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Abstract

The mitochondrial inner membrane has a complex and dynamic structure that plays an important
role in the function of this organelle. The internal compartments called cristae are created by
processes that are just beginning to be understood. Crista size and morphology influence the
internal diffusion of solutes and the surface area of the inner membrane, which is home to critical
membrane proteins including ATP synthase and electron transport chain complexes; metabolite
and ion transporters including the adenine nucleotide translocase, the calcium uniporter (MCU),
and the sodium/calcium exchanger (NCLX); and many more. Here we provide a brief overview of
what is known about crista structure and formation, and discuss mitochondrial function in the
context of that structure. We also suggest that mathematical modeling of mitochondria that
incorporates accurate information about the organelle’s internal architecture can lead to a better
understanding of its diverse functions. This article is part of a Special Issue entitled ‘Calcium
Signalling in Heart’.

1. Introduction

As cellular organelles go, mitochondria are arguably the most structurally and functionally
diverse across species and across tissues in the same species. In mammals, the mitochondrial
proteome contains on the order of 1100 proteins, not counting a wide array of splicing and
post-translational variants [1]. The proteins associated with key processes that mitochondria
in all tissues have in common, such as oxidative phosphorylation and organelle biogenesis
and dynamics, comprise only about one-third of the proteome. The mitochondrial proteome
of any two tissues typically varies by 20-30%, reflecting the specialized metabolic and
signaling pathways within mitochondria of different cell types. While they share a common
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bacterial ancestor, mitochondria are finely tuned to the physiology of the cells into which
they have integrated over hundreds of millions of years of evolution.

Thanks to the pioneering work of Palade, Sjostrand and others, the ultrastructural diversity
of mitochondria was appreciated long before the functional differences that underlie it (e.g.
[2]). Within the diversity, a common organelle design was readily discerned in electron
micrographs: nested outer and inner boundary membranes surrounding a dense “matrix”.
The mitochondrial inner membrane seemed to fold inwards to form what Palade called
cristae (crests), the density of which varied roughly in proportion to the energy demands of
the tissues. Once it was established in the 1960s that the inner membrane was the site of the
respiratory chain and oxidative phosphorylation, interest grew in the relevance of the
membrane’s structure to bioenergetic processes. This interest was heightened by
Hackenbrock’s discovery of correlations between particular respiratory states and inner
membrane morphologies (so called orthodox and condensed states) in isolated mitochondria
[3]. The emergence and eventual acceptance of Mitchell’s chemiosmotic hypothesis [4] gave
rise to discussions that still persist about possible micro-compartmentation of protons and
delocalized vs. local proton gradients across the inner membrane during energy transduction

[5].

The terms “folds” and “invaginations” are often used interchangeably to describe cristae, but
the terms are not synonymous. The former suggests random, passive adjustments of a
flexible membrane to osmotic or other forces. The latter term implies a membrane domain
with complex topology and origins. We now realize that cristae are, in fact, specialized
nano-scale structures that influence mitochondrial function and, in turn, are regulated by
molecular mechanisms we are only beginning to comprehend.

2. The link between inner membrane topology and function

An important step in the evolution of electron microscopy was the convergence of
developments in hardware and software in the 1980s that made high resolution three
dimensional reconstructions practical. The mitochondrion’s structural complexity and
diversity, combined with spiraling interest among biologists in its multiple cellular
functions, made the organelle a poster child for the technique of electron tomography [6-9].
As shown in Fig. 1, the cristae in cardiac muscle mitochondria (as in almost all
mitochondria) are not merely random folds in the inner membrane. Rather, they are distinct,
pleomorphic compartments, a mixture of tubular structures and larger, usually lamellar
cisternae. These “invaginations” are connected to the boundary region of the inner
membrane at narrow circular or slot-like “junctions”, with a bore as small as 10 nm
(determined from tomograms of intact, frozen hydrated mitochondria [10]). The junctions
are robust, energetically favored structures, reversibly reforming within several minutes
after extreme osmotic swelling and recontraction of yeast mitochondria [10].

The common design element of crista junctions (first described by Daems and Wisse [11])
has profound implications for regulation of mitochondrial processes involving internal
diffusion of ions, metabolites and proteins. For example, Mannella et al. speculated that
crista junctions might serve to compartmentalize protons involved in chemiosmosis [6,7,12],
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a possibility that has been expanded upon by others [5,13]. Also, computer simulations
demonstrated that the ADP concentration in large intracristal compartments connected by
narrow junctions to the inner boundary membrane could drop below the K, of the adenine
nucleotide translocator, resulting in reduced local ATP generation [10]. These simulations
were done using a crista from a condensed (matrix contracted) liver mitochondrion, typical
for respiratory state I11 (high [ADP]) [3]. When [ADP] is low (state IV), mitochondria
switch to the orthodox (matrix expanded) conformation in which cristae are smaller. This
structural change would be expected to reduce the diffusional bottleneck for ADP, which is
more important when ADP is limiting than when it is in excess [15]. Additional modeling of
the diffusion of ions and metabolites inside muscle mitochondria is presented below.
Interestingly, for a 2D model simulating tubular cristae (common in orthodox mitochondria),
there is no appreciable intracristal ADP gradient under similar conditions (Fig. 5).

Thus, changes in mitochondrial inner membrane topology are expected to influence
mitochondrial bioenergetic processes in vivo. It follows that inner membrane topology could
be a parameter regulated by the cell to optimize mitochondrial function [14-16]. Proof of
this hypothesis requires uncovering the molecular players and signaling pathways involved
in regulation of crista structure and organization.

There is evidence that typical crista structures, including the reversible condensed-orthodox
transition, represent a dynamic balance between fusion and fission of tubular cristae, and
that aberrant crista morphologies (observed in some physiological and pathological states)
result from an imbalance in the processes [14,15]. Tomograms of frozen hydrated
mitochondria give a strong impression that larger cristae are formed by fusion of tubular and
perhaps vesicular cristae ([10], Fig. 2).

A good example of the linkage of inner membrane dynamics to mitochondrial function is the
remodeling of the inner membrane associated with the intrinsic apoptotic pathway.
Korsmeyer and co-workers showed that addition of truncated Bid (tBid, a cellular trigger for
intrinsic apoptosis) to isolated liver mitochondria causes a rapid reversal of crista curvature,
accompanied by apparent fusion of cristae and widening of crista junctions into large slots
(Fig. 2) [17]. This dramatic topological change correlates with enhanced internal
mobilization and release from mitochondria of cytochrome ¢, needed to activate cytosolic
caspases. Frey, Perkins and colleagues showed that induction of apoptosis in HeLa cells also
results in a widening of crista junctions, which progresses to create septa that divide the
inner membrane into individual vesicular domains [18], likely a precursor to the fission of
mitochondria observed in later stages of apoptosis.L

it was recently reported that mitochondria in the flattened leading edges of frozen-hydrated human endothelial cells contain mostly
septum-like cristae with wide openings [19]. Also, frozen-hydrated fungal mitochondria, deliberately flattened by surface tension,
were reported to have primarily wide (200 nm) slot-shaped junctions [20] We have found some variability in the size of crista
junctions in frozen hydrated, unflattened, isolated liver and fungal mitochondria ([10] and Mannella, Hsieh, Marko, unpublished) but
the openings generally fall in the 10-50 nm range. Importantly, small crista junctions are also found in mitochondria in frozen
hydrated sections of liver [21]. It is possible that flattening of mitochondria (isolated or inside cells) prior to freezing induces widening

of crista junctions.
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3. Molecular determinants of inner membrane topology

There is considerable evidence to suggest that the tBid induced change in inner membrane
topology (Fig. 2) is related to molecular reorganizations involving cardiolipin and the
adenine nucleotide translocator, the most prevalent inner membrane protein (reviewed in
[15,16]). Whether the associated enhancement of cytochrome ¢ efflux is due to changes in
internal diffusion (e.g., elimination of narrow crista junctions that may at times be closed or
pinched off) or to changes in binding of cytochrome cto the inner membrane is not yet
known. There is strong evidence that the changes in inner membrane topology that occur
during apoptosis also involve the dynamin-like protein Opal (Mgml in yeast). Opal was
originally discovered as a required component of the mitochondrial fusion machinery, and
later implicated in maintaining normal crista morphology [22-24]. The Scorrano lab has
postulated a kind of gating mechanism involving oligomerization of two forms of Opal,
occurring on the outer and inner mitochondrial membranes. Caspase 8 cleaved BID (a
precursor to fully truncated BID) disrupts Opal oligomers and widens the junction openings
[24]. Opal defects in humans are associated with a serious neuropathy, autosomal dominant
optic atrophy, and skin fibroblasts from these patients have distorted crista structure [25].
Functional mutants of Opal in Caenorhabditis elegans have a slow metabolism and their
mitochondria contain numerous detached cristae in the matrix [26]. Just as widening crista
junctions correlates with increased internal diffusion rates [17], eliminating communication
of cristae with the intermembrane space would be expected to drastically diminish
mitochondrial energy metabolism. A thorough analysis is needed to determine the extent to
which the bioenergetic deficits in dominant optic atrophy are attributable to disruption of
normal crista topology.

Research in the past decade has uncovered several other molecular determinants of crista
morphology, in particular ATP synthase (reviewed in [16,27]). The first clues that linear
arrays of ATP synthase dimers were involved in tubularization of the inner membrane were
provided by scanning electron microscopy of deep-etched Paramecium mitochondria [28].
Later, yeast, bearing mutations in subunits of ATP synthase involved in oligomerization of
the complex, were found to lack normal crista formation [29]. Supporting evidence for the
role of ATP synthase dimers in bending the mitochondrial inner membrane came first from
single particle analysis of isolated dimers [30,31] and more recently from cryo-electron
tomography of yeast inner membrane fragments [13,32]. Assuming cristae are proton traps
(as mentioned earlier), it has been speculated that locating ATP synthase complexes (proton
sinks) at the narrow openings of the cristae could be a self-organizing feature that optimizes
ATP generation [13].

Another concept about regulation of mitochondrial inner membrane organization involves
interactions between the inner and outer membranes. Electron micrographs of
conventionally fixed and stained mitochondria show numerous points of close proximity
between outer and inner membranes, termed “contact sites” [3]. However, electron
tomograms of native (unfixed, unstained) frozen-hydrated mammalian mitochondria
(isolated and in tissue sections [10,21]) provide better resolution and indicate that points of
actual contact between the two membranes are rare. Instead, numerous ~10 nm “bridging
particles” can be seen in the intermembrane space that, it has been postulated, likely mediate
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inner—outer membrane interactions and the numerous physiological processes attributed to
these specialized regions [10,14].

In fact, a protein complex recently has been identified that stabilizes mitochondrial inner
membrane organization by attaching to proteins on the outer and inner membranes. When
expression of a conserved protein called mitofilin is knocked down in mammalian cells,
onion-like membrane structures form inside the mitochondria, suggesting mitofilin is
involved in generating or stabilizing normal crista structure [33]. Recently mitofilin (Fcjl in
yeast) was identified as part of a “contact site” protein complex implicated in formation of
crista junctions in yeast mitochondria [34,35]. Members of this complex interact with both
inner and outer membrane proteins, including ATP synthase dimers [34]. The functions of
this large intermembrane “scaffold” complex and its individual components — several of
which, like Fjcl, are essential for maintaining normal crista integrity — are under active
investigation [36,37].

Finally, any discussion of factors influencing inner membrane topology should include
mention of the respiratory “supercomplexes” (e.g. [38,39]). Respiratory chain proteins are
more prominent in cristae than in the peripheral regions of the mitochondrial inner
membrane (e.g. [40,41] and the complexes they comprise tend to form megadalton-size
assemblies (supercomplexes) with specific stoichiometries. While there is scant structural
information about the supercomplexes, it would not be surprising if either (a) they
segregated to particular inner membrane domains (such as planar cristae), or (b) played a
more active role, analogous to ATP synthase dimer ribbons, in influencing inner membrane
curvature.

4. Mathematical models of cristae and mitochondrial function

To explore the role of crista morphology in mitochondrial function, mathematical models
add an important tool for examining specific hypotheses [10]. In this early phase of our
exploration, we are using simplified versions of realistic crista structures and assuming
uniform distribution of components to model internal diffusional processes, rates of
transport, and physiological and pathophysiological features. Fig. 3 shows the densely
packed cristae that take up approximately 50% of the volume in rat cardiac mitochondria
[42,43]. The scanning electron micrographs reveal two extremes in crista morphology:
lamellar cristae that predominate in subsarcolemma regions (Fig. 3A) and tubular cristae that
are most common in interfibrillar mitochondria (Fig. 3B) [37]. Whether this structural
heterogeneity among mitochondria within the same tissue has a functional rationale is
currently unknown, but modeling of important physiological processes for the two extremes
in crista topology (tubular vs. lamellar) could provide valuable insights.

The diagram of Fig. 4 shows an idealized cardiac mitochondrion with almost 300 regularly
packed “tubular” cristae, each with a square 20 x 20 nm cross-section and a length of 240
nm. The inner membrane surface area is about 3 times the surface area of the outer
membrane and the matrix volume fraction is about half of the volume contained within the
outer membrane, an organization that may apply to typical intermyofibrillar rat
mitochondria (Chikando et al. [44]).
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A simplified 2D simulation was carried out to reveal the nature of solute gradients likely to
exist in simple tubular cristae of a cardiac mitochondrion like that in Fig. 4. The steady-state
concentration gradients that develop along the length of two cristae for [H*]., [Ca%*].,
[ATP]., [ADP]c, [Phosphate]. and [Na*]. are shown in Fig. 5 (panels A-F, respectively).
Because such models can take into account all constrained elements (e.g., ATP synthase,
electron transport chain, mitochondrial calcium uniporter (MCU), mitochondrial sodium/
calcium exchanger (NCLX), etc.), and can be modified as new information becomes
available on crista structure and dynamics, inner membrane protein distribution, and
transporter and channel characteristics, these models can test current and future hypotheses.
While in its infancy, such multiscale modeling can explore, in parallel, structural and
functional information and changes manifest over spatial and temporal scales that span
many orders of magnitude (nm to um, and ps to hours).

The standing concentration gradients inside cristae (like those in Fig. 5) would be expected
to vary dramatically during normal cellular activity, such as changes in ATP consumption
triggered by metabolic demands, or with alterations associated with disease states. Similarly,
normal cyclic activity in muscle would be reflected in time-dependent changes in these
gradients. For example, Fig. 6 shows the predicted effect of the cardiac [CaZ*]; transient on
[Ca?*]. (an animation is provided as Supplemental Material). The systolic (cell-wide)
[CaZ*]; may be as high as 1 uM during the [CaZ*]; transient and produces the time-
dependent gradients down the cristae. Note, also, that there are spatial inhomogeneities of
[CaZ*]; within the cell during the [CaZ*]; transient that could locally affect Ca2* gradients in
the cristae. Importantly, there are transient elevations of microdomain [Ca2*] at both ends of
the intermyofibrillar mitochondria (IFM) where local [Ca%*]; may rise briefly to between 10
and 20 uM [44] because of the proximity of the Ca2* release sites in the cell, the junctional
sarcoplasmic reticulum (jSR), to the ends of the mitochondria.

To date there have been many mathematical models that seek to describe mitochondrial
function [45-50]. These studies lead the way for future work that will incorporate the
growing awareness of the importance of crista spatial organization and dynamics to
mitochondrial function.

5. Conclusion

The story that is unfolding on the connection between mitochondrial inner membrane form
and function is still in a nascent stage, intriguing but incomplete. There appear to be several
mechanisms at work for generating and maintaining normal inner membrane topology,
although definition of these processes at the molecular level is far from complete.
Furthermore, our understanding of how these mechanisms might be coordinated to remodel
the inner membrane in response to cellular signals is fragmentary at best. However, there is
plenty of reason for optimism, since the inventiveness of researchers is being matched by
steadily advancing technology. The snapshots of frozen-hydrated mitochondria provided by
electron tomography are being improved by advances in cryogenic specimen preparation
[19,51], and data from super-resolution light microscopy images and single-molecule
spectroscopic measurements of membrane events in (preferably) live cells (e.g. [52]). At the
same time, theoretical frameworks are being developed that may provide insights into
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regulatory processes, such as the role of membrane electrostatics as well as topology in
control of intramitochondrial diffusional processes [13] and metabolic regulation of the
physical properties of the mitochondrial inner membrane that can affect its remodeling [53].
Combined with improved information about localization and organization of key membrane
proteins (e.g. [54,55]), the prospects for more sophisticated and realistic modeling of
mitochondrial physiology are excellent. Thus, there is every reason to expect that a more
complete picture of the interplay between mitochondrial inner membrane form and function
will soon emerge.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Three dimensional membrane structure of an avian cardiac muscle mitochondrion, obtained

by electron tomography. The pleomorphic nature of the closely packed cristae is evident.
The tilted view reveals the narrow openings of the cristae (crista junctions) into the
boundary region of the inner membrane. The reconstructed sector of this mitochondrion is
ca. 300 nm in length. Used with generous permission from Z. Almshergi and Y. Deng.
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Fig. 2.
Topology of mitochondrial inner membranes. Left and middle: Cristae in intact, frozen-

hydrated rat-liver mitochondria. The larger compartments appear to be formed by fusion of
tubular membranes. These cristae are ca. 600 nm in length. Right: Inner membrane of a
mouse liver mitochondrion after treatment with the pro-apoptotic protein t-Bid [17].
Curvature of the crista membranes is reversed and the intracristal space essentially forms
one continuous compartment. The diameter of this mitochondrion is 860 nm. Figure from
Mannella (2008), Annals New York Acad Sci [16] reproduced with permission of the
publisher (Elsevier).
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Fig. 3.
Densely packed cristae in cardiac ventricular myocytes. Scanning EM images of

mitochondria cristae from rat ventricular myocytes. A. Lamellar cristae. B. Tubular cristae.
Scale bars 1 — pm; cristae width are about 30 nm. Figure from Hoppel et al. (2009) /nt J
Biochem Cell Biol [42,43], reproduced with permission of the publisher (Elsevier).
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Simple 3D Mitochondrial Cristae Model

Mitochondrial cross-sections
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Fig. 4.
Simple mitochondrial cristae model in 3D. An intermyofibrillar mitochondrion (IFM) of size

1500 nm x 300 nm x 300 nm. A. Top view, cross-section, mid-plane. B. End view cross-
section mid-plane. Each crista in the model is 240 nm long x 20 nm square and separated
from other cristae by 20 nm. There are 42 cristae in a 40 nm plane and 7 layers of cristae, for
a total of 294 cristae. The surface area per crista is 240 nm x 20 nm x 4 + 20 x 20 nm? or
1.96 104 nm2. Thus the surface area of the inner membrane is 1.96 104 x 294 or 5.76 106
nm2, which is about three times larger than the surface area of the outer member, 1.98 106
nm2. The matrix is approximately half of the volume contained within the outer membrane.
As noted, other shapes of the cristae may occur and will affect mitochondrial function.
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Fig. 5.

Di%fusion down the length of cristae modeled as a 2D structure. Using a simple two-
dimensional transport model (based on the study of Nguyen, Dudycha and Jafri in 2007
[46]) with the mitochondrial geometry of Fig. 4, steady-state crista gradients are shown for 6
solutes in a simulation run to steady state. This model includes the tricarboxylic acid,
electron transport chain fluxes, ionic homeostasis (including H*, Ca2*, ATP, ADP, P; and
Na*) and the adenine nucleotide translocase (ANT) among other features [46]. The fluxes
are uniformly distributed along the mitochondrial inner membrane (white line in the figure),
about 93% of which lies within the cristae in this model (about 78% in the model of Fig. 4).
The behavior of these components was modeled after biochemical/biophysical
measurements. The maximal fluxes of each of the component were constrained to give
appropriate metabolite concentrations, total Krebs cycle fluxes, ATP production, membrane
potential, and ionic homeostasis. The outer membrane is assumed to be permeable with
respect to the modeled substances and was thus treated as a fixed boundary condition with
cytosolic concentrations of metabolites. The sides of the two zoomed-in cristae are treated
with periodic boundary conditions to mimic the repeated structures of the mitochondria (see
Fig. 4). The images show the steady-state profiles (after 0.5 ms simulation time) of the six
solutes under diastolic conditions. A. [H*] in nM. B. [Ca2*]; in uM. C. [ATP]. in mM. D.
[ADP]. in mM. E. [Phosphate]c in mM. F. [Na*]¢ in mM. Initial conditions: The
intermembrane space adjacent to the outer membrane at the ends of the cristae are assumed
to have concentrations equal to the cytosol (i.e. the outer membrane is no permeability
barrier for these substances).
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Fig. 6.

Ti?ne-course of cristae [Ca%*] ([Ca%*],) following a 1 uM elevation of [Ca2*]; from 100 nM.
Using the same model as in Fig. 5 the time-course of an increase of [Ca%*] over 0.5 ms in
five 0.1 ms steps. Upper left panel: before (0.0 ms, equal to the steady-state conditions from
Fig. 5B); lower right panel: after 0.5 ms the diffusion of [Ca2*]. has come to a new steady-
state. An animation of this simulation is provided as a Supplemental Material.
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