Regulation of mitochondrial dynamics by proteolytic processing and protein turnover
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Abstract

The mitochondrial network is a dynamic organization within eukaryotic cells that participates in a variety of essential cellular processes, such as ATP synthesis, central metabolism, apoptosis and inflammation.  The mitochondrial network is balanced between rates of fusion and fission that respond to pathophysiologic signals to coordinate appropriate mitochondrial processes.  Mitochondrial fusion and fission are regulated by proteins that either reside or translocate to the inner or outer mitochondrial membranes or are soluble in the inter-membrane space.  Mitochondrial fission and fusion are performed by GTPases on the outer  and inner mitochondrial membranes with the assistance of other mitochondrial proteins.  Due to the essential nature of mitochondrial function for cellular homeostasis regulation of mitochondrial dynamics is under strict control.  Some of the mechanisms used to regulate the function of these proteins are post-translational proteolysis and/or turnover and this review will discuss these mechanisms required for correct mitochondrial network organization. 

Introduction
Mitochondria are the power houses of eukaryotic cells, generating chemical energy in the form of adenosine triphosphate (ATP) by the oxidative phosphorylation (OXPHOS) system. Mitochondria are also important for the normal functioning of the cells as they regulate several crucial  activities like differentiation, cell cycle, intracellular signaling and cell death [1]. Mitochondria are unique because of their autonomous DNA (mtDNA), which encodes for proteins required for ATP synthesis. Therefore maintenance of mtDNA is important for normal mitochondrial function and for the diversity of mitochondrial genome [2]. Mitochondria form elongated tubules that continually divide and fuse to form a complex, interconnected and highly dynamic network inside of cells. These dynamics processes not only regulate mitochondrial function but also mitochondrial shape, content exchange and mitochondrial communication with the cytoskeleton [3]. Due to the involvement of mitochondria in a large spectrum of cellular functions, these organelles play a key role in mediating cellular homeostasis. As a result a healthy population of mitochondria is critical for cell survival.    

Mitochondria constantly undergo fission and fusion to adapt to changes in their ever changing physiological environment. Both fusion and fission occur in a constant and balanced manner in order to maintain the morphology of the mitochondria and regulate the cellular ATP levels. Mitochondrial fission and fusion are highly regulated by post-translational modification [4]. Mitochondrial fusion produces tubular mitochondria for exchanging material between mitochondria and equal distribution of metabolites. Fusion is mediated by three key regulatory protein fusion proteins Mitofusin1 (MFN1) and MFN2 and optic atrophy 1 (OPA1). The dynamin-related GTPases; MFN1 and MFN2 are responsible for fusion of outer mitochondrial membranes (OMMs) and form homo-oligomeric and hetero-oligomeric complexes [5,6]. MFN2 is also present in the endoplasmic reticulum, controlling its morphology and facilitating mitochondrial calcium influx from the endoplasmic reticulum [7]). Inner mitochondrial membrane (IMM) fusion is mediated by OPA1, also a dynamin-related GTPase protein that is associated with different functions such as maintenance of the respiratory chain, IMM potential, mtDNA and control of apoptosis [8]. Its downregulation leads to aberrant cristae remodeling and release of cytochrome c. YME1L protease cleaves OPA1 into its long and short isoform. L-OPA1 is integral in the IMM and S-OPA1 is located in the intermembrane space (IMS) [9]. When mitochondria are depolarized by mitochondrial uncoupling , L-OPA1 is further cleaved by the inducible protease OMA1. As a result mitochondrial fragmentation occurs by preventing mitochondrial fusion [9,10].

Mitochondrial fission not only creates new mitochondria but also allows segregation of damaged mitochondria and enhanced distribution of mitochondria along cytoskeletal tracks. During fission the dynamin-related protein (DRP1), which is also a large GTPase, is recruited from the cytosol onto the OMM to constrict mitochondria resulting in eventual division of mitochondria [11,12]. In mammalian cells DRP1 interacts with four mitochondrial receptors proteins: Fis1, mitochondrial fission factor (Mff), mitochondrial dynamics proteins of 49kDa (MiD49) and 51kDa (MiD51) [13,14]. The interaction between Fis1 and DRP1 does not have a significant role in regulating mitochondrial fission whereas the interaction of DRP1 with other three receptor proteins plays important roles for fission. Mff helps in the assembly of Drp1 and MID49 and may regulate the DRP1 and maintain its inactive state until fission is required [15]. The reversible phosphorylation of DRP1 by cyclic AMP-dependent protein kinase (PKA) and dephosphorylation by the phosphatase calcineurin results in the recruitment of DRP1 to the mitochondria and promotes mitochondrial fission [9,16].

Beyond fusion and fission, mitochondrial mobility through the cytoskeleton is critically important for the cellular distribution and turnover of mitochondria. In mammalian cells, mitochondria use kinesin/dynein motors to move along the microtubules, kinesin motor towards the plus end and dynein motor towards the minus end of microtubules [17]. The attachment between the mitochondria and microtubules is regulated by the interaction between OMM proteins Miro1 and Miro2 and adaptor protein Milton. Interestingly, both MFN1 and MFN2 interact with Miro and Milton [18]. It has been demonstrated that defects in both fusion and fission decrease mitochondrial mobility and as a result affects mitochondrial morphology [19]. However, the mechanism of interaction between mitochondrial transport and fusion-fission machinery is unclear.

When mitochondrial dynamics is disturbed, cellular dysfunction occurs. Mitochondrial turnover is therefore an integral part of quality control in which dysfunctional mitochondria are selectively eliminated through mitophagy [20,21]. A healthy mitochondrial population requires a controlled balance between mitophagy and mitochondrial biogenesis. Excessive mitophagy can result in bioenergetic failure [22].

The pathway of mitophagy depends on ubiquitylation, targeting the autophagosome via ubiquitin and microtubule associated protein light chain 3α (LC3)-binding adaptor protein, and the fusion of autophagosome with lysosomes [23]. Mitophagy activated by cellular stress triggers depolarization of the OMM, which results in stabilization of the serine/threonine kinase phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) on the OMM and recruitment of the E3 ubiquitin ligase Parkin [24,25]. The interchange between PINK1 and Parkin is a crucial step in mediating the clearance of dysfunctional mitochondrial [26,27]. Parkin-independent mitophagic mechanisms or mitochondrial spheroid formation related to mitochondrial quality control also have been suggested [28]. However more studies are need to understand the importance of these mechanisms in mitochondrial turnover.

[bookmark: _GoBack]Diseases associated with defective mitochondrial dynamics often manifest in the nervous system and occasionally in muscle.  The most commonly known diseases of this type are Charcot-Marie Tooth Disease (CMTD) and dominant Optic Atrophy.  CMTD is a family of autosomal dominant diseases that result in peripheral neuropathy due to the inability to maintain axonal function.  Specific mutations in MFN2 give rise to different sub-groups of the disease that can be early or late onset.  Mutations in VCP/p97 are also associated with a sub-group of CMTD.  Dominant Optic Atrophy is a disease resulting in degeneration of retinal ganglion cells.  Mutations in OPA1 are responsible for the manifestation of disease and with haploinsufficiency as the mechanism.  A subgroup of Optic Atrophy is caused by mutations in the mitochondrial AAA-ATPase protease YME1L [29].  Another disease resulting from defective mitochondrial dynamics are the Encephalopathies due to defective Mitochondrial and Peroxisomal Fission (EMPF).  These arise due to mutations in a number of mitochondrial dynamics proteins including DRP1 (EMPF1) and Mff (EMPF2) that are both involved in mitochondrial fission [30,31].  Another disease with a strong relationship to defective mitochondrial dynamics is Parkinson’s Disease.  This is a neurodegenerative disease that affects the substantia nigra causing these cells to die and an individual to lose motor control skills.  A small percentage of Parkinson’s Disease cases are due to mutations in the Parkin gene and are inherited in an autosomal recessive manner [32].  SLC25A46 and MFN2 are associated with Hereditary Motor and Sensory Neuropathy (HMSN) [33,34] while HUWE1 is associated with X-linked syndromic mental retardation, Turner type (XMRT) [35].  

Mitochondrial dynamics are also involved in pathologies associated with high reactive oxygen species (ROS), especially in ischemia-reperfusion injury of the heart.  Increasing mitochondrial fusion results in protection against tissue damage resulting from the ischemia-reperfusion episode.  Mitochondrial fusion inhibits activation of the mitochondrial permeability transition, an IMM permeabilization event that is associated with necrosis as demonstrated in rat heart and heart cell lines [36].  Mitochondrial fusion and inhibition of fission are associated with lower production of ROS [37] most likely through the maintenance of balanced amounts of ETC components.  Protection against opening of the mitochondrial permeability transition can be through increased expression of fusion promoting proteins, loss of fission promoting protein expression and inhibition of fission protein function using small molecule inhibitors.  It has also been demonstrated that DRP1 can undergo phosphorylation via Calmodulin dependent Kinase II (CaMKII) that promotes activation of the mitochondrial permeability transition under conditions of chronic -adrenergic receptor stimulation in myocytes [38].  Fragmentation also causes accumulation of calcium in mitochondria which is a common activator of the mitochondrial permeability transition, particularly in the case of pro-fission proteins such as DRP1 and Fis1 [39].  

Due to the importance of mitochondrial dynamics in maintaining cellular homeostasis the regulation of expression of mitochondrial dynamics proteins must be carefully controlled.  Protein abundance can be controlled by increases in gene expression, but also via post-translational mechanisms, such as proteolysis and protein stability and turnover.  This review will focus on these two types of post-translational regulation of mitochondrial dynamics proteins.  

Links between protein turnover and mitochondrial function

Proper mitochondrial function depends on effective quality control of this organelle. Defects in mitochondrial quality control leads to aberrant mitochondrial structure or complete mitochondrial dysfunction. Quality control of mitochondria is mediated by turnover of mitochondria by mitophagy or mitochondrial proteins by the ubiquitin protease system (UPS) or intra-mitochondrial proteolytic systems. Polyubiquitylation of proteins signals for destruction by the UPS which can occur due to loss of protein structure or function or as part of regulation of signal transduction pathways.  In human cells, immunocapture of ubiquitin tagged and associated proteins revealed that 38% had a mitochondrial localization [40].  Ubiquitin tagging does not only signal for protein degradation but is also used in signal transduction pathways, therefore the relative amount of proteins targeted for UPS-dependent degradation is lower.  Ubiquitin can modify target proteins by using specific lysine residues to form an isopeptide bond.  Polymerization of the ubiquitin chain occurs by further addition of ubiquitin monomers onto specific lysine residues on the ubiquitin molecule, most commonly K48, K63, but also K11 and K6 [41]. These latter three modifications have been shown to be enriched on mitochondria after depolarization of the IMM, a consequence of mitochondrial dysfunction. These specific ubiquitin chains can signal to activate mitophagy to remove dysfunctional mitochondria.  In the budding yeast, Saccharomyces cerevisiae, the UPS is required to maintain correct mitochondrial function under normal homeostatic conditions.  When there are defects in the UPS, mitochondrial defects are observed by complete deletion of the SCF E3 ligase complex that ubiquitylates specific proteins, core proteasomal subunits responsible for proteasomal degradation, ubiquitin activating proteins and ubiquitin recognizing proteins [42].  These observations indicate that a constant turnover of mitochondrial proteins is required during standard fermentative growth conditions in yeast. Similar phenomena occur in mammalian models of disease when proteasomal function is inhibited or dysfunctional due to genetic alterations.  Neurodegenerative diseases often display proteasomal defects due to accumulation of neurotoxic molecules such as alpha-synuclein, beta-amyloid or mutant huntingtin that can act as inhibitors of proteasome activity or by overwhelming proteasome activity [43].  Proteasomal involvement in regulation of mitochondrial function is also demonstrated by a number of proteasome components and ubiquitin E3 ligases that associate on the surface of the OMM, such IBRDC2, FBXW7, FBXO7, RFN185 in humans and Rsp5 and Dma1 in budding yeast (see references in [44].  Ubiquitylation of OMM proteins that expose domains and loops to the cytosol can result in one of two outcomes.  Ubiquitylated proteins recruit adaptor proteins that then recruit ATPases to extract these proteins from the OMM or as a platform for the initiation of mitophagy.  The decision between individual protein extraction or mitophagy is most likely dependent on the number of ubiquitylated proteins on the OMM.  Mitochondria derived vesicles are a recently described mechanism of mitochondrial quality control that target mitochondrial lipids and proteins to other membrane bound compartments such as the peroxisome, endosome and multi-vesicular bodies.  These membrane structures are formed with the involvement of the PINK1 and Parkin proteins that act to ubiquitylate OMM surface proteins [45].  This close connection between the UPS and mitochondria indicates the importance of mitochondrial proteins and function to overall cellular physiology.  

The action of UPS-dependent protein turnover, in part determines protein stability which can be measured by determining half-life and indicates the rate of protein loss regardless of mechanism of degradation.  Three large scale studies have determined the half-lives of proteins in human cell lines and in budding yeast.  Half-lives in human cells varied from 45 minutes to 22.5 hours in 100 proteins. Yellow fluorescent protein tagged proteins were followed and protein half-lives were determined by loss of bleached protein.  Protein half-life determined by this method increased after treatments such as chemotherapeutic agents or inhibitors of transcription, especially for long lived proteins.  In budding yeast, two different approaches were used that resulted in conflicting half-lives for each protein.  Following epitope tagged proteins in yeast treated with cycloheximide gave an average half-life of ~43 minutes, with some as short as 4 minutes grown in complete media with glucose, while a proteomic approach, using a heavy isotope of lysine as a pulse was diluted with non-radiolabelled lysine, displayed much longer half-lives with a mean of 8.8 hours with a cell doubling time of 2.5 hours in glucose and synthetic media. [46–49].  These studies indicate that there is selectivity of protein turnover as different proteins have different half-lives.  This could be due to specific motifs for turnover in proteins, interactions between proteins, signals activating protein turnover or dilution during cell division.  

Inner mitochondrial membrane fission and fusion

OPA1 is an IMM targeted GTPase involved in fusion of the IMM as well as cristae organization that can also localize to the IMS.  The different localizations are due to differential splicing as well as proteolytic processing.  OPA1 is proteolytically processed by OMA1, an IMM-resident zinc metallopeptidase, and YME1L, an IMM-resident ATP-dependent metalloprotease.  The protease sites are not present in all of the 8 different splice variants that exist in humans.  The YME1L cleavage site is encoded in exon 5b which is not present in all Opa1 isoforms.  Constitutive proteolytic processing by YME1L and/or OMA1 generates a balance of short and long isoforms that are released into the IMS or tethered to the IMM respectively.  Upon alterations to mitochondrial physiology, such as loss of mitochondrial membrane potential, ATP depletion or induction of apoptosis, OPA1 is further proteolytically processed by OMA1 to generate the short isoforms of OPA1 that are released into the IMS and do not support mitochondrial fusion, resulting in overall mitochondrial fragmentation.  This regulation of OPA1 allows for alterations in the mitochondrial network through post-translational mechanisms that are more rapid than changes in gene expression.  Constitutive proteolytic cleavage of OPA1 by OMA1 occurs to balance the rates of mitochondrial fission and fusion to maintain mitochondrial function.  The OMA1 cleavage site in OPA1 is C-terminal to alanine at residue 195 and generates short OPA1 isoforms that are not capable of mitochondrial fusion.  The S2 site in OPA1 is cleaved by YME1L between the residues 217 and 223 (LQQQIQE) [50].  Under stressed conditions OMA1 induces cleavage of OPA1 to generate short isoforms.  To terminate this signal OMA1 undergoes autoproteolytic cleavage and is degraded eventually allowing the long isoforms to accumulate and allow mitochondrial fusion to occur again [51,52].  In the absence of OMA1 the short isoforms of OPA1 can not be generated and this results in a fragmented mitochondrial network.  Reconstitution of different OPA1 isoforms into OPA1 deficient mouse embryonic fibroblasts demonstrated that both the long and short forms of OPA1 are required to restore a balance of mitochondrial dynamics [53].  OMA1 was first described in yeast as Overlapping activity with m-AAA protease, but is not a functional homolog of the human OMA1.   Human OMA1 does not rescue a OMA1 deficient yeast strain from respiratory deficiency when also deleted with YME1, the YME1L homolog.  The activation and autocatalytic degradation of the human OMA1 expressed in yeast was also induced by loss of mitochondrial membrane potential indicating a domain present in human OMA1 that is sensitive to mitochondrial membrane potential.  The amino-terminal domain of human OMA1 is much longer than that of yeast and may contain this domain [51].  Yeast OMA1 still undergoes autoproteolysis after stress induction that is dependent on a carboxy terminal domain involved in stabilization of a homo-oligomeric complex [54].   In yeast, the OPA1 homolog is MGM1 which also undergoes proteolytic processing to generate two isoforms - one short and one long.  The long isoform also has a trans-membrane domain and is tethered to the IMM while the short isoform is soluble in the IMS.  MGM1 is proteolytically processed to generate the short isoform by the PCP1 IMM protease, and not OMA1.  Similar to OPA1, both MGM1 isoforms are required for a balance of mitochondrial dynamics.  PCP1 is homologous to serine proteases such as Rhomboid found in Drosophila [55].  The phenotypic consequences of PCP1 deletion seem to be entirely due to lack of MGM1 processing and generation of the short isoform of MGM1.  When only short MGM1 is introduced into PCP1 deletion strains of yeast mitochondrial morphology is partially restored and prevents loss of mitochondrial DNA caused by defective mitochondrial fusion.  In yeast, the balance between long and short forms of MGM1 is also regulated by PSD1, a phosphatidylserine decarboxylase, in the IMM that produces phosphatidylethanolamine, indicating regulation of MGM1 processing by mitochondrial lipid composition and indicating the activity of PCP1 is regulated by lipid composition [56] (Figure 1 and 2).  

A less well characterized protein, MTP18, is a fission factor embedded in the IMM that is conserved in metazoans [57].  Genetic deletion of this protein results in hyperfused mitochondria and overexpression results in excessive mitochondrial fission.  MTP18 protein expression is dependent on Phosphatidylinositol 3-kinase activity, and inhibition of this pathway results in loss of MTP18.  After serum withdrawal or inhibition of PI3K by the small molecule inhibitor LY294002 MTP18 protein decreases in expression by 50% in approximately 5 hours and 48 hours respectively [58].  The stability of this protein has not been interrogated and further study is required to determine whether MTP18 expression is regulated like other mitochondrial dynamics proteins.  

Outer mitochondrial membrane fission and fusion

OMM fusion is mediated by the Mitofusin/Fuzzy Onions family of large dynamin related GTPases.  These proteins are resident in the OMM and stimulate the fusion of these membranes from different mitochondrial compartments.  In higher eukaryotes there are two forms of mitofusin derived from different genes - MFN1 and MFN2.  The interactions between mitofusins mediate not only interactions between different mitochondria and their fusion but also interactions between mitochondria and endoplasmic reticulum.  The cytoplasmic GTPase domains and heptad repeat and helix bundle domains found in all mitofusin homologs are required for fusion of the OMM.  Mitofusin activity is regulated by post-translational ubiquitylation by cytosolic and/or OMM localized E3 ubiquitin ligases that target the mitofusins for degradation by the UPS.  Several E3 ubiquitin ligases have been described to ubiquitylate mitofusins including Parkin, MARCH5 (MITOL), HUWE1 (MUL1/MAPL/MULAN/GIDE/MULE/ARF-BP1).  MFN2 is ubiquitylated by Parkin after phosphorylation by PINK1 at residue T111 and S242 in the human protein.  Although constitutive degradation of mitofusins is required for balance of the mitochondrial network, there are conditions where a change in mitochondrial morphology is required.  The stress-activated kinase JNK (c-jun N-terminal kinase) phosphorylates MFN2 on serine 27 after conditions of proteasomal inhibition or inhibition of DNA replication with doxorubicin.  Once phosphorylated Mfn2 is now subject to ubiquitylation by HUWE1 that promotes degradation.  The consequences of enhanced MFN2 degradation are mitochondrial fragmentation which acts to inhibit mitochondrial dependent apoptosis [59].  Mitofusin ubiquitylation sites have been identified using quantitative proteomics: human MFN1 has 15 sites while MFN2 has 14 sites [60].  The function of each of the sites has not been determined, but clues can be obtained from mitofusin homologs in other organisms.  The process of Parkin dependent ubiquitylation of Mitofusin is conserved as the Drosophila mitofusin homolog Fuzzy Onions undergoes the same process [61].  The yeast mitofusin homolog, FZO1, is ubiquitylated on lysine residues at positions 398 and 464.  The lysine residue at position 398 is conserved in yeast and fruit flies while lysine 464 is highly conserved in all eukaryotes, both of which are downstream of the GTPase domain found in all mitofusin homologs.  Ubiquitylation is mediated by the CDC34/SCF/MDM30 complex which adds K48 polyubiquitin chains.  FZO1 ubiquitylation can be reversed by the action of two deubiqutinase enzymes, UBP2 and UBP12.  Ubiquitylation proceeds through initial modification at K464 which is required for K398 to become ubiquitylated.  Mutation of K464 to arginine prevents ubiquitylation of FZO1 and also prevents phenotypic complementation of a FZO1 null yeast strain.  This indicates that FZO1 ubiquitylation is essential for its activity. FZO1 ubiquitylation at these two different residues is responsible for two different outcomes: K464 is  required for UPS-dependent degradation, while K398 is required for correct mitochondrial fusion.  Deubiquitylation of these chains occurs by UBP2 in the case of K464 and prevents FZO1 degradation while UBP12 is responsible for K398 deubiquitylation and prevents mitochondrial fusion [62].  The mammalian DUB, USP30, acts on OMM substrates, such as mitofusins that have been ubiquitylated by E3 ligases.  Depletion of mitofusins causes mitochondrial fragmentation which is a requirement for mitophagy along with the ubiquitylation OMM proteins that recruit the autophagy machinery to damaged mitochondria [41,63–65].  

In additions to ubiquitylated mitofusin proteins and other OMM proteins acting as a platform to initiate mitophagy, individual ubiquitylated proteins can be extracted from the OMM and targeted to the UPS.  The AAA-ATPase VCP/p97 functions to extract ubiquitylated trans-membrane proteins from the endoplasmic reticulum and mitochondria.  These extracted proteins are then degraded by the UPS.  Along with mitofusins, the anti-apoptotic BCL-2 family member protein MCL-1 is extracted from the OMM for UPS dependent degradation by VCP/p97 once ubiquitylated [66].  

FZO1 has a half-life that is shorter than the average half-life of all yeast proteins under fermentative growth conditions [47,49].  FZO1 half-life is extended when components of the Cdc34/SCF E2 ubiquitin complex or the mitochondria associated F-box protein Mdm30 are inactivated indicating an UPS dependent mechanism of turnover [67,68].  FZO1 can also be degraded in a proteasome-independent manner through MDM30 [69].  In U2OS human osteosarcoma cells MFN2 has a half-life of 3.9 hours which is extended in the presence of the proteasome inhibitor lactacystin to 9.4 hours and silencing of the ubiquitin E3 ligase HUWE1, indicating the majority of turnover is UPS dependent [59]

In yeast, UGO1 is a OMM protein that provides a trans-membrane link between FZO1 and MGM1 to form a complex.  Absence of UGO1 results in defects in mitochondrial fusion [70,71].  UGO1 is a modified mitochondrial transporter protein that functions during the lipid mixing step of mitochondrial fusion [72].  Turnover of UGO1 protein or ubiqutiylation have not been reported.  A human UGO1 homolog, SLC25A46, is also a modified mitochondrial carrier protein that promotes mitochondrial fragmentation when overexpressed.  SLC25A46 exists in a complex with MFN1 and MFN2, MFF, and Fis1 in the OMM, and OPA-1 and the cristae remodelling protein Mitofilin/FCJ1 in the IMM [33,73]. A mutant of SLC25A46 (L341P), associated with pontocerebellar hypoplasia, is highly unstable compared to wild-type and is degraded in a UPS-dependent mechanism via MARCH5 and HUWE1 [74].  Loss of SLC25A46 stabilizes MFN1 and MFN2 on mitochondria to promote fusion.  

DRP1 is a large GTPase that is responsible for performing the constriction step around the OMM to cause mitochondrial fragmentation.  DRP1 resides in the cytoplasm until activated which then causes translocation to mitochondria to perform its function.  At mitochondria, DRP1 binds to the receptor Fis1 through MiD49/51.  Dynamin family proteins and DNM1, the yeast DRP1 homolog, assemble into a helical structure surrounding the site of constriction and upon GTP hydrolysis and conformational change the mitochondria are separated [75].  Post-translational regulation of DRP1 occurs through phosphorylation, nitrosylation, sumoylation and ubiquitylation.  Interestingly, MARCH5 and Parkin are also the E3 ubiquitin ligases of DRP1, like the mitofusins.  However, ubiquitylation of DRP1 by MARCH5 is not associated with degradation but with translocation of DRP1 to mitochondrial fission sites.  On the other hand, Parkin dependent ubiquitylation of DRP1 occurs through K48 modification and results in increased degradation [76,77].  DRP-1 is also ubiquitylated by APC/CCdh1, an E3 ligase that is activated as cells exit mitosis.  DRP1 contains several canonical and non-canonical degradation box motifs.  Upon release from synchronized cell cycle arrest DRP1 undergoes cell cycle dependent degradation [78].  The ubiquitylation sites of DRP1 have not been identified as of yet and how ubiquitylation of DRP1 is regulated also needs further investigation.  In yeast, DNM1 in yeast has a half-life that is close to the mean of all protein half-lives, indicating this protein is turned over in a similar time-frame as most other proteins in fermentative conditions.  

In yeast and to a lesser extent in humans, DNM1/DRP-1 is targeted to mitochondria through the OMM resident protein Fis1 [79].  Like other proteins involved in mitochondrial dynamics, Fis1 is ubiquitylated by MARCH5 and Parkin [80].  Fis1 is also ubiquitylated by the E3 ligase, RFN5, which is activated by overexpression of the Parkinson’s Disease associated gene, DJ-1.  RFN5 translocates to mitochondria to ubiquitylate Fis1 [81].  In humans, Fis1 is also responsible for recruiting TBC1D15 to mitochondria to promote mitophagy.  Depletion of TBC1D15 results in fusion of the mitochondrial network indicating a role in mitochondrial fission [82].  However,  this is not observed in all cell types [83].  Human TBC1D15 has been identified as a ubiquitylated protein by proteomic approaches on residues K90 and K103 [60].  TBC1D15 protein stability is diminished upon p53 overexpression and nutrient starvation that is dependent lysosomal degradation [84].  In yeast Fis1 requires the action of MDV1 (Gag3, Net2) or CAF4 to recruit DNM1 to mitochondria [85–87].  MDV1 has a half-life of 7.3 hours and is ubiquitylated on lysine residue 126 [48,49]. The MDV1 paralog CAF4 has a similar half-life of 7.2 hours and there have been no reports of CAF4 ubiquitylation.     

In humans, MiD49 and MiD51 are thought to be required to recruit DRP1 to the OMM.  These proteins are resident OMM proteins and form rings and foci with a carboxy terminal domain and may be responsible for binding to inactive DRP1 dimers or inhibiting DRP1 GTPase activity [14,88,89].  MiD49 is a target of MARCH5 resulting in ubiquitylation and UPS dependent degradation [90].  MiD49 was found to be more abundant in MARCH5 depleted cells while the homolog, MiD51 was not changed.  MiD49 degradation is induced under conditions of stress, including treatment with the kinase inhibitor, staurosporin, mitochondrial membrane depolarization by FCCP, and inhibition of transcription by Actinomycin D.  

MFF is an OMM localized protein required for mitochondrial fragmentation that may be required for recruitment of active DRP1 oligomers to the OMM or to activate DRP1 GTPase activity [13,15,88,89,91].  MFF is ubiquitylated by Parkin at a conserved lysine at position 251 after depolarization with mitochondrial uncouplers that results in loss of MFF protein.  However, this loss of protein is not dependent on the proteasome and is instead due to mitophagy [92] (Figure 1 and 2).

There are other less well characterized proteins involved in mitochondrial fission and fusion.  MSTO1 is a recently described mitochondrial localized protein that promotes fusion [93,94].  MSTO1 has been reported to be modified by ubiquitin in large scale proteomic screens.  However,  the E3 ubiquitin ligase or regulation and consequence of ubiquitylation have not been determined.  GDAP1 is an integral OMM protein that promotes mitochondrial fission and is enriched in the nervous system.  Point mutations and truncations of this protein lead to Charcot-Marie Tooth Disease through impaired mitochondrial fission [95,96].  GDAP1 has been identified as a ubiquitylated protein in large scale proteomic screens.  This indicates that depletion of GDAP1 protein would inhibit mitochondrial fragmentation.  Gametogenetin-binding protein 1 (GGNBP1) is a mitochondrial fragmentation enhancing protein found in sperm of mice and localized to IMS.  

Summary

The maintenance of a balanced mitochondrial network depends on the action of many different types of proteins that reside in the IMM, IMS, OMM and cytosol.  The abundance of these proteins determines whether mitochondrial will undergo fragmentation or fusion.  In addition to tissue specific expression mitochondrial dynamics proteins do not all possess the same stability, due to different half-lives and ubiquitylation.  These post-translational mechanisms of protein expression therefore are subject to complex regulation to ensure that a co-ordinated phenotype of mitochondrial fragmentation or fission is achieved.  In addition to the turnover of proteins, proteolytic processing of OPA1/MGM1 in the IMM is a crucial regulator of mitochondrial IMM fusion.  Putting these together, there is still much more to uncover regarding the co-ordinated regulation of mitochondrial dynamics of which protein proteolysis and stability are crucial components.  






	Protein
	Half-life (h)
(Christiano 2014)
	Half-life (mins)
(Belle 2006)
	Ubiquitylation site
(Swaney 2013)
	E3 ligase
	Deubiquitinase
	Function

	CAF4
	7.2
	34
	Not reported
	
	
	

	DNM1
	10.6
	31
	Not reported
	
	
	

	FIS1
	9.1
	
	Not reported
	
	
	

	FZO1
	3
	24
	79
370
398
464
	

MDM30
MDM30
	

UBP12
UBP2
	

Mitochondrial fusion
Degradation

	MDV1
	7.3
	25
	126
	
	
	

	MGM1
	8.4
	Not reported
	549
	
	
	

	UGO1
	Not reported
	Not reported
	Not reported
	
	
	



Table 1. Yeast mitochondrial dynamics protein half-lives and ubiquitylation properties.  





	Protein
	Half-life (h)

	Ubiquitylation site
(Kim 2011)
	E3 ligase
	Deubiquitinase
	Function

	DRP1
	
	Not reported
	MARCH5


Parkin
APC/CCdh1
	
	Mitochondrial translocation - non degradative
Degradation Degradation after mitosis

	Fis1
	
	Not reported
	MARCH5
Parkin
RFN5
	
	Degradation
Degradation
Degradation

	GDAP1
	
	172
173
188
	
	
	

	MFF
	
	28
251
	Parkin
	
	

	MFN1
	
	89
91
161
178
181
393
423
467
475
681
746
759
	
	
	

	MFN2
	3.9
	79
154
158
171
307
316
406
416
420
460
719
720
730
737
	Parkin




HUWE1

	USP30
	

	MiD49
	
	Not reported
	MARCH5
	
	Degradation

	MiD51
	
	Not reported
	
	
	

	MSTO1
	
	80
89
105
203
206
	
	
	

	MTP18
	
	Not reported
	
	
	

	OPA1
	
	228
568
	
	
	

	SLC25A46
	
	76
	
	
	

	TBC1D15
	
	90
103
	
	
	


Table 2. Human mitochondrial dynamics protein half-lives and ubiquitylation properties.  

Figure 1.  Essential components of human mitochondrial dynamics indicating post-translational ubiquitylation and proteolysis, protein localization and known modifying enzymes.  
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Figure 2.  Essential components of mitochondrial dynamics in Saccharomyces cerevisiae indicating ubiquitylation and proteolysis, protein localization and known modifying enzymes.
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