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Abstract

Other than the respiratory chain components, most mitochondrial proteins are synthesized in the
cytosol and imported into the mitochondria. Many mitochondrial proteins therefore have at least
a transient cytosolic appearance, and several have a dual mitochondrial-cytosol functional locali-
zation. However, recent work has revealed several proteins, one of which is a large protein com-
plex, with dual mitochondrial and nuclear localizations. The enzyme fumarase which catalyzes the
reversible hydration/dehydration of fumarate to malate is part of the mitochondria matrix tri-
carboxylic acid (TCA) cycle. It could, however, be recruited from the cytosol to the nucleus in re-
sponse to DNA damage, where it is important for DNA repair. The pyruvate dehydrogenase com-
plex (PDC) generates acetyl-CoA from pyruvate, and is recently shown to translocate from the mi-
tochondrial matrix into the nuclear under mitogenic and stress conditions to generate acetyl-CoA
within the nucleus. The mitochondrial monooxygenase CLK-1/C0Q7 responsible for the synthesis
of ubiquinone is most recently found to have a nuclear isoform with an uncleaved amino terminus,
where it affects transcriptional changes associated with mitochondrial reactive oxygen species
(ROS) generation. In this review, we highlight these unusual cases of nuclear localization of clas-
sically mitochondrial proteins, and discuss their possible functions in the nucleus.
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1. Introduction

The mitochondrion is derived from a prokaryotic a-proteobacteria symbiont which has lost a large part of its
original genome to the host nucleus [1]. Of the thousand or so protein in the mitochondrial, only a handful, most
prominently the respiratory chain components, are mitochondrial DNA (mtDNA) encoded, and are transcribed/
translated locally. Most mitochondrial proteins are synthesized in the cytosol by cytoplasmic ribosomes, and
their mitochondrial import is facilitated by a number of mitochondrial translocase complexes [2]-[4] localized at
the mitochondrial outer and inner membranes. A nascent polypeptide precursor destined for mitochondrial im-
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port is typically kept in a denatured form by chaperones, and first enters the inter membrane space through the
translocase of the Outer Membrane (TOM) complex. Those harboring an N-terminal mitochondrial targeting
signal (MTS), or a “presequence”, are then inserted into the inner mitochondrial membrane by the translocase of
the Inner Membrane 23 (TIM23) complex. Translocation into the matrix requires the presequence translo-
case-associated import motor (PAM) and a membrane potential across the IMM.

For a growing group of canonically mitochondria-targeted proteins, mitochondrial residence is however not
exclusive. Other than the mitochondria, these proteins could also be found in the cytosol, or even other orga-
nelles, such as the endoplasmic reticulum, chloroplast, peroxisomes and the nucleus. These dual targeting or lo-
calization of proteins occurs via a variety of mechanisms, which has been extensively reviewed [5]. Many pro-
teins could shuttle between the cytoplasm and the nucleus. This is probably due to the fact that molecules small-
er than 25 - 30 kDa in size could partition rather freely between the two compartments, as the pores of the nuc-
lear envelope are rather large and flexible [6]. Selective import of nuclear targeted proteins harboring nuclear
localization signals (NLS) are typically facilitated by the importin family of adaptors and a gradient of activated
Ran GTPase [7] [8], while nuclear export requires a machinery that recognizes a nuclear export signal (NES).
Uni- or bidirectional nuclear-cytoplasmic shuttling is a critical aspect of multiple cellular signaling processes,
and defects or dysregulation of these often has notable pathophysiological consequences [9].

Of the dual-localized proteins, those that reside at both the mitochondria and the nucleus are of particular
emerging interest [10]. A good number of predominantly nuclear proteins are now known to be localized to and
function at the mitochondria. Prominent amongst these are those whose activities impinge on cell death and sur-
vival, as well as senescence and aging. The tumor suppressor p53 is primarily known as a nuclear transcription
factor mediating senescence and apoptosis, but it also accumulates in the mitochondrial matrix in response to
oxidative stress and triggers mitochondrial permeability transition and necrosis [11]. Estrogen receptors « and S
are nuclear hormone receptors but could also be found in the mitochondria [12] where these have anti-apoptotic
functions [13]. The telomerase reverse transcriptase (TERT), which counteracts replicative telomeric shortening
of chromosomes in the nucleus, is also known to be targeted to the mitochondria under oxidative stress [14]
where it protects mtDNA from damage [15] and performs an extension of its role in countering senescence and
aging [16]. FoxO3a, a member of the Forkhead subclass O (FoxO) transcription factors, is also known to loca-
lized to the mitochondria where it functions in the regulation of processes ranging from differentiation [17] to
apoptosis [18]. Within the mitochondria, FoxO3a interacts with and is deacetylated by the mitochondrial sirtuin
Sirt3 [19]. However, FoxO3a and other FoxO isoforms (or Daf-16 in C. elegans) are also components of an
evolutionarily conserved lifespan regulation axis [20] [21] involving the nuclear sirtuin Sirtl [22] [23], and the
transcriptional coactivator peroxisome proliferator activated receptor y-coactivator 1a (PGC-1a), both of which
have been shown to also localized to the mitochondria [24].

On the other hand, several recent findings have indicated that a small number of classically mitochondrial lo-
calized proteins could be also found at the nucleus, where they perform specific functions that were either re-
lated or unrelated to their roles in the mitochondria. In the ensuing paragraphs, we shall focus on three such pro-
teins that are evolutionarily conserved—fumarase, the pyruvate dehydrogenase complex (PDC) and the mito-
chondrial diiron containing monooxygenase Clk-1/COQ?7.

2. Fumarase—A TCA Cycle Enzyme Important for DNA Repair in the Nucleus

Fumarase, or fumarate hydratase (catalyzing a reversible conversion of fumarate to malate) is a well-known
TCA cycle enzyme residing and acting in the mitochondria matrix, but there is also a cytosolic fumarase iso-
zyme [5] [25]. The function of the latter has remained elusive. To investigate what functions might the cytosolic
fumarase have, Yogev and colleagues generated a yeast strain with the nuclear fuml gene deleted, but with a
copy of the gene inserted into the mitochondria genome. The resultant fumarase is thus exclusively mitochon-
dria localized, and the strain has a fully functional TCA cycle and appear outwardly normal [26]. The only sig-
nificant phenotype is a 10 - 100 fold increased in sensitivity to DNA damage caused by ionizing radiation and
the DNA synthesis inhibitor hydroxyurea. The strain is also particularly sensitive to an inducible expression of
site-specific double-stranded-DNA endonuclease, which generates DNA double strand breaks (DSBs). This sen-
sitivity is reversed with the co-expression of a cytosolic from of fumarase without the mitochondrial targeting
sequence, but the enzymatic activity must be intact. Fumaric acid, but not diethyl-malate, complements the
phenotype resulting from absence of cytosolic fumarase. The Authors showed that fumarase activity in wild type
yeast cells and human HeLa cells are both induced by hydroxyurea exposure. Interestingly, both hydroxyurea
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and ionizing radiation induced the translocation of fumarase into the nucleus of HeLa cells. Silencing of fuma-
rase expression increased the sensitivity of a panel of human cell lines to DNA damage, and the DSB damage
response, as gauged by phosphorylation of histone H2AX, is apparently impaired.

These findings revealed a previously unrecognized function of fumarase in DNA DSB repair in the nucleus.
They also provided a potential explanation for the human fumarate hydratase (FH) gene being a susceptibility
locus for a known genetic predisposition to Hereditary Leiomyomatosis and Renal Cell Cancer (HLRCC) [27].
FH therefore appears to have tumor suppressor-like properties, but it is not particularly clear how it might act in
this regard. Fumarate accumulates in cells with FH mutational inactivation, and fumarate is known to stabilize
the angiogenic hypoxia-inducible factor (HIF) by acting as a competitive inhibitor of HIF prolyl hydroxylase
[28]. While this hinted at a mechanism associated with tumor angiogenesis, it does not fully explain the tumor
suppressor function of FH. The latter is better understood by the discovery that FH activity and product at the
nucleus is required for DSB repair. It is yet unclear how fumarase activity and it’s product is important for DNA
damage repair, and future investigations shall shed light on this and other related uncertainties, such as whether
fumarase also participate in mtDNA repair.

3. The Pyruvate Dehydrogenase Complex (PDC) and Acetyl-CoA Production in
the Nucleus

The pyruvate dehydrogenase complex (PDC) [29] catalyzes multiple enzymatic steps to generate acetyl-CoA
from glycolysis derived pyruvate [30], which then feeds into the TCA cycle in the mitochondrial matrix. The
PDC has 3 enzyme activities (E1, E2 and E3), each comprising of multiple polypeptide subunits, and is one of
the largest multiprotein complexes known. The mammalian PDC is about 8 - 10 MDa in size, and to put this in
perspective, it is significantly larger than the largest complex in the mitochondrial electron transport chain and
ribosomes [29] [31]. In an intriguing finding reported last year, it was demonstrated that the PDC is also present
in the nucleus [32]. The PDC components E1, E2 and E3BP were immune-localized in the nucleus by their re-
spective antibodies, and the Authors showed that nuclear PDC is functional in generating acetyl-CoA from py-
ruvate. A particularly unusual and intriguing point pertaining to nuclear localized PDC is their biogenic origin.
PDC components are not detected in the cytosol in any abundance, and therefore there isn’t any evidence for a
cytoplasmic-nuclear translocation. However, nuclear PDC levels are significantly elevated in cells upon mito-
genic stimulation and chemical stresses, and intriguingly, in a manner that is concomitant with a reduction in
mitochondrial PDC levels. The Authors thus proposed that the mitochondrial PDC could be translocated, likely
as an intact complex, from the mitochondrial matrix to the nucleus [32].

The mechanism of PDC’s mitochondrial-nuclear translocation was not addressed by the Authors and remains
unclear, except that this is dependent on the chaperone heat shock protein of 70 kDa (Hsp70), which facilitates
nuclear import and could associate with both PDC E1 and E2. While the nuclear pore complex is large and has
tremendous flexibility to allow the passage of very protein complexes such as the ribosomal subunits, there is
currently no known mechanisms that could allow the huge PDC to negotiate the inner and outer mitochondrial
membranes. Interestingly, PDC-E2 has been previously shown to be nuclear-localized in T lymphocytes, where
it interacts with the signal transducer and activator of transcription 5 (STAT5) and modulates the latter’s tran-
scriptional activity [33] It is also possible that PDC could be assembled outside the mitochondrial matrix, and
there are some evidence for this in some cancer cells [34].

What are the functions of nuclear PDC? Unlike mitochondrial PDC, the nuclear form is not subjected to py-
ruvate dehydrogenase kinase (PDK) phosphorylation and inhibition. The Authors showed that acetyl-CoA gen-
erated by PDC in the nucleus is apparently important for histone acetylation, and nuclear PDC is required for S
phase entry and cell cycle progression [32]. Although there are other mechanisms for the generation of acetyl-
CoA within the nucleus, such as by the nuclear form of ATP citrate lyase using citrate [35], nuclear PDC’s abil-
ity to generate acetyl-CoA from pyruvate may become important in times when the citrate pool is depleted or
shifted towards lipid synthesis. At the moment, however, the precise function of PDC in the nucleus and its role
in supplying acetyl-CoA for histone acetylation awaits further verification.

4. Mitochondrial CLK-1/C0Q7 with a Nuclear Transcriptional Activity?

The C. elegans Clock abnormal protein 1 (CLK-1) and its human orthologue Coenzyme Q biosynthesis protein 7
(COQ7) encodes a mitochondrial di-iron containing monooxygenase [36] that catalyzes hydroxylation of 5-de-
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methoxyubiquinone to 5-hydroxyubiquinone [37]. Other than ubiquinone biosynthesis, CLK-1/COQ?7 is also
prominent as an evolutionarily conserved determinant of lifespan [38] [39]. The polypeptide harbors a MTS, and
its function in mitochondrial respiration reinforces the traditional view that it is exclusively a mitochondrial
protein. In a very recent report, Monaghan and colleagues have however documented the presence of CLK-1/
COQ?7 in the nucleus [40]. The Authors immune-localized COQ7 in the nucleus of HeLa cells and CLK-1-GFP
to the nucleus in transgenic worms, and identified a nuclear targeting sequence (NTS) adjacent to the MTS for
COQ?7. In the mitochondria, this sequence would have been cleaved as the MTS is proteolytically processed, and
the Authors indeed observed a slower migrating uncleaved form of COQ?7 in cells. Interestingly, this human
NTS sequence of COQ?7 is not conserved in the worm CLK-1, and nuclear targeting of CLK-1 in C. elegans
may use other determinants. A CLK-1 mutant with its MTS deleted nonetheless became predominantly nuclear,
and failed to rescue the defect in ubiquinone synthesis in clk-1 null worms.

What is CLK-1/COQ?7 doing in the nucleus? A strong hint of their possible nuclear function came from the
observation that nuclear accumulation of both orthologues were stimulated by ROS, and attenuated by the an-
ti-oxidant N-acetyl cysteine. Basal and induced ROS levels were increased in clk-1 null worms and human cells
lacking nuclear COQ7, and both models had a decreased level of glutaminase but increased levels of the WW
domain containing oxidoreductase (WWOX), which could be reversed by expression of the nuclear-restricted
form of CLK-1/COQ?7. In addition, a range of redox responsive genes such as SOD2 (encoding the mitochon-
drial superoxide dismutase) and NRF2 (encoding nuclear factor erythroid 2-related factor 2, a key mediator of
anti-oxidant response pathways) and their worm orthologues were also increased in a manner that could be sup-
pressed by nuclear-restricted CLK-1/COQ7. This ROS responsive nuclear targeting of CLK-1/COQ7 suggests
that the proteins may act to regulate ROS signaling and metabolism [40].

As noted above, CLK-1/COQ7 is a longevity gene, with its mutations resulting in a prolonged lifespan. Inte-
restingly, nuclear CLK-1 also contributes to C. elegans longevity independently of mitochondrial CLK-1, as ex-
pression of the nuclear targeted form is able to suppress the longevity phenotype of clk-1 null worms. The lifes-
pan extension effect of CLK-1/COQ7 defects has been linked to activation of a unique mitochondria-nucleus re-
trograde signaling process, the mitochondrial unfolded protein response (UPR™) [41] [42]. Indeed, expression of
nuclear CLK-1/COQ7 suppressed a subset of UPR™ genes that are elevated in clk-1 null worms. Exactly how
does CLK-1/COQ7 modulate UPR™ gene expressions? The Authors offered some very tantalizing evidence to
suggest that CLK-1/COQ7 may directly affect gene transcription. They found that COQ7 associates with the
chromatin, and a number of promoter sites, including that of WWOX and TIMMZ22 (encoding the mitochondrial
import inner membrane translocase subunit Tim22), are enriched in COQ7 chromatin precipitates in ChIP ana-
lyses. If confirmed by future analysis, this will open another dimension in the cellular network of lifespan de-
termining genes and gene products.

5. Mitochondrial Proteins in the Nucleus—How Did They Get There and What Do
They Do?

In the paragraphs above, prominent examples of a small group of mitochondrial proteins that are localized and
appear to function in the nucleus are described. Many interesting questions arise from these observations, and
some of these are discussed below.

How did the mitochondrial proteins go to the nucleus? While canonical mitochondrial targeting signals are
present in all these proteins, nuclear targeting signals, albeit non-canonical, have been identified only for COQ7
[40]. The dual targeting mechanisms of fumarase have been elaborately discussed [25]. Fumarase goes to the
mitochondria by translation coupled import and a fraction of these could become cytoplasmically localized if
they are folded prematurely (reverse translocation). It is still unclear as to how cytosolic fumarase is subse-
quently targeted to the nucleus in response to DNA damage. On the other hand, the process of mitochondri-
al-nuclear translocation proposed for the very large PDC is at the moment completely lacking in a plausible
mechanism, and much more work is needed to confirm this mitochondria-nuclear translocation mode and to gain
some mechanistic insights to how it might occur [43].

At the nucleus, the canonical enzyme activity of both fumarase and PDC are apparently required for their ap-
parent function. Fumarase’s production of fumaric acid is important for DSB repair, and acetyl-CoA generated
by PDC aids cell cycle progression and proliferation. On the other hand, whether the enzymatic activity of
CLK-1/COQ?7 is necessary for ROS signaling and metabolism in the nucleus has not been determined. In any
case, CLK-1/COQ7 appears to be able to directly regulate gene expression through their association with the
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chromatin. Of course, this likely involves other transcription factors and complexes that remained to be identi-
fied.

Incidentally, the Activating Transcription Factor associated with Stress-1 (ATFS-1), a major transcription
factor mediating UPR™ in C. elegans, has also dual mitochondria and nuclear localization and function. ATFS-1
has both an NLS and a mitochondrial MTS [44]. During mitochondrial ROS stress, mitochondrial import of
ATFS-1 is reduced, and a fraction of the protein accumulates in the cytosol and translocate to the nucleus.
ATFS-1 could bind to the promoter of both ATFS-1 bound directly to gene promoters in both the nuclear and
mitochondrial genomes during UPR™, and tunes a balance expression of oxidative phosphorylation related
genes [45]. There are other mitochondrial proteins with a nuclear presence, although their exact function in the
nucleus is less clear. One example is Nfsl, a highly conserved mitochondrial cysteine desulfurase involved in
iron-sulfur cluster assembly as a sulfur donor [46]. Nfs1 acts in the mitochondrial as well as the cytosol, where it
provides S for molybdenum cofactor biosynthesis [47]. The nuclear role for Nfsl is unknown, but the gene is
essential in yeast, and an Nsflp mutant with a disrupted NLS could not complement cell growth defects of
chromosomal Nsf1 deletion [48].

It is highly likely that we will see more examples in the near future of mitochondrial proteins being nuclear
localized and functional. Deciphering the regulatory dynamics of these proteins and their respective functions in
the two compartments will likely broaden our understanding of key mitochondrial-nuclear signaling processes
underlying cell survival and aging.
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