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Zusammenfassung 

Unsere Zellen sind ständigen Schwankungen in der Verfügbarkeit von Nährstoffen 

ausgesetzt. Wie Zellen mit diesen Herausforderungen meistern, ist noch nicht 

vollständig geklärt. Jüngste Forschungsergebnisse deuten darauf hin, dass 

Stoffwechselenzyme in der Lage sind, sich schnell an Veränderungen der 

Nährstoffverfügbarkeit anzupassen. 

In der ersten Hälfte meiner Doktorarbeit entdeckten wir, dass das erste glykolytische 

Enzym, Hexokinase 1 (HK1), bei Glukoseentzug Ringe um Mitochondrien bildet. HK1 

katalysiert die ATP-abhängige Phosphorylierung von Glukose zu Glukose-6-Phosphat 

(G6P). Unsere Experimente haben gezeigt, dass die Abwesenheit von ATP und G6P, 

und nicht von Glukose an sich, die Bildung von HK1-Ringen fördert. Wir beobachteten, 

dass HK1-Ringe Mitochondrien an Kontaktstellen mit dem Endoplasmatischen 

Retikulum (ER) und MiD51, einem Rezeptor der mitochondrialen Teilungsmaschinerie, 

einschnüren. Überraschenderweise förderten die einschnürenden HK1-Ringe die 

mitochondriale Teilung nicht. Stattdessen hemmten die HK1-Ringe die mitochondriale 

Teilung, indem sie das wichtigste Spaltprotein, Drp1, vom Pro-Spaltrezeptor Mff 

verdrängten. In Zusammenarbeit mit Experten für Strukturbiologie haben wir 

Mutationen identifiziert, die die Bildung von HK1-Ringen verhindern oder fördern. 

Anhand dieser Mutationen konnten wir zeigen, dass HK1-Ringe den mitochondrialen 

Stoffwechsel bei Energiestress regulieren. Diese Ergebnisse deuten darauf hin, dass 

HK1 ein neuartiger mitochondrialer Energiestresssensor ist, der die Form und 

Stoffwechselaktivität von Mitochondrien reguliert. 

In der zweiten Hälfte meiner Doktorarbeit konzentrierten wir uns auf den Voltage-

dependent anion channel 1 (VDAC1), einer wichtigen Pore in der äußeren 

Mitochondrienmembran, der nachweislich mit HK1 interagiert. Im Vergleich zu HK1 war 

VDAC1 mit herkömmlichen Methoden in lebenden Zellen nur schwer sichtbar zu 

machen. Wir haben das Problem der Visualisierung von VDAC1 überwunden, indem 

wir es mit dem Tetracystein (TC)-Motiv markierten, das mit spezifischen Farbstoffen 

angefärbt werden kann. Dieser Ansatz zeigte, dass TC-markiertes VDAC1 eine 

clusterartige Verteilung auf Mitochondrien aufweist. Ähnlich wie bei HK1 befanden sich 

die meisten VDAC1-Cluster an Kontaktstellen mit dem ER. Allerdings wurde während 

des Glukoseentzugs keine signifikante Kolokalisierung zwischen VDAC1 und HK1 

beobachtet, was darauf hindeutet, dass diese Proteine mit unterschiedlichen Regionen 

des ER interagieren. Unsere Ergebnisse zeigen, dass der TC-Tag für die Bildgebung 

von VDAC1 in lebenden Zellen geeignet ist.  
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Abstract 

Our cells experience constant fluctuations in nutrient availability. How cells deal with 

these challenges is incompletely understood. Recent research indicates that 

metabolic enzymes are able to adapt quickly to changes in nutrient availability. 

During the first half of my PhD, we discovered that the first glycolytic enzyme, 

hexokinase 1 (HK1), forms rings around mitochondria during glucose depletion. HK1 

catalyzes the ATP-dependent phosphorylation of glucose to glucose-6-phosphate 

(G6P). Our experiments have revealed that the absence of ATP and G6P, and not 

glucose per se, drives the formation of HK1-rings. HK1-rings were observed to 

constrict mitochondria at contact sites with the endoplasmic reticulum (ER) and 

MiD51, a receptor of the mitochondrial division machinery. Surprisingly, the 

constricting HK1-rings did not promote mitochondrial division. Instead, HK1-rings 

inhibited mitochondrial division by displacing the major fission protein, Drp1, from 

the pro-fission receptor, Mff. In collaboration with experts in structural biology, we 

identified mutations that prevented or promoted the formation of HK1-rings. By using 

these mutations, we showed that HK1-rings regulate mitochondrial metabolism 

during energy stress. These findings suggest that HK1 is a novel mitochondrial 

energy stress sensor that regulates the morphology and metabolic activity of 

mitochondria. 

During the second half of my PhD, we focused on the voltage-dependent anion 

channel 1 (VDAC1), an essential mitochondrial transporter, that has been shown to 

interact with HK1. Compared to HK1, VDAC1 was difficult to visualize with 

conventional approaches in living cells. We overcame the problem of visualizing 

VDAC1 by tagging it with the tetracysteine (TC) motif that can be stained with 

specific dyes. This approach revealed that TC-tagged VDAC1 had a cluster-like 

distribution on mitochondria. Similar to HK1, the majority of VDAC1-clusters were 

located at contact sites with the ER. However, no significant colocalization between 

VDAC1 and HK1 was observed during glucose depletion, suggesting that these 

proteins interact with different regions of the ER. Our results demonstrate that the 

TC-tag is suitable for live-cell imaging of VDAC1. 
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1 Introduction 

1.1 Metabolic enzymes can have more than one function 

The human proteome comprises approximately 20,000 proteins.1 Initially, it was 

assumed that one protein has one function, but this view became outdated and 

researchers recognized that proteins can and must have multiple functions to 

maintain human physiology. Among the first proteins identified to have multiple 

functions were crystallins. Crystallins make up large portions of the eye lens and are 

essential for cellular transparency.2 In 1982 Ingolia and Craig identified that heat 

shock proteins in Drosophila had unexpected protein sequence similarities to 

mammalian α-crystallins.3 This resemblance prompted inquiries into the 

evolutionary links between these protein classes. Surprisingly, α-crystallin was 

expressed in other tissues beyond the eye lens.4–6 Another surprising finding was 

that crystallins are identical to metabolic enzymes. For example, the ε-crystallin from 

birds and reptiles is the same as lactate dehydrogenase.7–9 These findings 

suggested that a single gene could give rise to proteins with at least dual functions, 

challenging the conventional understanding of proteins having single functions. The 

term ‘moonlighting’ was suggested to describe proteins that have multiple  

functions.10 There are over 250 entries of moonlighting human proteins 

(http://moondb.hb.univ-amu.fr). Moonlighting proteins commonly translocate to 

other subcellular compartments and perform diverse functions. For example, the 

glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

translocates into the nucleus during glucose starvation.11 In the nucleus, GAPDH 

interacts with the histone deacetylase Sirtuin 1 and activates autophagy.11 

Moonlighting enzymes can also bind directly to DNA to regulate gene transcription, 

which was comprehensively reviewed by Boukouris, Zervopoulos, and Michelakis 

in 2016.12 The change in interaction partners is another common moonlighting 

function. Another example is the mitochondrial protein cytochrome c which functions 

as an electron carrier. However, changes in mitochondrial membrane permeability 

promote the transition of cytochrome c into the cytosol.13 In the cytosol, cytochrome 

c activates apoptosis by interacting with the apoptotic protease activating factor 1.14 

http://moondb.hb.univ-amu.fr/
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Relatively early, moonlighting proteins were noted to consist of ubiquitous 

proteins, such as metabolic enzymes.15 The active sites of enzymes typically 

account for a small portion of the surface area, leaving most of the area for other 

purposes.15 It was suggested that widely conserved proteins offer a basis for 

evolutionary diversification of functions.16 But this suggestion does not entirely 

explain why metabolic enzymes, and other similar conserved proteins, are more 

likely to acquire moonlighting functions. One explanation could be that metabolic 

enzymes rarely experience constant levels of cofactors and substrates. For 

example, under physiological iron levels, the cytosolic aconitase binds an iron-sulfur 

cluster at the active site to catalyze the isomerization of citrate to isocitrate. When 

cellular iron levels drop, aconitase loses its iron-sulfur cluster, binds to iron-

responsive elements in the mRNA of transferrin receptor mRNA, and reduces the 

degradation of transferrin receptor mRNA, thereby promoting iron uptake.17–19 

Based on these reports, it appears logical that metabolic enzymes are compelled to 

develop additional cellular functions given the constant changes in the metabolic 

state of cells. 

1.2 Biological relevance of enzyme polymerization 

In the previous chapter, I introduced how metabolic enzymes can change their 

subcellular localization and interaction partners. In this chapter, I will provide 

background information about the functional consequences of changes in the shape 

of enzymes. In the last 15 years, it has become increasingly evident that metabolic 

enzymes have functions beyond their catalytic activity. These 'non-catalytic' 

functions are quite common. A study in budding yeast revealed that one-third of 

enzymes with knockout phenotypes could be restored by versions of the enzymes 

that are catalytically inactive,20 suggesting that these enzymes had essential non-

catalytic functions. The field of non-catalytic enzyme functions gained great interest 

when a screen of enzymes labeled with fluorescent proteins identified that a 

common non-catalytic function of enzymes is the reorganization into clusters during 

nutrient starvation.21 Subsequent screens have identified over 60 metabolic 

enzymes that form protein clusters in response to various cellular stressors,21–24 but 

also under physiological conditions.25 The finding that the clusters form dynamically 

and are reversible, suggests that these observations are not overexpression 
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artifacts. Enzymes can polymerize into large structures, such as filaments and rings. 

Enzyme polymers can also change their shape. For example, bacterial aldehyde 

alcohol dehydrogenase can form two distinct filaments: an inactive filament with 

compressed conformation and an active filament with extended conformation in the 

presence of cofactors.26 

The functional consequences of enzyme polymerization are not entirely clear. 

However, we are beginning to understand several biological roles of enzyme 

polymerization (Figure 1). It has been suggested that enzyme polymerization 

controls metabolic flux to adapt to cellular needs.27 Approximately 20 enzyme 

polymers have been described to control the flux of metabolic pathways.28 Enzyme 

polymerization can stabilize and lock the inactive conformation of an enzyme. For 

example, the yeast glucokinase polymerizes into inactive filaments (Figure 2) to 

prevent excessive glycolysis during spikes in glucose levels.29 Filamentation of 

glucokinase was found to be crucial for cellular fitness, as mutant yeast with non-

polymerizing glucokinase had lower viability when challenged with spikes in glucose 

levels compared to yeast with wild-type glucokinase.29 Inactive filaments and self-

assemblies of enzymes have been suggested to store and protect enzymes from 

proteasomal degradation during nutrient starvation.21,30 Therefore, the 

polymerization of enzymes could be a mechanism for rapid enzyme inhibition 

without requiring slow degradation processes. Perhaps more counterintuitively, 

enzyme polymerization can also increase enzyme activity. Over half of the identified 

filament-forming metabolic enzymes assemble in the active conformation.28 Active 

enzyme filaments, such as human CTP synthase filaments, have been linked to 

increased metabolic demand.31 Additionally, glycolytic enzymes have been shown 

to form cytosolic foci during hypoxia to increase glycolytic activity.32 Therefore, the 

polymerization of enzymes could be a rapid mechanism to increase pathway flux 

without requiring slower transcription and translation processes. 
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Figure 1. Biological roles of filament-forming enzymes. Grey squares, inactive enzyme;  
Copper spheres, active enzyme.28 [Figure panels reproduced with permission from Park and Horton, 
2019.] 
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Figure 2. Yeast glucokinase (Glk1) forms inactive filaments. (A) Reaction catalyzed by Glk1.  
(B) Fluorescence images of stationary-phase Glk1-msfGFP before or after glucose addition.29  
(C) Electron micrographs of negatively stained Glk1 without ligands or saturating glucose and ATP.29 
(D) Glk1 forms two-stranded filaments that stabilize the closed conformation, inhibiting the enzyme 
activity.27 [Figure 2B and 2C adapted with permission from Stoddard et al., 2020. Figure 2D 
reproduced with permission from Lynch, Kollman and Webb, 2020.] 

However, control of metabolic flux is not the only function of enzyme 

polymerization. In 2019, Park and Horton made an excellent and comprehensive 

review of known cases of enzyme polymerization, their structural details, and 

potential functional roles in cellular processes.28 A less frequent function of enzyme 

polymerization is the change in substrate specificity. For example, SgrAI, a 

sequence-specific endonuclease, cleaves 17 distinct DNA sequences when 

polymerized, whereas non-polymerized SgrAI only cleaves three DNA 

sequences.33–35 Enzyme polymerization can also help cells regulate water 

availability by reducing enzyme surface area and, thus, the amount of water needed 

for enzyme hydration.36 For example, adenylate kinase in plants is believed to form 

filaments during the night when the enzyme is not needed, to release water 

resources.37 Enzyme polymerization has also been suggested to fulfill mechanical 

functions. For example, CTP Synthase in Caulobacter crescentus forms a filament 
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that regulates the curvature of the bacterium.38 Interestingly, cytoskeletal proteins 

have been suggested to have evolved from enzymes that can form filaments.39 

Additionally, enzyme polymers have been proposed to act as scaffolds for binding 

partners.28 Finally, there is the idea that enzyme polymers themselves could act as 

cellular sensors for different stressors.28  

We are slowly beginning to understand the function consequences of enzyme 

polymerization. For example, enzyme polymerization has been linked to aging. In 

budding yeast, glutamate synthase polymerizes during aging, disrupting cellular 

amino acid homeostasis.40 Inhibiting polymerization of glutamate synthase by 

mutating the polymerization interface restored amino acid levels in aged cells, and 

extended lifespan.40 Given the diverse functions associated with enzyme 

polymerization, targeting enzyme polymerization could serve as an effective 

therapeutic approach for regulating cellular metabolism. 

1.3 Exploring non-catalytic roles of mammalian hexokinase 1 

Most studies on enzyme polymerization have focused on yeast and not mammalian 

enzymes (reviewed in Miura, 2022). It cannot be assumed that yeast and 

mammalian enzymes behave similarly, as differences in enzyme polymerization 

have been observed in different species. For example, CTP synthase forms different 

types of filaments in yeast, prokaryotes, and animals (Figure 3A-D).42,43 

Furthermore, CTP synthase filaments have different functions in different phyla 

(Figure 3E): Human CTP synthase filaments stabilize the active conformation, while 

prokaryotic CTP synthase filaments stabilize the inactive conformation.31 Therefore, 

I think it is worthwhile to investigate enzyme polymerization in mammalian cells.  
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Figure 3. CTP synthase forms different filaments. (A) in fruit flies,25 (B) budding yeast,22 (C) 
fission yeast,44 and (D) humans.45,46 (E) CTP synthase filaments have different functions in humans 
and bacteria.31 [Left figure panel reproduced with permission from Aughey and Liu, 2015. The right 
figure panel reproduced with permission from Lynch et al., 2017.] 

Another understudied area in the field of enzyme polymerization is how the binding 

of enzymes to membranes affects enzyme polymerization. Theoretically, enzymes 

should polymerize faster on membranes than in solution 47. I am aware of only one 

recent study studying the polymerization of the membrane-bound hydrogen-

dependent CO2 reductase (HDCR).48 However, the functional consequences of the 

polymerization of membrane-bound HDCR were not discovered. It was suggested 

that membrane binding could stabilize HDCR polymers and facilitate the nucleation 

of new polymers.48 Since the non-catalytic functions of membrane-bound 

mammalian enzymes are understudied, I focused my PhD project on the non-

catalytic functions of mammalian hexokinase 1 (HK1), which is bound to the outer 

mitochondrial membrane. 

There are other reasons why we focused on HK1. First, the ability to polymerize 

was described to be higher in enzymes that catalyze branch-point reactions of 

metabolic pathways.24 For example, phosphofructokinase is one of the key enzymes 

controlling the flux of glycolysis,49 and has been shown to form filaments.50 

Hexokinase catalyzes the ATP-dependent phosphorylation of glucose. The product 

of this reaction, glucose-6-phosphate (G6P), is a branch-point intermediate in three 

different metabolic pathways: glycolysis, pentose phosphate pathway, and glycogen 

synthesis. Second, many enzymes form filaments during nutrient starvation; 

therefore, I reasoned that investigating HK1 during glucose depletion would likely 
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uncover new non-catalytic enzyme functions. Also, glucose levels are easy to 

manipulate. Finally, the yeast glucokinase is evolutionarily related to HK1 and has 

been shown to form filaments.29 Therefore, I reasoned that HK1 likely forms 

polymers during changes in substrate availability. 

1.3.1 Properties of mammalian hexokinases 

There are five isoenzymes of hexokinase found in mammalians (HK1, HK2, HK3, 

glucokinase, and hexokinase domain-containing 1), which differ in catalytic 

properties, subcellular location, and tissue distribution (Table 1).51–54 

Table 1. Properties of mammalian hexokinases. 

Isoform Km for 

glucose 

Subcellular location Tissue distribution 

Hexokinase 1 30 µM Outer mitochondrial 

membrane 

All tissues,  

high expression in the brain 

Hexokinase 2 300 µM Outer mitochondrial 

membrane 

muscle and adipose tissue 

Hexokinase 3 3 µM perinuclear White blood cells 

Glucokinase 8 mM cytosol Liver, pancreas 

Hexokinase domain- 

containing 1 

? Outer mitochondrial 

membrane 

All tissues 

 

HK1 is found in all tissues and is highly expressed in brain tissues, where it acts as 

the pacemaker of glycolysis.55 The recently discovered HKDC1, a product of HK1 

gene duplication, is found in many tissues.54,56 HK2 is abundant in insulin-

responsive tissues such as muscle and adipose tissue. HK3 is weakly expressed in 

most tissues but highly expressed in white blood cells.57 Glucokinase is found in the 

liver and pancreas, where it acts as a glucose sensor.58 Within the cell, glucokinase 

is found in the cytosol, whereas HK3 has been reported to be located in the 

perinuclear region.58,59 In contrast, HK1, HK2, and HKDC1 contain an N-terminal 21 

amino acid long mitochondrial binding domain.60,61 
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1.3.2 Functional significance of hexokinase-mitochondria binding 

Mitochondria are the primary source of ATP production in most eukaryotic cells. 

Mitochondrial localization is thought to provide mitochondrial HKs preferential 

access to mitochondrial ATP; in return mitochondrial HKs provide ADP for oxidative 

phosphorylation.62 This hypothesis has been questioned as cytosolic ATP levels are 

well above the Km for ATP of mitochondrial HKs.63 However, mitochondrial HKs have 

been shown to link glycolysis to the mitochondrial ATP pool.64 Several studies have 

shown that mitochondrial HKs have functions beyond mitochondrial bioenergetics. 

For example, HK1 and HK2 have been demonstrated to have antiapoptotic 

properties, possibly through interaction with voltage-dependent anion channel 1 

(VDAC1), the main gate for cytochrome c release.65–69 Dissociation of HK2 from 

mitochondria has been shown to promote apoptosis.70,71 Interestingly, mitochondrial 

binding and glucose phosphorylation are required for the protective effects of HK1 

and HK2.63 In this study, overexpression of full-length HK1 or HK2 protected cells 

against cell death and decreased levels of reactive oxygen species.63 Whereas 

glucose-binding mutated and truncated HKs, lacking the mitochondrial binding 

domain,  only exerted partial effects.63 Pointing to the importance of the 

mitochondrial location of HK1 in glycolysis regulation, it has been shown that 

truncated HK1 inhibits cytosolic GAPDH, thereby regulating the metabolic fate of 

glucose.72 Dissociation of HK1 from mitochondria has been shown to reduce 

mitochondrial pyruvate flux.73 Dissociation of HK1 from mitochondria in endothelial 

cells has been also linked to heart failure.74 In conclusion, the significance of 

hexokinase-mitochondria binding goes beyond bioenergetics, influencing diverse 

cellular functions. The next chapter explores additional non-catalytic functions of 

mitochondrial hexokinases, unravelling their impact on cellular physiology. 

 

1.3.3 Other non-catalytic functions of mitochondrial hexokinases 

Multiple hexokinase isoforms exist within the same cell, suggesting functions 

beyond basic catalysis. Indeed, numerous non-catalytic functions are known for 

mitochondrial HKs, as comprehensively reviewed in Rodríguez-Saavedra et al., 

2021.75 Among the HK isoforms, HK2 has been studied the most, primarily because 
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of its role in the development of cancer.76 Consequently, additional functions of HK2 

have been identified. For example, HK2 was found to locate to mitochondria 

endoplasmic reticulum contact sites (MERCs) in neoplastic cells.77 The 

displacement of HK2 from MERCs led to Ca2+ overload-induced cell death.77 A 

recent study confirmed that the dissociation of HK2 from mitochondria leads to a 

release of ER Ca2+.78 Moreover, HK2 has been shown to localize to the nucleus in 

haemopoietic stem cells to maintain stemness.79 Furthermore, HK2 has been shown 

to translocate to the cytosol during glucose depletion, possibly to regulate glycogen 

formation.80 Additionally, one study found that bacterial peptidoglycan can inhibit 

HK2 activity and trigger the dissociation of HK2 from mitochondria.81 In the cytosol, 

HK2 activates NOD-like receptor pyrin domain-containing 3 (NLRP3) 

inflammasome, thus acting as a sensor for bacterial peptidoglycan.81 A subsequent 

study from the same group has shown that HK2 dissociation from mitochondria is a 

common feature of NLRP3-inflammasome activation.78 

The non-catalytic functions of HK1 are much less studied. One study reported 

that HK1 can phosphorylate histone 2A in the absence of glucose.82 However, the 

physiological relevance of this finding remains unclear. HK1 has also been shown 

to be involved in the cellular response to DNA damage: DNA damage leads to 

cytosolic relocalization and inactivation of HK1 to prevent glycolysis.83 

1.3.4 The role of mitochondrial hexokinases in diseases 

As HK1 is highly expressed in the brain and the retina, it is not surprising that several 

studies link mutations in HK1 to neurological diseases, and retinitis pigmentosa.84–

88 Mitochondrial HKs are overexpressed in many types of cancers, characterized by 

rapid cell proliferation and a glycolytic phenotype.89–91 In cancer cells, 

overexpression of mitochondrial HKs has been linked to high rates of glucose 

fermentation to lactate even under the presence of oxygen, known as aerobic 

glycolysis or the Warburg effect.76,92 Otto Warburg hypothesized that aerobic 

glycolysis stems from defects in mitochondrial respiration.93,94 However, non-

cancerous cells with healthy mitochondria are able to perform aerobic glycolysis to 

promote cell proliferation.95–97 Mathematical models have shown that aerobic 

glycolysis aims to meet cellular energy demands, which mitochondrial oxidative 

phosphorylation cannot satisfy, during fast proliferation.98  
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High glycolytic flux, a characteristic of the Warburg effect, limits the import of 

pyruvate into mitochondria, leading to elevated production and secretion of lactate, 

which is believed to promote tumorigenesis.99,100 Thus, strategies to target and 

inhibit the catalytic activity of mitochondrial HKs have been of major interest in 

cancer therapy.101,102 Two of the most studied HK inhibitors are 2-deoxyglucose (2-

DG) and 3-bromopyruvate (3BP). 2-DG competes with glucose for binding at HKs. 

In contrast to glucose-6-phosphate, phosphorylated 2-DG cannot be metabolized 

further, thereby blocking glycolysis and depleting cellular ATP levels.103,104 Although 

2-DG has shown promising results in preclinical studies, the hypoglycemia-like side 

effects of 2-DG in clinical studies have been concerning.105,106 3BP, a pyruvate 

analog, is one of the most potent antiglycolytic drugs under investigation. 3BP has 

been shown to dissociate HK2 from mitochondria; however, the exact mechanism 

is not fully understood.107,108 Moreover, it has been suggested that 3BP inhibits 

glycolysis mainly by alkalizing the active site of glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), with only minor effects on the activity of HK2.109 Similar 

to 2-DG, monotherapy with 3BP has shown limited antitumor effects.110 Therefore, 

combination treatments need to be found for more promising cancer therapies. 

1.4 Significance of HK-VDAC1 interaction in cellular processes  

Mitochondrial HKs have been shown to interact with the voltage-dependent anion 

channel 1 (VDAC1), the main transporter in the outer mitochondrial membrane 

(OMM), regulating metabolic and energy homeostasis.111–113 VDAC1 has been 

reported to control mitochondrial apoptotic pathways via interaction with various 

proteins.114–116 The interaction of VDAC1 with pro- or antiapoptotic proteins can 

affect the permeability of the OMM and promote or inhibit cell death.117–122 The cell 

protective interaction between mitochondrial HKs and VDAC1 has been well 

described. For example, it has been reported that overexpression of VDAC1 can 

promote cell death, which is mitigated by co-overexpression of HK2.123 

Due to the significance of the HK-VDAC1 interaction in promoting cell growth and 

survival, disrupting HK-VDAC1 interaction has been recognized as a potentially 

viable therapeutic approach for impeding the proliferation of rapidly growing cancer 

cells.124–128 Although certain VDAC1 residues crucial for binding with HK1 and HK2 

have been recognized, structural details remain poorly understood.65,66,124,129–131 
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Two protein-protein docking studies proposed the direct insertion of the 

mitochondrial binding domains from HK1 or HK2 into the pore of VDAC1.132,133 

However, a recent study critiqued several crucial aspects of the previous HK-

VDAC1 interaction models.134 For example, it was unclear why HK1 binding does 

not completely block the maximal conductance of VDAC1, since the proposed 

plugged model would suggest blockage of the entire channel.65,117,124,129 Moreover, 

at the docking interface, the hydrophobic mitochondrial binding domain of HK1 or 

HK2 does not align well with the highly charged inner surface of VDAC1.134,135 

It has been suggested that VDAC1 enhances the binding of HKs to the OMM.136 

Nevertheless, mitochondrial HKs are capable of binding to the OMM even when 

VDAC1 is not present.123,137 Truncation of the mitochondrial binding domains of 

mitochondrial HKs hinders HK binding to the OMM, even when VDAC1 is 

present.63,138 Furthermore, super-resolution imaging of FLAG-tagged VDAC1 and 

immunolabeled HK1 suggested that VDAC1 clusters on the OMM, whereas HK1 is 

more homogenously distributed on the OMM.139 It has been hypothesized that 

mitochondrial HKs insert first into the OMM and the membrane-bound HKs from a 

complex with VDAC1.134 Using molecular dynamics and Brownian dynamics 

simulations, it has been shown that HK2 partially blocks the conductance of VDAC1 

and that phosphorylation of VDAC1 can disrupt the HK2-VDAC1 interaction.134 

These findings can be expanded to HK1-VDAC1 interaction as HK1 and HK2 have 

high sequence and structural homology. 

1.5 Live-cell Imaging of Enzymes and Mitochondria: 

Fluorescence Microscopy Techniques and Biosensors 

Live-cell imaging has revolutionized our view of metabolic enzymes by allowing the 

direct observation of protein-protein interactions and compartmentalization of 

metabolism within cells.  In addition, live-cell imaging has greatly impacted our view 

on the moonlighting functions of metabolic enzymes by allowing us to monitor 

metabolic activities in real-time using genetically encoded reporters, as 

comprehensively reviewed in Depaoli et al., 2019 and Chandris, Giannouli and 

Panayotou, 2021.140,141 This technology has provided insights into the 

spatiotemporal orchestration of complex biochemical processes, such as monitoring 

cellular energy status, ion concentration, and metabolite levels.  



 

18 
 

The isolation of green fluorescent protein (GFP) in the early 1960s was a major 

breakthrough in cell biology.142,143 Three decades later, GFP became a key tool in 

molecular biology after successful cloning and expression.144–146 Evolving the 

fluorescent properties of GFP led to a broad palette of colored fluorescent 

proteins.147,148 Genetically encoded fluorescent probes allow to visualize a wide 

range of cellular processes, such as gene expression, protein movement, 

interactions, trafficking, and organelle dynamics.149–152 By incorporating localization 

sequences, the probes can be directed to various subcellular compartments, 

enabling the study of localized cellular events.153,154 In parallel, genetically encoded 

reporters were developed, which typically include one or two fluorescent proteins 

connected to specific domains that can bind to an analyte or undergo chemical 

modifications through signaling processes. This interaction influences the spectral 

properties of the fluorescent proteins, offering a measurable readout for different cell 

signaling events and metabolic processes.155–158 Single FP-based reporters, though 

intensiometric, are advantageous for multispectral imaging.159 Förster resonance 

energy transfer (FRET)-based reporters inherently offer a ratiometric readout, which 

allows for accurate analyte quantification since changes in FRET ratios are not 

affected by expression levels.160 The versatility of genetically encoded reporters can 

be enhanced by modifying FPs or sensor domains, creating multicolored sensor 

variants for simultaneous measurements of multiple parameters.140,159,161,162 By 

visualizing the metabolic activity of cells, live-cell imaging has enabled a better 

understanding of their function and regulation, which is essential for studying 

metabolism in health and disease.163–165 The capability to observe metabolic 

processes at the single-cell level has also enabled the creation of new tools for high-

throughput screening and for identifying compounds that influence cellular 

metabolic activities.166 

Live-cell imaging has furthered our knowledge of mitochondria by enabling the 

observation of mitochondrial movement, fission, and fusion. These processes are 

crucial for maintaining proper mitochondrial function and overall cellular health, as 

comprehensively reviewed in Glancy, 2020.167 Although biochemical methods and 

protein analyses can help to evaluate mitochondrial function,168–170 microscopic 

observations can be used to assess mitochondrial function in intact cells. There are 

three main ways to visualize mitochondria for fluorescence microscopy: First, 
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mitochondria can be quickly stained with fluorescent dyes; however, results should 

be interpreted with caution due to the potential toxicity of the dyes.171 Second, 

mitochondria can be visualized in fixed cells with immunofluorescence using 

mitochondria-specific antibodies. However, the downside of this approach is the 

non-specific antibody labeling and the potential introduction of artifacts due to 

cellular fixation.172 Last, mitochondria can be observed using genetically encoded 

fluorescent proteins that are directed to specific proteins or mitochondrial 

compartments. providing stable and specific labeling of mitochondrial structures.153 

Because the small internal components and distances within mitochondria are very 

small, electron microscopy is commonly used for visualizing mitochondrial 

ultrastructure. However, with advancements in microscopy techniques, such as 

high- and super-resolution microscopy, it is now possible to visualize mitochondrial 

ultrastructure in living cells. For example, a fast and gently super-resolution 

microscopy approach (structured illumination microscopy; SIM), showed that cristae 

are unevenly distributed in mitochondria, and areas of decreased cristae density 

correspond to locations where mitochondrial fission occurred.173 The same 

technology was recently used to visualize mitochondrial cristae dynamics and the 

redistribution of components of the mitochondrial Ca2+ uptake machinery.174,175 

Obtaining these findings through electron microscopy is challenging because of its 

static nature. Although live-cell imaging of mitochondria can be challenging due to 

phototoxicity, progress in developing faster and gentler microscopy methods, and 

improvements in more stable fluorophores are enhance our ability to observe how 

mitochondria function in cells. 

1.6 Challenges of visualizing VDAC1 

The large size of FPs has been reported to interfere with the targeting and functions 

of the tagged proteins.176 This issue has been observed in the case of GFP-tagged 

VDAC1.177,178 The precise incorporation of VDAC1 into the outer mitochondrial 

membrane depends on the tags’ specific position, charge, and length.179 Research 

indicates that longer tags can cause VDAC1 misplacement,177–179 likely because the 

tag masks the recognition of the targeting signal.180 Therefore, we reasoned that 

tagging VDAC1 with a short tag will not interfere with the localization and function 

of VDAC1. 
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1.6.1 The tetracysteine-tag is a promising alternative 

A widely used and relatively small tag in molecular biology is the small fragment of 

the self-complementing split-FP approach.181 Unfortunately, with a size of 16 

residues for the small fragment, we anticipate that the split FP approach will not be 

suitable for tagging VDAC1. The tetracysteine (TC)-tag, which has only six residues 

(CCPGCC), has been shown to be valuable alternative to conventional FP 

imaging.182 The TC-tag can be visualized by fluorogenic dyes, such as FlAsH-EDT2 

or the red-shifted ReAsH-EDT2.183 Therefore, we believe that TC-tagging is a 

promising approach to visualize VDAC1.  
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1.7 Aims and hypotheses 

The subcellular localization of mitochondrial HKs is highly relevant for their 

canonical function in glucose phosphorylation and their non-canonical functions, 

such as influencing VDAC1-dependent apoptosis. We propose that observing 

mitochondrial HKs in living cells is crucial to understand how HK1 transitions 

between different functions. Thus, the main goal of my PhD is to visualize and track 

the dynamics of mitochondrial HKs, in relation to other outer mitochondrial 

membrane proteins, including VDAC1, using advanced high-resolution imaging 

techniques. We will focus on developing new protocols to capture changes in the 

distribution of mitochondrial HKs, particularly HK1, in response to different cellular 

stressors. Additionally, we will investigate whether these changes are specific to 

cancer cells, or if cancer cells exhibit a unique dynamic profile in this context.  

Aims 

• To explore and characterize the non-catalytic functions of HK1. 

• To investigate the live-cell dynamics of HK1 and understand its organization 

during fluctuations in glucose availability. 

• To assess whether the TC-tag affects the subcellular location of VDAC1. 

• Identify treatments that affect the binding of HKs to mitochondria. 

Hypotheses: 

• We hypothesize that HK1 has non-catalytic functions that are crucial in 

cellular processes. 

• We predict that HK1 undergoes structural reorganization during glucose 

depletion. 

• With its shorter length and specific characteristics, we hypothesize that the 

TC-tag will allow for the precise visualization of VDAC1 in live cells, 

overcoming the complications associated with larger fluorescent protein tags. 

• We predict that combination treatments will disrupt the binding of HKs to 

mitochondria. 
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2 Materials and Methods 

Material and methods are published in Pilic et al., 2024184 and Pilic et al., 2023185. 

2.1 Cell culture 

HeLa S3, SH-SY5Y, MCF7, and MEF cells were cultured in Dulbecco's modified 

Eagle’s medium (DMEM D5523, Sigma-Aldrich), which was supplemented with 10% 

fetal calf serum (FCS), 10 mM NaHCO3, 50 U/mL penicillin-streptomycin, 1.25 

µg/mL amphotericin B, and 25 mM HEPES, with the pH adjusted to 7.45 using 

NaOH. U2OS Fis1-GFP cells received an additional 15 mM glucose. INS-1 cells 

were grown in GIBCO RPMI medium 1640, supplemented with 10% FCS, 10 mM 

HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.05 mM beta-

mercaptoethanol, 50 U/mL penicillin-streptomycin, and 1.25 µg/mL amphotericin B. 

All cells were incubated in a humidified incubator with 5% CO2 at 37°C. 

2.2 Transfection 

Cells were seeded in 6-well plates on 30 mm glass coverslips (Paul Marienfeld 

GmbH & Co. KG, Lauda-Königshofen, Germany) and transfected using PolyJet 

(SignaGen Laboratories) following the manufacturer's instructions. Briefly, 3 µl of 

PolyJet reagent was combined with 1 µg of plasmid DNA in 100 µl of DMEM, free 

of serum and antibiotics, for each well. The transfection mixture was added to 1 ml 

of culture medium and incubated for 8 hours, after which it was replaced with 2 ml 

of fresh culture medium. Imaging was performed 24 to 48 hours post-transfection. 

2.3 Imaging of subcellular protein dynamics 

Prior to imaging, cells were transferred to a storage buffer composed of 135 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, 2 mM L-glutamine, 1X MEM 

amino acids, 1X MEM vitamins, 1% penicillin-streptomycin, and 1% amphotericin B, 

with the pH adjusted to 7.45 using NaOH. 

High-resolution imaging was conducted using a confocal laser scanning 

microscope (Axiovert 200 M, Zeiss) equipped with a 100×/1.45 NA oil immersion 
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objective (Plan-Fluor, Zeiss) and a Nipkow-based confocal scanner unit (CSU-X1, 

Yokogawa Electric Corporation). Diode lasers (Visitron Systems, Pucheim, 

Germany) provided the excitation light, with BFP, CFP, YFP, GFP, and RFP fusion 

constructs being excited by 405, 445, 488, and 561 nm lasers, respectively. 

Emission was detected by a CoolSNAP HQ2 CCD Camera (Photometrics Tucson, 

Arizona, USA) using specific filters for each fluorophore (ET445/58m, ET460/50m, 

ET525/36m, ET535/30m, and ET630/75m by Chroma Technology Corporation). 

FlAsH was excited in a manner similar to GFP for two-color imaging and like YFP 

for three-color imaging.  

Super-resolution imaging was performed with a structured illumination 

microscope (Nikon) fitted with a 100×/1.49 NA oil immersion objective (CFI 

Apochromat TIRF, Nikon), standard filter sets, and two iXon EMCCD cameras 

(Andor). GFP and RFP fusion constructs were excited with 488 and 561 nm lasers, 

respectively. 

2.4 Image analysis 

Image analysis was conducted using Fiji software. Z-stack images, captured with a 

step size of 200 nm, were processed with deconvolution and background 

subtraction using a rolling ball radius of 50 to 300 pixels. For colocalization analysis, 

the TrackMate plugin was employed to detect and quantify colocalization between 

protein clusters, and the ImageJ plugin Coloc2 was used to calculate the Pearson 

and Manders' coefficients. 3D images of a luminal ER marker were thresholded to 

assess ER morphology using the Sauvola local threshold and Li global threshold. 

ER morphology parameters were evaluated with the ImageJ plugin 3D Manger. The 

width of mitochondria was determined using the full width at half maximum. To 

evaluate mitochondrial morphology, 2D images of a mitochondrial matrix marker 

were thresholded with the Otsu method. The Aspect Ratio was calculated as the 

ratio of the longest to the shortest axes of the mitochondrial matrix marker. The Form 

Factor was determined using the following formula: 

𝐹𝑜𝑟𝑚 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2

4π × Area
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2.5 Single-cell ATP and glucose imaging 

ATP and glucose FRET imaging was performed using an inverted microscope (IX73 

system, Vienna, Austria) equipped with a 40×/1.4 NA oil immersion objective 

(UPLXAPO40XO, Olympus) and an optical beam splitter (Photometrics DV2, 

Photometrics, Tucson, AZ, USA). HeLa cells expressing either the mitochondria-

targeted mtAT1.03 or the cytosolic FLII12Pglu-700uDelta6 CFP-YFP-based 

biosensors were imaged. CFP excitation in the FRET pair was achieved with an 

LED-based light source (LEDHub, Omicron) and a 427/10 Brightline HC excitation 

filter (Semrock). Emission light was detected using a Retiga R1 CCD camera 

(Teledyne QImaging) with a CFP/YFP/mCherry triple LED HC emission filter 

(Semrock). 

2.6 Mitochondrial membrane potential measurements 

Cells were stained with 25 nM tetramethylrhodamine methyl ester (TMRM; 

Molecular Probes, Invitrogen) for 15 minutes at 37°C prior to measuring membrane 

potential with a Nikon Eclipse Ti2 microscope. This microscope was fitted with a 

40×/1.15 NA water immersion objective (CFI Apochromat, Nikon), standard filter 

sets, and two Kinetix Scientific CMOS cameras (Photometrics). Excitation of TMRM 

was achieved with 580 nm light from pE-800 (CoolLED). For each iteration, 6x6 

images were stitched, background subtracted, and subjected to thresholding using 

the Triangle method before quantifying TMRM intensity. 

2.7 Perfusion of cells during live cell imaging 

Transfected cells on 30 mm coverslips were positioned in a PC30 perfusion 

chamber (NGFI, Graz, Austria) and perfused at a flow rate of approximately 1 ml 

per minute using a gravity-based perfusion system (PS9, NGFI). The glucose-

containing buffer included 135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 

mM HEPES, and 10 mM D-glucose, with the pH adjusted to 7.45 using NaOH. The 

glucose-free buffer was prepared by substituting glucose with 10 mM D-mannitol.  
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2.8 Cell permeabilization 

Cells were perfused with 10 µM digitonin for 4 minutes using a buffer designed to 

mimic intracellular ion composition. This buffer contained 10 mM NaCl, 110 mM KCl, 

1 mM MgCl2, 0.1 mM EGTA, 10 mM HEPES, and 10 mM D-glucose, with the pH 

adjusted to 7.4 using NaOH. For glucose-free conditions, the buffer substituted 

glucose with 10 mM D-mannitol. In dose-response experiments, increasing 

concentrations of ATP or glucose-6-phosphate (G6P) were added to the glucose-

free intracellular buffer, and the percentage of cells displaying HK1-clusters was 

assessed. Additionally, for phosphate addition experiments, 100 µM G6P was mixed 

with phosphate-buffered saline (PBS). 

2.9 Immunofluorescence 

Wild-type HeLa cells, HeLa cells transfected with VDAC1-TC, and MCF7 cells were 

cultured in 6-well plates on 30 mm coverslips until reaching approximately 80% 

confluency. HeLa cells were used to analyze endogenous VDAC1, while MCF7 cells 

were used to examine endogenous HK1. The cells were then taken from the 

incubator and incubated in a storage buffer containing 1 µM MitoTracker Red 

CMXRos for HeLa cells or 1 µM FlAsH for MCF7 cells for 15 minutes at 37°C. HeLa 

cells were washed with 100 µM BAL, whereas MCF7 cells were perfused with 

glucose-free buffer for 30 minutes to induce HK1 clustering. Control MCF7 cells 

were perfused with glucose buffer. Following this, all cells were washed twice with 

PBS and fixed with 4% paraformaldehyde at room temperature for 15 minutes. After 

fixation, the cells were washed three times with PBS and blocked with 5% BSA in 

PBS for one hour with gentle shaking. The blocking buffer was then replaced with a 

1:1000 dilution of VDAC1 mouse monoclonal antibody (abcam, #14734) or a 1:1000 

dilution of HK1 rabbit monoclonal antibody (Cell Signaling, #2024) in PBS with 5% 

BSA. The cells were incubated with the primary antibody overnight at 4°C with 

gentle shaking. The following day, the primary antibody solution was removed, and 

the cells were washed three times with PBS. Secondary antibodies, Alexa Fluor 568 

goat anti-mouse or Alexa Fluor 488 goat anti-rabbit (Thermo Fisher Scientific) at a 

1:2500 dilution, were then applied. The cells were incubated in the dark for 2 hours 

at room temperature with gentle shaking. Finally, the cells were washed three times 



 

26 
 

with PBS for 5 minutes, mounted using Vectashield antifade mounting medium 

(Vectorlabs), and the coverslips were sealed with nail polish. 

2.10 Protein extraction and Immunoblot 

To evaluate VDAC1 protein levels, cells were plated in 6-well plates and transfected 

with 0.5 µg of plasmid DNA. After 48 hours, the cells were harvested using RIPA 

buffer (25 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1% sodium 

deoxycholate, 0.1% SDS; pH adjusted to 7.60 with NaOH) containing a protease 

inhibitor cocktail (Sigma). Protein concentration was measured using the BCA 

Assay (ThermoFisher Scientific) with a CLARIOstar Plus (BMG Labtech). For each 

condition, 30 µg of protein were separated on a 12.5% SDS-polyacrylamide gel and 

transferred to a PVDF membrane (Merck Millipore). The membrane was blocked 

with 5% milk powder (Merck Millipore) in TBS-Tween (20 mM Tris, 0.14 M NaCl, 

0.1% Tween-20, pH 7.6) for 1 hour at room temperature. The membrane was then 

cut and incubated overnight at 4 °C with gentle shaking in a blocking solution 

containing either a 1:5000 dilution of monoclonal mouse VDAC1 antibody (abcam, 

#186321) or a 1:1000 dilution of monoclonal mouse β-actin antibody (Sigma, 

A5316). Following incubation, the membranes were washed three times for 5 

minutes with 0.1% TBS-Tween buffer and then incubated with a 1:3000 dilution of 

HRP-conjugated secondary anti-mouse antibody for 1 hour at room temperature. 

After washing, the membranes were exposed to a chemiluminescent reagent 

(ThermoFisher Scientific), and the resulting signal was detected using the 

ChemiDoc MP Imaging System (Biorad). The relative optical density was analyzed 

using Fiji software. 

2.11 Seahorse measurements 

Cells were plated onto XF96 polystyrene cell culture microplates (Agilent, Seahorse) 

and grown until they reached 100% confluency. Prior to measurement, the cells 

were washed and transferred to XF assay medium supplemented with 1 mM sodium 

pyruvate, 2 mM glutamine, and 5.5 mM D-glucose. The XF96 extracellular flux 

analyzer (Agilent, Seahorse) was then used to measure the ratio of oxygen 

consumption rate (OCR, pmol O2/min) to extracellular acidification rate (ECAR, 

mpH/min). 
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2.12 Chemicals 

To label the inner mitochondrial membrane, cells were incubated with 200 nM 

MitoTracker Red CMXRos (Thermofisher) in a storage buffer for 10 minutes at 37°C, 

followed by washing with the same buffer. Actin polymerization was inhibited by 

exposing the cells to 10 µM cytochalasin D (Sigma) in a glucose buffer. 

Mitochondrial fission was induced by treating the cells with either 2 µM FCCP 

(Sigma) or 4 µM ionomycin (Abcam) for 10 minutes in the glucose buffer. Apoptosis 

was triggered by treating the cells with 10 µM staurosporine (Sigma) for one hour in 

the storage buffer. ER stress was induced by incubating the cells with 1 µM 

tunicamycin (Sigma) for two hours in the storage buffer. Additionally, mitochondrial 

DNA was stained with 1 µM STYO13 (Molecular Probes) for 15 minutes. 

2.13 Generation of 3D structures of VDAC1-fusion constructs 

The 3D structures of GFP-VDAC1, VDAC1-GFP, and VDAC1-TC were generated 

using ColabFold v1.5.2-patch, a modified version of AlphaFold2 that utilizes 

MMseqs2 for sequence alignment and structural prediction. The 3D structures were 

visualized with UCSF Chimera. 

2.14 NMR metabolomic profiling 

Nuclear Magnetic Resonance (NMR) sample preparation and analysis were 

performed as described previously.186 Briefly, cell pellets were combined with 600 

µl of methanol (in a 2:1 ratio), while 200 µl of cell supernatants were mixed with 400 

µl of methanol. The samples were then lysed using a Precellys homogenizer and 

stored at -20 °C for one hour before further processing. Next, the samples were 

centrifuged at 10,000 rpm and 4 °C for 30 minutes. The supernatants were 

lyophilized, and 500 µl of NMR buffer (containing 0.08 M Na2HPO4, 5 mM 3-

trimethylsilyl propionic acid-2,2,3,3,-d4 sodium salt (TSP), and 0.04% NaN3 in D2O, 

adjusted to pH 7.4 with 8 M HCl and 5 M NaOH) were added to the samples, which 

were then placed into 5 mm NMR tubes. All NMR measurements were performed 

at 310 K using an AVANCE™ Neo Bruker Ultrashield 600 MHz spectrometer with a 

TXI probe head, and the data were processed as previously described.187 For the 

1H 1D NMR experiments, the 1D CPMG (Carr-Purcell-Meiboom-Gill) pulse 
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sequence (cpmgpr1d) was used with the following parameters: 512 scans, 73,728 

points in F1, a spectral width of 11,904.76 Hz, 512 transients, and a recycle delay 

of 4 seconds. Water suppression was achieved through pre-saturation. The spectra 

were acquired and automatically processed using Bruker Topspin 4.0.2 software, 

which included exponential line broadening of 0.3 Hz, phasing, and referencing to 

TSP at 0.0 ppm. The processed spectra were then imported into Matlab2014b, 

where regions corresponding to water, TSP, and residual methanol signals were 

removed. Data analysis and figure generation were performed with MetaboAnalyst 

5.0. 

 

2.15 Plasmids 

Table 2. Plasmids used for transfection during my PhD studies. 

Name Description Source 

HK1-GFP HK1 marker 63 Addgene #21917 

HK1-mRuby3 HK1 marker 188 

HK1-ATPmut-GFP ATP binding mutant G862A.189 184 

Monomeric-HK1-
GFP 

E280A, R283A, G284Y mutations 
prevent dimerization of HK1.190 

184 

HKDC1-GFP Hexokinase domain containing 1 184 

HK2-GFP HK2 marker 63 Addgene #21920 

HK1N-HK2C-GFP The N-terminal half of HK1 fused 
to  
C-terminal half of HK2 

184 

HK2N-HK1C-GFP N-terminal half of HK2 fused to  
C-terminal half of HK1 

184 

Truncated-HK1-GFP Lacks mitochondrial binding 
domain (MBD) 

63 Addgene #21918  

HK1MBD-GFP Mitochondrial binding domain of 
HK1 

184 

HK2MBD-HK1-GFP Mitochondrial binding domain of 
HK1 was replaced by MBD of HK2 

184 

HK1-L6A-GFP Mutation in the MBD 184 

HK1-L7A-GFP Mutation in the MBD 184 

HK1-F11A-GFP Mutation in the MBD 184 

HK1-L14A-GFP Mutation in the MBD 184 

mitoDsRed Mitochondrial matrix marker Addgene #44386 

mito-sfGFP Mitochondrial matrix marker 191 

mitoBFP Mitochondrial matrix marker Addgene #49151  

ComplexIV8-
mRuby2 

Cristae membrane marker 192 

https://www.addgene.org/21917/
https://www.addgene.org/21920/
https://www.addgene.org/21918/
https://www.addgene.org/44386/
https://www.addgene.org/49151/
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MICU1-CFP MICU1 marker 175 

BFP-KDEL ER lumen marker Addgene #49150 

mCh-ER3 Luminal ER marker Addgene #55041 

mCh-Sec61β Membrane ER marker Addgene #49155 

GFP-BAK BAK marker Addgene #32564 

mCherry-Actin Actin marker Addgene #54957 

tagRFP-Tubulin Tubulin marker Evrogen #FP145 

mCherry-Parkin Parkin marker Addgene #23956 

mCherry-Drp1 Drp1 marker Addgene #49152 

mCh-Fis1 Fis1 anchor Addgene #182580 

mCh-Mff Mff marker Addgene #157760 

mCh-MiD51 MiD51 marker 193 

FLII12Pglu-
700uDelta6 

Cytosolic FRET-based glucose 
sensor.194 

Addgene #17866 

GFP-VDAC1 GFP fused to the N-terminus of 
VDAC1 

Addgene #211735 

VDAC1-VDAC1 GFP fused to the C-terminus of 
VDAC1 

Addgene #211734 

VDAC1-TC TC-tag fused to the C-terminus of 
VDAC1 

Addgene #211733 

 

 

 

 

 

 

 

 

https://www.addgene.org/49150/
https://www.addgene.org/55041/
https://www.addgene.org/49155/
https://www.addgene.org/32564/
https://www.addgene.org/54957/
https://evrogen.com/products/vectors/pTagRFP-tubulin/pTagRFP-tubulin.shtml
https://www.addgene.org/23956/
https://www.addgene.org/49152/
https://www.addgene.org/182580/
https://www.addgene.org/157760/
https://www.addgene.org/17866/
https://www.addgene.org/211735/
https://www.addgene.org/211734/
https://www.addgene.org/211733/
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3 Results 

3.1 HK1 forms rings during energy stress 

To explore the non-catalytic functions of HK1 and its dynamic behavior during 

glucose fluctuations, we visualized HeLa cells that coexpressed HK1-GFP with 

mitoDsRed, a mitochondrial matrix marker. In the presence of glucose, HK1 was 

found to be uniformly distributed around the mitochondria (Figure 4A, left images)184. 

Removal of glucose lead to the formation of HK1-clusters on mitochondria (Figure 

4A, right images)184. During glucose depletion, these HK1-clusters became more 

prominent (Figure 4B)184 and ultimately formed rings around mitochondria (Figure 

4C)184. HK1-clusters slightly deformed mitochondria (Figure 4D)184, whereas HK1-

rings completely encircled mitochondria (Figure 4E)184. These structures 

disassembled within two minutes of glucose readdition, indicating that the clustering 

is a dynamic, regulated response rather than an artifact of GFP overexpression. 

To rule the possibility that the formation of HK1-rings is an overexpression artifact 

of GFP,195 we conducted immunofluorescence analysis. Glucose deprivation led to 

the formation of endogenous HK1-clusters in MCF-7 cells. (Figure 4F)184. HK1 was 

weakly expressed in HeLa cells and was not located at mitochondria (Figure 4G). 

Next, we assessed HK1-clustering in different cells. Approximately 90% of HeLa 

cells expressing HK1-GFP formed HK1-clusters after 20 min of glucose deprivation 

(Figure 4H)184. Similar results were observed in SH-SY5Y neuroblastoma cells and 

in mouse embryonic fibroblasts (Figure 4H)184. In contrast, less than 10% of rat 

insulinoma cells (INS-1) formed HK1-clusters following 20 min of glucose 

deprivation (Figure 4H)184. Given that INS-1 cells are able to sustain ATP levels for 

extended periods of glucose deprivation,64 we reasoned that the formation of HK1-

clusters results from ATP deficiency rather than glucose deficiency. We explored 

the formation of HK1-clusters more directly with genetically encoded biosensors for 

mitochondrial ATP and cytosolic glucose levels.194,196  

 



 

31 
 

 
Figure 4. Hexokinase 1 clusters into ring-like structures during glucose depletion. (A) HK1 
forms bright clusters when glucose is depleted. Confocal images of a HeLa cell expressing HK1-
GFP and mitoDsRed with 10 mM glucose (left) and after 15 min of glucose depletion (right). The 
upper panels show an overview of the cell, and the dashed squares are magnified below.184 
(B and C) HK1-clusters grow in size and form ring-like structures around mitochondria. Time-lapse 
images of HeLa cells expressing HK1-GFP and mitoDsRed were acquired as glucose was depleted. 
The maturation of multiple HK1-clusters (B) or the formation of an HK1-ring (white arrows in C) is 
shown.184 (D and E) 3D reconstructions reveal the shape of HK1-clusters and HK1-rings. Three-
dimensional reconstruction of single mitochondria in HeLa cells expressing HK1-GFP and 
mitoDsRed. Shown are the frontal view (left panels) and side view (right panels) of an HK1-cluster 
and an HK1-ring.184 (F) Endogenous HK1 in MCF-7 cells forms ring-like structures during glucose 
depletion. Immunofluorescence images of MCF-7 cells stained with anti-HK1 (green) and 
mitoTracker (magenta) with 10 mM glucose (left) or after 30 min of glucose depletion (right). The 
upper panels show an overview of the cells, and the dashed squares are magnified below.184 (G) 
Endogenous HK1 in HeLa locates to the nucleus. Immunofluorescence images of HeLa cells stained 
with anti-HK1 (green) and mitoTracker (magenta) with 10 mM glucose (top) or after 30 min of glucose 
depletion (bottom). (H) HK1-clustering occurs in various cell types. The left panel shows confocal 
images of SH-SY5Y, MEF, and INS-1 cells expressing HK1-GFP and mitoDsRed with 10 mM glucose 
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(top) and without glucose (bottom). The right bar graph shows the percentages of cells with HK1-
clusters (mean ± SEM) as glucose is depleted for 10 min (light gray) or 20 min (dark gray). Number 
of cells: HeLa (n = 110), SH-SY5Y (n = 53), MEF (n = 24), INS-1 (n = 54).184 [Figure panels 
reproduced from Pilic et al., 2024.] 

 

The formation of HK1-clusters following glucose depletion closely correlated with 

the reduction in mitochondrial ATP levels (Figure 5A)184. Conversely, glucose levels 

decreased well before the formation of HK1-clusters (Figure 5A)184. We 

subsequently adjusted intracellular ATP and glucose levels and monitored HK1-

clustering in HeLa cells permeabilized with digitonin. HK1-clusters rapidly formed 

after permeabilization (Figure 5D)184. Consistent with our hypothesis, addition of 

ATP caused the disassembly of HK1-clusters (Figure 5B and Figure 5D)184. 

Surprisingly, HK1-clusters did not disassemble in the presence of glucose in 

permeabilized cells (Figure 5E)184. Compared to ATP, glucose-6-phosphate (G6P) 

was more effective in disassembling HK1-clusters. (Figure 5B and Figure 5F)184. 

Importantly, the addition of G6P did not raise mitochondrial ATP levels (Figure 5C), 

suggesting that G6P cannot be metabolized to generate ATP in permeabilized cells. 

Binding of G6P to HK1 is weakened by phosphate.197,198 Therefore, we investigated 

whether phosphate influences the formation of HK1-clusters. The addition of 

phosphate promoted HK1-clustering, even with G6P present (Figure 5G)184. We 

then investigated how ATP facilitates HK1-clustering in intact cells. We created a 

GFP-tagged version of the HK1 mutant (G862A), which is characterized by its 

impaired ATP-binding ability.189 Cells containing the ATP-binding mutant showed a 

greater tendency to form clusters than those with the wild-type HK1 (Figure 5H)184. 

Given that AMPK is activated during energy stress and targets mitochondria,199  we 

examined its potential impact on HK1-clustering. Activation of AMPK with AICAR 

did not induce HK1-clustering in the presence of glucose (Figure 5I, left panel)184. 

Inhibition of AMPK with dorsomorphin did not prevent HK1- clustering during 

glucose depletion (Figure 5I, right panel). Our data indicate that the absence of ATP 

and G6P drives HK1-clustering independently of AMPK activity. 
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Figure 5. Lack of ATP and G6P drives HK1-clustering. (A) The appearance of HK1-clusters 
correlates more tightly with mitochondrial ATP than cytosolic glucose levels. Shown are curves of 
mitochondrial ATP levels (blue, n = 123 HeLa cells expressing mtAT1.03) and cytosolic glucose 
levels (orange, n = 67 HeLa cells expressing FLII12Pglu-700uDelta6) as glucose is depleted. Time-
lapse images of HeLa cells expressing HK1-GFP were acquired at intervals of 5 s and used to assess 
the appearance of HK1-clusters (green, n = 10) as glucose is depleted. Data are presented as mean 

± SD.184 (B) ATP and G6P disassemble HK1-clusters in a concentration-dependent manner. The 

mean inhibitory effects of ATP (blue, n = 46 cells) and G6P (red, n = 95 cells) on the proportion of 
digitonin-permeabilized HeLa cells with HK1-clusters are shown as logarithmic concentration-

response curves.184 (C) Cell permeabilization correlates with a drop in mitochondrial ATP. Shown 

are curves of mitochondrial ATP levels (blue, n = 7 HeLa cells expressing mtAT1.03) as cells are 
permeabilized with 4 µM digitonin before being treated with 100 µM G6P and 2 mM ATP. Data are 
presented as mean ± SD. (D-F) ATP and glucose-6-phosphate (G6P) disassemble HK1-clusters in 
a concentration-dependent manner. Time-lapse images of HK1-GFP-expressing HeLa cells 
permeabilized with 4 µM digitonin before being treated with ATP (D), glucose (E), or G6P (F). Time-

lapse images were acquired at intervals of 7 min.184 (G) Phosphate (Pi) promotes HK1-clustering 

despite the presence of G6P. Time-lapse images of HK1-GFP-expressing HeLa cells permeabilized 
with 4 µM digitonin before being treated with G6P and Pi. Time-lapse images were acquired at 

intervals of 7 min. The circuit on the right shows the regulation of the HK1 reaction.184 (H) The ATP-

binding mutant (G862A) is more likely to form clusters than the wild-type enzyme. Time-lapse images 
of HeLa cells expressing mitoDsRed and HK1-GFP or HK1-ATPmut-GFP were acquired at intervals 
of 7 min as glucose was gradually depleted (bottom). The percentages of cells with clusters of HK1 
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(n = 41) and HK1-ATPmut (n = 47) were calculated (top).184 (I) HK1 forms clusters independent of 

AMPK activity. Confocal images of HeLa cells expressing HK1-GFP and mitoDsRed with glucose 
and after 15 min of treatment with 1 mM AICAR (left panel) or after 15 min of glucose depletion in 
the presence of 10 µM dorsomorphin (right panel). [Figure panels reproduced from Pilic et al., 2024.] 

3.2 HK1-rings constrict mitochondria at contact sites with the ER 

We noticed that mitochondria were constricted where HK1-rings formed (Figure 6A, 

left panel)184. To investigate this, we coexpressed HK1-GFP with mitoDsRed and 

measured the mitochondrial matrix at these sites of HK1-rings. When glucose was 

removed, the matrix diameter at HK1-rings significantly reduced. This constriction 

reversed once glucose was reintroduced and the HK1-rings disassembled. (Figure 

6A, right graph)184. Given that actin plays a role in mitochondrial constriction,200,201 

we investigated how actin polymerization influences the formation of HK1-rings. To 

assess actin distribution relative to HK1, we coexpressed HK1-GFP and mCh-Actin. 

Inhibiting actin polymerization did not affect HK1 localization when glucose was 

available or prevent the formation of HK1-rings after glucose deprivation (Figure 

6B)184. Since we noted reduced mitochondrial motility during glucose depletion, we 

also investigated whether inhibiting tubulin polymerization impacted HK1 ring 

formation by coexpressing HK1-GFP with tagRFP-Tubulin. Inhibition of tubulin 

polymerization did not affect HK1 localization or the formation of HK1-rings (Figure 

6C). These results indicate that actin and tubulin polymerization are not essential 

for the formation of HK1-rings. 

We speculated that the formation of HK1-rings might lead to a decrease in the 

density of cristae membranes at the sites where mitochondria are constricted. To 

visualize changes in mitochondrial structure, we coexpressed HK1-GFP with 

ComplexIV8-mRuby2, a marker targeting the cristae membranes. The regions 

occupied by HK1-rings were devoid of cristae membranes (Figure 7A)184. To 

determine if the mitochondrial matrix was present in cristae-deficient regions, we 

introduced mitoBFP, a blue fluorescent marker of the mitochondrial matrix. (Figure 

7B)184. HK1-rings exhibited significantly reduced colocalization with cristae 

membranes compared to the mitochondrial matrix. (Figure 7D)184. 
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Figure 6. HK1-rings constrict mitochondria. (A) HK1-rings constrict mitochondria. Time-lapse 
images of a HeLa cell expressing HK1-GFP and mitoDsRed were acquired as glucose was removed 
and readded (left panel). Images are maximum intensity projections of z-stacks (6 sections, spaced 
0.2 µm apart). Arrows indicate sites of mitochondrial constriction at positions of HK1-rings. The 
diameter of the mitochondrial matrix (mean ± SEM, n = 7) was measured at positions of HK1-rings 
(right graph). The difference between basal and glucose-depleted mitochondrial diameter was 
evaluated using one-way ANOVA with Dunnett post hoc test.184 (B) The formation of HK1-rings does 
not require actin polymerization. Time-lapse images of a HeLa cell expressing HK1-GFP and 
mCherry-Actin were acquired at intervals of 10 min under three different conditions: With 10 mM 
glucose (left), after treatment with 10 µM cytochalasin D (middle), and after glucose depletion in the 
presence of 10 µM cytochalasin D (right).184 (C) The formation of HK1-rings does not require tubulin 
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polymerization. Time-lapse images of a HeLa cell expressing HK1-GFP and mCherry-Actin were 
acquired at intervals of 10 min under three different conditions: With 10 mM glucose (left), after 
treatment with 5 µg/ml nocodazole (middle), and after glucose depletion in the presence of 5 µg/ml 
nocodazole (right). [Figure panels reproduced from Pilic et al., 2024.] 

Next, we tested whether cristae junction proteins are also displaced from the 

positions of HK1-rings. Therefore, we coexpressed HK1-mRuby3 with a marker of 

mitochondrial calcium uptake 1 (MICU1), which contributes to the structural integrity 

of cristae junctions.175 MICU1 was displaced by HK1-rings during glucose 

deprivation (Figure 7C). These results suggest that cristae are displaced at the sites 

of HK1-rings. 

 

Figure 7. HK1-rings displace cristae. (A) Cristae membranes are absent at positions of HK1-rings. 
Confocal images of a HeLa cell expressing HK1-GFP and ComplexIV8-mRuby2 (cristae membrane) 
after 15 min of glucose depletion (left panel). Images are maximum intensity projections of z-stacks 
(51 sections, spaced 0.2 µm apart). Arrows indicate positions of HK1-rings. Dashed squares are 
magnified on the right side of the overview images. Cartoon shows that cristae membranes are 
displaced at positions of HK1-rings (right).184 (B) Mitochondrial matrix is present in cristae-free 
regions at positions of HK1-rings. Confocal images of a HeLa cell expressing HK1-GFP, 
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ComplexIV8-mRuby2 (cristae membrane), and mitoBFP (matrix) after 15 min of glucose depletion. 
Images are maximum intensity projections of z-stacks (36 sections, spaced 0.2 µm apart). The left 
image shows an overview of the cell, and the dashed squares are magnified on the right side. Dashed 
lines represent line scan graphs on the right and show the relative fluorescence intensity of HK1 
(green), cristae membrane (magenta), and mitochondrial matrix (blue) along the length of the line. 
Arrows point to positions of HK1-rings.184 (C) HK1-rings displaces cristae junction proteins. Confocal 
images of a HeLa cell expressing HK1-mRuby3 and MICU1-CFP before (left) after 15 min of glucose 
depletion (right). Dashed squares are magnified below the overview images. Arrows indicate 
positions of HK1-rings. (D) HK1-rings colocalize less with cristae membrane than with mitochondrial 
matrix. The Pearson correlation coefficient is shown between HK1-GFP and ComplexIV8-mRuby2 
(cristae membrane), or mitoDsRed (matrix) with 10 mM glucose or after 15 min of glucose depletion. 
The beeswarm SuperPlot represents each cell with a color-coded dot according to the experimental 
day. Two-tailed unpaired t-test was used for statistical analysis (n = 3). Data are presented as mean 
± SD.184 [Figure panels reproduced from Pilic et al., 2024.] 

 

Given that the ER plays a role in the constriction of mitochondrial,202,203 we 

examined if HK1-rings are associated with the ER marker BFP-KDEL. HK1-rings 

were found to colocalize with the ER (Figure 8A, white arrows)184. It was frequently 

observed that HK1 clusters from adjacent mitochondria came into contact (Figure 

8C)184. The ER was positioned at the interfaces where HK1-clusters were in contact 

(Figure 8A, yellow arrows)184. The vast majority of HK1-rings and HK1-clusters were 

found to colocalize with intersecting and adjacent ER tubules (Figure 8B)184. Next, 

we investigated the temporal correlation between the ER and the formation of HK1-

rings. We coexpressed HK1-GFP with mCh-Sec61β, a membrane ER marker. 

During imaging we observed that the ER is located at regions of HK1-rings already 

before the formation of HK1-rings (Figure 8D). Since mitochondria DNA (mtDNA) 

replication occurs at ER-mitochondria contact sites,204 we investigated the temporal 

correlation between mtDNA and forming HK1-rings. We expressed HK1-GFP and 

stained mtDNA with STYO13, a cell-permeant nucleic acid dye. During imaging we 

observed that the mtDNA is located at positions of HK1-rings before HK1-rings had 

formed (Figure 8E). These data indicate that the ER could play a crucial role in 

directing where HK1-rings form under energy stress conditions. 



 

39 
 

 

Figure 8. HK1-rings are located at ER-mitochondrial contact sites. (A) Confocal images of a 
HeLa cell expressing HK1-GFP, mitoDsRed, and BFP-KDEL (ER) after 15 min of glucose depletion. 
The left image shows an overview of the cell, and the dashed squares are magnified on the right 
side. White arrows point to positions of HK1-rings, and yellow arrows to HK1-clusters.184 (B) The 
majority of HK1-rings and HK1-clusters are localized at the ER. Bar graph shows the percentage of 
HK1-rings and HK1-clusters that colocalize with the ER membrane after 15 min of glucose depletion 
(n = 456).184 (C) HK1-clusters of neighboring mitochondria were frequently observed in contact. 
Structured illumination microscopy images of HeLa cells expressing HK1-GFP and mitoDsRed, 
showing that HK1-clusters from neighboring mitochondria are in lattice contacts. Images are 
maximum intensity projections of z-stacks (33 sections, spaced 0.1 µm apart).184 (D) ER is present 
before the formation of HK1-rings. Time-lapse images of a HeLa cell expressing HK1-GFP and mCh-
Seq61β were acquired at intervals of 30 s as glucose was removed right before the formation of HK1-
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rings. Arrows indicate positions of HK1-rings. (E) Mitochondrial DNA is present before the formation 
of HK1-rings.  Time-lapse images of a HeLa cell expressing HK1-mRuby3 and the nucleic acid dye 
SYTO13 were acquired at intervals of 60 s as glucose was removed right before the formation of 
HK1-rings. Arrows indicate positions of HK1-rings. [Figure panels A-C reproduced from Pilic et al., 
2024.]   

3.3 HK1-rings interfere with Drp1 and block mitochondrial fission  

Given that Drp1 is vital for the constriction and division of mitochondria,205 we 

explored the potential colocalization of HK1-rings with mCh-Drp1 and tracked their 

dynamics during glucose deprivation. We noted a reduction in Drp1,clusters during 

glucose deprivation, coinciding with the formation of HK1-rings (Figure 9A and 

Figure 9B)184. The overexpression of HK1 notably diminished the number of Drp1 

clusters during glucose deprivation (Figure 9A and Figure 9B)184. HK1-rings and 

Drp1-clusters showed minimal colocalization (Figure 9C and Figure 9D)184. Glucose 

readdition increased Drp1-clusters and led to the disassembly of HK1-rings (Figure 

9B)184. Mitochondrial fission, mediated by Drp1-clusters, was detected at only a few 

regions where HK1.rings had disassembled (Figure 9E)184. Next, we explored 

whether HK1-rings affect the localization of other outer mitochondrial membrane 

proteins by coexpressing HK1-GFP with mTagBFP2-TOMM20-N-10. The TOM20 

maker was absent in regions of HK1-rings (Figure 9F)184. We then investigated how 

different receptors for Drp1, including Mff, MiD51, and Fis1, influence HK1-ring-

formation. Coexpressing mCh-Mff or mCh-MiD51 with HK1-GFP showed similar 

percentages of cells with HK1-rings as control cells expressing only HK1-GFP 

(Figure 9G).184 However, overexpressing the mCh-Fis1, which only contains the 

membrane anchor of Fis1, completely inhibited the formation of HK1-rings (Figure 

9G)184, indicating that excessive Fis1 membrane anchors inhibits HK1-ring-

formation. Further testing with HK1-mRuby3 in U2OS cells expressing endogenous 

Fis1-GFP,206 revealed that the signal of endogenous Fis1 was diminished  in areas 

where HK1 rings were present (Figure 9H),184 indicating that HK1-rings and Fis1 

cannot occupy the same regions. During glucose deprivation, the emergence of 

HK1-rings coincided with the localized and time-dependent disintegration of Mff-

clusters. (Figure 9I)184. Mff triggered mitochondrial fission at a few areas where HK1-

rings had disassembled during glucose reintroduction, paralleling Drp1's pattern. 

(Figure 9I)184. During glucose deprivation, HK1-rings appeared at sites of MiD51-

rings (Figure 9J)184, which, unlike Mff-clusters, remained stable at these sites 

(Figure 9J)184. Glucose reintroduction led to MiD51-ring disassembly and 
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mitochondrial division (Figure 9K)184. Our data suggest that HK1-rings may obstruct 

Drp1 from binding to the fission receptors, thereby hindering mitochondrial fission. 

The expression of HK1-GFP in HeLa cells appeared to reduce mitochondrial 

fission events. To substantiate this observation, we compared the mitochondrial 

morphology of glucose-deprived HeLa cells expressing HK1-GFP with non-

expressing counterparts during treatment with FCCP, a potent mitochondrial fission 

inducer. Mitochondrial morphology changes were assessed by the aspect ratio 

(AR), where a low AR indicates fragmented mitochondria and a high AR signifies 

elongated mitochondria. FCCP treatment caused significant mitochondrial 

fragmentation in HeLa cells without HK1-GFP (Figure 9L, upper panel)184. FCCP 

treatment was ineffective in inducing mitochondrial fission in HeLa cells that 

expressed HK1-GFP (Figure 9L, lower panel)184. The results demonstrate that HK1-

rings mitigate mitochondrial fission caused by FCCP in an energy deprived state. 
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Figure 9. HK1-rings displace Drp1 and prevent mitochondrial fission during energy stress.  
(A) Overexpression of HK1 significantly reduced the number of Drp1-clusters during energy stress. 
Confocal images of HeLa cells expressing mCherry-Drp1 with HK1-GFP (left panel) or mito-sfGFP 
(right panel) as 10 mM glucose (left) was removed for 20 min (middle) and readded for 4 min (right).184 
(B) HK1-rings reduced the number of Drp1-clusters during energy stress. Curves show the 
percentage of Drp1-clusters in HeLa cells (blue) and in HeLa cells that express HK1-GFP (green) 
relative to the percentage of HK1-rings (black) as glucose is removed and readded. Two-tailed 
unpaired t-test was used for statistical analysis between Drp1-clusters and Drp1-clusters +HK1. Data 
are presented as mean ± SEM.184 (C) The majority of HK1-rings and Drp1-clusters did not colocalize. 
Bar graphs show the percentage of HK1-rings (n = 1596) that were adjacent to Drp1-clusters (left) 
and the percentage of Drp1-clusters (n = 897) that were adjacent to HK1-rings (right) after 15 min of 
glucose depletion.184 (D) The majority of HK1-rings and Drp1-clusters did not colocalize. 
Representative confocal image of a HeLa cell expressing HK1-GFP and mCherry-Drp1 after 15 min 
of glucose depletion. The image is a maximum intensity projection of z-stacks (41 sections, spaced 
0.2 µm apart).184 (E) HK1-ring disassembly allowed Drp1-clusters to move into constriction sites and 
induce mitochondrial fission. Time-lapse images of a glucose-depleted HeLa cell expressing HK1-
GFP and mCherry-Drp1 were acquired at intervals of 90 s as 10 mM glucose was readded. Arrow 
indicates the position of an HK1-ring.184 (F) HK1-rings displace proteins of the outer mitochondrial 
membrane. Confocal images of a HeLa cell expressing HK1-GFP, mitoDsRed, and mTagBFP2-
TOMM20-N-10 after 15 min of glucose depletion. Images are maximum intensity projections of z-
stacks (35 sections, spaced 0.2 µm apart). Arrows indicate positions of HK1-rings.184 (G) Fis1 anchor 
overexpression prevents the formation of HK1-rings. Graph shows the percentages of HeLa cells 
with clusters after 10 min of glucose depletion. HK1-GFP + mitoDsRed (n = 110), HK1-GFP + mCh-
Mff (n = 38), HK1-GFP + mCh-MiD51 (n = 33), HK1-GFP + mCh-Fis1 (n = 47).184 (H) HK1-rings 
displace endogenous Fis1. Confocal images of a U2OS cell that overexpress HK1-mRuby3 
(magenta) and endogenously express Fis1-GFP (green) before (top panel) and after 10 min of 
glucose depletion (bottom panel). Arrows indicate positions of HK1-rings.184 (I)  The formation of 
HK1-rings correlates with the disassembly of Mff-clusters. Confocal images of a HeLa cell expressing 
HK1-GFP and mCh-Mff. The left image shows an overview of the cell in the presence of glucose, 
and the dashed square is magnified on the right side. Time-lapse images were acquired as glucose 
was removed and readded.184 (J) HK1-rings formed at sites of MiD51-rings. Confocal images of a 
HeLa cell expressing HK1-GFP and mCh-MiD51.The left image shows an overview of the cell in the 
presence of glucose, and the dashed square is magnified on the right side. Time-lapse images were 
acquired as glucose was removed. White arrows point to positions of HK1-rings.184 (K) MiD51 
disassembly leads to mitochondrial fission. Confocal images of a HeLa cell expressing HK1-GFP 
and mCh-MiD51. The left image shows an overview of the cell in the absence of glucose, and the 
dashed square is magnified on the right side. Time-lapse images were acquired as glucose was 
readded.184 (L) HK1-rings prevent FCCP-induced mitochondrial fission during energy stress. 
Thresholded images of mitoDsRed signal in HeLa cells (top panel) and in HeLa cells that overexpress 
HK1-GFP (bottom panel). Glucose was depleted for 30 min before imaging (leftmost images). The 
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middle images show the cells after perfusion with 2 µM FCCP for 20 min. Numbered dashed squares 
are magnified on the right side of the overview images. White arrows indicate mitochondrial fission, 
and yellow arrows indicate mitochondrial constriction. The beeswarm SuperPlot represents each cell 
with a color-coded dot according to the experimental day (right). Two-tailed paired t-test was used 
for statistical analysis (n = 3). Data are presented as mean ± SD.184 [Figure panels reproduced from 
Pilic et al., 2024.] 

3.4 Influence of HK1-rings on Parkin translocation during energy 

stress 

As mitochondrial fission is required for mitochondrial degradation,206 we explored 

the potential impact of HK1-rings on Parkin translocation from the cytosol to the 

mitochondria, which promotes the degradation of damaged mitochondria.207 Using 

HeLa cells expressing HK1-GFP and mCherry-Parkin, we observed that Parkin did 

not translocate to the mitochondria during glucose depletion (Figure 10A). 

Furthermore, mitochondrial depolarization with FCCP failed to induce Parkin 

translocation in the absence of glucose in HeLa cells (Figure 10B), aligning with 

previous observations.208 In contrast, FCCP treatment facilitated Parkin 

translocation to the mitochondria in the presence of glucose (Figure 10C). FCCP 

treatment failed to induce the formation of HK1-rings when glucose was present 

(Figure 10D), making it challenging to assess the influence of HK1-rings on Parkin 

translocation. 

 

Figure 10. Influence of HK1-rings on Parkin translocation. (A) Parkin does not translocate to 
mitochondria during glucose depletion. Confocal images of a HeLa cell expressing HK1-GFP and 
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mCh-Parkin with glucose (top row) and after 15 min of glucose depletion (bottom row). (B) Parkin 
does not translocate to mitochondria during FCCP treatment in the absence of glucose. Confocal 
images of a HeLa cell expressing HK1-GFP and mCh-Parkin with glucose (top row) and after 30 min 
of treatment with 10 µM FCCP in the absence of glucose (bottom row). (C) Parkin translocates to 
mitochondria during FCCP treatment in the presence of glucose. Confocal images of a HeLa cell 
expressing HK1-GFP and mCh-Parkin after 2 h of treatment with 10 µM FCCP in the presence of 
glucose. (D) HK1 does not form rings during FCCP treatment in the presence of glucose. Confocal 
images of a HeLa cell expressing HK1-GFP and mitoDsRed with glucose (left) and after 10 min of 
treatment with 10 µM FCCP (right). 

3.5 The structure of HK1 regulates the formation of HK1-rings 

Next, we tested whether other mitochondrial hexokinases are able to form rings. 

Although HK2 shares high structural similarity with HK1, HK2 did not form rings in 

the absence of glucose (Figure 12A)184. In contrast, HKDC1, which also shares high 

structural similarity with HK1,54 did form clusters in the absence of glucose (Figure 

12A)184, however, HKDC1-clusters were less prominent and less frequently 

observed than HK1-clusters. These results suggest that the clustering ability of 

hexokinases is influenced by enzyme-specific structural features. 

HK1 consists of two halves that share high structural similarity (Figure 11)184. 

Interestingly, the N-terminal half of HK1 is catalytically inactive and believed to have 

regulatory functions. The C-terminal half of HK1 is catalytically active. In HK2, both 

halves are catalytically active.209 To determine the functional domain of HK1 

responsible for clustering during glucose depletion, we engineered two chimeric 

proteins, combining the N-terminal and C-terminal regions of HK1 and HK2, each 

fused to GFP: HK1N-HK2C and HK2N-HK1C (Figure 12C)184. We then evaluated 

the extent of cluster formation in response to glucose deprivation. The majority of 

cells expressing the native HK1-GFP construct formed clusters after 10 min of 

glucose deprivation. In stark contrast, the HK2N-HK1C-GFP chimera failed to form 

clusters under these conditions (Figure 12B and Figure 12C),184 indicating that the 

N-terminal half of HK1 is indispensable for clustering. Interestingly, a minority of 

cells expressing the HK1N-HK2C-GFP chimera showed clustering activity (Figure 

12C and Figure 12D),184 suggesting that the C-terminal region of HK1 contributes 

to but is not essential for clustering. 

The N-terminal domain of HK1 harbors a 15-residue hydrophobic sequence that 

functions as a mitochondrial binding domain (MBD) (Figure 11)184. To determine the 

role of the MBD in HK1-clustering during glucose deprivation, we analyzed a 
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truncated form of HK1 that lacks this domain.63 The truncated variant of HK1, 

confined to the cytosol, did not demonstrate clustering in the absence of glucose 

(Figure 12B and Figure 12E)184. This suggests that the MBD is required for 

clustering to occur. We tested the clustering capability of the isolated MBD by 

attaching it to GFP, resulting in the HK1MBD-GFP fusion protein. Expression of this 

construct in HeLa cells showed that HK1MBD-GFP was localized uniformly around 

mitochondria and did not cluster during glucose deprivation (Figure 12B and Figure 

12E)184. Analysis of HK1-mRuby3 and HK1MBD-GFP during glucose starvation 

showed that HK1MBD-GFP was not present in the HK1-mRuby3 ring structures 

(Figure 12F)184. This observation implies that the MBD alone is not sufficient for 

incorporation into the HK1-ring complexes. 

 

Figure 11. Structure of HK1. X-ray structures of full-length rat HK1 (PDB accession no. 1BG3). 
HK1 contains a mitochondrial binding domain (yellow), a catalytically inactive N-terminal half (red), 

and a catalytically active C-terminal half (blue). Glucose is shown as orange balls.184 [Figure 

reproduced from Pilic et al., 2024.] 
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Figure 12. Sructural features dictate the formation of HK1-clusters. (A) HK2 does not form 
clusters, and HKCD1 has a moderate ability to form clusters when glucose is depleted. Confocal 
images of HeLa cells expressing mitoDsRed and HK2-GFP (left) or HKCD1-GFP (right) with 10 mM 
glucose (top) and after 10 min of glucose depletion (bottom).184 (B) HK2N-HK1C, truncated HK1, and 
HK1MBD do not form clusters when glucose is depleted. Confocal images of HeLa cells expressing 
mitoDsRed and HK2N-HK1C-GFP (left), truncated HK1-GFP (middle), or HK1MBD-GFP (right) with 
10 mM glucose (top) and after 10 min of glucose depletion (bottom). MBD, mitochondrial binding 
domain; N, N-terminal half; C-terminal half.184 (C) The N-terminal half of HK1 is essential for the 
formation of HK1-clusters. Domain organization of HK1, HK2, and chimera constructs are shown on 
the left next to the percentages of HeLa cells with clusters after 10 min of glucose depletion. HK1 (n 
= 110), HK2 (n = 57), HK1N-HK2C (n = 81), HK2N-HK1C (n = 40). MBD, mitochondrial binding 
domain; N, N-terminal half; C-terminal half.184 (D) The C-terminal half of HK1 is not essential but 
supports cluster formation. Confocal images of a HeLa cell expressing HK1N-HK2C-GFP and 
mitoDsRed with 10 mM glucose (left) and after 10 min of glucose depletion (right). Dashed squares 
in the overview images are magnified in the bottom right corner.184 (E) The MBD is necessary for the 
formation of HK1-clusters. Domain organization of HK1, truncated HK1, and HK1MBD are shown on 
the left next to the percentages of HeLa cells with clusters after 10 min of glucose depletion. HK1 (n 
= 110), truncated HK1 (n = 10), HK1MBD (n = 97). MBD, mitochondrial binding domain; N, N-terminal 
half; C, C-terminal half.184 (F) HK1MBD-GFP was absent at HK1-rings. Confocal images of a HeLa 
cell expressing HK1MBD-GFP and HK1-mRuby3 after 20 min of glucose depletion. Arrow indicates 
the position of an HK1-ring.184 (G) Leucine residues within the MBD are crucial for the formation of 
HK1-clusters. Domain organization of HK1, HK2MBD-HK1, and mutants in the MBD are shown on 
the left next to the percentages of HeLa cells with clusters after 10 min of glucose depletion. HK1 (n 
= 110), HK2MBD-HK1 (n = 33), HK1-L6A (n = 31), HK1-L7A (n = 33), HK1-F11A (n = 28), HK1-L14A 
(n = 26). Residues in the MBD of constructs that differ from HK1 are highlighted in bold (right).  MBD, 
mitochondrial binding domain; N, N-terminal half; C, C-terminal half. Crosses indicate mutated 
positions.184 (H) Leucine residues within the MBD are crucial for the formation of HK1-clusters. 
Confocal images of HeLa cells expressing mitoDsRed and HK2MBD-HK1-GFP, HK1-L6A-GFP, 
HK1-L7A-GFP, HK1-F11A-GFP, and HK1-L14A-GFP with 10 mM glucose (top) and after 10 min of 
glucose depletion (bottom).184 (I) Monomeric HK1 forms clusters even in the presence of glucose. 
Domain organization of monomeric HK1 (E280A, R283A, and G284Y) is shown on the left next to 
the percentage of HeLa cells with clusters of monomeric HK1 (n = 44) as glucose was gradually 
depleted in intervals of 7 min. MBD, mitochondrial binding domain; N, N-terminal half; C, C-terminal 
half. Crosses indicate mutated positions.184 (J) Monomeric HK1 (E280A, R283A, and G284Y) forms 
clusters even in the presence of glucose. Time-lapse images of a HeLa cell expressing monomeric 
HK1-GFP and mitoDsRed were acquired at intervals of 7 min as glucose was gradually depleted.184 
[Figure panels reproduced from Pilic et al., 2024.] 

To pinpoint which residues in the MBD are crucial for HK1-clustering, we created 

a chimera construct combining HK1 with the MBD of HK2, resulting in HK2MBD-

HK1-GFP. The MBD of HK2 differs from that of HK1 in residues 4, 5, 10, and 15 

(Figure 12G)184. The clustering behavior of HK2MBD-HK1-GFP was comparable to 

HK1-GFP (Figure 12G and Figure 12H)184. It has been established that altering 

hydrophobic or charged residues to alanine can compromise the membrane 

deformation capabilities of proteins.210,211 Consequently, we created four HK1 

constructs with specific alanine substitutions in the MBD: HK1-L6A, HK1-L7A, HK1-

F11A, and HK1-L14A. The mitochondrial localization of these mutant constructs was 

not affected (Figure 12H)184. Among the cells expressing these constructs, 61% of 

those with HK1-F11A-GFP, 23% of those with HK1-L6A-GFP, and only 6% of those 

with HK1-L7A-GFP were capable of forming HK1-clusters during glucose depletion 

(Figure 12G and Figure 12H)184. Cells expressing HK1-L14A-GFP did not exhibit 



 

50 
 

HK1-cluster formation upon glucose deprivation (Figure 12G and Figure 12H)184. 

These observations point to the importance of leucine residues in the MBD for the 

formation of HK1-clusters when cells are under energetic stress. 

We then investigated if oligomerization of HK1 influences HK1-clustering. HK1, 

while monomeric in solution,212 has been shown to assemble into tetramers upon 

interaction with the outer mitochondrial membrane.213,214 The functional role of HK1 

in its monomeric state is not fully elucidated. To explore this, we constructed a GFP-

tagged version of HK1 with specific mutations (E280A, R283A, and G284Y), which 

prevents dimerization at the dimer interface.190 In the majority of cells expressing 

this monomeric HK1-GFP, HK1-clustering was observed with glucose present and 

increased further during glucose deprivation (Figure 12I and Figure 12J)184. These 

results suggest that monomeric HK1 supports the formation of HK1-clusters. 

 

3.6 HK1 forms tunnels after prolonged glucose starvation 

In cells expressing monomeric-HK1-GFP, we occasionally observed long tunnel-like 

structures in the presence of glucose (Figure 13 A). These HK1-tunnels were also 

occasionally observed after culturing cells expressing HK1-GFP in glucose-free 

culture media overnight (Figure 13B). 
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Figure 13. HK1 forms tunnels after prolonged glucose starvation. (A) Monomeric HK1 (E280A, 
R283A, and G284Y) occasionally forms HK1-tunnels in the presence of glucose. Confocal images 
of a HeLa cell expressing monomeric HK1-GFP and mitoDsRed were acquired in the presence of 
glucose. (B) HK1 forms tunnels after overnight glucose depletion. Confocal images of a HeLa cell 
expressing HK1-GFP and mitoDsRed were acquired after 16 h of culturing in glucose free medium. 
Cell was imaged in glucose free storage buffer. Arrows indicate positions of HK1-tunnels. 
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3.7 Impact of HK1-Rings on Mitochondrial Function and Cellular 

Metabolism 

To elucidate the role of HK1-ring structures, we investigated two specific mutants: 

HK1-ATPmut, which facilitates ring assembly, and HK1-L14A, which fails to form 

rings under energy stress. We analyzed the effect of HK1-rings on mitochondrial 

stability by examining mitochondrial morphology in glucose-deprived HeLa cells 

expressing either HK1-ATPmut-GFP or HK1-L14A-GFP during FCCP-induced 

stress. FCCP exposure led to pronounced mitochondrial fragmentation in HeLa cells 

expressing HK1-L14A-GFP (Figure 14A, upper panel)184, while cells with HK1-

ATPmut-GFP maintained mitochondrial integrity  (Figure 14A, lower panel)184. This 

suggests that specific mutations in HK1 affect mitochondrial morphology during 

stress conditions. 

To explore how HK1-rings affect cellular metabolism, we conducted untargeted 

NMR metabolomics on HeLa cells deprived of glucose. We performed sparse partial 

least squares-discriminant analysis (sPLS-DA) to differentiate between non-

transfected control cells and those expressing either HK1-ATPmut or HK1-L14A. 

The sPLS-DA analysis revealed distinct metabolic profiles among the groups, with 

clear separation observed in the score plot (Figure 14B, left), with specific metabolite 

changes highlighted (Figure 14B, right and Figure 14C). Both HK1 mutants resulted 

in elevated lactate levels compared to non-transfected controls (Figure 14D), 

indicating enhanced lactate production. HK1-ATPmut expressing cells exhibited a 

distinct metabolic shift, characterized by lower glutamine and higher fumarate levels 

compared to both the control group and cells expressing HK1-L14A (Figure 14D). 

This suggests that HK1-rings are involved in altering metabolic processes related to 

glutaminolysis and the TCA cycle (Figure 14E). 
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Figure 14. HK1 mutants affect mitochondrial dynamics and metabolism. (A) Single point 
mutations in HK1 alter mitochondrial dynamics during energy stress. Confocal images of HeLa cells 
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expressing mitoDsRed with HK1-L14A-GFP (top panel) and HeLa cells that express mitoDsRed with 
HK1-ATPmut-GFP (bottom panel). Glucose was depleted for 30 min before imaging (leftmost 
images). The middle images show the cells after perfusion with 2 µM FCCP for 20 min. Numbered 
dashed squares are magnified on the right side of the overview images. The beeswarm SuperPlot 
represents each cell with a color-coded dot according to the experimental day (right). Two-tailed 

paired t-test was used for statistical analysis (n = 3). Data are presented as mean ± SD. 184 (B) HK1-

rings rewire mitochondrial metabolism. Untargeted NMR metabolomics sPLS-DA 3D score plot (left): 
Component 1 of 53%, Component 2 of 7%, and Component 3 of 8.6%. 3D loading plot indicates 
most distinctive metabolites (right). (C) Loading plots indicate the most distinctive metabolites. The 
tables with the listed metabolites show changes in concentration. Heatmaps are shown on the right 
side. (D) Graphs show changes in the area of peaks of selected metabolites. (E) Proposed model 
for mitochondrial rewiring by HK1-rings. Green arrows indicate consequences in metabolite levels 
by the formation of HK1-rings. [Figure panels reproduced from Pilic et al., 2024.] 

 

3.8 Fusion of GFP to the N- or C-terminus of VDAC1 induces 

aggregation and mislocalization 

The interaction between HK1 and VDAC1, which is well-documented, might be 

involved in the formation of HK1-rings. To investigate this interaction dynamically in 

live cells, we first evaluated whether VDAC1 could fold correctly when fused to 

fluorescent proteins with a flexible linker. 3D structural models of GFP-VDAC1 and 

VDAC1-GFP were created using AlphaFold2 (Figure 15A)185. The 3D structures 

indicated that both constructs folded favorably, suggesting that FP fusion does not 

disrupt the quaternary structure of VDAC1. 

To ensure accurate localization of these constructs, we examined HeLa cells 

transfected with GFP-VDAC1 or VDAC1-GFP and used Mitotracker Red, which 

labels the inner mitochondrial membrane. We found that both constructs were 

mostly aggregated in the cytosol (Figure 15B and Figure 15E)185 or were localized 

to the cytosol without aggregation (Figure S15D and Figure S15G)185. When using 

less plasmid DNA to minimize potential overexpression artifacts, we observed a 

decreased percentage of cells with aggregated FP-tagged VDAC1 (Figure 15C and 

Figure 15F)185. However, we did not detect mitochondrial localization (Figure S15D 

and Figure S15G)185.  

Immunoblot analysis confirmed that FP-tagged VDAC1 is mildly overexpressed 

compared to the transfection control (Figure S15H)185. The results indicate that 

fusing fluorescent proteins to the N- or C-termini of VDAC1 causes mislocalization 

and aggregation in HeLa cells, which aligns with earlier studies showing improper 

targeting of C-terminal FP-tagged VDAC1 in both rat and human cells.177,178 
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Figure 15. Mistargeting of VDAC1 is induced by N- and C-terminal fusion of GFP.  
(A) AlphaFold2-generated 3D structures and schematic representation of GFP-VDAC1 and VDAC1-

GFP fusion constructs. 185 (B) Confocal images of a HeLa cell transfected with 0.5 µg of GFP-VDAC1 

and stained with mitotracker red. 185 (C) Bar graph shows the percentage of HeLa cells with different 
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expression phenotypes of GFP-VDAC1 using different amounts of plasmid DNA. 185 (D) Confocal 

images of HeLa cells transfected with 0.166 µg of GFP-VDAC1 and stained with mitotracker red. The 
upper panel shows a HeLa cell where GFP-VDAC1 is aggregated in the cytosol and the lower panel 

shows a HeLa cell where GFP-VDAC1 is in the cytosol without aggregation. 185 (E) Confocal images 

of a HeLa cell transfected with 0.5 µg of VDAC1-GFP and stained with mitotracker red. 185 (F) Bar 

graph shows the percentage of HeLa cells with different expression phenotypes of VDAC1-GFP 

using different amounts of plasmid DNA. 185 (G) Confocal images of HeLa cells transfected with 

0.166 µg of VDAC1-GFP and stained with mitotracker red. The upper panel shows a HeLa cell where 
VDAC1-GFP is aggregated in the cytosol and the lower panel shows a HeLa cell where VDAC1-GFP 

is in the cytosol without aggregation. 185 (H) Protein extracts from transfection control HeLa cells or 

HeLa cells transfected with 0.5 µg of GFP-VDAC1, VDAC1-GFP, or VDAC1-TC were analyzed with 
an immunoblot using specific antibodies for VDAC1 and β-actin. Relative optical densities of the 
bands were determined, and the results were normalized to β-actin. 185 [Figure panels reproduced 
from Pilic et al., 2023.] 

3.9 The use of a short tetracysteine-tag enables the visualization 

of VDAC1-clusters on mitochondria. 

Given the tendency of VDAC1 to mislocalize with C-terminal tags exceeding eight 

residues,179 we attached the six-residue tetracysteine (TC) tag at the C-terminus of 

VDAC1. We chose the C-terminus for tagging to void interference with the N-

terminal domain, which is involved in numerous protein interactions.215 We used 

FlAsH-EDT2 to visualize VDAC1-TC (Figure 16A)185, and determined the optimal 

dye concentration by imaging HeLa cells coexpressing VDAC1-TC and mitoDsRed 

with different amounts of FlAsH. We observed two distinct labeling patterns: cells 

transfected with VDAC1-TC showed a cluster-like distribution of VDAC1 around 

mitochondria (Figure 16A, second row)185. An increase in green fluorescence 

intensity was noted with higher FlAsH concentrations, and there was significant 

noise at lower concentrations (Figure 16A, third row)185. Untransfected cells 

displayed uniform FlAsH labeling of mitochondria, indicating non-specific 

accumulation of the dye (Figure 16A, fourth row)185. Notably, transfecting with 

mitoDsRed alone we did not observe clusters (Figure 16B)185, ruling out dye-

induced clustering. 

To verify that the FlAsH signal in VDAC1-TC-transfected cells corresponds to 

VDAC1, we conducted immunofluorescence using a VDAC1 antibody (Figure 

16C)185. We observed clear colocalization between the VDAC1 antibody labeling 

and the VDAC1-TC FlAsH signal (Line scan analysis in Figure 16C)185 and a cluster-

like distribution of endogenous VDAC1 in wild-type cells (Figure 16D)185. This 

cluster-like pattern of VDAC1 on mitochondria was also observed with FLAG-tagged 

VDAC1 and endogenously labeled VDAC1.139,216 Given that FlAsH shares structural 
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similarities with the mitochondrial dye Rhodamine 123 (Figure 16E)185, we 

speculated that FCCP, a mitochondrial uncoupler, might lessen the non-specific 

binding of FlAsH to mitochondria. Treatment with FCCP during labeling significantly 

reduced FlAsH binding to mitochondria compared to untreated cells  (Figure 16E)185, 

suggesting that the non-specific binding of FlAsH is influenced by the mitochondrial 

membrane potential. While the washing buffer used in TC-labeling, British anti-

Lewisite (BAL), also decreased FlAsH binding, it was not as effective as FCCP. 

(Figure 16 E)185. 
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Figure 16. Short tetracysteine-tag allows to visualize VDAC1-clusters on mitochondria. (A) 3D 
structure of VDAC1-TC and chemical structure of FlAsH (top). Confocal images of HeLa cells 
transfected with VDAC1-TC and mitoDsRed; cells were labeled with FlAsH at increasing 
concentrations for 30 min (bottom). The first row of images shows an overview of the cells, and the 
dashed squares are magnified below. In the third row, the intensity levels of FlAsH are depicted in 
the calibration bar.185 (B) Confocal images of HeLa cells transfected with mitoDsRed; cells were 
labeled with 1 µM FlAsH for 15 min.185 (C) Immunofluorescence images of HeLa cells expressing 
VDAC1-TC; cells were labeled with 1 µM FlAsH for 15 min (green) and anti-VDAC1 (magenta). The 
upper panels show an overview of the cells, and the dashed squares are magnified below. Dashed 
lines represent the line scan graph on the right and show the relative fluorescence intensity of 
VDAC1-TC (green) and anti-VDAC1 (magenta) along the length of the line.185  
(D) Immunofluorescence images of HeLa cells labeled with 1 µM FlAsH for 15 min (green) and anti-
VDAC1 (magenta). Arrows point to VDAC1-clusters at mitochondria. 185 (E) Chemical structures of 
FlAsH and Rhodamine123 (left). Confocal images of HeLa cells transfected with VDAC1-TC; cells 
were labeled with 1 µM FlAsH for 30 min, in the presence of 10 µM FCCP or washed with 100 µM 
BAL for 10 min (bottom). The dashed outline indicates cells without VDAC1-clusters. The mean 
intensity of cells with and without VDAC1-clusters was measured (right graph, n from left to right = 
7, 22, 15, 9, 7, and 20). The difference between groups was evaluated using one-way ANOVA with 
Bonferroni post hoc test. Data are presented as mean ± SD. 185 [Figure panels reproduced from Pilic 
et al., 2023.] 

3.10 Characterizing the effects of FlAsH binding on mitochondrial 

function 

We observed increased mitochondrial fragmentation in cells expressing VDAC1-TC 

relative to their untransfected counterparts. To investigate this further, we compared 

the mitochondrial morphology between HeLa cells expressing mitoDsRed alone and 

those coexpressing both VDAC1-TC and mitoDsRed (Figure 17A)185. Aspect Ratio 

(AR) and Form Factor (FF) were used to evaluate mitochondrial swelling and 

branching. The data showed a significant decrease in AR and FF, indicating that 

overexpression of VDAC1-TC leads to mitochondrial fragmentation in HeLa cells 

(Figure 17A)185. Notably, neither FlAsH nor FlAsH combined with BAL had a 

significant impact on mitochondrial morphology (Figure 17B)185. To assess the 

potential effects of non-specific FlAsH binding on mitochondrial energy status, we 

measured mitochondrial membrane potential using tetramethylrhodamine methyl 

ester (TMRM) and evaluated the ratio of oxygen consumption rate (OCR) to 

extracellular acidification rate (ECAR). We noted variability in TMRM intensity 

across cells (Figure 17C)185, but did not observe significant changes in mitochondrial 

membrane potential (Figure 17C)185 or OCR/ECAR ratio (Figure 17D)185 upon 

labeling cells with FlAsH or washing with BAL. 

 



 

61 
 

 

Figure 17. Characterizing the effects of FlAsH binding on mitochondrial function. (A) Confocal 
images of a HeLa cell expressing mitoDsRed (top row) or VDAC1-TC with mitoDsRed (bottom row); 
cells were labeled with 1 µM FlAsH for 15 min and washed with 100 µM BAL for 10 min. The left 
column shows an overview of the cell, the middle column shows the Otsu thresholded mitoDsRed 
signal, and the dashed squares are magnified in the right column. Graphs on the right show the 
Aspect Ratio and Form Factor of thresholded images (n = 32 per group). The difference between 
groups was evaluated using unpaired t-test. Data are presented as mean ± SD. 185 (B) Confocal 
images of HeLa cells expressing mitoDsRed; control cells were not labeled (left column); cells were 
labeled with 1 µM FlAsH for 15 min (middle column) and washed with 100 µM BAL for 10 min (right 
column). Graphs on the right show the Aspect Ratio and Form Factor of thresholded images (n = 16 
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per group). The difference between groups was evaluated using unpaired t-test. Data are presented 
as mean ± SD. 185 (C) Confocal images of HeLa cell stained with 25 nM TMRM for 15 min; control 
cells were not labeled with FlAsH (left image); cells were labeled with 1 µM FlAsH for 15 min (middle 
image) and washed with 100 µM BAL for 10 min (right image). Graph on the right shows the mean 
TMRM intensity (control, n = 4/9358 cells; FlAsH n = 4/6375 cells, FlAsH+BAL n = 4/5946 cells). The 
difference between groups was evaluated using unpaired t-test. Data are presented as mean ± SD. 
185 (D) Graph shows the ratio between oxygen consumption rate (OCR) and extracellular acidification 
rate (ECAR) of three groups of HeLa cells: Control cells that were not; cells that were labeled with 1 
µM FlAsH for 15 min and cells that were stained with FlAsH and washed with 100 µM BAL for 10 min 
(n = 3 per group). The difference between groups was evaluated using unpaired t-test. Data are 
presented as mean ± SD. 185 [Figure panels reproduced from Pilic et al., 2023.] 

 

3.11 HK1 and VDAC1 do not colocalize when glucose is depleted 

To determine if overexpression of HK1, which interacts with VDAC1 on the outer 

mitochondrial membrane,129 influences the cluster-like distribution of VDAC1, we 

used HK1-GFP and the red-shifted ReAsH to label VDAC1-TC. Our observations 

indicated that VDAC1-clusters were localized to the OMM (Figure 18A)185, 

suggesting that HK1 overexpression does not alter the subcellular distribution of 

VDAC1-clusters. Additionally, we investigated whether VDAC1 associates with 

HK1-rings during glucose depletion but found no significant colocalization between 

HK1-rings and VDAC1-clusters during this condition (Figure 18B). 
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Figure 18. HK1 does not colocalize with VDAC1 during glucose depletion. (A) 3D structure of 
VDAC1-TC and chemical structure of ReAsH (left). Confocal images of a HeLa cell expressing 
VDAC1-TC and HK1-GFP; cells were labeled with 166 nM ReAsH for 15 min and washed with 100 
µM BAL for 10 min (right). Dashed lines represent the line scan graph on the right and show the 
relative fluorescence intensity of HK1 (green) and VDAC1-TC (magenta) along the length of the line. 
185 (B) Confocal images of a HeLa cell expressing VDAC1-TC and HK1-GFP; cells were labeled with 
166 nM ReAsH for 15 min and washed with 100 µM BAL for 10 min. Top row shows the cell in the 

presence of glucose and bottom row shows the cell after 20 min of glucose depletion. 185 [Figure 

panels reproduced from Pilic et al., 2023.] 

3.12 VDAC1-clusters are found at the interfaces between the ER 

and mitochondria. 

Given that VDAC1 is known to localize to ER-mitochondrial contact sites,217,218 we 

investigated whether VDAC1-clusters overlap with the ER in live cells. For this 

analysis, we imaged HeLa cells coexpressing VDAC1-TC, the ER marker mCh-

ER3, and mitoCFP. Our observations revealed that most VDAC1-clusters are 

indeed situated at ER-mitochondrial contact sites  (Figure 19A)185. The majority of 

VDAC1-clusters colocalize with the ER (Figure 19B)185. To further confirm VDAC1 

localization at ER-mitochondrial contact sites, we conducted additional 

colocalization analyses. The Pearson correlation between VDAC1-TC and mCh-ER 

was significantly reduced when the VDAC1-TC images were rotated by 90 degrees, 

with consistent changes in Manders’ tM1 and tM2 (Figure 19C)185. 
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Figure 19. VDAC1-clusters are localized at ER-mitochondria contact sites. (A) Confocal images 
of a HeLa cell expressing VDAC1-TC, mitoCFP, and mCh-ER3; the cell was labeled with 1 µM FlAsH 
for 15 min and washed with 100 µM Bal for 10 min. The left image shows an overview of the cell, 
and the dashed squares are magnified on the right side. Yellow arrows point to positions of VDAC1-
clusters at ER-mitochondria contact sites. Dashed lines represent the line scan graphs on the right 
and show the relative fluorescence intensity of VDAC1-TC (green), mitoCFP (blue), and mCh-ER3 
(magenta) along the length of the line. 185 (B) The graph shows the percentage of VDAC1-clusters 
that colocalize with the ER (n = 8). 185 (C) Graph on the left shows Pearson correlation of VDAC1-
TC or 90° rotated VDAC1-TC and mCh-ER3. Graph on the right shows Manders’ Colocalization of 
VDAC1-TC or 90° rotated VDAC1-TC and mCh-ER3. Manders' tM1 represents the ratio of mCh-ER3 
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colocalized with VDAC1-TC relative to total mCh-ER3, and Manders' tM2 represents the ratio of 
VDAC1-TC colocalized with mCh-ER3 relative to total VDAC1-TC. The difference between groups 
was evaluated using unpaired t-test (n = 11). Data are presented as mean ± SD. 185 (D) Graph on 
the left shows the Pearson correlation of VDAC1-TC or 90° rotated VDAC1-TC and mitoCFP. Graph 
on the right shows Manders’ Colocalization of VDAC1-TC or 90° rotated VDAC1-TC and mitoCFP. 
Manders' tM1 represents the ratio of mitoCFP colocalized with VDAC1-TC relative to total mitoCFP, 
and Manders' tM2 represents the ratio of VDAC1-TC colocalized with mitoCFP relative to total 
VDAC1-TC. The difference between groups was evaluated using unpaired t-test (n = 11). Data are 
presented as mean ± SD. 185 (E) Confocal images of HeLa cells expressing mCh-ER3; control cells 
were not labeled (left column); cells were labeled with 1 µM FlAsH for 15 min (middle column) and 
washed with 100 µM BAL for 10 min (right column). Graphs show the surface-to-volume ratio, 
elongation, and flatness of the thresholded ER images (control, n = 21; FlAsH n = 19, FlAsH+BAL n 
= 20). The difference between groups was evaluated using unpaired t-test. Data are presented as 
mean ± SD. 185 (F) Structured illumination microscopy images of a HeLa cell expressing VDAC1-TC 
with mCh-Sec61β; cells were labeled with 1 µM FlAsH for 15 min and washed with 100 µM BAL for 
10 min. Dashed lines represent the line scan graph on the right and show the relative fluorescence 
intensity of VDAC1-TC (green) and mCh-Sec61β (magenta) along the length of the line. Arrows point 
to positions of VDAC1-clusters at ER contact sites. 185 [Figure panels reproduced from Pilic et al., 
2023.] 

 Similarly, we found analogous outcomes for VDAC1-TC and mitoCFP 

correlations (Figure 19D)185. Next, we tested the potential effects of FlAsH and BAL 

on ER structure. We did not observe significant changes in ER morphology upon 

labeling with FlAsH or washing with BAL (Figure 19E)185. To further substantiate the 

localization of VDAC1-TC within ER-mitochondria contacts, we used super-

resolution microscopy and mCh-Sec61β, an ER membrane marker. We observed 

high colocalization of VDAC1-TC and mCh-Sec61β (Figure 19F)185. Overall, our 

findings indicate that VDAC1 is situated at the contact points between the ER and 

mitochondria. 

3.13 VDAC1-clusters colocalizes with stress-induced BAK-

clusters. 

VDAC1 is known to interact with BCL-2 Antagonist/Killer (BAK).219 To investigate 

this interaction, we imaged HeLa cells coexpressing VDAC1-TC and GFP-BAK. 

BAK, a pro-apoptotic protein, typically exists as an inactive monomer on the outer 

mitochondrial membrane (OMM) but forms clusters and pores in response to cellular 

stress. We observed that glucose depletion rapidly induced BAK-clustering  (Figure 

20A)185. Our analysis revealed that 39.1% of VDAC1-clusters overlapped with BAK-

clusters, and 23.0% of BAK-clusters overlapped with VDAC1-clusters during 

glucose depletion (Figure 20A)185. The Pearson correlation between VDAC1-TC 

and GFP-BAK decreased significantly when VDAC1-TC images were rotated by 90 

degrees, with corresponding changes in Manders' tM1 and tM2 (Figure 20B)185.  
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Similar colocalization of BAK with VDAC1 was observed upon treatment with the 

pro-apoptotic agent staurosporine (Figure 20C)185 and the ER-stress inducer 

tunicamycin (Figure 20D) 185. These findings offer the first evidence of VDAC1-BAK 

colocalization during cellular stress in live cells. 
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Figure 20. VDAC1 colocalizes with BAK-clusters that form in response to stress. (A) Confocal 
images of a HeLa cell expressing VDAC1-TC and GFP-BAK with 10 mM glucose (left) and after 20 
min of glucose depletion (middle); the cell was labeled with 333 nM ReAsH for 15 min. The first row 
shows an overview of the cell, and the dashed squares are magnified below. White arrows point to 
the contact site between VDAC1- and BAK-clusters. The graph shows the percentage of VDAC1-
clusters that colocalized with BAK-clusters and the percentage of BAK-clusters that colocalized with 
VDAC1-clusters after 20 min of glucose depletion (right, n = 8 cells). 185 (B) Graph on the left shows 
the Pearson correlation of VDAC1-TC or 90° rotated VDAC1-TC and GFP-BAK. Graph on the right 
shows Manders’ Colocalization of VDAC1-TC or 90° rotated VDAC1-TC and GFP-BAK. Manders' 
tM1 represents the ratio of GFP-BAK colocalized with VDAC1-TC relative to total GFP-BAK, and 
Manders' tM2 represents the ratio of VDAC1-TC colocalized with GFP-BAK relative to total VDAC1-
TC. The difference between groups was evaluated using unpaired t-test (n = 8). Data are presented 
as mean ± SD. 185 (C) Confocal images of a HeLa cell expressing VDAC1-TC and GFP-BAK after 
treatment with 10 µM staurosporine for one hour; the cell was labeled with 333 nM ReAsH for 15 
min. On the left, an overview of the cell is shown, and the dashed squares are magnified in the 
middle. White arrows point to the contact sites between VDAC1- and BAK-clusters. Dashed lines 
represent the line scan graph on the right and show the relative fluorescence intensity of GFP-BAK 
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(green) and VDAC1-TC (magenta) along the length of the line. The graph shows the percentage of 
VDAC1-clusters that colocalized with BAK-clusters and the percentage of BAK-clusters that 
colocalized with VDAC1-clusters after treatment with 10 µM staurosporine for one hour (right, n = 4 
cells). 185 (D) Confocal images of a HeLa cell expressing VDAC1-TC and GFP-BAK; cells were 
labeled with 333 nM ReAsH for 15 min. On the top row, a DMSO control cell is shown, and on the 
bottom row, a cell is shown after treatment with 1 µM tunicamycin for two hours. 185 [Figure panels 
reproduced from Pilic et al., 2023.] 

3.14 VDAC1 is observed at mitochondrial fission sites 

Since we observed that VDAC1-TC overexpression induces mitochondrial 

fragmentation (Figure 17A)185, we investigated whether VDAC1 plays a role in 

mitochondrial fission events. Application of FCCP, which strongly promotes 

mitochondrial fission, revealed that VDAC1-clusters were present at the locations 

where fission occured (Figure 21A)185. To determine if VDAC1 is involved in 

mitochondrial fission triggered by increased cellular Ca2+ levels, we treated cells 

with ionomycin, a potent Ca2+ ionophore. Ionomycin treatment caused ER swelling, 

indicated by a reduced surface-to-volume ratio and decreased ER flatness (Figure 

21C)185. Ionomycin caused mitochondria to divide, with VDAC1-clusters positioned 

at the sites of division (Figure 21B)185. This suggests a potential involvement of 

VDAC1 in mitochondrial fission. 
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Figure 21. VDAC1 is observed at mitochondrial fission sites. (A) Confocal images of a HeLa cell 
expressing VDAC1-TC and mitoDsRed; the cell was labeled with 1 µM FlAsH for 15 min and washed 
with 100 µM BAL for 10 min (right). On the left, an overview of the cell is shown, and the dashed 
square is magnified on the right before (middle) and 10 min after perfusion with 2 µM FCCP. White 
arrows point to a VDAC1-cluster before and after mitochondrial fission. 185 (B) Confocal images of a 
HeLa cell expressing VDAC1-TC and mitoDsRed; the cell was labeled with 1 µM FlAsH for 15 min 
and washed with 100 µM BAL for 10 min (right). On the left, an overview of the cell is shown, and 
the dashed square is magnified on the right before (middle) and 10 min after perfusion with 4 µM 
Ionomycin. White arrows point to a VDAC1-cluster before and after mitochondrial fission. 185  
(C) Confocal images of HeLa cells expressing mCh-ER3. ER morphology was assessed before and 
after treatment with 4 µM Ionomycin for 10 min. Graphs show the surface-to-volume ratio, elongation, 
and flatness of the thresholded ER images (n = 6). The difference between groups was evaluated 
using paired t-test. Data are presented as mean ± SD. 185 [Figure panels reproduced from Pilic et al., 
2023.] 

3.15 HK2 detaches from mitochondria during glucose depletion 

and 3BP treatment 

One goal of my PhD was to identify treatments that affect the binding of HKs to 

mitochondria. Both glucose depletion and 3-bromopyruvate (3BP) treatment have 

been described to detach HK2 from mitochondria 80,107,188. To confirm these reports, 

we imaged HeLa cells expressing HK2-GFP. Upon glucose removal, HK2 appeared 

to detach partially from mitochondria (Figure 22A). This detachment was reversed 

upon glucose readdition (Figure 22A). Treatment with 3BP also leads to a partial 

detachment of HK2 from mitochondria (Figure 22B). Interestingly, the combination 

of glucose removal and 3BP treatment strongly detached HK2 from mitochondria, 

indicated by the stark increase in cytosolic fluorescence brightness (Figure 22C). 

The synergistic effect of glucose removal and 3BP treatment in detaching HK2 from 

mitochondria might offer avenues for targeting cancer cell metabolism.  
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Figure 22. HK2 detaches from mitochondria during glucose depletion and 3BP treatment. 
(A) Confocal images of a HeLa cell expressing HK2-GFP with 10 mM glucose (left), after 30 min of 
glucose depletion (middle) and after 30 min of glucose readdition (right). (B) Confocal images of a 
HeLa cell expressing HK2-GFP with glucose (left), after 45 min of perfusion with 300 µM 3BP (middle) 
and after 45 min of wash out (right). (C) Confocal images of a HeLa cell expressing HK2-GFP with 
glucose (left), after 10 min glucose depletion with 3BP (middle) and after 15 min of wash out with 
glucose (right). 
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4 Discussion 

The findings presented in this thesis shed light on how mitochondrial proteins adapt 

to metabolic stress and how these adaptations influence mitochondrial function. We 

identified novel behaviors of HK1, which forms ring-like structures around 

mitochondria during energy deprivation, regulating mitochondrial dynamics and 

function. Additionally, we developed a new method to visualize VDAC1 in living 

cells, revealing its unique distribution and colocalization partners on the surface of 

mitochondria. These findings improve our understanding of how cells regulate 

energy stress and maintain mitochondrial function under varying nutrient conditions. 

 

4.1 Mechanism and structural details of the formation of HK1-

rings 

Building on our observations, we propose a multi-step mechanism for the formation 

of HK1-clusters (Figure 23)184: In summary, the depletion of ATP initiates an open 

conformation in the C-terminal half, followed by a transition from dimer to monomer 

and the subsequent oligomerization of monomeric HK1. Our results indicate that the 

depletion of ATP, rather than glucose, is the pivotal factor that triggers the formation 

of HK1-clusters. This insight may account for why previous studies under 

comparable conditions did not observe HK1-clustering. For example, one report 

found that glucose deprivation did not alter the subcellular distribution of HK1.80,220 

This discrepancy may be explained by the use of cell types capable of maintaining 

ATP levels during glucose deprivation or by limitations in spatial resolution.64 

Notably, glucose alone is not able to stabilize the closed conformation of the 

catalytically active C-terminal domain of HK1.221 The presence of ATP or G6P is 

necessary to stabilize this closed conformation.221 Therefore, we reasoned that an 

open conformation of the C-terminal half promotes the formation of HK1-clusters. In 

support of this idea, we observed that a point mutation within the ATP-binding site 

favors the formation of HK1-clusters. Additionally, we ruled out the possibility that 
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AMPK mediates the formation of HK1-rings. Moreover, our data suggest that G6P 

suppresses HK1-clustering, likely by binding to the active site within the C-terminal 

domain,197 thereby promoting the closed conformation.221 

Our findings indicate that monomeric HK1 plays a key role in promoting HK1-

clustering. This suggests that the transition from dimer to monomer might be the 

second critical step in HK1-cluster formation. However, whether this transition is 

essential for clustering or whether it naturally occurs during the process remains 

uncertain. Alternatively, it is conceivable that the previously identified dimer interface 

is distinct from the one implicated in HK1-clustering.190 We suggest that the final 

step in HK1-cluster formation involves the oligomerization of monomeric HK1. 

Our results also emphasize the importance of the N-terminal half of HK1 in cluster 

formation. While the N-terminal halves of both HK1 and HK2 exhibit similar structural 

folds, only the N-terminal half of HK1 is capable of supporting a partially open 

conformation.222 This structural feature may explain why the N-terminal half of HK2 

cannot substitute for that of HK1. Furthermore, our data imply that leucine residues 

within the mitochondrial-binding domain (MBD) of HK1 are crucial for HK1-cluster 

formation. It is noteworthy that mutations within the MBD can prevent HK1-

clustering, similar to how mutations in membrane anchors can impede protein 

oligomerization by disrupting tight packing or the ability to detect membrane 

curvature.223,224 

Other structural details, such as posttranslational modifications, could affect the 

ability of HK1 to form rings. For example, c-Src, a tyrosine kinase that acts as a 

proto-oncogene, has been shown to promote glycolytic flux by phosphorylating HK1 

at Tyr732.225 This phosphorylation increases the affinity of HK1 with glucose by 

disrupting the ability of HK1 to form dimers.225 Considering our evidence that 

monomeric HK1 promotes HK1-ring formation, we hypothesize that phosphorylation 

at Tyr732 by c-Src could facilitate the formation of HK1-rings. 

In summary, our findings suggest that HK1-clustering occurs exclusively under 

conditions of extreme cellular energy stress, characterized by ATP and G6P 
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depletion. Such severe energy stress is known to occur during intense exercise, 

ischemia, and stroke,226–228 indicating that HK1-clustering might play a significant 

role in these pathological conditions. 

 

Figure 23. Model of HK1-clustering. The absence of ATP or alterations in the ATP-binding site 

promotes an open conformation in the C-terminal half (depicted in blue), marking the initial phase of 

HK1-clustering. Subsequent ATP depletion or mutations affecting the dimer interface trigger a 

transition from dimeric to monomeric HK1. These monomeric units then polymerize to form new 

oligomers, which arrange into HK1-clusters. The clustering process can be reversed by mutations in 

the mitochondrial binding domain or by the reintroduction of ATP or G6P.184 [Figure reproduced from 

Pilic et al., 2024.] 

 

4.2 Cellular functions of HK1-rings 

Our research sheds light on the possible roles of HK1-rings in cellular function. We 

found that HK1-rings are situated at the ER-mitochondria contact points, which are 

crucial for several cellular processes including lipid transfer and calcium 

regulation.229 Despite these observations, the involvement of HK1-rings in these 

processes or their impact on ER-mitochondrial communication during energy stress 

is still not fully understood. The presence of mtDNA at sites of forming HK1-rings 

suggests that mtDNA may recruit the ER to these locations since mtDNA has been 

shown to induce ER recruitment in the initial steps of mitochondrial fission.204 On 

the other hand, HK1-rings might facilitate the distribution of mtDNA within the 

mitochondrial network. This distribution of mtDNA could be crucial for maintaining 

mitochondrial function during energy stress. 

Our data indicate that mitochondrial constriction occurs specifically at the sites of 

HK1-rings, suggesting that these rings might dictate where mitochondrial 
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constriction takes place under conditions of energy stress. Severe mitochondrial 

constriction induced by HK1-rings may result in the formation of distinct 

mitochondrial subcompartments. This constriction likely hinders the diffusion of 

large molecules within the mitochondrial network. Such subcompartmentalization, 

driven by HK1-rings, could represent an adaptive response to energy stress.  

Although actin is known to influence mitochondrial constriction,200,201 our findings 

demonstrate that actin polymerization is not required for the formation of HK1-rings. 

The structural similarities between HK1 and actin point to a potential evolutionary 

connection.230 Previously, it was believed that HK1 had lost its ability to polymerize 

and generate mechanical force,39 but our results reveal that HK1 can indeed 

polymerize into rings that constrict mitochondria. 

Additionally, we observed that severe constriction of mitochondria caused by 

HK1-rings leads to the displacement of cristae membranes. While mitochondrial 

constriction and decreased cristae density are early markers of mitochondrial 

fission,173,200 we did not detect fission at HK1-rings. As illustrated in our model of 

how energy stress influences the interaction between HK1-rings and players in 

mitochondrial fission (Figure 24)184, HK1-rings seem to inhibit mitochondrial fission, 

even when exposed to chemical uncouplers. This inhibition is likely due to the 

prevention of Drp1 recruitment to mitochondrial fission receptors by HK1-rings. HK1-

rings, with their dense structure, appear to block outer mitochondrial membrane 

proteins. In locations where HK1-rings disassembled, Drp1-clustering and 

subsequent mitochondrial fission were observed. Hence, we suggest that HK1-rings 

prevent mitochondrial fission during energy stress but may facilitate it when cellular 

energy is restored. The functional benefit of promoting mitochondrial fission after 

energy restoration remains unclear. However, the inhibition of mitochondrial fission 

has been linked to reduced apoptosis and decreased mitochondrial 

degradation,231,232 and has shown potential in mitigating neurodegenerative 

conditions like Huntington’s disease.233 Thus, we hypothesize that HK1-rings could 

provide protective effects by preventing excessive mitochondrial fission in various 

pathological scenarios, such as ischemia/reperfusion injury and heart failure.234  
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Figure 24. Model of the interplay between HK1 and Drp1-receptors. During energy stress, HK1-

rings form at the ER and MiD51-ring sites while Mff-clusters disassemble. HK1-rings inhibit 

mitochondrial fission during energy stress. Upon energy restoration, HK1-rings disassemble, leading 

most mitochondria to revert to their original shape, while MiD51-ring disassembly and Mff-cluster 

reassembly trigger mitochondrial fission in a subset of mitochondria.184 [Figure reproduced from Pilic 

et al., 2024.] 

 

Our data indicate that HK1-rings can induce substantial constriction without Drp1, 

revealing a novel mechanism for constriction and suggesting that metabolic 

enzymes can influence mitochondrial dynamics. Furthermore, our research 

indicates that HK1-rings might drive a shift in cellular metabolism towards 

glutaminolysis and enhance TCA cycle activity. This metabolic alteration could be 

associated with the constriction of mitochondria by HK1-rings, as changes in 

mitochondrial structure may affect enzyme sensitivity to substrates.235 Further 

studies are necessary to clarify how HK1-rings modulate cellular metabolism. 
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4.3 The connection between mitochondrial morphology and 

metabolism 

One possibility of how HK1-rings could rewire cellular metabolism is by affecting 

mitochondrial morphology. Changes in mitochondrial shape have been linked to 

numerous metabolic diseases.236 The current understanding is that mitochondrial 

shape affects mitochondrial metabolism, and changes in mitochondrial shape can 

significantly impact cellular metabolism,237 but the precise mechanisms of how 

mitochondrial shape rewires cellular metabolism remains elusive. Typically, a 

fragmented mitochondrial morphology is associated with an overabundance of 

nutrients, energy stress, and disturbances in lipid metabolism. Conversely, 

mitochondria exhibiting an elongated form are often connected with amino acid 

deficiency and heightened oxidative metabolic activity. In response to these 

stressors, mitochondria are believed to adapt their shape to optimize their 

metabolism. Therefore, we reasoned that mitochondrial fragmentation shifts 

mitochondrial metabolism to increased fatty acid oxidation, whereas mitochondrial 

elongation shifts mitochondrial metabolism to increased TCA cycle and OXPHOS 

activity. Identifying the mechanisms of how mitochondrial shape affects 

mitochondrial metabolism, will contribute to a better understanding of metabolic 

diseases and potentially lead to the development of new treatments. 

We discovered that HK1 forms tunnels during prolonged glucose starvation, 

leading to severe mitochondrial constriction. A similar mitochondrial phenotype, 

known as mitochondria on a string (MOAS), has been observed in brain tissue from 

mice and primates.238–240 Interestingly, like our findings, MOAS has been associated 

with altered energetics caused by hypoxia, hypometabolism, and aging.238–240 

Notably, MOAS has also been observed in the brain tissue of Alzheimer’s disease 

patients.238 It has been suggested that this phenotype represents a mitochondrial 

fission arrest that prevents mitophagy, thereby affecting mitochondrial quality 

control238. We propose that energy stress may lead to this mitochondrial phenotype 
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by promoting the formation of HK1-tunnels, which aligns with our observations of 

mitochondrial changes under conditions of energy stress. 

HK1 is the first reported metabolic enzyme forming ring-like structures around 

mitochondria. However, enzyme filamentation in the context of mitochondria is not 

entirely new. In the past, there have been reports of enzymes forming filaments 

inside mitochondria. For example, the mammalian serine beta-lactamase-like 

protein is located in the mitochondrial intermembrane space, where it forms 

filaments that regulate the efficiency of metabolic processes.241 A recent study found 

that glutaminase forms filaments inside mitochondria during glutamine starvation.242 

Mitochondria with glutaminase filaments were tubulated and protected from 

mitochondrial degradation,242 linking mitochondrial morphology to mitochondrial 

quality control. Our findings and these new reports suggest that enzymes are novel 

regulators of mitochondrial shape and activity. 

 

4.4 Evaluating the TC-tag to visualize VDAC1 within living cells 

We have established that the compact TC-tag is highly effective for observing the 

dynamics of VDAC1 in living cells. Unlike larger fluorescent proteins, the TC-tag 

circumvents issues related to bulkiness, making it a valuable tool for investigating 

the involvement of VDAC1 in cellular activities such as ER-mitochondrial signaling, 

apoptosis, and mitochondrial dynamics. Our results show that fluorescent protein 

attachments to both the N- and C-terminal ends of VDAC1 lead to incorrect targeting 

and aggregation in HeLa cells, which is consistent with prior studies on the inefficacy 

of C-terminal fluorescent protein-tagged VDAC1 in these cells.177,178 The TC-tag 

allowed us to visualize VDAC1-clusters on mitochondria, similar to what has been 

observed with FLAG-tagged and endogenous VDAC1.139,216 Fluorescence 

microscopy revealed that these clusters are positioned at ER-mitochondrial contact 

sites, aligning with earlier research on VDAC1 localization at these sites,217,218 and 

confirming that TC-tagged VDAC1 mirrors the pattern of endogenous VDAC1. 
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We notably discovered frequent colocalization of VDAC1-clusters and BAK-

clusters during glucose deprivation or staurosporine-induced apoptosis. While the 

involvement of VDAC1 in BAK-mediated apoptosis has been suggested,219 this is 

the first evidence of their colocalization. Additionally, VDAC1 was detected at 

mitochondrial fission sites during treatment with FCCP or ionomycin, suggesting its 

involvement in mitochondrial fission events. Overexpression of VDAC1 led to 

significant mitochondrial fragmentation, aligning with previous findings that VDAC1 

knockdown prevents glutamate excitotoxicity-induced mitochondrial fragmentation 

in cultured neurons.243 

With TC-tagged VDAC1, we could visualize VDAC1 dynamics in the context of 

HK1-ring formation. Although interactions between VDAC1 and HK1 are 

documented,129 our observations indicate that VDAC1-clusters do not overlap with 

HK1-rings during glucose deprivation. This suggests that HK1 can form rings 

independently of VDAC1, as HK1 can associate to mitochondria without VDAC1.136 

However, HK1 appears to be not able to bind to mitochondria in the absence of both 

VDAC1 and VDAC2,244 suggesting that VDAC2 can compensate for the loss of 

VDAC1 in facilitating the localization of HK1 to the outer mitochondrial membrane. 

Interestingly, simulations have shown that the mitochondrial binding domain (MBD) 

of HK1 interacts with the outer wall of VDAC1 and VDAC2,244 which might explain 

why mutations in the MBD prevent the formation of HK1-rings. Therefore, further 

investigations will be necessary to elucidate the roles of VDAC2 in the formation of 

HK1-rings. 

In conclusion, our approach offers a novel method for VDAC1 imaging in live 

cells, and we expect this technique to significantly enhance our understanding of 

the role of VDAC1 in cellular processes. 
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4.5 Limitations and outlook 

The discovery that HK1 rings can induce mitochondrial constriction independently 

of Drp1 represents a novel mechanism in mitochondrial dynamics. It would be 

intriguing to explore why HK1-rings have such distinct interactions with the different 

mitochondrial fission receptors. Research into HK1-rings within living animal 

models, especially under conditions of severe metabolic stress such as exercise, 

ischemia, and stroke, could shed light on their role in disease processes and overall 

mammalian physiology. Given the high expression of HK1 in neurons, considering 

reports of enzyme polymerization being restricted to axons,22  could also provide 

valuable insights. 

As the crystal structure of HK1-clusters remains unresolved, studying the full-

length HK1 protein in the absence of G6P and ATP might reveal how HK1-clusters 

are organized. Furthermore, assessing the impact of mutations at G6P binding sites 

in both the N-terminal and C-terminal domains of HK1 could provide deeper insights 

into how G6P regulates the formation of HK1-rings  

Furthermore, a more comprehensive understanding of the long-term 

implications and interaction partners of HK1-rings, such as the ER or MiD51-rings 

is essential. While our initial findings from NMR metabolomics indicate that HK1 

rings may significantly affect mitochondrial function during periods of energy stress, 

further research with larger and more varied sample sizes is required to confirm 

these observations. Collectively, we hope our work will inspire additional 

investigations into the role of HK1 and other metabolic enzymes in cellular 

responses to energy stress, potentially unveiling new mechanisms of mitochondrial 

regulation and cellular adaptation. 
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While the TC-tag offers significant advantages for studying the dynamics of 

VDAC1, its impact on the function and conductivity of VDAC1 should be considered. 

Future research should focus on optimizing tagging methods, such as inserting the 

TC-tag into the loops of the VDAC1 structure, to minimize potential artifacts. 

Additionally, exploring a range of cell types will help validate the generalizability of 

findings. Given that overexpression of VDAC1-TC was associated with 

mitochondrial fragmentation, it will also be crucial to visualize VDAC1-TC at 

endogenous levels to accurately assess its physiological role. These steps will 

enhance our understanding of the role of VDAC1 in cellular processes. 
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