INS-1 cells expressing mito-STAR showed a red fluorescence signal coming 

from mitochondria only, indicating the self-complementation of sfCherry2 in the matrix of 

mitochondria (Figure 18C, E and F) (1). This means that in these cells Sirt4-sfCherry211 occurs 

in mitochondria only. Yet, in 30% of all positively transfected INS-1 cells, which expressed 

mito-STAR we detected a red fluorescence signal arising from the nucleus, indicating the 

presence of Sirt4-sfCherry211 in the nucleus (Figure 18C, E and F) (1).  
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Figure 18 
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Figure 18. Application of the established split-sfCherry2 approach enables the 

visualization of the import of Sirt4-sfCherry211 into the lumen of mitochondria. (A) 

Overview of the sensor design of mito-STAR. Scematic depiction of the plasmid coding for 

mito-STAR, harboring three parts (MTS-sfCherry21-10, Sirt4-sfCherry211 and sfCherry211-10-

NLS). Between each part a 2A peptide with self-cleavage activity is inserted (green). The probe 

results in three differentially targeted individual parts upon translation. Part 1 illustrating MTS-

sfCherry21-10. Part 2 shows Sirt4-sfCherry21-10. Part 3 displays sfCherry211-NLS. (B) Scematic 

summary of the principle of mito-STAR in the cell. Sirt4-sfCherry211 upon import into 

mitochondria or the nucleus is shown as a red fluorescence signal (displayed in magenta) in 

mitochondria and/or the nucleus, respectively. (C) Confocal images, representing HeLa cells 

expressing mito-STAR with Sirt4-sfCherry211 being located in mitochondria only (left image) 

and Sirt4-sfCherry211  being distributed in addition to mitochondria also extra mitochondrially 

(right image). Scale bar corresponds to 10 µm. (D) Identical experiments as in (C), but 

representing INS-1 cells. Scale bar indicates 10 µm. (E) Illustration of the percentage of Hela 

cells and INS-1 cells. Expressing either Sirt4-sfGFP or mito-STAR, which is representing 

mitochondrial fluorescence only or extra mitochondrial fluorescence. N = 120 cells (HeLa); n = 

74 cells (INS-1). (F) Diagram of dots, which are calculated as nuclear fluorescence to cytosolic 

fluorescence of HeLa cells and INS-1 cells expressing mito-STAR. Calculated values are 

plotted against the whole cell fluorescence intensity. Data are shown as ration with the mean 

± SD; n = 67 cells (HeLa); n = 45 cells (INS-1); three independent experiments were performed, 

respectively. [Figure panels reproduced from Ramadani-Muja et al., Cells 2019.] 

 

4.19. mito-STAR does not induce mitochondrial swelling in HeLa 

cells  

 

Performing a series of imaging experiments we observed that Sirt4-sfCherry211 displayed a 

high co-localization with 2mt-sfGFP in the lumen of mitochondria (Figure 19A) (1) . We also 

verified the trapping of Sirt4-sfGFP to the outer mitochondrial membrane (Figure 19B) (1). 

Additionally we demonstrated that expression of mito-STAR in HeLa cells did not in induce 

mitochondrial swelling, as it was the case with Sirt4-sfGFP (Figure 19C) (1).  
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Figure 19 

 

 

Figure 19. Analysis of the co-localization between mito-STAR and Sirt4-sfGFP and 2mt-

sfGFP, respectively. (A) Representative images recorded with the SIM of HeLa cells 

expressing mito-STAR (magenta, left image) and 2mt-sfGFP (green, middle image). Image of 

the merged channels. Scale bar indicates 2.5µm. In the upper right corner of each image 

squares are showing the whole cell. Scale bar corresponds to 10 µm. (B) Same experimental 

approach as in (A), but using Sirt4-sfGFP. Depicted experiments in (A) and (B) are 

representatives of 3 independent experiments, including 30 different cells.  
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(C) Calculation of different parameters for the analysis of the mitochondrial morphology. First 

diagram show values of the form factor. Second diagram represents the values of the 

calculated aspect ratios. Third and fourth diagram display values of the minor and major, 

respectively. Last diagram represents the values of the mitochondrial area. For all conditions, 

cells are shown in grey shapes, respectively. Data are illustrated as the mean ± SEM; n= 30 

cells. For testing significance unpaired double sided t-test was applied. [Figure panels 

reproduced from Ramadani-Muja et al., Cells 2019.] 

 

4.20. mito-STAR is suitable for the visualization of mitochondrial 

stress induced by oligomycin-A and antimycin-A1  

 

In order to prove the suitability of mito-STAR to determine the subcellular distribution of Sirt4-

sfCherry211 in living cells, we treated living HeLa cells, which expressed mito-STAR with 

oligomycin-A and antimycin-A1, known to depolarize the mitochondrial membrane potential 

(146) and induced thereby severe cell stress.  

We imaged a dominant fluorescence signal arising from the nucleus in HeLa cells expressing 

mito-STAR, indicating the higher abundance of Sirt4-sfCherry211 in the nucleus upon 

mitochondrial stress, such as depolarization of the mitochondrial membrane potential (Figure 

20A) (1).  

 

Figure 20 
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Figure 20. Application of the established split-sfCherry2 approach enables the 

visualization of the import of Sirt4-sfCherry211 into the lumen of mitochondria. (A) Two 

representative confocal images of HeLa cells expressing mito-STAR, which were treated with 

oligomycin-A and antimycin-A1. Scale bar corresponds to 10 µm. (A) Illustration of the ratio 

values of nuclear fluorescence to cytosolic fluorescence of HeLa cells expressing mito-STAR 

after treatment with oligomycin-A and antimycin-A1 against control condition. The calculated 

values were plotted against the whole cell fluorescence intensity. For each condition three 

independent experiments were done. Dots are shown as ratio values ± SD. N = 111 cells from 

3 independent experiments (*** p < 0.0001, unpaired double-sided t-test). [Figure panels 

reproduced from Ramadani-Muja et al., Cells 2019.] 

 

4.21. Development of mito-PRIMA, a dimerization-dependent FP 

based sensor to visualize defects in mitochondrial protein uptake 

with no need for optical resolution  

 

Recapping all results so far it stands out that in almost all approaches we relied on 

sophisticated microscopes hence a high optical resolution. Therefore we wanted to offer a new 

class of sensors to study the mitochondrial protein import uptake, where there is no need for a 

high optical resolution.  

As a result we came up with a new class of genetically encoded sensors, based on the 

dimerization-dependent FP-technology (ddFP) (141) in the green version, namely mito-

PRIMA, which stands for mitochondrial PRotein IMport Analyzer (Figure 21A).  

The idea behind the sensor is to fuse a dimeric tandem repeat of the  mitochondrial targeting 

sequence of the COXVIII subunit (136) N-terminally to the non-fluorescent MonomerB (B) 

(Figure 21A), which is efficiently imported into the lumen of mitochondria under conditions of 

an intact mitochondrial protein uptake (Figure 21B). On the C-terminus of MonomerB we fused 

a nuclear localizing sequence (NLS) in a three times repeat (138) and end up eventually with 

2mt-B-NLS (Figure 21A). Due to cotranslational import of mitochondrial proteins however, the 

MTS is dominant over the NLS, meaning that under physiological conditions the NLS does not 

come into action (Figure 21A). Under the same conditions the second part of the sensor, 

namely the green variant of the non-fluorescent MonomerA (GA), which harbors a green auto-

fluorescence and is linked C-terminally to the established NLS in a three times repeat (GA-

NLS), is transported to the nucleus (Figure 21A and B). This means that under conditions of 

an intact mitochondrial protein import machinery we detect no fluorescence in the cell (Figure 

21B).  
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However, when the protein uptake machinery of mitochondria is somehow impaired, we know 

from previous experiments, that proteins fused to a mitochondrial targeting sequence 

accumulate in the cytosol and nucleus. Upon the abundance of 2mt-B-NLS in the cytosol, 

because of failed import, the NLS comes into play and is responsible for the transport and 

accumulation of 2mt-B-NLS into the nucleus (Figure 21C). A green fluorescent signal would 

be detectable arising from the nucleus upon dimerization of MonomerA and MonomerB in the 

respective organelle as a direct indicator of defects in the mitochondrial protein import 

machinery (Figure 21C). 

Figure 21 
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Figure 21. Design and Construction of the bipartite mito-RPIMA. (A) Overview of the 

plasmid encoding for mito-PRIMA, holding two parts (2mt-B-NLS and GA-NLS). A 2A peptide 

with self-cleavage activity is inserted between the two parts (purple). The sensor leads to two 

differentially targeted individual parts upon translation. Part 1 shows 2mt-B-NLS. Part 2 

displays GA-NLS. (B) Scematic summary of the principle of mito-PRIMA in the cell under 

conditions of an intact mitochondrial protein import (MPI). 2mt-B-NLS upon import into 

mitochondria (displayed in grey) cannot dimerize with the complementary second part GA-NLS 

targeted to the nucleus (shown in light green because of the auto-fluorescence). (C) Scematic 

overview of the principle of mito-PRIMA in the cell under conditions of an defect or overloaded 

MPI. Upon failed import 2mt-B-NLS is transported into the nucleus, where the complementary 

GA-NLS is waiting to dimerize with part 1 of the sensor. Upon dimerization of the two parts a 

green fluorescent signal would be detectable in the cell.  
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4.22. mito-PRIMA lights up upon impaired mitochondrial protein 

import induced by depolarization of the mitochondrial membrane 

potential  

 

Before testing the suitability of mito-PRIMA in HeLa cells we wanted to know which 

fluorescence signal intensities we have to expect, upon dimerization of both monomers in the 

nucleus. Therefore we co-expressed monomer A and monomer B fused to a NLS in a three 

times repeat, respectively, referred to as GA-NLS and B-NLS in HeLa cells.  

Co-expression of GA-NLS and B-NLS in HeLa cells imaged on a confocal microscope resulted 

in a clear green fluorescence in the nucleus only, indicating the localization and successful 

dimerization of both monomers in the respective organelle (Figure 22A, F and G). The 

expression level of HeLa cells co-transfected with GA-NLS and B-NLS showed a wide range, 

ranking from around 400 fluorescence intensity  (arbitrary units) up to complete saturation of 

the imaging set-up (Figure 22A, F and G).  

In contrast to that expression of B-NLS in HeLa cells resulted in no fluorescence signal at all 

(Figure 22B) and when expressing GA-NLS in HeLa cells we detected in some cells a 

fluorescence signal (Figure 22C, F and G), indicating the described auto-fluorescence of GA 

in the literature (141) (163), which can vary in its fluorescence intensity depending on the 

protein biosynthesis rate of the particular cell and/or on the amount of plasmids taken up by 

the cell.  

Next, we expressed mito-PRIMA in HeLa cells and treated the cells with oligomycin-A and 

antimycin-A1. We detect a dominant fluorescence signal arising from the nucleus, comparable 

to that one of the condition, where we co-expressed GA-NLS and B-NLS, meaning that also 

under conditions of mitochondrial stress the expression level of mito-PRIMA was very 

heterogeneous (Figure 22F and G). HeLa cells expressing mito-RPIMA under control 

conditions showed hardly any cell with a clear fluorescence signal coming from the nucleus 

(Figure 22F and G). Yet, some cells depicted a nuclear fluorescence signal, which can be the 

auto-fluorescence of GA-NLS or might indicate failed import of 2mt-B-NLS into mitochondria, 

because of reasons we cannot say so far.  

These results indicate the accumulation of 2mt-B-NLS in the nucleus, upon mistargeting 

induced by oligomycin-A and antimycin-A1 and hence the successful dimerization of 2mt-B-

NLS with GA-NLS in the nucleus. Based on these observations we concluded, that mito-

PRIMA is suitable to visualize failed import of mitochondrially targeted proteins.  
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Figure 22 
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Figure 22. Application of mito-RPIMA in HeLa cells. (A) Four representative confocal 

images of HeLa cells co-expressing GA-NLS and B-NLS, showing heterogeneously green 

fluorescing nuclei. Scale bar indicates 10 µm. (B) Four recordings represented as confocal 

images of HeLa cells expressing B-NLS only, where no fluorescence can be seen. Scale bar 

corresponds to 10 µm. (C) Four representative confocal recordings displaying HeLa cells which 

expressed GA-NLS only. Slight auto-fluorescence is illustrated. Scale bar indicates 10 µm. (D) 

Two representative confocal images showing HeLa cells expressing mito-RPIMA under control 

conditions. Scale bar indicates 10 µm. (E) Identical experiment as in (D), but cells are treated 

with oligomycin-A and antimycin-A1. (F) Illustration of the statistics of the average nuclear 

fluorescence intensities of each individual cell of 4 different conditions. Dots are shown as the 

mean ± SEM. N = 83 (control), n = 125 (oligomycin-A and antimycin-A1), n = 114 (GA-NLS), 

n = 104 (GA-NLS+B-NLS). Three independent experiments for each condition were performed. 

(*** p < 0.0001, unpaired double-sided t-test). (G) Same experimental approach, but showing 

GA-NLS+B-NLS compared to B-NLS only.  

 

4.23. Stimulation of transcription triggered an overload of the 

mitochondrial protein import machinery in cancer cells  

 

Based on the results we obtained from the approach with 2mt-sfGFP, where we demonstrated 

the high capacity of cancer cell mitochondria to import mitochondrially targeted proteins 

(Figure 3), we were wondering whether we can unbalance the protein uptake machinery of 

mitochondria by stimulating the transcription and whether mito-PRIMA is able to capture these 

kind of events.  

To find this out we aimed to apply mito-RPIMA, were a green fluorescent signal in the nucleus 

would be a direct indicator of mistargeted 2mt-B-NLS upon failed import into mitochondria, due 

to e. g. stimulation of transcription. 

HeLa cells expressing mito-RPIMA treated with 5 µM suberanilohydroxamic acid (SAHA), a 

compound that is supposed to inhibit histone deacetylases and thereby stimulate transcription 

(164) displayed a strong nuclear fluorescence signal (Figure 23A and C), indicating the 

mistargeting of 2mt-B-NLS and subsequent transport into the nucleus, followed by dimerization 

with GA-NLS. Still, we found a population of cells showing a clear nuclear fluorescence signal, 

which indicate failed import of 2mt-B-NLS into mitochondria in those particular cells, because 

of reasons we cannot predict exactly (Figure 23B and C).  
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Figure 23 

 

 

Figure 23. Visualization of the performance of mito-RPIMA treated with SAHA as a 

transcription inducer. (A) Two representative confocal images of HeLa cells expressing mito-

RPIMA treated with SAHA. Scale bar indicates 10 µm. (B) Identical experiments, but showing 

the control condition. (C) Illustration of the statistics of the average nuclear fluorescence 

intensities of each individual cell of both conditions, SAHA and control. Dots are shown as the 

mean ± SEM. N = 111 (control), n = 92 (SAHA). Three independent experiments for both 

conditions were done. (*** p < 0.0001, unpaired double-sided t-test). 
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4.24. mito-PRIMA is suitable for the online visualization of 

impairments in the protein uptake machinery of mitochondria  

 

Next we aimed to challenge the performance of mito-PRIMA by imaging HeLa cells expressing 

the sensor in living cells over the time for more than 14 hours in a row.  

When we took a closer look at the online recordings we observed a sharp increase in 

fluorescence intensity over time compared to control condition, indicating the failed import of 

2mt-B-NLS (Figure 24B). However, the starting point of the fluorescence increase differed from 

cell to cell in the treated condition ranking from 3 hours up to 11 hours (Figure 24A, B and C), 

which might have various reasons, we cannot determine so far, such as: variations in the 

capacity of mitochondria to import proteins, different susceptibility of each HeLa cell to react 

to SAHA, cells might differ in the cell cycle or it depends upon the amount of plasmids a cell 

harbors, meaning the higher the amount of plasmids in the cell the more protein can be 

translated.  

Apart from the aspect, that we do not know why each cell reacted at different times to treatment 

with SAHA, the recorded fluorescence increase with time is a direct measure of protein 

distribution outside of mitochondria, indicating an imbalance between protein synthesis and 

the capacity to import those proteins, resulting in failed import. Based on these recordings we 

reasoned that mito-PRIMA is highly suitable to visualize mitochondrial protein import defects 

in living cells over time.   

Figure 24 
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Figure 24. Long-term imaging of mito-RPIMA using the transcription inducer SAHA. (A) 

Curves of single HeLa cells, expressing mito-PRIMA upon cell treatment with SAHA shown as 

raw intensity values (grey dots) and overlaid by the calculated Boltzmann fit curve (red line). 

(B) Single cell responses of all HeLa cells treated with SAHA. N = 25 (C) Single cell responses 

of all HeLa cells of the control group. N = 12. 
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4.25. Combining online recordings of mito-PRIMA with 2mt-sfGFP 

emphasizes the high capacity of cancer cell mitochondria to import 

proteins efficiently  

 

Application of mito-RPIMA to study mitochondrial protein import defects is not very well suitable 

if it is of interest to have additional information about e. g. the mitochondrial morphology. With 

mito-PRIMA one can only visualize, whether there is a defect in the import or not, because 

mitochondria are not visualized with this sensor approach.  

Yet, we were curios whether the nuclear fluorescence signal of mito-PRIMA correlates to some 

extent with the approach of 2mt-sfGFP. To find that out, we performed a series of long-term 

(>16 h) time laps imaging experiments with 2mt-sfGFP in analogy to those experiments with 

mito-PRIMA (Figure 25).  

HeLa cells expressing 2mt-sfGFP treated with SAHA showed in most of the cells from the 

beginning on a drastic increase in the mitochondrial fluorescence intensity up to complete 

saturation of the signal, which was not the case in the control condition i.e. without cell 

treatment with SAHA (Figure 25A). These findings demonstrate again the tremendous 

capacity of mitochondria in HeLa cells to efficiently import overexpressed proteins harboring 

an optimized MTS. In almost all cells treated with SAHA, where the mitochondrial fluorescence 

intensity reached a plateau the cytosolic fluorescence started to rise subsequently (Figure 

25A), indicating the accumulation of mitochondrially targeted proteins in the cytosol upon failed 

import into mitochondria. HeLa cells expressing 2mt-sfGFP in the control condition displayed 

no strong increase in the mitochondrial fluorescence intensity, which means that compared to 

cells treated with SAHA there is no stimulation of transcription/translation over time. Hence, 

the cytosolic fluorescence intensity also did not show any significant increase, indicating a 

rather constant and gradual import of 2mt-sfGFP into mitochondria under control conditions 

(Figure 25B).  

In line with the observations we made with mito-RPIMA, also in HeLa cells expressing 2mt-

sfGFP and treated with SAHA, the starting point of the cytosolic fluorescence increase differed 

from cell to cell in the treated condition ranking from 3 hours up to 11 hours (Figure 24 and 

25).  
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Figure 25 
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Figure 25. Performance of mito-RPIMA compared to 2mt-sfGFP for the visualization of 

mitochondrial protein import disturbances induced by a protein overload. (A) Curves of 

single HeLa cells, expressing 2mt-sfGFP upon cell treatment with SAHA shown as raw 

intensity values of mitochondria and the cytosol, respectively (grey dots). Both curves are 

overlain by the calculated Boltzmann fit curve (cytosolic course in purple, respectively; 

mitochondrial course in green, respectively). N = 6 (SAHA). (A) Identical experiment as in A, 

but showing the control group. N = 4 (control).  
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5. Discussion  
 

In this study we aimed to come up with genetically encoded fluorescent protein- (FP) based 

tools, respective imaging protocols and image analysis for the determination of the efficiency 

of protein targeting to mitochondria and to visualize the activity and/or impairments in 

mitochondrial protein import in living cells. For that we exploited different FP-technologies, 

such as the full-  (140), dimerization-dependent- (141) and self-complementation FP-

technology (165) and developed thereby three classes of one-part, bipartite and tripartite 

fluorescent tools. Each class of these sensors has its strengths and weaknesses when it 

comes to their application in living cells.  

 

5.1. Visualization of the activity and efficiency of protein targeting 

to mitochondria using 2mt-sfGFP  

 

In the first attempt we tested 2mt-sfGFP, and exploited the power of the super-folder green 

fluorescent protein (sfGFP) to quantify mitochondrial protein import and defects thereof in 

cancer cells. The reason, why we aimed using this specific FP lies in its fast folding and 

maturation behaviour, meaning that sfGFP becomes fluorescent within several minutes upon 

its biosynthesis, because it harbors a very fast maturation kinetic (144). This features of sfGFP 

was very precious for us, since we were able to image the acute subcellular distribution of the 

probe was almost upon its nascent synthesis by the cells of interest. Picking sfGFP enabled 

not only localisation analysis of the respective probe as endpoint-readout, but also the dynamic 

visualization of the protein of interest. In order to visualize the efficiency of protein targeting to 

mitochondria, we decided to fuse the sfGFP to an established mitcohondrial targeting 

sequence (MTS), namely to that one of the COXVIII subunit (136), which has been frequently 

used to target FPs into mitochondria. The MTS of the COXVIII subunit depicts a classic N-

terminal MTS, meaning that this probe targets into mitochondria based on the presequence 

mitochondrial protein import pathway (166). As indicated by 2mt-sfGFP, we fused sfGFP to a 

dimeric tandem repeat of the MTS, because the balance between the number of repeat and 

the rest of the length of the translated protein seemed to be essential for the correct and 

efficient targeting to mitochondria (136) (145). As demonstrated by others repeats of MTSs 

significantly can improve targeting efficiency of respective FP fusion constructs (136). More 

MTSs most likely increase the probability of the formation of stable and effective interactions 

between the nascent peptide and the TOM and TIM machinery (99). We and others speculate 

that MTSs once formed at ribosomes recruit the whole ribosome to the surface of mitochondria 

(167) (168) for a co-translational import of proteins into mitochondria.  
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Based on our results and experiences with mitochondria targeted constructs we hypothesis 

that the import efficiency of proteins with an N-terminal MTS into mitochondria depends on the 

MTS itself and the remaining sequence as well as the size of the whole protein. E.g. the 

cameleons, genetically encoded Ca2+ probes containing two FPs for Förster resonance energy 

transfer (FRET), need at least two to four MTSs from the COXVIII subunit for an efficient 

mitochondrial targeting (136). These findings might indicate that different MTSs allow 

manipulating the sensitivity of mt-FP fusion constructs to sense different levels of mitochondrial 

targeting efficiencies or deficiencies. Notably, for several studies similar FP-based constructs 

with similar MTSs have been used to prove the mitochondrial localization, the mitochondrial 

targeting efficiency or how interventions can influence the targeting of the respective probe to 

mitochondria. However, we noticed that in most cases such as in (169) (170) only some 

representative images are shown with missing systematic strategies and statics. Therefore we 

felt more and more the need of the establishment of a systematic approach to quantify 

mitochondrial protein import with the help of simply mitochondria targeted FPs. As a result we 

scrutinized the subcellular distribution of 2mt-sfGFP which enabled not only the qualitative, but 

also the quantitative determination of mitochondrial targeting efficiency in living HeLa and INS-

1 cells. The aspect, which makes our approach ingenious is that we are not detecting only the 

fluorescence signal which arises from mitochondria, we also capture the fluorescence signal 

coming from the cytosol and/or nucleus, which represents the mistargeting of the respective 

fluorescent probe. By taking that into account, we incorporated the subcellular distribution of 

2mt-sfGFP in our analysis approach and were thereby able to successfully generate and 

establish assessing of MPI under different conditions. In this context we showed that high 

plasmid DNA concentrations coding for the mitochondria targeted fluorescent construct 

increase the number of cells with clear mistargeting of the probe. Our explanation for this is 

that rather than triggering some stress for mitochondria the rate of construct synthesis within 

cells becomes higher than the capacity of mitochondria to import them under these conditions. 

With other words if more copies of plasmids are within cells higher levels of the construct are 

translated within the same time – thus if we measure the fluorescence increase of 2mt-sfGFP 

in the cytosol as an indicator of impaired mitochondrial protein import the slope of fluorescence 

intensity increase is higher, if more copies of the plasmids are within the cell. Accordingly, this 

approach can also be used to measure the rate of transcription and translation i.e. the protein 

biosynthesis of 2mt-sfGFP, by performing online experiments overtime in living cells. With the 

approach of 2mt-sfGFP we also found out, that depolarization of mitochondria leads to severe 

mistargeting of 2mt-sfGFP, as expected. Notably, seCFP-OMP25, a FP fused to a targeting 

peptide for the outer mitochondrial membrane, did not show any significant accumulation of 

fluorescence within the cytosol upon cell treatment with oligomycin-A and antimycin-A1 

overnight, indicating that depolarization of mitochondria does not affect the targeting efficiency 
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to the outer membrane of the organelle. These findings also demonstrate that the FP does not 

leak from mitochondria upon treatment with oligomycin-A and antimycin-A1. However, Sirt4-

sfGFP and n4mt-sfGFP, which are trapped to the outer mitochondrial membrane showed a 

clear mistargeting outside of mitochondria upon depolarization of the mitochondrial membrane 

potential.  

Following the fluorescence changes over time, the reason for a cytosolic accumulation of 

fluorescence of the 2mt-sfGFP construct is not due to relocation of already mitochondria 

targeted proteins, but indeed the resynthesis of 2mt-sfGFP that cannot be transported into 

mitochondria anymore, due to complete depolarization of mitochondria upon cell treatment 

with oligomycin-A and antimycin-A1. Fusion of a MTS to sfGFP offers the possibility to expand 

the tool box of sensors in such a way, that different mitochondrial targeting sequences (160) 

(158) (159), with probably different efficiencies for mitochondrial targeting can be fused to 

sfGFP, generating thereby sensors with various import sensitivities. We also think that this 

approach, meaning fusion of different mitochondrial import sequences fused to fast maturing 

FPs, can be used to assess the relative strengths of different MTS. We also noticed, that the 

approach with the 2mt-sfGPF acts as a dual sensor, meaning that in addition to that we can 

determine the targeting efficiency to mitochondria we also have the read-out about the 

proteinbiosynthesis rate, especially when we perform online experiments in living cells.  

 

5.2. Investigating the subcellular distribution of mitochondrial 

Sirtuin4 using a construct, based on bimolecular fluorescence self-

complementation  

 

Based on the so far established approach with 2mt-sfGFP we aimed to apply this method in 

an extended edition to a mitochondrial protein and ended up with the visualization of the 

subcellular distribution of Sirtuin4 (Sirt4), which is a mitochondria targeted sirtuin isoform (153). 

The investigation of the subcellular localization of Sirt4 is highly relevant since mitochondrial 

sirtuins, such as Sirtuin3 (Sirt3), Sirt4 and Sirtuin5 (Sirt5) control essential cellular processes 

related to stress (171). We fused Sirt4 to sfGFP (Sirt4-sfGFP) and could thereby visualize and 

quantify the subcellular distribution of Sirt4-sfGFP under different conditions in living cells (1). 

Having a closer look at Sirt4-sfGFP unveiled trapping of Sirt4-sfGFP to the outer mitochondrial 

membrane, possibly due to slow mitochondrial protein import kinetics of Sirt4. Therefore it 

seems necessary to test other FP variants with different folding kinetics and find out, whether 

the rapid folding of sfGFP prevents the complete import of Sirt4-sfGFP into the lumen of 

mitochondria. Indeed, fusion of slower maturing FPs improved the targeting efficiency of Sirt4 
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into mitochondria. Another side-effect of fusing sfGFP to Sirt4 was the induction of 

mitcohondrial swelling. To overcome these effects we decided to apply another FP-technology 

and confirm the localization of Sirt4 to the mitochondrial matrix, namely the self-

complementation split-FP technology (161). Thus, we generated another fusion construct, 

where we linked Sirt4 to a 17 amino acid non-fluorescent short peptide, representing one part 

(sfCherry211) of sfCherry2, which upon self-complementation with the non-fluorescent 

mitochondrially targeted rest of the non-fluorescent complementary second part (sfCherry21-

10) of sfCherry2 generates red fluorescence (161) (1).  

Most studies discuss and demonstrate the localization of Sirt4 in the mitochondrial matrix, due 

to its classic N-terminal targeting sequence (153) , however Zeng et al. claim, that under certain 

conditions Sirt4 can be also found in the nucleus (156). Some mitochondrial proteins can 

localize to the nucleus upon mitochondrial stress in the frame of the mitochondrial unfolded 

protein response (mtUPR), such as ATF5 (131) or Sirt3 (172) hence we thought that this might 

also be the case for Sirt4. Taking this into consideration we thought that it makes sense to 

expand the approach. Adding to this probe further well approved targeting strategies we 

generated mito-STAR to study the quantitative distribution of Sirt4 between mitochondria and 

the nucleus using high – and super resolution microscopy techniques (1). Indeed, expressing 

mito-STAR improve the targeting efficiency of Sirt4-sfCherry211 compared to Sirt4-sfGFP, but 

still many cells harbored in addition to the mitochondrial fluorescence a clear nuclear 

fluorescence, indicating the abundance of Sirt4-sfCherry211 in the nucleus under physiological 

conditions. Under conditions of mitochondrial stress Sirt4-sfCherry211 drastically accumulated 

in the nucleus. Based on these results we hypothesize the involvement of Sirt4 to the 

retrograde mitochondria-to-nucleus signaling. Furthermore we think that this approach is 

expandable to other mitochondrial proteins and hence is applicable to screen various 

compounds that might influence the mitochondrial protein import, such as stendomycin, a 

compound that might directly inhibit the TIM machinery (170).  
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5.3. Dimerization-dependent FP based sensors to assess 

impairments in the mitochondrial protein import machinery with no 

need for optical resolution  

 

In this study, we also aimed to construct, develop and establish genetically encoded sensors 

which do not rely on sophisticated microscopes and do not require the cytosolic accumulation 

of a respective probe, as a quantitative and qualitative readout for the severity of the 

mistargeting. To fulfill these needs we came up with mito-PRIMA, which is a bipartite sensor 

based on the dimerization-dependent FP-technology (141) (163). We exploited the established 

MTS of the COXVIII subunit (136) in a dimeric tandem repeat and fused it to one of the non-

fluorescent pairs of the ddFP-pair. On the other hand we utilized the established nuclear 

localizing sequence in a three times repeat (138), linked to the second auto-fluorescent pair of 

the ddFP-pair and combined these two parts by a self-cleavage peptide (137) in order to 

achieve equal amount of both parts within a cell.  

By applying the dually targeted bipartite probe, which is non-fluorescent and located to the 

mitochondria under conditions of an efficient mitochondrial protein uptake machinery we 

managed to generate a green fluorescence signal coming from the nucleus upon mistargeting 

of mitochondrially targeted proteins due to failed import. This means that as soon as we detect 

a fluorescence signal it indicates that the protein import machinery of mitochondria is somehow 

impaired. The sensor mito-PRIMA proved highly suitable for the detection of impairments in 

the mitochondrial protein uptake machinery, since treatment and online imaging of HeLa cells 

treated with SAHA, a transcription inducer led to a fluorescence signal coming from the 

nucleus, which was constantly increasing with time. However, due to the fact that under 

conditions of an intact mitochondrial protein import the ddFP pairs are spatially separated from 

each other hence the sensor gives no fluorescence signal it was very challenging to detect 

those cells. We therefore aimed to expand the bipartite probe by an additional part, namely a 

red reporter FP. This would make the experimental approach much easier and by that we 

would have a sort of sensor, which provides information about the proteinbiosynthesis rate 

within a particular cell. As discussed above, it is essential to balance the ratio between the 

repeats of a MTS to the rest of the protein to guarantee an efficient targeting of the respective 

protein to mitochondria. We designed mito-PRIMA using two repeats of the COXVIII subunit. 

However, the rest of the protein, which has to be translated is much bigger, compared to 2mt-

sfGFP for example. Our data might indicate that mito-PRIMA is not as efficient in its targeting 

capacity as 2mt-sfGFP is. Meaning that with mito-PRIMA we generated a tool, which is very 

sensitive to mitochondrial protein import imbalances. In this case, by fusing various repeats of 

MTSs to mito-PRIMA we can generate additional probes with different sensitivities to 
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mitochondrial stress. Another aspect to consider is the fact that mito-RPIMA gives no 

fluorescence signals from mitochondria, meaning that by expressing mito-PRIMA in living cells 

mitochondria are not visible. On the one hand this approach is straight forward if only defects 

of the import machinery of mitochondria should be assessed. On the other hand the lack of 

any information of the morphology of mitochondria can be a clear disadvantage of this tool. 

Nevertheless, mito-PRIMA seems to be an attractive reporter for high throughput 

measurements to screen a series of compounds, which influence the mitochondrial import. 

Additional experiments in the near future will prove how efficient MPI can be investigated 

applying mito-PRIMAs in cell populations on conventional fluorescence plate readers and/or 

FACS devices. 

 

5.4. Application of the novel mitochondrial protein import sensors 

in the field of neuroscience  

 

Both, Parkinson´s disease and Huntington´s disease are associated with alterations within 

specific regions in the brain, such as the loss of neurons in the substantia nigra in the case of 

Parkinson´s disease and the loss of neurons in the striatum, in the case of Huntington´s 

disease (173). These neurodegenerative disorders are very often related to protein aggregate 

accumulation and mitochondrial malfunction (174). Especially, defects in the mitochondrial 

protein import induced by misfolded proteins can contribute to the formation of 

neurodegenerative alterations, such as Parkinson´s disease and Huntington´s disease (169) 

(175).  

So far, only few methods are available that allow the visualization of the mitochondrial protein 

import using fluorescence microscopy and genetically encoded probes (162) (176) (177). 

However, due to the lack of consistent systematics arose by the usage of these currently 

available approaches, we were eager to offer FP-based tools, which overcome this limitation.  

In order to probe the novel mitochondrial protein import sensors, we plan to utilize the 

developed and established protocols and image analysis to reveal important new insights in 

the formation and progression of neurodegenerative disorders related to defects in the 

mitochondrial protein uptake machinery. We feel, that the application of the novel sensors will 

lead to new understandings making the identification of new pharmacological targets in e. g. 

Parkinson´s disease and Huntington´s disease possible. 
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