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Abstract:



Mitochondrial fission is essential for distributing cellular energy throughout cells and for isolating damaged regions of the organelle that are targeted for degradation. Excessive fission is associated with the progression of cell death as well. Therefore, this multistep process is tightly regulated and several physiologic cues directly impact mitochondrial division. The double membrane structure of mitochondria complicates this process, and protein factors that drive membrane scission need to coordinate the separation of both the outer and inner mitochondrial membranes. In this review, we discuss studies that characterize distinct morphological changes associated with mitochondrial division. Specifically, coordinated partitioning and pinching of mitochondria have been identified as alternative mechanisms associated with fission. Additionally, we highlight the major protein constituents that drive mitochondrial fission and the role of connections with the endoplasmic reticulum in establishing sites of membrane division. Collectively, we review decades of research that worked to define the molecular framework of mitochondrial fission. Ongoing studies will continue to sort through the complex network of interactions that drive this critical event.






Keywords:


mitochondria; morphology; mitochondrial fission and fusion; inter-organelle contacts; mitochondrial dynamics













Omne granulum e granulo



Altmann, 1890 [1]





1. Early Recognition of Mitochondrial Division


1.1. Mitochondrial Partitioning Is Observed


That mitochondria are the powerhouses of the cell [2] has assumed the proportions of a cliché. These organelles are universally acknowledged to be the principal progenitors of ATP. Even before their function(s) had been established, an intriguing puzzle came to the fore. It was obvious that cells maintained numerically uniform populations of mitochondria as well as a uniform mitochondrial mass in the face of multiple cell divisions. What was the origin of these newborn organelles? Three ideas, based entirely on light microscopy, gained currency: (1) they were generated by other cell constituents; (2) they arose de novo; (3) they were self-replicating, i.e., they could divide (reviewed by Novikoff [3] and by Lehninger [4]). With the discovery of mitochondrial DNA [5,6], the idea that mitochondria were capable of division gained ascendency.



Ingenious biochemical and autoradiographic studies [7,8,9] provided convincing evidence that mitochondria do indeed divide, at least in lower organisms. However, the morphological parameters in this process remained questionable. A number of studies reported the presence of mitochondria in a variety of mammalian cell types that were characterized by a partition, usually medially placed (see compendium by Tandler et al., 1969 [10]). Partitions have the lineaments of an elongated crista that spans the width of the organelle and is in direct continuity with the boundary membrane at either end (Figure 1). Such mitochondrial configurations usually were described as indicative of mitochondrial fission, but all descriptions included the caveat that they might represent a stage in mitochondrial fusion. The directionality of the process was finally settled by observations of the steps in the normalization of giant mitochondria (megamitochondria) [10]. Outsized mitochondria could be produced in mouse hepatocytes simply by placing test animals on a riboflavin (vitamin B2)-free diet [11]. After six weeks, some mitochondria in virtually every hepatocyte had attained dimensions as great or greater than the cell nuclei. Aside from their size, the giant mitochondria were virtual simulacra of their normal counterparts. They had the same number and arrangement of cristae per unit area of mitochondrial matrix. This size increase was occasioned by both growth and fusion of mitochondria—the latter process was accompanied by a significant reduction in the number of mitochondria per cell. When these mice were restored to a normal, vitamin B2-replete diet, the mitochondria returned to normal size and numbers by the end of three days. At 24 hours of recovery, examination of hepatocytes revealed a large number of partitioned megamitochondria. Most of the partitions were at the base of small surface buds, which usually matched normal mitochondria in size. Ingrowth of the outer membrane into the partition ultimately led to organelle scission, and continued repetition of this process resulted in a population of hepatic mitochondria of typical size. Clearly, partitioned mitochondria were dividing—if they had been fusing, they would have gotten bigger, rather than smaller.


Figure 1. In skeletal muscle, mitochondrial division proceeds through alternative mechanisms termed pinching and partitioning. For pinching (left side), the outer membranes on opposite sides of a mitochondrion make deep invaginations at sites of ensuing fission. Adjacent sarcoplasmic reticulum membranes are highlighted (arrows). For partitioning (right side), elongated cristae span the width of the organelle and maintain direct continuity with the boundary membrane at either end. Subsequent in-growth of the outer membranes would then lead to mitochondrial fission. Scale bar = 0.2 µm.
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When mice were fed galactoflavin, a competitive inhibitor of riboflavin, their hepatic mitochondria attained megamitochondria size in approximately three weeks, but their recovery—once the animals were restored to a normal diet—was relatively prolonged, a matter of 10–14 days [12]. During this interval, partitioned organelles were quite common. Clearly, it required a longer time for mitochondrial recovery because of the persistence of the galactoflavin.



Of course, the foregoing studies dealt with experimentally altered cells. The question as to whether the same process occurs under physiological conditions was answered by the observations of Larsen [13], who studied the fat body of the skipper butterfly, Calpodes ethlius. In this insect, the fat body (analogous to the mammalian liver) undergoes a wave of autophagy near the end of the penultimate stage of development that results in the almost total effacement of the resident mitochondrial population. Shortly after emergence of the adult, there is an explosion of mitochondrial replication. During this mitochondrial restoration, partitioned mitochondria are everywhere in the fat body. Some of these organelles display more than one partition. The final result is an increase of ~700% in the number of normal size organelles. The conclusion was unavoidable—mitochondria divide by partition formation; this determination applies not only to megamitochondria, but to normal-sized organelles in a host of different tissues as well (see compendium by Tandler et al. [10]).



The genesis of partitions is of some interest. The simplest mechanism for this origin is that an individual crista is stimulated to elongate until it spans its host mitochondrion and contacts the antipodal boundary membranes, with which it ultimately fuses. It has now formed a roadway for the ingrowth of the outer membrane, which finally leads to organelle division. Fawcett [14] presents a gallery of micrographs of the stages in partition formation in conventional hepatic mitochondria from the earliest partitions through the seriatim intrusion of the outer membrane into this structure. That the story may be more complex is illustrated by an electron micrograph taken by Daniel Friend and featured in Fawcett’s ultrastructural atlas. This micrograph depicts a dividing adrenocortical mitochondrion. Such organelles have tubular cristae as shown by scanning electron microscopy, but when these mitochondria are thin-sectioned for transmission electron microscopy, the transected cristae appear to have a vesicular form, with the result that mitochondria in steroid-secreting cells are usually described as vesicle-containing. In the organelle in question, the matrix is replete with “vesicles”, but a partition bisects the mitochondrion into two contiguous compartments, the exemplar of division. The morphological difference between the lamelliform partition and the tubular cristae suggests that these two structures may have differing molecular composition and, by extension, different biochemical functions. This contrasting configuration implies that there are specific domains on the boundary membrane that respond to the signal for organelle replication by generating a structure that varies from its crista companions and is directed solely towards mitochondrial division.



Ultimately, an impressive number of studies appeared that illustrated the production of giant mitochondria, usually in liver cells, by pharmacological and nutritional manipulation (reviewed by Tandler and Hoppel, 1986 [15]). Of these, the copper-chelating agent, cuprizone (biscyclohexanone oxaldihydrazone), was of particular interest. In mice fed cuprizone for just a few days, there was an obvious increase in the number and mass of cardiac mitochondria. Partitioned mitochondria were present at this juncture in significant numbers [16]. Although cardiac mitochondria of this configuration do in fact occur in normal, untreated hearts, they are quite rare and difficult to detect [17]. In the cuprizone-treated hearts, the partitioned mitochondria generally were of typical size but displayed an unusual disposition of their cristae. Cristae on opposite sides of the partition were in an orthogonal arrangement, that is, if one set was seen in profile, its opposite number was seen en face. Biochemical studies of cuprizone-treated hearts subsequently confirmed the increase in mitochondrial mass originally noted by electron microscopy [18].




1.2. Mitochondrial Pinching—A Distinct Fission Pathway


As far as the capacity for the induction of megamitochondria by cuprizone is concerned, addition of this agent to the diet of mice rapidly results in the formation of giant hepatic mitochondria as well [19]. These outsize organelles are morphologically different from those engendered by ariboflavinosis: their short, relatively sparse, evenly dispersed cristae extend inward in the manner of a picket fence, while their matrix compartment is essentially free of membranes. Return of these megamitochondria to a normal size occurred in an astonishingly short time and was occasioned by the simple expedient of omitting the curprizone from the diet [20]. A few hours after the mice resumed ingesting their conventional food, the hitherto globular megamitochondria became pleomorphic. Many underwent medial attenuation. The continued narrowing of these organelles finally led to their division. Continued repetition of this process quickly resulted in complete normalization in morphological terms of the hepatic mitochondria. This process came to be known under different circumstances as “pinching” (Figure 1).



The matrices of all mitochondria contain numerous molecules of mitochondrial DNA (mDNA), each of which is secured to the boundary membrane. Irrespective of pathway, when mitochondria divide—either by partition formation or by pinching—a portion of the boundary membrane, together with its attached retinue of mDNA, perforce ends up in each of the daughter organelles, even when these progeny are of greatly unequal volume. This being the case, there generally is sufficient mDNA present in the newly generated mitochondria, independent of size, to allow these cytological offspring to carry out their canonical functions.



It is clear that partitioning and pinching of mitochondria involve either lengthening or shrinkage of the cristae and outer membrane, respectively. Because of the surface area to volume relationships, new membrane must be added to mitochondria during partitioning. During this process, one or more of the cristae lengthen to a point where it spans the inner compartment. Subsequent in-growth of the outer mitochondrial membrane continues until it reaches the inner membrane, to which it joins. The four-layered partition thus formed marks the dividing line between sibling organelles. In pinching mitochondria, cytosolic proteins and adjacent organelles are positioned to constrict mitochondria, and the impinging outer membrane topologically restricts the inner membrane. This contraction prunes the mitochondria into smaller compartments.



What controls the selection mode of mitochondrial division is not known. In some cells, the location of the mitochondria seems to play a cardinal role. For example, in the rat heart, partitioned mitochondria are found solely among subsarcolemmal mitochondria, whereas pinching mitochondria predominate among interfibrillar organelles. In contrast, the exact opposite locations are characteristic of heart mitochondria in mice. In skeletal muscle, both types of mitochondrial division take place in all venues of the muscle fibers. Selection of the mode of mitochondrial fission is due to an as yet uncharacterized mechanism.




1.3. Alternative Fission Pathways


Partition formation and pinching are by no means the only modalities of mitochondrial division. In many insects, spermatocyte mitochondria have the form of elongated rods. In anaphase, these organelles surround the middle of the spindle like the staves of a picket fence [21]. Wilson [22] states that there is no doubt that many of these mitochondria are cut across their equator during cell division (presumably by the constricting cleavage furrow).



An ordered and symmetrical sequence of mitochondrial division takes place in hemipteral spermatocytes of the scorpion, Centrurus [23]. Here, the mitochondria are fused into a single, ring-shaped body, the nebenkern, which assumes a tangential position alongside the spindle; it is transversely cut into two half-rings by cell division. Each resulting hipposiderous nebenkern undergoes a series of divisions so that each spermatid receives two segments of the original toroid body. Because of the limited resolution of the light microscopes used in these studies, it was not possible to trace the precise details of nebenkern division in these insects, but it seems likely that plasma membranes, rather than intrinsic mitochondrial membranes, are the tools whereby mitochondria are bisected to retain constancy of mitochondrial number and ultimately of mass.



After these studies appeared, investigation of mitochondrial division languished for some time. The study of mitochondrial dynamics in living (cultured) cells signaled a revival of interest in the biography of these organelles. Phase contrast microscopy was used to confirm the many observations based on conventional microscopy of mitochondrial motility and shape changes in cultured cells (see compendium by Bereiter Hahn, [24]). Ultimately, study of these cells by fluorescence microscopy, and especially by confocal microscopy, led to the notion that mitochondria divide and fuse with one another in a never-ending dance.





2. The Molecular Ensemble Driving Mitochondrial Division


2.1. The Identification of Protein Machineries


Investigation of mitochondrial division quickly moved into the molecular realm, with yeast cell mitochondria gaining primacy as the objects of study. A dynamin-related protein, Dnm1p, was found to be the master regulator of mitochondrial fission [25,26]. Proteins in the dynamin family regulate membrane fission and fusion events throughout the eukaryotic cell [27,28]. To achieve this task, these proteins self-assemble into large polymers capable of imparting force at defined membrane sites (Figure 2). Concordantly, fluorescence studies identified the formation of defined Dnm1p puncta at sites of ensuing mitochondrial fission [29]; subsequent electron microscopy (EM) analysis of mitochondrial constriction sites found Dnm1p forming spirals around “pinched” membranes [30]. Like other dynamin-related proteins, Dnm1p assembled into large helical polymers powered by guanosine-5’-triphosphate (GTP) hydrolysis to actively constrict membranes in vitro [31,32].


Figure 2. The molecular components of the mitochondrial fission machinery are presented. In yeast, mitochondrial fission is mediated by Dnm1p. Fis1p is anchored in the outer mitochondrial membrane (OMM), and Mdv1 is an adaptor for assembly of the multicomponent fission machinery. In mammals, Drp1 drives membrane fission. When a non-hydrolyzable guanosine-5’-triphosphate (GTP) analog (βγ-Methyleneguanosine-5′-triphosphate, or GMPPCP) is added to Drp1, it spontaneously forms oligomers that represent the contractile core of the fission apparatus. Several receptor proteins have been identified, including Fis1, Mff, MiD49, and MiD51. The primary sequence and protein domains are highlighted. Abbreviations: VD, variable domain; GED, GTPase effector domain; CC, coiled-coil domain; TM, transmembrane domain; NBD, nucleotide-binding domain; TPR, tetratricopeptide repeat; WD: repeating units containing a conserved core of approximately 40 amino acids that usually end with a tryptophan-aspartic acid dipeptide.



[image: Antioxidants 07 00030 g002]






Unlike dynamin, which mediates vesicle release at various cellular membranes, Dnm1p did not contain a canonical lipid-binding domain to drive membrane interactions. Rather, partner proteins were identified as necessary constituents of multi-component mitochondrial fission machineries. Recruitment of Dnm1p from the cytosol to the surface of mitochondrial was mediated by mitochondrial fission 1 protein (Fis1p) and mitochondrial division protein 1 (Mdv1) [33,34]. Fis1 is a tail-anchored protein in the outer mitochondrial membrane (OMM). Mdv1 was shown to be an adaptor protein believed to bridge Dnm1-Fis1 interactions [35]. Based on these findings, a central dogma prevailed wherein partner proteins coordinated targeting of Dnm1p to mitochondrial fission sites (Figure 2). However, Mdv1p was shown to directly regulate Dnm1p activity [36], which indicated that these receptors were more than mere scaffolds.



Naturally, comparable studies were pursued to identify similar proteins in the mammalian mitochondrial fission machinery. Dynamin-related protein 1 (Drp1), the Dnm1p homolog, was found to serve an essential role in mammalian mitochondrial division [37,38]. While a Fis1p homolog was also discovered [39,40], no Mdv1p homolog was present in higher eukaryotes. Rather, new partner proteins were shown to contribute to Drp1 targeting and membrane fission. Specifically, mitochondrial fission factor (Mff) was discovered as a distinct tail-anchored membrane protein that recruits Drp1 to the OMM [41,42]. Separate studies found additional integral membrane mitochondrial division proteins (MiD49 and MiD51) that co-localize with Drp1 and regulate mitochondrial dynamics [43,44]. So, while similarities exist in yeast and mammals, significant differences are apparent (Figure 2). Specifically, the combinatorial complexity of potential Drp1 interactions in mammals raises the question of whether a singular fission process exists. Based on the morphologically distinct processes of pinching and partitioning described previously (Figure 1), it seems plausible that separate protein interactions could facilitate distinct membrane remodeling events. At the same time, coordinated interactions between Drp1 and its partners likely offer combinatorial resources for regulating mitochondrial division, which serves several critical functions related to both cell proliferation [45,46,47,48,49] and cell death [50,51,52,53,54]. More specifically, this conserved membrane fission event is essential for mitochondrial inheritance, quality control via sequestration of damaged regions of the organelle, termed mitophagy, transport of mitochondria to the periphery of cells, and the intrinsic apoptotic cascade, which involves the release of cytochrome c. The specific protein interactions that allow Drp1 to govern these disparate processes are largely unknown. The wide-ranging network of interactions provides one explanation for how the mitochondrial fission machinery can be modulated.




2.2. Assorted Factors Regulate the Fission Machinery


Cellular signaling cues also have been identified that directly impact Drp1 and its partners to regulate the efficiency of mitochondrial membrane remodeling. Specifically, mitochondrial fission proteins are “tuned” by post-translational modifications (PTMs) to modulate interactions within the fission machinery in response to calcium flux [55,56,57,58], cell cycle progression [46,49,59], oxidative stress [60,61,62] and cellular energy levels [63,64]. These sequence changes have been shown to alter the Drp1 localization and activity in cells, which directly enhances or impedes mitochondrial membrane remodeling. Within Drp1, PTMs are most abundant in a sequence region called the variable domain (VD, Figure 3). Interestingly, the VD is known to regulate Drp1 self-assembly [65] and serves as a lipid-binding domain [66,67]. More recently, this region also was shown to suppress interactions with the partner protein, Mff [68]. Therefore, PTMs in this region of Drp1 likely augment or inhibit critical intra- and inter-molecular interactions to regulate the efficiencies of assembly, constriction, and subsequent release of the fission complex at the mitochondrial membrane surface.


Figure 3. Mitochondrial interactions with the endoplasmic reticulum mark sites of ensuing fission. This connection is mediated by different protein tethering complexes, including mitofusin heteropolymers and the endoplasmic reticulum-mitochondria encounter structure (ERMES) complex. Proteins on the endoplasmic reticulum (ER) membrane serve as nucleation sites for building actin filaments that also constrict mitochondria and may provide tension needed during the membrane scission event. INF2: Inverted formin 2.
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Drp1 interactions with specific lipid species in the OMM also are tightly regulated [69], and the exposure of the mitochondrial-specific lipid, cardiolipin, has been shown to potently stimulate Drp1 activity [66,67,70]. In reconstitution experiments, interactions with negatively charged lipid templates promote Drp1 self-assembly to form large helical oligomers [65,71,72,73,74]. Similarly, addition of non-hydrolyzable GTP analogs induces polymerization of Drp1 into large oligomers (Figure 2), and these assemblies represent the core of the mitochondrial fission machinery. In this way, in vitro studies can be used to mimic the interactions that occur at membrane sites in vivo, and the impact of specific interactions can be assessed. In the case of lipid interactions, Drp1 and Dnm1p have been shown to induce the formation of oligomers that exhibit a broad range of diameters, which may reflect the inherent ability of these proteins to accommodate mitochondrial membranes with different morphologies. Interestingly, sequence changes in the aforementioned VD also modulate the geometry of Drp1 polymers formed in the presence of lipid templates [75]. Structural studies are currently being pursued to define the critical interactions within Drp1 oligomers that drive the assembly of these large protein complexes. Interactions with specific lipids have been shown to affect the architecture of Drp1 assembly and thereby regulate the fission machinery [76]. Partner proteins, such as Mff, MiD49/51, and Fis1, also will interact with Drp1 and have the potential to impact its self-assembly properties. Critically, the spatiotemporal relationship of when and where these interactions occur is central to understanding how mitochondrial fission proceeds. Clearly, membrane microenvironments dictate recruitment and processivity of the fission machinery.




2.3. Inter-Organelle Connections Come to the Fore


Because interactions between mitochondria and the endoplasmic reticulum (ER) are important for the transfer of phospholipids and calcium [77,78,79,80], connections with neighboring organelles point to sites of ensuing mitochondrial fission [81,82]. Previous EM analyses found that the ER and mitochondria were closely juxtaposed (arrows, Figure 1), which provides the opportunity for more efficient communication and exchange of materials between these organelles. This interaction is preserved in yeast and mammals; however, the protein constituents that tether them appear to be distinct, much like the fission machinery. In yeast, an ER-mitochondria encounter structure (ERMES, Figure 3) is found at the interface between mitochondria and the ER [83,84]. This complex is implicated in the distribution of mitochondria and the exchange of lipids [85]. Interestingly, ERMES complexes are localized adjacent to mitochondrial DNA nucleoids and actively facilitate the segregation of mitochondrial DNA in coordination with the mitochondrial fission machinery [86].



In mammals, the ER membrane is tethered to mitochondria through distinct dynamin-related proteins, called mitofusins 1 and 2 (Mfn1 and Mfn2, Figure 3). These proteins are required for mitochondrial fusion, but this mitofusin-mediated connection is critical for mitochondrial calcium uptake from the ER [77]. Mitofusins are key mediators of mitochondrial fusion, so it is unclear whether these proteins can also coordinate membrane fission at these contact sites. Nevertheless, ER encirclement of mitochondria narrows the OMM before the fission ensues. This interaction has been shown to activate inverted formin 2 (INF2), a vertebrate formin protein that promotes actin polymerization [87]. More specifically, INF2 activity has been suggested to drive actin polymerization at ER-mitochondria contact sites to promote narrowing of the mitochondrial membrane and enhance assembly of Drp1 and other components of the fission machinery [82]. Subsequent Drp1 constriction would then resolve the fission event at membrane sites defined by ER interactions.



More recently, it has been suggested that dynamin 2, which plays an important role in the release of vesicles from biological membranes, i.e., endocytosis, is involved in mitochondrial fission [88]. The underlying mechanism for this event remains unknown, though dynamin likely enhances the efficiency of this complex membrane-remodeling event. Interestingly, this endocytic protein is not conserved in yeast, so it is unclear whether dynamin is an essential protein in mitochondrial division. Structural studies with the yeast Dnm1p identified a large helical geometry that could limit membrane constriction [31,32], but mitochondrial fission proceeds. Similar studies with mammalian Drp1 identified a narrower helical topology that can constrict mitochondrial membranes to diameters similar to those observed for dynamin–lipid tubules [65,67]. Still, the Drp1–membrane interaction may be more tenuous than dynamin–membrane interactions given the lack of a strong lipid-binding motif. Therefore, dynamin may enhance membrane scission by stabilizing connections at sites of ensuing fission. Additional studies are needed to discern the molecular interactions that facilitate dynamin 2 localization at sites of mitochondrial fission and how these interactions contribute to membrane remodeling.





3. Conclusions


Moving forward, the main goal for the research community will be to sort through the complex network of protein and lipid interactions that occur at sites of mitochondrial fission. Inter-organelle connections provide a platform for the constant exchange of interactions and signals that regulate the morphology of mitochondria, and thereby influence cell bioenergetics and viability. Moreover, the heterogeneity of these interactions may dictate the subsequent outcome of membrane remodeling events. Partition formation and pinching appear to be two distinct and separate modalities in mitochondrial division, but the causal interactions that dictate these membrane transformations are unknown. Given the diversity of cellular cues leading to mitochondrial fission, i.e., cell cycle progression, cell stress, mitophagy, etc., it is entirely possible that mitochondrial fission may be triggered through distinct interactions leading to diverse changes in organelle morphology and subsequent function.



For the better part of the past century, it has become clear that mitochondria respond to physiologic cues to alter intra- and inter-organelle connectivity, bioenergetic capacity, and permeability. We know that mitochondrial division is an essential process for life, but how does this process become corrupted to facilitate death during apoptosis? We know that fission partitions mitochondrial DNA to preserve organelle function, but it also partitions damaged regions of mitochondria targeted for degradation via mitophagy. The molecular underpinnings that compel these distinct events will provide new insight into the interactions that govern mitochondrial fission and how these interactions become altered to promote synergistic changes with cellular cues in mitochondrial function.
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