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ABSTRACT

Mitochondrial proteins are presently believed to reside and function only within
the mitochondria, under normal physiological conditions. However, in recent years many
examples have come to light where proteins originally identified on the basis of
extramitochondrial functions, upon characterization were found to be bonafide
mitochondrial proteins. This raises important questions concerning the cellular functions
of mitochondrial proteins. To investigate this phenomenon of mitochondrial proteins
being present at extramitochondrial locations, we have examined by means of
immunoelectron microscopy, the subcellular localization in normal rat tissues of a
number of well characterized mitochondrial proteins which are encoded either by the
nucleus (chaperonin 10 (Cpnl0) and mitochondrial aspartate aminotransferase
(mAspAT)), or by mitochondrial DNA (Cytochrome ¢ oxidase subunits I and II (COX I
and II)), using highly specific antibodies. Both Cpnl0 and mAspAT have already been
shown to be involved in extramitochondrial functions. CpnlO has been shown to be
identical to early pregnancy factor, which is an immunosuppressant and growth factor
found in maternal serum. mAspAT is identical to fatty acid binding protein isolated from
plasma membranes of several cell types, involved in the transport of long chain free fatty
acids.

Immunofluorescent labeling of BS-C-1 African monkey kidney cells with these
antibodies showed characteristic mitochondrial labeling. In all tissues examined, the

antibodies showed strong labeling of mitochondria, as was expected. In several tissues,
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the binding was seen exclusively within mitochondria. However, in a variety of tissues
such as pancreas, anterior pituitary and kidney, these antibodies showed strong and
specific labeling of one or more of the following compartments- pancreatic zymogen
granules, growth hormone granules, secretory granules in islet cells, red blood cells,
condensing vacuoles in kidney and on the cell surface of different regions of the kidney.
All of the observed labeling with these antibodies, both within mitochondria and in other
compartments, was abolished upon omitting the primary antibodies or upon adsorption of
the Cpnl0 antibody (in the case of Cpnl0) with purified recombinant protein. The
extramitochondrial localization of these proteins, particularly those encoded by
mitochondrial DNA provides strong evidence that these proteins have reached these sites
by exiting from mitochondria. These observations have important implications
concerning the roles of mitochondria and mitochondrial resident proteins in different
mitochondrial diseases. Also, the function of these proteins and the precise mechanism

by which they reach these extramitochondrial sites is of great interest.
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Chapter 1.0 :

General Introduction



1.1 Current View of Mitochondria

Mitochondria are present virtually in all eukaryotic species. It is generally
accepted that mitochcndria evolved from gram negative proteobacteria via endosymbiotic
event nearly 1.5 billion years ago, whereby it was engulfed by a protoeukaryotic cell
(Margulis, 1970; Gray and Doolittle, 1982; Gray, 1992; Margulis, 1993). The many
features of mitochoncria that reflect its endosymbiotic origin are: (i) Double membrane
consisting of an outer and inner membrane, (ii) Circular mitochondrial genome and (i)
Mitochondria specific transcription and translation system. Over the years the
mitochondrial genome: size has been reduced with the transfer of essential genes to the
nucleus. The nucleus thus encodes for a variety of mitochondrial proteins including
proteins involved in oxidative phosphorylation, DNA and RNA polymerases, ribosomal
proteins and mitochoadrial DNA regulatory factors. Thus, these proteins have to be
transcribed in the nucleus, translated in the cytosol and then imported into either the
mitochondrial outermembrane, innermembrane, matrix or intermembrane space (Schatz,
1996). The current assumption is that once these proteins have been imported into the
mitochondria they reside and function within the mitochondria under normal
physiological conditions. Knowing that mitochondria are comprised of two membranes
has led to the belief that these proteins cannot have external functions.

The human mitochondrial DNA is 16, 569 bp in length and encodes for a total of
37 genes, out of which 13 encode for proteins all of which are present in mitochondrial
inner membrane and ¢re involved in oxidative phosphorylation machinery (Anderson et

al., 1981). These proteins include 7 subunits of NADH dehydrogenase complex, 3



subunits of the cytochrome c oxidase complex, 2 subunits of ATP synthase Fy sector and
cytochrome b. It also encodes the 12S and 16S rRNA genes and 22 tRNA genes
involved in protein translation within the mitochondria (Gray et al., 1999). One of the
functions carried out by the mitochondria is to harness ATP (~30 ATP molecules /
glucose molecule). This is achieved by the chemiosmotic theory proposed by Peter
Mitchell whereby the transfer of electrons along the electron transport chain is coupled
to the extrusion of protons into the intermembrane space (Mitchell, 1979). As a result,
there is a pH gradient build up, with the matrix being alkaline and the intermembrane
space being acidic. Also, due to the gradient, there is a membrane electrical potential
whereby the inside is negative and the intermembrane space is positive. Both the pH
gradient and the membrane electrical potential contribute to the proton motive force
which is used to catalyze the synthesis of ATP (Lehninger et al, 1993). Complex I or
NADH dehydrogenase complex is comprised of atleast 42 subunits, with 35 being
encoded by the nucleus. It is the largest complex in the electron transport chain and is
involved in reducing NADH and transferring the electrons to ubiquinone or coenzyme
Qio, while pumping protons into the intermembrane space (Lehninger et al., 1993).
Complex II or Succinate dehydrogenase is made up of 4 subunits all of which are
encoded by the nucleus. It is involved in converting succinate to fumarate while
transferring electrons to ubiquinone. This is the only enzyme in the citric acid cycle that
i1s membrane bound and thus links the citric acid cycle with the electron transport chain
(Lehninger et al., 1993). Complex III or ubiquinone-cytochrome c¢ oxidoreductase is

involved in the transfer of electrons from ubiquinone to cytochrome ¢ with pumping of



protons into the intermembrane space. Complex III is comprised of a total of 11
subunits, of which 10 are encoded by the nucleus (Lehninger et al., 1993). Complex IV
or cytochrome c oxidase is involved in the transfer of electrons from cytochrome c to
oxygen making water (Michel et al., 1998). The transfer of electrons is accompanied by
the pumping of protons from the matrix to the intermembrane space. Complex IV is
composed of 13 subunits of which 10 are encoded by the nucleus. Complex V or ATP
synthase is made of at least 16 subunits of which about 14 are encoded by the nucleus. It
is made up of two segments, the F; hydrophilic catalytic segment and the Fy hydrophobic
proton translocating segment. It is involved in using the proton motive force to catalyze
the synthesis of ATP. with the flow of protons from the intermembrane space into the
matrix (Stock et al., 1999).

Mitochondrie. have sometimes been described in some biochemistry textbooks
as ‘cigar’ or ‘sausage shaped organelles with a diameter of 1 micrometer (um). On the
contrary, mitochondria are very dynamic structures undergoing constant fission and
fusion, forming extended reticular networks (Yaffe, 1999). The distribution and
morphology of mitochondria in different tissues, is highly variable and is also brought
about by key stages in cell cycle progression and differentiation. Some examples
illustrating the above mentioned points are as follows: (i) Most of the cells in our body
contain anywhere from 500-2000 mitochondria on an average (Lehninger et al., 1993).
Cone cell photoreceptors of the eye are made up of mostly mitochondria, whereas
platelets have 2-6 and red blood cells have none (Weiss, 1988). (ii) In heart muscle and

kidney tubules mitochondria are localized to specific regions of the cytoplasm whereas in



sperm tail, mitochondria are wrapped around the axoneme in a helical conformation
(Capaldi, 2000). (iii) Osteosarcoma cells that have been transfected with green
fluorescent protein targeted to the matrix show fragmented mitochondria during the S
phase which form extended reticular networks during the G1 phase of the cell cycle
(Capaldi, 2000). Cytoskeleton play an important role in the movement of mitochondria
as mitochondria co-localize with the cytoskeletal elements, especially microtubules in a
variety of cell types (Heggeness et al., 1978; Yaffe et al., 1996). Evidence for this also
comes from the finding that mitochondria rearrange when cells are treated with anti-
mitotic drugs that disrupt microtubules (Ball and Singer, 1982).

Mitochondria undergo fission and fusion which could result in exchange or the
mixing up of proteins when such processes occur. ‘Fuzzy Onions’ (fzo) gene encodes a
GTPase that spans the outermembrane with its GTPase activity in the cytoplasmic
domain and is fourd in a variety of mammalian tissues and thought to aid in
mitochondrial fusion (Rapaport et al., 1998). In yeast, mutation in Fzolp gene leads to
fragmentation of mitochondria and loss of mitochondiral DNA (Hermann et al., 1998).
The exact mechanism by which fusion occurs is not known, Fzolp could be a part of a
multi protein fusion complex or it may be involved in initial membrane contact. The
fusion process is probably complex as it requires the joining of both the inner and outer
membranes (Rapaport et al, 1998, Thomson, 1998). In yeast several Mdm
(mitochondrial distribution and morphology) proteins have also been shown to be present
in the outermembrane of mitochondria and are responsible for the interaction of

mitochondria with the cytoskeletal elements (Yaffe, 1999; Berger and Yaffe, 1996).



Prior to the 1980’s the sole function of mitochondria has been thought to be to
harness energy, hence they have been referred to as ‘energy centers’ or ‘power house of
the cell’. Out of the many genes necessary to put together a mitochondria only a small
fraction of genes are involved in the production of ATP. The remaining genes are
involved in numerous specific functions in differentiated cells (Wallace, 1999).
Mitochondria are involved in numerous functions such as pyrimidine biosynthesis
essential for RNA and DNA, heme synthesis, break down of ammonia in urea cycle,
cholesterol metabolism, key role in regulation of calcium levels and signaling in the cell,
and involved in the biosynthesis of [Fe-S] proteins located in the mitochondria, nucleus
and cytosol (Lehninger et al., 1993). The interest in this organelle has grown
substantially over tie past twenty years with two main developments: )
Characterization of the genetic basis of a large number of mitochondrial diseases (Schon,
2000) and (i) Mitochondria have been shown to be a central player in apoptosis or
programmed cell death (Susin et al., 1998). Thus, the structural and functional aspects of
this organelle are undergoing major changes in recent years and hence in an editorial in
7iBS it was commentzd, “mitochondrial structure and function is leading to a redefining

of long-held views abcut the basic biology of the organelle (Capaldi, 2000).”

1.2 Protein Import into the Mitochondria
Mitochondrial proteins encoded by the nuclear DNA are translated on cytosolic
ribosomes and then translocated either into the mitochondrial matrix, innermembrane,

intermembrane space or outermembrane, based on their targeting sequence (Neupert,



1997). During and after translation on ribosomes cytosolic Hsp70 bind to the
preproteins, preventing aggregation and keeping them translocation competent; (Chirico
et al., 1988; Murakami et al., 1988) thus, aiding in either co- or post-translational import.
However, it has been suggested that cotranslational import would be an extremely slow
process (Neupert, 1967). Most mitochondrial proteins are synthesized with a N-terminal
targeting sequence which is cleaved upon import into the mitochondria by a matrix
resident signal peptidase (Hendrick et al., 1989). There is no established consensus
sequence for mitochondrial targeting, however they have positively charged amino acid
restdues, have the abi ify to form an amphipathic helix (Hammen and Weiner, 1998) and
are about 20-60 amino acids in length.  Protein translocation to the matrix,
innermembrane and intermembrane space but not outermembrane space requires
membrane potential. However there are many exceptions to the above mentioned rules
and some examples are: (i) Hspl0/Cpnl0 has a matrix targeting sequence, but is not
cleaved upon import (Ryan et al., 1995), (ii) Proteins of the outer and inner mitochondrial
membrane generally have internal targeting sequence (Neupert, 1997), (ii1) Yeast
mitochondrial matrix protein MTF1 does not have a characteristic N-terminal
presequence and its import is not dependent on the outermembrane translocase complex,
membrane potential or ATP (Sanyal and Getz, 1995).

Translocase of the outermembrane (TOM) and translocase of the
innermembrane (TIM) are the translocases of the mitochondria that aid in the import of
proteins. TOM receprors which are TOM 20, 22, 37 and 70 recognize the mitochondrial

targeting sequence and TOM 40, 5, 6 and 7 form the import channel for the passage of



the protein (Lithgow, 2000). Once the protein has passed through the TOM complex it
can either be: (i) Inserted into the outermembrane, (if) Directly released into the
intermembrane space, (iii) Passed on to the TIM23 complex which translocates the
protein into the matiix or (iv) Passed on to the TIM22 complex which aids in the
insertion of the protein into the innermembrane space (Koehler, 2000).

The positively charged N-terminus of proteins destined to the matrix bind to the
negatively charged domain of TIM23 (which is a part of TIM23/TIM17), leading to the
transient interaction of TIM23/TIM17 and TOM complexes (Koehler, 2000). This forms
a channel for the protein to be translocated from the cytoplasm to the mitochondrial
matrix without release into the intermembrane space (Berthold et al, 1995). The
translocation motor apparatus is comprised of mitochondrial (m)-Hsp70, mGrpE and
TIM44. About 10% of mHsp70 in the matrix is bound to TIM44, which in turn is
associated with the innermembrane on the matrix side (Neupert, 1997). mGrpE acts as a
nucleotide exchange factor aiding in the release of nucleotides bound to mHsp70
(Schneider et al.,, 1996). This translocation motor ensures vectorial import of proteins
into the mitochondrial matrix. There are three models that have been proposed to
describe the action of mHsp70: (i) Brownian ratchet (Ungermann et al., 1996; Gaume et
al., 1998): This model proposes that the preprotein in the TIM and TOM complexes is
free to diffuse in and out. Binding of mHsp70 to the proprotein every time it moves into
the matrix ensures vectorial transport into the mitochondria. (ii) Translocation motor
(Horst et al., 1996): In this model the conformational change brought about in mHsp70

by the hydrolysis of ATP is coupled to the ‘pulling’ the preprotein into the matrix. (iii)



This model proposes that the action of mHsp70 could be a combination of both the
Brownian ratchet and Translocation motor models (Voisine et al., 1999).

The proteins that are destined to the innermembrane space are passed from the
TOM to TIM22 comblex comprised of TIM [10, 9, 12, 18, 22, 54], which aids in the
insertion into the innermembrane (Koehler, 2000; Leuenberger et al., 1999). Since these
hydrophobic proteins have to cross the hydrophilic intermembrane space, TIM 9/10 and
TIM 8/13 which are present in the intermembrane space provide chaperone like function
aiding in the translocation of innermembrane proteins through the intermembrane space
(Koehler, 2000). It is interesting to note that loss of TIM 8 function leads to a X-linked
neurodegenerative disease called Mohr-Tranebjaerg syndrome, with symptoms like
deafness, dystonia, dementia and blindness (Tranebjaerg et al., 1995; Jin et al., 1996).
This stresses the importance of proper import and sorting of mitochondrial proteins.

Proteins encoded by the mitochondria are transcribed and translated on
mitochondrial ribosomes and exported to the innermembrane by Oxal (Hell et al., 1997,
Hell et al, 1998) and Pntl (He and Fox, 1999) both of which are present in the
innermembrane. Oxil and Pntl are both involved in the export of mitochondrally
encoded cytochrome ¢ oxidase subunit II (COX II) from the matrix to the

innermembrane.

1.3 Role of Mitochondria in Apoptosis
There are a variety of agents that can induce programmed cell death or apoptosis

such as depletion of growth factors, rise in calcium concentrations, ionizing irradiation,
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heat shock and drugs such as etoposide, actinomycin D, staurosporine and anti-mitotic
drugs.

Mitochondria are a key player in apoptosis in that it is involved in the activation
of caspases by the release of cytochrome ¢ which is present in the intermembrane space
to the cytosol (Green and Reed, 1998; Desagher and Martinou, 2000; Brenner and
Kroemer, 2000). Caspases are a family of cysteine proteases that cleave specifically after
aspartic acid residue. They are synthesized as proenzymes and upon proteolytic cleavage
become active and cleave other substrates within the cell (Thornberry and Lazebnik,
1998).

The releasec cytochrome c in the cytosol forms a complex with apoptotic
protease activating factor 1 (Apaf-1) and procaspase-9, called the apoptosome. In the
presence of ATP procaspase-9 is converted to active caspase-9 which in turn is involved
in the clevage and activation of procaspase-3. The series of biochemical events that
follow lead to characteristic apoptosis which include nuclear shrinkage, DNA
fragmentation, memb-ane blebbing and the appearance of apoptotic bodies (Green and
Reed, 1998, Desagher and Martinou, 2000, Brenner and Kroemer, 2000). It is interesting
to note that mitochondria also releases apoptosis inducing factor (AIF) which is an
intermembrane space protein into the cytosol in response to apoptotic stimuli. AIF in
turn is translocated to the nucleus and mediates apoptosis in a caspase independent
pathway (Daugas et al., 2000a).

The Bcl-2 family of proteins play an important role in the release of proteins

from mitochondria (Adams and Cory, 1998). The Bcl-2 family of proteins are divided
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into two groups one that is pro-apoptotic and the other is anti-apoptotic, which can homo-
or hetero-oligomerize with each other. The pro-apoptotic members include Bax, Bid,
Bim and anti-apoptotic members include Bcl-2 and Bcl-xi.. The control for apoptosis
depends on the phospaorylation states of these proteins and the relative concentrations of
these proteins (Green and Reed, 1998; Desagher and Martinou, 2000; Brenner and
Kroemer, 2000). Bcl-2 is membrane associated (cytoplasmic side) via the C-terminal
hydrophobic domain ‘with the mitochondrial outermembrane, endoplasmic reticulum and
nuclear envelope (Adams and Cory, 1998). Whereas members of the proapoptotic family
Bax, Bid and Bim traaslocate from the cytosol to mitochondria during apoptosis (Porter,
1999).

Several models have been proposed to explain the release of cytochrome c into
the cytosol. The first model is where, during apoptosis Bax translocates from the cytosol
to the mitochondrial outermembrane, oligomerizes and either alone or in conjunction
with voltage deperdent anion channel (VDAC)/porin forms channels in the
outermembrane enabl ng the release of cytochrome ¢ (Green and Reed, 1998; Desagher
and Martinou, 2000; Porter, 1999). This model is based on the finding that Bcl-2 and Bid
are able to form charnels for ions and proteins in synthetic membranes (Schendel et al.,
1998; Antonsson et al , 2000).

The second ‘model describes a process by which there is non-specific release of
intermembrane space proteins due to the swelling of the matrix and eventual rupture of
the outermembrane (Green and Reed, 1998; Desagher and Martinou, 2000). The

innermembrane does not rupture because it is highly folded into structures called cristae
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and thus provides a large surface area to accommodate the swelling. One possibility is
the rupture of the outermembrane due to the closure of VDAC and impairment of the
functioning of adenine nucleotide translocator (ANT), which is involved in the ATP/ADP
exchange (Vander He den et al., 1999; Desagher and Martinou, 2000). As a result, there
would be a build up of protons in the intermembrane space resulting in the
hyperpolarization of the innermembrane thus leading to the swelling of the matrix and the
eventual rupture of the outermembrane. The second possibility is the release of
mitochondrial proteins due to mitochondrial permeability transition (MPT) (Crompton,
1999; Desagher and Martinou, 2000), which increases the permeablility of
innermembrane, allowing the free passage of molecules less than 1500 Da. This leads to
loss of membrane potential and causes matrix swelling, followed by rupture of
outermembrane and the release of intermembrane space proteins into the cytosol. It has
been suggested that MPT involves an interaction of innermembrane ANT,
outermembrane VDAC/porin, cytosolic hexokinase and mitochondrial creatine kinase
(Desagher and Martinou, 2000). Calcium, Bax and reactive oxygen species (ROS) are
known to favour the opening of the MPT (Crompton, 1999).

Interestingly, Hsp60 and its co-factor Hsp10/CpnlO have been shown to be
associated with procaspase-3 in the intermembrane space of mitochondria and upon the
induction of apoptosis have been shown to be involved in their activation (Xanthoudakis
et al., 1999; Samali et al., 1999). Unfortunately, none of the models discussed above can

account for the release of matrix proteins into the cytosol.
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1.4 Mitochondrial Diseases

Mitochondria have been implicated in a broad spectrum of genetic diseases such
as myopathies, neuropathies, encephalomyopathies, cardiomyopathy, deafness,
Alzheimer’s diseases, Parkinson’s disease, Huntington’s disease, diabetes mellitus and
aging (as a general process) (Larsson and Luft, 1999; Wallace, 1999).

Mitochondrial mutations can be classified into two general classes, the first class
consists of diseases arising from major deletions of one or more genes encoding for either
electron transport chain proteins, tRNA or rRNA (Schon, 2000). The diseases that arise
from this class of mutation can withstand only low levels of heteroplasmy. A typical cell
has on an average 100 mitochondria and each mitochondria may contain 2-10 molecules
of DNA. Thus, heteroplasmy is defined as the percentage of mutated mitochondrial
DNA to wild type mitochondrial DNA in a cell or tissue. Mitochondrial DNA deletions
could occur for genes encoding proteins that function in all of the complexes of the
electron transport chain except Complex II, as all the subunits for this complex is
encoded for by the nuclear DNA. Some examples of diseases associated with large
mitochondrial deletions are Kearns-Sayre syndrome and Progressive external
ophthalmoplegia (Holt et al., 1988). The second class of diseases arises from specific
point mutations in the mitochondrial genome that might occur in a gene encoding for
electron transport chain proteins, tRNA or rRNA (Schon, 2000). These mutations are
sometimes more forgiving than large deletions and patients often have high level of

heteroplasmy without clinical symptoms. The reason being, the mutation might be such
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that the function of the protein or tRNA is not totally disabled giving rise to residual wild
type activity.

A unique feature of mitochondrial diseases is that identical mitochondrial
mutations may not present with same disease phenotype and different mutations in
mitochondrial DNA :ould often give rise to same disease phenotype. This makes
diagnosis of mitochondrial diseases challenging and therefore it is easy to classify the
disease by genetic defect rather than phenotypic traits (Wallace, 1999). Examples to
illustrate the above points are as follows: (i) The point mutation T8993G/C in
mitochondrial encoded ATP synthase subunit 6 leads to two different disease phenotypes
depending on the level of heteroplasmy (Holt et al., 1990). Lower levels of heteroplasmy
results in NARP, which shows symptoms like neuropathy, ataxia, retinitis pigmentosa,
dementia and developmental defects. Higher levels of heteroplasmy gives rise to Leigh
syndrome like symptoms which include brain dysfunction and elevated lactic acid levels
in blood (Shoftner er al., 1992; Ortiz et al., 1993). (i) MELAS which presents with
symptoms like lactic acidosis, stroke like episodes, seizures, mental retardation and
hearing loss. MELAS can be caused either by a point mutation in tRNA™" gene
(A3243G) or by a mutation in the cytochrome ¢ oxidase subunit III gene (Goto et al,,
1990; Ortiz et al., 1993). Usually the displayed clinical phenotype is determined by the
level of heteroplasmy at any given time and the distribution of the heteroplasmy in
different tissues in th2 body. However it is important to note that the level of phenotypic
presentation of the disease is not related to the mutational load in a linear fashion

(Wallace, 1999; Schon, 2000).
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In mitochondrial diseases, different tissues can withstand different levels of
heteroplasmy because each tissue has a unique oxidative phosphorylation threshold for its
optimal functioning and this is called the ‘threshold effect’ (Rossignol et al., 1999).
Thus, organs that have high energy requirements are the most sensitive to even small
proportions of heteroplasmy and these include brain, heart, skeletal muscle, kidney and
insulin secreting pancreatic f-cell, which are often affected in mitochondrial diseases
(Fosslien, 2001).

Unlike nuclear DNA where there are only two copies per gene, mitochondrial
genes are present in thousands of copies in a typical cell, all of which are maternally
inherited. The sperm does contribute nearly hundred mitochondria for every fertilized
egg, however the mitochondria have ubiquitin tag for degradation by the embryo’s
proteasomes and lysosomes (Sutovsky et al., 1999). The fertilized egg contains
approximately hundred thousand mitochondrial DNA molecules, of these only thousand
will segregate randomly into the fetus’s tissues. Thus, the number of mutated
mitochondria segregated to each tissue in embryogenesis is a random event and it is
unlikely that there is any selection pressure (Jenuth et al., 1996; Wallace, 1999; Schon,
2000). This explains the varied levels of heteroplasmy in different tissues observed in
patients with mitochondrial diseases.

Oxidative phosphorylation is a major source of reactive oxygen species (ROS),
such as H,0,, OH, O, (Chance et al., 1979; Papa and Skulachev, 1997), especially when
there is a defect in tae electron transport chain Complex T (Robinson, 1998). Cells are

equipped with superoxide dismutases (SOD) to neutralize the ROS. In the cytosol there
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are Cu, Zn-SOD and in the mitochondria there is Mn-SOD. In mitochondria ROS are
neutralized by Mn-SOD which converts it to H,O; and glutathione peroxidase converts
H,0; to water (Gutteridge, 1994). ROS cause damage to proteins, DNA, lipids and [Fe-
S] clusters (Fosslien, 2001). Thus, mitochondria have a higher propensity to accumulate
mutations/damage because of : (i) Close proximity of the mitochondrial DNA to the
electron transport chain, (i) Unlike nuclear DNA, mitochondrial DNA does not have
histones associated w th it, (iii) Mitochondria is known to have an inefficient DNA repair
system (Sawyer and Yan Houten, 1999; Wallace, 1999; Fosslien, 2001). As a result the
mitochondrial DNA has a ten times higher mutational rate than nuclear DNA (Brown et
al., 1979; Brown et al., 1982). Thus, accumulation of mitochondrial DNA mutations
during ones life span is implied in the general process of aging (Linnane et al., 1989;
Beckman and Ames, 1998). Mitochondrial DNA from cortical brain region of patients
with Huntington’s and Alzheimer’s disease show increased mitochondrial deletions
(Corral-Debrinski et «l., 1994; Horton et al., 1995), with the latter also showing oxidative
damage (Mecocci et 1., 1994).

Even though there are number of models to explain different aspects of
mitochondrial diseases, it is still puzzling to explain how a mutation or deletion of a
mitochondrial gene iwvolved in oxidative phosphorylation could give rise to such wide

ranging clinical phenctypes, tissue specificity and varied onset of the disease.

1.5 Proteins with Multiple Functions
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The notion of one gene, one protein, one function is too simplistic to explain
cellular processes (Smalheiser, 1996; Jeffery, 1999; Soltys and Gupta, 1999). A large
number of proteins have been identified to be involved in two or more functions. These
proteins are encoded by a single gene and for all of them no closely related homologs are
found. There is also no evidence for alternate transcription or, alternate mRNA
translation or splicing. These proteins are involved in different functions due to either
change in cellular localization (both in and out of the cell), oligomerization/complex
formation or the cell type (Jeffery, 1999). This is not restricted to one class of proteins
but to a wide variety of proteins involved in different functions. Some examples are
growth factors, cytoskeletal proteins, glycolytic proteins and chaperones (Srﬁalheiser,
1996). As it was stated by Smalheiser (Smalheiser, 1996), “Multicompartmentalization
of proteins appears to be a real phenomenon and is not explainable, in general, by
artificats such as movement of proteins during isolation, contamination by proteins
released from dead/wounded cells, or adventitious cross-reactions of antibodies with
unrelated proteins.”

Some exariples of proteins with multiple functions are as follows.
Phosphoglucose isomerase which plays an important role in glycolysis, is also present
outside the cell wherz it functions as a nerve growth factor (Chaput et al., 1988; Faik et
al., 1988). TIMI11 which is a part of the translocase machinery present in the
mitochondrial innermembrane has been shown to be identical to nuclear encoded ATP

synthase subunit vy, which functions as an assembly factor for ATP synthase (Arnold et

al., 1998). Nuclear encoded ATP synthase subunit o has been shown to be induced under
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heat shock conditions in larvae of Drosophila hydei (Luis et al., 1990). It also exhibits
high identity to some of the conserved amino acids in molecular chaperones and is
thought to also function as a chaperone within the mitochondria (Luis et al., 1990).
Interestingly, ATP synthase subunit o has also shown to be present in rat liver
peroxisomes, its function in this compartment remains to be elucidated (Cuezva et al.,
1990). Thus, ATP synthase subunits y and o which are thought to be primarily involved
in the mitochondrial oxidative phosphorylation, also have other additional functions both

within and outside mitochondria.

1.6 Mitochondrial Proteins at Extramitochondrial Sites

A general belief is that once proteins are imported into mitochondria they reside
and function within the organelle under normal physiological conditions. This belief is in
large part due to the fact that mitochondria are bounded by two membranes and no
mechanisms are presently known for protein export across these membranes. The
localization of a given protein to mitochondria is generally based on criteria such as
immunofluorescence microscopy, presence of a mitochondrial targeting sequence and
cell fractionation studies. Using these techniques, the presence of small amounts of
mitochondrial proteins at extramitochondrial sites cannot be resolved. Recently, a large
number of proteins that have been identified based on their extramitochondrial function,
have turned out to be mitochondrial proteins upon characterization. Our lab and others
have shown numerous mitochondrial proteins to be present at specific extramitochondrial

locations under normal cellular conditions. These proteins are encoded by a single
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nuclear gene and there is no evidence for alternate transcription or alternate mRNA
translation or splicing (Danpure, 1995).

Some examples of nuclear encoded mitochondrial proteins found at
extramitochondrial locations are described below:
Mitochondrial Matrix Proteins
Mitochondrial Heat Shock Proteins

Three well studied mitochondrial matrix heat shock proteins are Hsp60, mHsp70
and Hspl10/CpnlO (co-factor for Hsp60). These proteins are synthesized with a N-
terminal targeting sequence, which is cleaved upon import into the mitochondrial matrix
(except for Cpn10) (Ryan et al., 1995). Even though they are called heat shock proteins
due to their thermal inducibility, they are essential under all cellular conditions (Parsell et
al., 1993; Georgopoulos and Welch, 1993; Ellis and van der Vies, 1991). Hsp60 and
mHsp70 are involved in the correct folding of proteins into monomeric or oligomeric
complexes, thus preventing aggregation or misfolding (Ellis and van der Vies, 1991,
Craig et al., 1993; Hartl, 1996). Mitochondrial Hsp70 is also involved in the import of
proteins across the ouater and inner mitochondrial membranes in a partially unfolded state
(Ellis and Hartl, 1996, Neupert, 1997).
Hsp60

Evidence fo- the presence of Hsp60 on cell surface of different cell types comes
from the observation that stressed macrophages and certain tumor cells that are blocked
with specific antibodies to Hsp60 are no longer able to stimulate T cells (Kaur et al.,

1993). Also, biotinvlation (Soltys and Gupta, 1996) and radio-iodination (Kaur et al.,
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1993; Fisch et al.,, 1990) of cell surface proteins in Chinese hamster ovary (CHO) cells
and Daudi lymphoma cells respectively, have shown the presence of Hsp60 on cell
surface.

In our lab, Flsp60 has been implied in conferring resistance to mutant cells that
are resistant to anti-mitotic drugs such as podophyllotoxin, which inhibit mitotic spindle
formation and functicn. CHO cell mutants that are resistant to podophyllotoxin show
altered mobility of Hsp60 on 2-D gels (Gupta et al., 1982; Gupta et al., 1985). Hsp60 has
been shown to be co-released with tubulin under conditions which depolymerize
microtubules. Furthermore, the mutant cell extracts show reduced binding to *H-
podophyllotoxin compared to wild type suggesting that the mutation either directly or
indirectly affects drug binding to tubulin. The altered mobility of Hsp60 has been shown
to be due to a single base change which leads to a Gly to Glu change at position 33
(Gupta et al.,, 1991). Presence of Hsp60 and tubulin on cell surface might explain how a
mitochondrial matrix protein could lead to the resistance to a drug that binds to tubulin.
It 1s suggested that tubulin on the cell surface provides the main target for the antimitotic
drugs. Interaction of mutant Hsp60 with tubulin prevents drug binding to tubulin leading
to drug resistance (Estridge, 1977; Rubin et al,, 1982; Quillen et al., 1985; Stephen,
1986).

Immunoelectron microscopic studies performed on rat tissues have shown
Hsp60 to be present in both mitochondria and at extramitochondrial locations such as the
plasma membrane, endoplasmic reticulum, peroxisomes, cytosolic vesicles, mature

insulin secretory granules, zymogen granules and growth hormone granules (Soltys and
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Gupta, 1996; Cechetto et al., 2000; Brudzynski et al., 1992). It has been hypothesized
that the function of Hsp60 in these granules is to act as a molecular chaperone (Soltys and
Gupta, 2000). For example, zymogen granules that are found in the pancreatic acinar
cells, contain a varety of inactive precursor digestive enzymes such as amylase,
chymotrypsinogen and trypsinogen. It has been suggested that Hsp60 functions in
packaging and preventing the premature activation of these precursor proteins (Le Gall
and Bendayan, 1996; Cechetto et al., 2000). Presence of Hsp60 in purified zymogen
granules has also been confirmed by western blotting and immunoprecipitation (Le Gall
and Bendayan, 1996; Cechetto et al., 2000). It should be noted that a number of specific
monoclonal and polyclonal antibodies were used in these studies. The specificity of these
antibodies were analyzed using a number of methods including 1- and 2-D gel blots
(Gupta and Dudani, 1987), immunoprecipitation and preadsorption of the antibodies with
purified recombinant Hsp60 completely abolished labeling in immunoelectron
microscopy. Furthermore, these antibodies show no cross reactivity with TCP-1 family
of proteins which function as chaperones in the assembly of cytoskeletal proteins and are
distantly related (=20%% amino acid identity) to Hsp60 (Gupta, 1995).

The involvement of Hsp60 in cell surface associated functions has also been
indicated by a variety of other studies. Khan ef al. (1998), have found histone 2B to be
present as a complex with Hsp60 in the plasma membrane of T cells. Phosphorylation by
type 1 protein kinase¢ A of both Hsp60 and histone 2B leads to the disruption of the
complex and release >f only histone 2B from the plasma membrane. Hsp60 in this case

is thought to be acting as a chaperone to facilitate membrane association of a soluble
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histone 2B protein. The function of histone 2B (a nuclear protein) at this location is not
known (Khan et al., 1998). These studies also provide evidence that Hsp60 on cell
surface can undergo phosphorylation. Specific chemical cross-linking experiments in
70z mouse cells have shown Hsp60 to be associated with P21™ which is a plasma
membrane protein involved in signal transduction (Ikawa and Weinberg, 1992). This
finding implies that Hsp60 might be involved in signal transduction events at the cell
surface. Hsp60 has a:so been shown to interact with prion protein PrP° (Edenhofer et al.,
1996) and HIV transmembrane glycoprotein gp41 (Speth et al., 1999).

In another study Jones et al. (1994) have implied Hsp60 to be involved in cell
surface amino acid transport. In this study, CHO-K1 mutant that show an increase of A
system of amino acil transport were found to exhibit a concomitant increase in the
amount of Hsp60 asscciated with the cell surface.

Mitochondrial Hsp71)

Mitochondrial Hsp70 was identified as a peptide binding protein PBP 72/74,
because it was implied to function in antigen presentation (Domanico et al., 1993;
Dahlseid et al,, 199¢). mHsp70 has also been identified as mortalin because of its
implicated role in cell senescence (Wadhwa et al.,, 1993a; Wadhwa et al, 1994). Both
these roles assigned to mHsp70 suggest an extramitochondrial role for it. Furthermore,
using immunoelectron microscopy our lab has shown mHsp70 to be localized at the
plasma membrane, cytoplasmic vesicles and in unidentified cytoplasmic granules of BS-
C-1 cells (Singh et al., 1997). The antibodies used in this study were specific to mHsp70

and showed no cross reactivity to cytosolic Hsp70.
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Presence of Hsp60 and mHsp70 at extramitochondrial sites could be due to
leaky import or mistargeting. Evidence against this comes from nonactin experiments.
The potassium ionophore nonactin disrupts membrane potential and inhibits protein
import. CHO cells treated with nonactin, accumulate only precursor Hsp60, while in
untreated cells, only mature Hsp60 is detectable (Soltys and Gupta, 1996). This suggests
that maturation of precursor protein occurs only after import into mitochondria and that
the levels of precursor protein under normal conditions are too low to be detected. This
suggests that the labeling seen at extramitochondrial locations are due to reaction of the
antibody with the mature forms of Hsp60 and mHsp70, which are probably exported to
these locations. Furthermore, microsequencing results from numerous studies have
indicated that it is the mature form of Hsp60 that is present at extramitochondrial
locations (Ikawa and Weinberg, 1992; Jones et al., 1994; Khan et al., 1998).

Hsp10 / Cpnl0

Cpnl0 is a necessary co-factor for Hsp60 and is thought to bind to one end of
Hsp60 and act as a cap to prevent substrate release during folding (Weissman et al.,
1994). Cpnl0 has also been identified as being identical to early pregnancy factor (EPF),
which appears in maternal serum within 24 hours of fertilization (Cavanagh and Morton,
1994). EPF has been shown to be involved in the regulation of maternal immune system
at the early stages of pregnancy namely the first half of gestation. It is thought to have an
inhibitory effect on immunocompetence of maternal lymphocytes, thus enabling the
survival of the fetus (Cavanagh and Morton, 1994, Noonan et al, 1979).

Immunosupressive nature of EPF is supported by the observation that serum from
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pregnant animals is able to inhibit lymphocyte response in various assays (Morton et al.,
1974). Further evidence for this is provided by the fact that loss of embryo due to
spontaneous or therapeutic abortions is associated with lack of EPF activity (Rolfe, 1982)
and also, the mice that were administered with EPF antibody before implantation showed
a decreased efficiency of implantation (Athanasas-Platsis et al., 1991).

EPF has also been shown to be present in serum during renewal of tissue,
regeneration of liver (Quinn et al., 1994) and development of cancer (Quinn and Morton,
1992), thus indicating that it is involved in growth regulation as well. In vitro, it has been
shown that EPF activity is coincident with cellular growth and absence of EPF activity is
coincident with growth arrest or differentiation (Quinn et al., 1990). Like many other
growth factors, EP)7 is present in platelets and this could imply a function in
inflammation and wound healing (Cavanagh and Morton, 1994).

Aspartate Aminotransferase

Mitochondrial aspartate aminotransferase (mAspAT) is synthesized wth a N-
terminal mitochondrial targeting sequence which is cleaved upon import into the matrix.
Mitochondrial AspAT is an important enzyme in amino acid metabolism (Christen and
Metzler, 1985) and ‘s identical to a fatty acid binding protein (FABP,y) isolated from
plasma membranes of several cell types (Berk et al., 1990; Stump et al., 1993). FABP,,
is a transporter of long chain free fatty acids (Schwieterman et al., 1988). Transfection of
3T3 cells that do not express mAspAT with mAspAT cDNA led to saturable fatty acid
uptake (Isola et al, 1995). Also, the surface and mitochondrial localization of this

protein was confirmed with immunofluorescence microscopy in these cells.
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P32

P32 is a mitochondrial protein synthesized with a N-terminal targeting sequence
which is cleaved upon import into the matrix (Muta et al., 1997). Immunofluorescence
microscopy has identified it to be localized mainly within the mitochondria. It is
involved in numerous nuclear functions and is also a cell surface receptor for
complement componeat C1q (Ghebrehiwet et al., 1994), in B cells, neutrophils and mast
cells. Using immunoeclectron microscopy we have shown P32 protein to be present in
mitochondria and at extramitochondrial locations such as zymogen granules, endoplasmic
reticulum, nucleus and cell surface in various tissues (Soltys et al., 2000).
Tumor Necrosis Factor Receptor Associated Protein 1
Tumor necrosis factor receptor associated protein 1 (TRAP-1) is a distant homolog of
Hsp90 family of molecular chaperones (Song et al., 1995). It acts as a partner for a
variety of proteins involved in a wide range of functions such as cell signaling,
tumorogenesis, immune response and apoptosis (Heller and Kronke, 1994). It has also
been identified as a retinoblastoma binding protein (Chen et al., 1996). Upon cloning
TRAP-1 was found to be a mitochondrial matrix protein with a N-terminal targeting
sequence (Felts et al, 2000). Immunoelectron microscopy revealed TRAP-1 to be
present in mitochondr a and at various extramitochondrial sites in rat tissues. In the
pancreas, labeling was observed in mitochondria, nucleus, zymogen granules, insulin
secretory granules anc cell surface. Labeling was also observed in heart nuclei and
endothelial cells lining blood vessels (Cechetto and Gupta, 2000).

Fumarase
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In yeast, both cytosolic and mitochondrial fumarase are encoded by a single
gene FUM1 (Wu and Tzagoloff, 1987). All of the fumarase synthesized in the cytosol
has a N-terminal targeting sequence. It is the mature form of fumarase that is present in
cytosol and matrix. Eefore distribution, fumarase is co-translationally imported and once
the N-terminal presequence is cleaved, it can either be fully translocated into the matrix
or end up in the cytosol by a mechanism that has not been established yet. This way 70-
80% and 20-30% of the fumarase end up in cytosol and mitochondrial matrix
respectively (Stein et al.,, 1994). Two models have been proposed for the mechanism by
which fumarase ends up in cytosol (Knox et al., 1998): (i) The fumarase is fully
translocated into the mnatrix folded and then exported out by an unknown mechanism. (ii)
After the cleavage of the presequence it could reverse direction through retrograde
movement and end up in the cytosol. Retrograde movement could either be due to
mHsp70 not binding to the translocating protein or the rapid folding of domains would
prevent vectorial translocation into the matrix and cleavage of presequence would result
in slippage of the protein into the cytosol.

Mitochondrial Intermembrane Space Proteins
Cytochrome c

Cytochrome c is an essential part of the electron transport chain of mitochondria
and is known to localize in the mitochondrial intermembrane space (Lehninger et al.,
1993).  Recently, it has been shown that following apoptotic stimuli, which is
characterized by the permeabilization of the outer membrane, cytochrome c is relocalized

to the cytosol. Presence of cytochrome c in the cytosol, leads to the activation of
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caspases followed by cell death (Green and Reed, 1998; Desagher and Martinou, 2000;
Brenner and Kroemer, 2000). Cytochrome c is nuclear encoded and is synthesized as
apo-cytochrome c¢ (- heme). An interesting feature about cytochrome c is that it does not
have a cleavable pre-sequence and its import into mitochondria is lipid mediated. Once
in the intermembrane space, apo-cytochrome c is converted to holo-cytochrome c by the
covalent addition of h:2me by cytochrome c heme lyase (Neupert, 1997).

Localization of cytochrome ¢ using immunoelectron microscopy in a variety of
normal rat tissues (viz., adrenal gland, cerebellum, cerebral cortex, heart, kidney, liver,
pituitary, pancreas, s<eletal muscle, spleen and thyroid), revealed that localization was
primarily in mitochondria. However, substantial amount of cytochrome c¢ was also
detected at extramitochondrial sites in the pancreas and pituitary. In the pancreas,
labeling was found ir. zymogen granules and acinar lumen, and in the pituitary, labeling
was found in growtl hormone granules (Soltys et al., 2001). At this point, it is not
known whether it is the apo- or holo-cytochrome ¢ that is present at these
extramitochondrial sites. It is important to note that no labeling was seen in the cytosol
where it can lead to cell death via activation of caspases. This work has led to the
suggestion that protein translocation from mitochondria to other specific compartments,
occur under normal conditions and the disruption of these pathways could lead to release
into the cytosol and lead to apoptosis (Soltys et al., 2001).

Apoptosis Inducing Factor
Apoptosis inducing factor (AIF) is a flavoprotein which is involved in

oxidoreductase function in the mitochondrial intermembrane space. It is synthesized with
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a N-terminal mitochondrial targeting sequence, which is cleaved upon import into
mitochondria (Susin et al., 1999a). AIF has been shown to have a second, independent
apoptogenic function. It has been shown that after the induction of apoptosis, AIF
translocates to the nucleus (Susin et al, 1996). The subcellular localization of AIF in
normal and apoptotic cells has been confirmed by immunofluorescence microscopy
(Daugas et al., 2000b).

Recombinan: AIF, independent of cytosolic extracts, cause chromatin
condensation in isdolated nuclei and causes large scale DNA fragmentation.
Microinjection of AIlF into cytoplasm of normal cells, leads to the loss of mitochondrial
transmembrane potential, release of apoptogenic proteins and the condensation of nuclear
chromatin (Susin et &l., 1996). The membrane permeabilization effects of AIF requires a
cytosolic heat sensitive factor (Susin et al., 1999a). These effects induced by AIF are not
blocked by the wide ranging caspase inhibitor known as Z-VAD.fmk, which suggests that
AIF, unlike cytochroine c, acts in a caspase-independent manner (Susin et al., 1999b).

Various mitochondrial proteins have been shown to be present at
extramitochondrial sites in certain cell types and tissues. Some of these proteins at these
extramitochondrial locations, have been shown to be involved in novel functions which
are different from taeir functions in mitochondria. The mechanisms by which these
proteins might be transported to these extramitochondrial sites still remains enigmatic.
Therefore, the role of mitochondria and mitochondrial proteins in normal cellular

processes, needs to be re-examined.
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1.7 Project Goals

As we have seen, a large number of mitochondrial proteins have already been
shown to function at extramitochondrial locations. The goal of the study is to examine
the subcellular localization of mitochondrial proteins at extramitochondrial locations,
with Cpn10, mAspAT, and mitochondrially encoded cytochrome ¢ oxidase subunit 1 and
IT (COX 1/1I). Of these, the first two, Cpnl0 and mAspAT, have already been shown to
have extramitochondrial functions.

Traditionally, localization of a given protein to mitochondria is based on
immunofluorescence inicroscopy, presence of a N-terminal targeting sequence and cell
fractionation studies. Using these techniques, the presence of small amounts of
mitochondrial proteins at extramitochondrial sites cannot be resolved. Based on
extensive work carricd out in the lab, immunoelectron microscopy, with the aid of
specific antibodies has been shown to be most reliable in resolving proteins at
mitochondrial and extramitochondrial sites. Thus, immunoelectron microscopy was
exclusively used in the localization studies. This technique becomes very informative for
proteins which are localized in specific compartments such as insulin secretory granules,
zymogen granules, growth hormone granules and peroxisomes. Since not all cells
contain these specific compartments, localization studies were carried out on various rat
tissues and cell types. A major determinant of the validity of immunoelectron
microscopic studies is the specificity of the antibodies used. Thus, specific and well
characterized antibodics were either obtained through collaboration or purchased from

commercial sources, where their specificity has been established by western blotting,
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immunofluorescence microscopy and immunoprecipitation. Furthermore, the specificity
of the antibody (where possible) was demonstrated by adsorbing the antibody with
recombinant antigen, which abolished labeling.

The reason why Cpnl10, mAspAT and COX I/ II were chosen to be studied, is
as follows: Cpnl0 is a co-factor for Hsp60 and has also been identified to be identical to
extramitochondrial EPF, which has been shown to be an immunosuppresant, a growth
factor and implied in inflammation and wound healing (Cavanagh and Morton, 1994;
Morton et al., 1974; Quinn et al., 1990). Since Hsp60 has already been shown to be at a
variety of extramitochondrial locations such as peroxisomes, cytosolic vesicles, mature
insulin secretory granules, zymogen granules and growth hormone granules (Soltys and
Gupta, 2000), it would be informative to see if Cpnl0 is localized to these compartments
as well. Localization of both Hsp60 and Cpnl0 in these compartments could mean that
they function as molecular chaperones. Except for two localization studies of Cpnl0 in
malignant human colcnic tissue (Somodevilla-Torres et al., 2000) and rat pancreatic
acinar cells (Vélez-Granell et al., 1994), no detailed subcellular localization of Cpnl0 in a
variety of normal tissues has been done. It is important to note that the latter study
employed a polyclona' antibody raised against the bacterial homolog of Chromatium
vinosum.

Mitochondrial AspAT has been identified to be identical to fatty acid binding
protein, which is a plasma membrane protein involved in the transport of long chain free
fatty acids (Stump et al., 1993; Schwieterman et al., 1988). In the past, work on the

subcellular distribution of mAspAT, has focused almost exclusively on the liver and the



31

extent to which mAspAT is present at extramitochondrial locations in other tissues 1s not
known.

The subcellular localization of COX I and II is of great interest to us because
they are encoded by the mitochondrial DNA and, also transcribed and translated within
the mitochondria. When mitochondrial proteins encoded by the nucleus are found at
extramitochondrial locations, it has proven difficult to rigorously exclude the possibilities
that the results are not due to leaky mitochondnal import, mistargeting of the protein,
alternate splicing, transcription or translation initiation. Hence, if the results from
mitochondrial DNA encoded proteins show that these proteins are present at
extramitochondrial locations, it would provide compelling evidence that proteins can, in
fact, exit the mitochondria. Peptides derived from mitochondria encoded proteins have
already been shown to be present at extramitochondrial locations. Mitochondrially
transmitted factors (MTF) are present on the cell surface as minor histocompatibility
antigen and are encoded by mitochondrial DNA (Fischer-Lindahl et al., 1991; Dabhi and
Lindahl, 1995). Cell surface expression of MTF is inhibited by chloroamphenicol which
specifically blocks m tochondrial protein synthesis. In humans and mouse, MTF is
derived from mitochcndria encoded NADH dehydrogenase subunit I (Loveland et al,
1990) while in rat, it is derived from mitochondria encoded ATP synthase subunit 6

(Bhuyan et al., 1997).
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2.1 Reagents and Chemicals

Nitrocellulose sheet and percoll were purchased from Amersham Pharmacia
Biotech (Baie d’Urf:, Quebec). Glycerol, glycine, maleate, B-mercaptoethanol and
sucrose wére purchased from BDH Chemicals Limited (Toronto, ON). 4-Chloro-1-
naphthol was purchased from Bio-Rad Laboratories (Mississauga, ON). Acrylamide, bis-
acrylamide and Tris-HCl were purchased from BioShop Canada Inc. (Burlington, ON).
Bovine serum albumin (BSA, Fraction V) was purchased from Boehringer Mannheim
Canada (Laval, Quetec). Sodium pentobarbital was purchased from BIMEDA-MTC
Animal Health Inc. (Cambridge, ON). Ethanol was purchased from Commercial
Alcohols Inc. (Burlington, ON). Hydrogen peroxide and methanol were purchased from
EM Science (Gibbstown, NJ). Ammonium persulphate, fetal calf serum (FCS), a-
minimal essential medium (a-MEM) and TEMED were purchased from Life
Technologies (Burlington, ON). Uranyl acetate was purchased from Marivac Limited
(Halifax, Nova Scotia). LR Gold resin was purchased from Polysciences (Warrington,
PA). Sodium dodecyl sulphate (SDS) was purchased from Sangon Limited Canada
(Toronto, ON). Benzamidine, Coomassie blue, dithiothreitol, EGTA, MES, MOPS,
paraphenyldiamine, PMSF and soybean trypsin inhibitor were purchased from Sigma (St
Louis, MO). Paraformaldehyde was purchased from TAAB Laboratories Equipment

Limited (Berks., England).

2.2 Antibodies
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The preparation and characterization of rabbit polyclonal antibodies against the
C-terminal peptide of human Cpnl0O (residues 77-101) and, mouse monoclonal (MADII-
13) and rabbit polyclonal (P;-3) antibodies against human recombinant Hsp60 has been
previously described (Somodevilla-Torres et al., 2000; Singh and Gupta, 1992; Singh and
Gupta, 1992). Rabbi: polyclonal antibodies to purified rat liver mAspAT were raised and
characterized as desciibed previously (Stump et al., 1993). Mouse monoclonal antibodies
against human cytochrome c oxidase subunit 1 and II were purchased from Molecular
Probes (Eugene, OR). Other antibodies that were commercially obtained include, rabbit
polyclonal antibody against human a-amylase (Sigma; St Louis, MO), rabbit polyclonal
antibody against sheep growth hormone (ICN; Montreal, Quebec, Canada), sheep
polyclonal antibody against bovine catalase (Serotec; UK.) and mouse monoclonal
antibody against human insulin (Sigma; St Louis, MO). For immunoelectron
microscopy, secondary goat anti-rabbit, goat anti-mouse and goat anti-sheep IgG 20
nanometer (nm) gold conjugate antibodies were purchased from British BioCell (Hornby,
Ontario). For immunofluorescence microscopy, secondary Texas red or fluorescein
conjugated goat anti-mouse or goat anti-rabbit IgG were purchased from Jackson
ImmunoResearch Labs (West Grove, PA). For western blots horseradish peroxidase
conjugated goat secondary antibodies against rabbit IgG were purchased from Bio-Rad

Laboratories (Mississauga, ON).

2.3 Cell Lines / Tissue Culture / Double Immunofluorescence Microscopy
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Double immunofluorescence labeling of cultured cells was carried out as
described earlier (Gupta and Dudani, 1987), with some modifications. African green
monkey kidney cells, BS-C-1 cells (ATCC CCL-26) were grown in o-MEM medium,
supplemented with 5% fetal calf serum at 37°C in a humidified atmosphere consisting of
5% CO, and 95% air. Cells were then grown on sterile coverslips for 48 hours after
which they had attained a flattened morphology. Coverslips were briefly washed in Tris
buffered saline (TBS) (0.9% NaCl, 10 mM Tris-HCI, pH 7.5) and the cells were fixed in
ice cold methanol at —20°C for 20 minutes and then briefly washed in TBS. Following
fixation cells were blocked with 50% normal goat serum in 0.1 M Tris-HCI (pH 7.5) and
then incubated with 1:100 (10 pg/ml) diluted Cpn10 antibody for 45 minutes at 37°C in a
humidified chamber. After the primary incubation, the cover slips were washed with
three changes of TBS for 15 mintues. The cells were then labeled with the secondary
fluorescein conjugated goat anti-rabbit IgG diluted 1:100 for 45 minutes at 37°C in a
humidified chamber. A second labeling was carried out with 1:100 (ascites) diluted
mouse monoclonal Hsp60 antibody followed by labeling with secondary texas red
conjugated goat anti-mouse IgG diluted 1:100. The cover slips were washed in TBS and
then briefly in water. The coverslips were mounted on a slide containing a small drop of
mounting medium (1mg/ml paraphenyldiamine, in 90% glycerol and 100 mM Tris, pH
8.0). The labeled cells were examined as described earlier (Gupta and Dudani, 1987).

The other antibodies used were diluted as follows, 1:40 rabbit polyclonal Hsp60
antibody, 1:40 rabbit polyclonal mAspAT antibody, 1:100 (10 pg/ml) mouse monoclonal

cytochrome c oxidase subunit I and II antibody.
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2.4 Immunoelectron Microscopy

Spraque Dawley rats (Charles River Labs, Wilmington, MA) were anaesthetized
with sodium pentobarbital and perfusion fixed with 4% paraformaldehyde in 100mM
sodium phosphate buffer, pH 7.4, freshly made before use. Tissues were excised, kept on
ice, cut into 1mm cubes, washed 3 times with 0.1M sucrose, 0.1M maleate buffer, pH
6.0, postfixed for 30 minutes in 1% uranyl acetate in the same buffer and then followed
by 4% uranyl acetate in 50% ethanol for 30 minutes. Serial dehydration was carried out
with ethanol in the order of 70%, 90%, 95% and 100%, with each step lasting 10 minutes.
The rest of the procedure for embedding and sectioning of cells in LR Gold resin was
done as described earlier (Soltys and Gupta, 1996).

For labeling of rat tissue sections embedded in LR Gold resin the sections were
first wetted in 0.1M Tris-HCl, pH 7.5 (carrier buffer) for 10 minutes and then were
preabsorbed at room temperature with 20% fetal calf serum in carrier buffer. Sections
were then incubated with 1:40 (25 pg/ml) diluted Cpnl0 antibody in carrier buffer for 2
hours at 37°C, in a humidified chamber. For the antibody preadsorption controls, Cpnl0
antibody was incubared with nitrocellulose strips saturated with purified recombinant
human Cpnl0 protein for 2 hours at 37°C, before carrying out the labeling. Following
this, the sections wer: washed with 3 changes of 1% BSA for 10 minutes. The sections
were then incubated ‘with the secondary goat anti-rabbit IgG 20 nm gold conjugate at a
1:10 dilution in carrier buffer for 4 hours at 37°C, in a humidified chamber. Following

this, sections were washed with 0.5M KCl in carrier buffer and quickly rinsed in water.
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Sections were then stained with 4% uranyl acetate in 25% ethanol for 20 mintues, rinsed
briefly with 25% ethanol and then air dried. Sections were examined at 80 kV with a
JEOL 1200 EX transmission electron microscope.

The other antibodies were diluted as follows, 1:30 rabbit polyclonal mAspAT
antibody, 1:40 (25 pg/ml) mouse monoclonal cytochrome c oxidase subunit I and II
antibodies, 1:500 rabbit polyclonal a-amylase antibody, 1:1000 rabbit polyclonal growth
hormone antibody, 1:500 sheep polyclonal catalase antibody and 1:500 mouse

monoclonal insulin antibody. All the secondary antibodies were used at 1:10 dilution.

2.5 Purification of Zymogen Granules from Bovine Pancreas

Zymogen granules were isolated from bovine pancreas with modifications to
previously published protocol (Thevenod et al., 1990). Fifty grams of bovine pancreatic
tissue was immersed in ice cold homogenization buffer containing, 250 mM sucrose, 50
mM MOPS (pH 7.0), 0.1 mM MgSOy, 0.1 mM EGTA, 1 mg/ml defatted BSA, 0.2 mM
PMSF (added just before use from a 100 mM stock solution in ethanol), 1 mM
benzamidine and 0.0[% soybean trypsin inhibitor. The pancreas was cut into small
pieces with a scissor, while discarding any fat and connective tissue. The small pieces of
pancreas were suspended in 15% (wt/vol) of ice cold homogenization buffer and
homogenized using 1 Tissuemizer for 10s at 1, 900 rpm. Then the tissue was
homogenized using a motorized Teflon glass homogenizer (10 strokes at about 500 rpm).
The homogenate was then centrifuged for 10 minutes at 500 x g at 4°C, to remove

unbroken cells, debris and nuclei. The resulting supernatant was further centrifuged for



38

15 minutes at 1, 500 x g at 4°C. The resulting brownish layer of mitochondria on top of
the white zymogen granule pellet was gently removed by swirling two times with 1ml of
homogenization buffer and was saved for western blotting. The crude zymogen granule
pellet was resuspended in Percoll-sucrose-MES gradient (40% Percoll, 250 mM sucrose,
50 mM MES, pH 6.2, 2 mM EGTA, 0.2 mM MgSO,, 1 mg/ml defatted BSA, 0.2 mM
PMSF, 1 mM benzaridine and 0.01% soybean trypsin inhibitor), at 20 ml/g of tissue and
was centrifuged at 20, 000 x g for 20 minutes at 4°C. Zymogen granules were obtained
as a white band at the bottom of the tube. The zymogen granules were diluted ten fold in
wash buffer (250 mM sucrose, 50 mM MES, pH 6.2, 2 mM EGTA, 0.2 mM MgSO,, 1
mg/ml defatted BSA, 0.2 mM PMSF, 1 mM benzamidine and 0.01% soybean trypsin
inhibitor) and washec. two times and loaded again onto another Percoll-sucrose-MES
gradient, centrifuged, washed twice and eventually resuspended in 125 mM Tris-HCI, pH

6.8 for western blot aralysis.

2.6 Processing of Purified Bovine Zymogen Granules for Electron Microscopy
Immediately after purification, zymogen granules were fixed in 4%
paraformaldehyde in 125 mM MES buffer (pH 6.5) overnight at 4°C. Granules were then
post-fixed in uranyl ccetate, dehydrated in ethanol, embedded in LR Gold resin and
sectioned as described before (Soltys and Gupta, 1996). The purity of these zymogen

granules as determined by electron microscopy is shown in Figure 1.

2.7 Gel Electrophoresis and Western Blots
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Equal amounts of protein samples either from purified zymogen granules or
mitochondria were electrophoresed in 10% or 15% SDS-PAGE as described previously
(Gupta and Dudani, 1987, Soltys and Gupta, 1996). The proteins were either visualized
by Coomassie blue staining or transferred electrophoretically from polyacrylamide gels to
nitrocellulose sheets. Following the transfer, the blot was blocked with 3% BSA in TBS,
for 1 hour at 37°C. 'This was also used as a carrier buffer for all primary and secondary
antibodies. The blo:s were incubated with primary antibodies diluted, 1:2000 rabbit
polyclonal antibody t> a-amylase or 1:1000 affinity purified rabbit polyclonal antibody
to Cpnl0 (1 pg/ml) or 1:1000 rabbit polyclonal antibody to mAspAT, for two hours at
room temperature with gentle rocking. Secondary antibodies conjugated to horseradish
peroxidase and directzd against rabbit IgG were used to visualize the primary antibodies

bound to the blot, using colour development with 4-chloro-1-naphthol.
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Figure 1: An electron micrograph of purified electron dense zymogen granules from
bovine pancreas. Note the heterogeneity in size and the purity of these granules. ZG,
zymogen granules. Bar = 500 nm.
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3.1 Abstract

Chaperonin 10 (Cpnl0) is a co-chaperonin for Hsp60 and has also been
identified as being identical to early pregnancy factor (EPF), which is an
immunosuppressive/growth factor found in maternal serum. In this study we have used
immunogold electron microscopy to study the subcellular localization of CpnlO in
cultured cells and ir. a variety of rat tissues sections embedded in LR Gold resin
employing a polyclonal antibody raised against the C-terminal end of human CpnlO.
Immunofluorescence abeling of BS-C-1 African monkey kidney cells with this antibody
showed predominant labeling of only mitochondria. In immunogold labeling studies, the
Cpnl0 antibody also showed strong labeling of mitochondria in various rat tissues
examined including the liver, heart, pancreas, kidney, anterior pituitary, salivary gland,
thyroid and adrenal gland. However, in addition to the mitochondrial labeling, in a
number of rat tissues, strong and highly specific labeling with the Cpnl0 antibody was
also observed at a number of extramitochondrial locations, including pancreatic zymogen
granules, red blood cells, growth hormone granules in anterior pituitary and secretory
granules in PP pancreatic islet cells. Cpnl0 labeling was also observed in purified bovine
zymogen granules. The observed labeling with the CpnlO antibody, both within
mitochondria as well as in various other compartments, was abolished upon omission of
the primary antibody or upon preadsorption of the primary antibody with the purified
recombinant human CpnlO protein. These results provide evidence that similar to a
number of other recently described mitochondrial proteins (viz., Hsp60, tumor necrosis

factor receptor associated protein-1 (TRAP-1), P32 protein and cytochrome c¢), Cpnl0 is
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also found at a variety of specific extramitochondrial sites in normal rat tissue. These
results raise fundamental questions concerning the possible functional roles of
mitochondria and mitochondrial resident proteins in diverse celluar processes in different
compartments and the mechanism by which these proteins reach such sites. The presence
of mitochondrial proteins at extramitochondrial sites has also important implications

regarding the role of mitochondria in different diseases.
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3.2 Introduction

Chaperonin 10 (Cpnl0) or heat shock protein 10 (Hsp10) belongs to a subclass
of molecular chaperones called Group I chaperonins that are found in bacteria,
mitochondria and plastids and are essential cellular proteins under all cellular conditions
(Lindquist and Craig, 1988; Georgopoulos and Welch, 1993; Gupta, 1995). CpnlOis a
mitochondrial matrix protein that is synthesized with a N-terminal targeting sequence, but
unlike most other ma:rix proteins this targeting sequence is not cleaved upon import into
the mitochondria (Rvan et al.,, 1995). Cpnl0O is a co-chaperonin for Hsp60 and the
bacterial counterparts for Cpnl0 and Hsp60 are the GroES and GroEL proteins (Hartl,
1996). GroES/Cpnl0 is thought to bind to one end of GroEL/Hsp60 and act as a cap to
prevent substrate release during the ATP-hydrolysis catalyzed folding process (Weissman
et al,, 1994). The GroEL-GroES machinery acts as a double toroidal ring, whereas the
Hsp60-Cpnl10 machinery acts as a single toroidal ring (Picketts et al., 1989; Viitanen et
al,, 1992). In view of the established function of Cpnl0 within mitochondria, it was a
very surprising discovery that a protein previously identified as early pregnancy factor
(EPF), which appears in maternal serum within 24 hours of fertilization, upon subsequent
characterization was found identical to the Cpn10 protein (Cavanagh and Morton, 1994).

The evidence: indicating that EPF purified from human platelets was identical to
the Cpnl0 protein is derived based on a number of different observations: (i) The amino
acid sequence of three different fragments covering more than 70% of the EPF protein
showed complete identity with the human Cpnl0 protein. (ii) Purified rat Cpnl0 was

found to be as active in the EPF bioassay as the platelet derived EPF, and this activity
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could be neutralized by a monoclonal antibody to EPF. In contrast, to the mammalian
Cpn10, bacterial GroES was not active in the bioassay, providing evidence of specificity.
(ii1) In the presence of ATP, EPF, similar to Cpnl0 formed stable complex with Hsp60
that coeluted from gel-filteration column. Further, the immobilized-Hsp60, in the
presence of ATP but not in its absence, was able to remove all EPF-activity from
pregnancy serum, providing further evidence of a specific interaction between these
proteins (Cavanagh ard Morton, 1994).

In our recent work we have shown that Hsp60 which is the functional partner of
CpnlO and is a well-studied mitochondrial protein by various criteria, is present at a
variety of specific sites and compartments, outside of mitochondria (Cechetto et al,,
2000; Soltys and Gugta, 1996). In view of this and the observed identity of Cpnl0 with
EPF, it is of much interest to examine in detail the subcellular localization of Cpn10/EPF
in different tissues and cell types. Previously, using immunohistochemical techniques it
was inferred that CpnlO/EPF is present in the mitochondria and also at
extramitochondrial sites such as the cytoplasm, secretory membranes and secretory
glandular spaces in malignant human colonic tissue (Somodevilla-Torres et al., 2000).
However, the immunohistochemical technique has only limited resolution and based on
this the subcellular distribution/localization of an antigen cannot be accurately inferred.
Therefore, in the przsent work we have used high resolution immunogold electron
microscopy technique to determine the subcellular localization of Cpnl0 in a variety of
normal rat tissue sect.ons embedded in LR Gold resin. In a number of tissues examined,

Cpnl0 was mainly within the mitochondria. However, in many other tissues in addition
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to mitochondria strong and specific labeling with Cpnl10 antibodies was also observed at
a variety of extramitochondrial sites including pancreatic zymogen granules, red blood
cells, anterior pituitary growth hormone granules and secretory granules in PP pancreatic
islet cells. CpnlO reactivity was also seen in purified bovine zymogen granules. The
presence of Cpnl0 at these extramitochondrial sites, raises important questions

concerning its function at these locations and how it possibly reaches these sites.
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3.3 Results

The CpnlO antibody used in the present work is an affinity purified polyclonal
antibody raised against the C-terminal peptide of human Cpnl0 (residues 77-101). This
antibody reacts specifically with Cpnl0 as determined by sandwich ELISA,
immunoblotting, immunoprecipitation and immunohistochemistry (Somodevilla-Torres
et al, 2000). The CpnlO and Hsp60 antibodies were employed for double
immunofluorescence labeling of cultured African green monkey kidney, BS-C-1 cells.
The punctate and bead-string shaped labeling pattern observed was typical of
mitochondrial staining (Figure 1), for both Cpn10 and Hsp60. Furthermore, the labeling
pattern observed with Cpnl0 and Hsp60 show complete overlap, demonstrating that the
Cpnl0 antibodies are infact labeling mitochondria. There was no indication of any
labeling outside of mitochondria from this experiment.

The subcellular localization of Cpn10 was next studied in normal rat tissues and
cultured CHO cells by means of high resolution immunogold labeling microscopy. In
CHO cells sections embedded in LR Gold resin, the labeling was restricted primarily
within mitochondria, as seen by the distribution of 20 nm gold particles (not shown).
There was virtually no labeling seen in the nucleus, endoplasmic reticulum and cytosol.
Figure 2A and 2B show the labeling patterns observed in rat liver and kidney sections. In
rat liver (Figure 2A) the reactivity due to CpnlO antibody was seen mainly in the
mitochondria with weak background level of labeling seen in the nucleus, endoplasmic
reticulum and cytosol. Likewise, in the distal convoluted tubule regions of the kidney

strong labeling was seen within mitochondria and a low background level of labeling in
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other compartments (Figure 2B). It is interesting to note that the labeling seen within the
individual mitochondria in Figure 2B is variable with certain regions more intensely
labeled. Similar strong and specific labeling of mitochondria with Cpnl0 antibody was
observed in other tissues such as heart, proximal convoluted tubule region of the kidney,
salivary gland, thyroid and adrenal gland.

In contrast to the above tissues, subcellular localization of CpnlO in rat
pancreatic acinar cell was not exclusive to mitochondria, specific labeling was also
observed in zymogen granules (Figure 3A). In this case, the labeling density due to
Cpnl0 within zymogen granules was comparable or slightly higher than that seen in
mitochondria. CpnlO in pancreatic acinar cells is localized almost exclusively within
zymogen granules and mitochondria with virtually no labeling seen in endoplasmic
reticulum, cytosol or the nucleus. To determine whether the observed labeling of
zymogen granules with the Cpnl0 antibody was specific, the antibody was preadsorbed
with purified recombinant human Cpnl0 antigen and then used to label pancreatic rat
tissue sections. The results of these studies presented in Figure 3B, show that
preadsorption of the antibody with the purified recombinant protein abolishes all of the
labeling seen in mitochondria, zymogen granules and other compartments. As a control,
CpnlO antibodies preadsorbed with BSA does not abolish labeling in zymogen granules
and mitochondria (not shown). Also, omitting the primary CpnlO antibody in the
labeling abolished labeling, showing that the secondary immuno-gold markers do not
bind to the LR Gold resin (Figure 4). These results provide evidence that labeling seen in

zymogen granules is specifically due to a CpnlO cross-reactive protein. In contrast to
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Cpnl0, subcellular localization of o-amylase in rat pancreatic acinar tissue showed
labeling all along the secretory pathway, which included ER, Golgi, condensing vacuoles,
zymogen granules and acinar lumen (Figure 5). No mitochondrial labeling is seen.

To confirm the presence of Cpnl0O in pancreatic zymogen granules, zymogen
granules were purified from bovine pancreas. The reason for using bovine pancreas
instead of rat pancreas was because the yield per animal in the latter was too low. The
purity of the purified bovine zymogen granules was determined by electron microscopy
and was free of mitochondria. Figure 6, shows the labeling of Cpnl10 within purified -
bovine zymogen granules, with very little background labeling seen in the resin. The
purified bovine granules were identified as zymogen granules due to their specific
reactivity with oi-amy ase antibody (not shown).

Platelets have previously been shown to be a rich source of Cpnl0 (Cavanagh
and Morton, 1994). Accordingly, Cpnl0 in this work was also localized to red blood
cells found within b ood vessels in rat heart (Figure 7A) and pancreas (Figure 7B).
Intense labeling due 1o CpnlO0 is seen within the red blood cells which are identified due
to their unique morpological biconcave shape as in Figure 7A. The gold labeling seen
in the pericapillary space, basal lamina and lumen of the blood vessel can be attributed to
background.

In the rat anterior pituitary tissue sections, Cpn10 was localized to mitochondria
and growth hormone granules, with background level labeling seen in the nucleus and
cytoplasm as shown in Figure 8. These granules have been identified as growth hormone

granules due to their reactivity with an antibody to the growth hormone (not shown). The
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labeling pattern within the granules is heterogeneous with certain regions being more
intensely labeled than others. The labeling intensity within growth hormone granules is
at least comparable and possibly much higher than that seen within mitochondria.
Subcellular localization of Cpn10 was also examined in the pancreatic islet cells.
The CpnlO reactivity in this case was found in all mitochondria as well as PP cell
secretory vesicles. In Figure 9 the left half of the micrograph corresponds to a PP cell
with dense granules and the right half corresponds to an insulin secretory cell, containing
insulin secretory granules. CpnlO is localized to mitochondria and PP cell secretory
vesicles with no appreciable labeling seen in insulin secretory vesicles, nucleus and

cytoplasm.
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3.4 Discussion

Results presented in this chapter provide strong and unequivocal evidence for
the presence of CpnlO within mitochondria from all cells and tissues, which is in
accordance with the known function of Cpn10 as a co-chaperone for the mitochondrially-
localized Hsp60 protein in the protein folding process. The mitochondrial localization of
Cpnl10 is also supported by immunofluorescence labeling studies. However, our results
also provide evidence that in addition to mitochondria, strong reactivity to CpnlO
antibody is also seen at a variety of specific extramitochondrial locations in different rat
tissues. The sites where strong Cpnl10 reactivity has been observed include the red blood
cells from heart and pancreas, zymogen granules from pancreatic acinar cells, PP
granules from pancreatic islet cells, and growth hormone granules from anterior pituitary.
The CpnlO labeling intensity in these compartments was at least comparable (if not
higher) than that seen in mitochondria. In contrast, the labeling in cytoplasm, nucleus
and endoplasmic reticulum was very weak and generally at background levels. The
observed labeling in all these cases was shown to be specific by a number of criteria: (i)
The labeling in both mitochondria and all these cells/compartments was completely
abolished upon preadsorption of the Cpnl0O antibody with purified human recombinant
Cpnl0 protein. (ii) Omission of the primary antibody also led to complete loss of
labeling in all compariments.

The presence of CpnlO in red blood cell or erythrocytes is surprising because
these cells are devoid of mitochondria and various other organelles (Weiss, 1988).

However, this result could be explained by assuming that although the mature
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erythrocytes extrude all mitochondria, they retain specific mitochondrial proteins that
may be required for carrying out particular functions. Our unpublished immunoelectron
microscopy studies with Hsp60 antibodies indicate that similar to Cpnl0, this protein is
also present in the red blood cells. The functional role that these chaperone proteins play
in the red blood cells is unclear at present, but based on their established role in protein
folding and assembly of oligomeric protein complexes (Ellis and van der Vies, 1991), it
is possible that these chaperones are involved in either the assembly or in the functional
maintenance of hemoglobin molecules, which are the main constituents of red blood
cells.

More surprising is our observation showing the presence of CpnlO in various
secretory granules (viz., zymogen granules in pancreatic acinar cells, PP granules in islet
cells and growth hormone granules in anterior pituitary). The identity of the CpnlO
cross-reactive protein that is present in these granules is not yet established. However,
based on the observation that CpnlO has been shown to be identical to the early
pregnancy factor present in the maternal blood, it is likely that the protein found in these
granules is identical to Cpnl0. In this regard it is of much interest that in our earlier
work, Hsp60 has also been shown to be present in these granules (Cechetto et al., 2000).
Thus, it is very likely that these proteins, in accordance with their chaperone function, are
involved in the packaging of proteins in these granules and/or also in preventing the
early activation of the proenzymes present in these granules (Ellis, 1987; Zeilstra-Ryalls
et al., 1991; Cechetta et al,, 2000). These granules may also provide the pathway for

secretion of this protein into the blood stream, where it can serve other identified roles
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such as early pregnancy growth factor (Quinn and Morton, 1992; Quinn et al., 1994) and
immuno-suppressive function (Noonan et al., 1979; Morton, 1984; Morton, 1984).

The mechanism by which Cpnl0 gets transported/ translocated to the various
secretory granules is presently unknown. Since CpnlO is encoded by a nuclear gene
(Summers et al., 1996) and translated in cytoplasm, the protein found in these granules
could either directly reach these granules via some unknown mechanism, or alternatively
it could first enter mitochondria and then somehow gets translocated to these
compartments. It is also possible that the Cpn10 found in these compartments is encoded
for by a different gene (Summers et al., 1998; Fletcher et al., 2001) or by a differently
spliced transcript. In the present instance, these possibilities cannot be easily
distinguished. However, for the Hsp60 protein, which is also present in these granules
and encoded by a single nuclear encoded gene (Venner et al., 1990), it has been
previously establishec. that the protein found in these extramitochondrial compartments is
the mature form of the protein lacking the mitochondrial targeting presequence (Soltys
and Gupta, 1999; Soltys and Gupta, 2000). Earlier work on this protein shows that the
conversion of the rrecursor form of Hsp60 into its mature form does not occur
nonspecifically in the cytoplasm but that it requires protein entry into mitochondria
(Soltys and Gupta, 1996). These observations favor the possibility that the protein found
in these granules is derived from the protein that was initially imported into
mitochondria. ~ Although the mechanism responsible for protein translocation from
mitochondria to other compartments remains unknown at present, a number of

possibilities have been discussed in our recent reviews (Soltys and Gupta, 1999; Soltys
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and Gupta, 2000). In this context it is of interest to note that although the various
secretory proteins found in these granules (viz. zymogen granules, growth hormone
granules, PP granules) enter these compartments via the ER-Golgi pathway (Palade,
1975), results presented here for Cpnl0, and described in our earlier work for Hsp60
(Soltys and Gupta, 1996), indicate that significant amounts of both these proteins are not
found in the ER-Golgi compartments. In contrast, immuno-EM labeling studies with
secretory proteins such as insulin or amylase show the expected labeling of the ER-Golgi
pathway. These observations are suggestive that the proteins are reaching these
compartments via a novel pathway. In an earlier report which also identified the
presence of CpnlO in zymogen granules, the CpnlO reactivity was also seen along the
ER-Golgi pathway (Vélez-Granell et al., 1994). However, this study employed a
polyclonal antibody raised against the bacterial homolog from Chromatium vinosum
(shows only about 34% identity to the rat protein), making the inference concerning the
presence of this protein in the ER-Golgi pathway questionable (Cechetto et al., 2000).
Lack of labeling for Cpnl0 in the normal secretory pathway, namely the ER and Golgi
could have also been due to one of many reasons, as discussed previously (Cechetto et
al., 2000): (i) The protein might be complexed with other proteins while in transit
through th ER and Golgi, thus masking the epitope(s). (ii) Levels of the protein in the ER
and Golgi could be low and thus cannot be resolved by immunoelectron microscopy. (iii)
There is a possibility that the ER and Golgi are subjected to enhanced fixation, leading to

alteration in the epitope(s) of the protein.
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The presence of Cpnl0 at extramitochondrial sites, adds to the rapidly growing
list of mitochondrial proteins that are present in a variety of extramitochondrial
sites/compartments under normal physiological conditions and are involved in carrying
out different functions. The other examples of such proteins include: (i) Hsp60 protein,
which is involved in resistance to antimitotic drugs, immune response and cell signaling
has also been shown to be present on cell surface (Ikawa and Weinberg, 1992; Jones et
al., 1994; Soltys and Gupta, 2000), in peroxisomes (Soltys and Gupta, 1996), in insulin
secretory granules (Brudzynski et al.,, 1992), growth hormone granules and zymogen
granules (Cechetto et al., 2000). (ii)) Mitochondrial Hsp70, which is responsible for the
pulling of proteins into the matrix compartment (Hartl, 1996, Craig et al., 1993), has
been localized at a variety of extramitochondrial sites and shown to be involved in
antigen presentation and cellular senescence (Wadhwa et al., 1993a; VanBuskirk et al.,
1989; Dabhiseid et al., 1994). (iii) The mitochondrial aspartate aminotransferase has been
shown to be identical to the plasma membrane fatty acid binding protein involved in the
uptake of long chain free fatty acids in cells (Isola et al., 1995; Zhou et al., 1998;
Bradbury and Berk, 2000). This protein has also been localized on cell surface in a
variety of cells and tissues (Isola et al., 1995). (iv) The proteins P32 and TRAP-1 (tumor
necrosis factor receptor associated protein 1), which are involved in a variety of
extramitochondrial functions have both been shown to be primarily mitochondrial
proteins that are also present on cell surface, nucleus and in various secretory granules
(Soltys et al., 2000; Cechetto and Gupta, 2000). (v) Most interestingly in our recent

work, cytochrome c, whose release from mitochondria is believed to play a central role in
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the cascade of events leading to apoptotic cell death (Green and Reed, 1998; Kroemer et
al., 1998), has also been shown to be present outside of mitochondria in a variety of
compartments including pancreatic acinar lumen, zymogen granules, condensing
vacuoles and in growth hormone granules, in large amounts, in normal tissues (Soltys et
al., 2001). These results indicate that the translocation of cytochrome c¢ from
mitochondria to other specific sites also occurs under normal physiological conditions
and its release in cytoplasm leading to apoptosis could be due to perturbation of the
normal pathways.

It is currently believed that the primary function of mitochondria and
mitochondrial resident proteins is related to oxidative phoshporylation and that under
normal physiological conditions, these proteins do not exit mitochondria or play any
functional roles outs de of mitochondria (Poyton et al., 1992; Soltys and Gupta, 1999,
Soltys and Gupta, 2000). In this context, our observation that a large number of well-
characterized mitochondrial proteins, which were previously thought to reside and
function exclusively in mitochondria, are present at a variety of specific locations in cells
and involved in different functions is of great interest (Soltys and Gupta, 1999; Soltys
and Gupta, 2000). Although the mechanisms responsible for the translocation of
mitochondrial proteins to other destinations remain to be characterized, these results
strongly indicate that the cellular functions of mitochondrial proteins are not restricted to
within mitochondria and that mitochondria and mitochondrial-resident proteins play an
important role in diverse cellular processes. In the past decade it has become clear that

mutations affecting mitochondrial components are responsible for a broad spectrum of
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genetic diseases affecting many different tissues and organs, often in a highly specific
manner (Wallace, 1999; Schon, 2000). Based on the known function of mitochondria
in oxidative phosphorylation, it has proven difficult to logically explain how mutations
in different components of the respiratory chain, or mitochondrial protein synthesis
machinery, could lead to clinically highly divergent phenotypes (Wallace, 1999; Schon,
2000). However, the involvement of mitochondrial resident proteins in a variety of
extraneous functions should prove very useful in understanding the role of mitochondrial

components in the etiology of different diseases.
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Figure 1: Double immunofluorescence labeling of cultured BS-C-1 cells with rabbit
polyclonal antibody to Cpnl0 (left panel) and a mouse monoclonal antibody to human
Hsp60 (right panel).
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Figure 2: Immunogold localization of CpnlO in rat liver and distal convoluted tubule
region of the kidney. (A) Rat liver sections labeled with Cpn10. Cpnl0 labeling is seen
primarily within mitochondria. Bar =200 nm. (B) In distal convoluted tubule region of
kidney Cpnl0 labeling was again primarily seen within the mitochondria. Detection of
the primary antibody was carried out using 20 nm immuno-gold markers. Bar = 500 nm.
N, nucleus; M, mitochondria; ER, endoplasmic reticulum; L, lateral intercellular
labyrinth.
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Figure 3: Subcellular localization of Cpnl0 in rat pancreatic acinar tissue. (A) -Rat
pancreatic sections showing Cpnl0 labeling in zymogen granules and mitochondria. Bar
= 500 nm. (B) Same as in A, but the Cpnl0 antibody was preadsorbed with purified
recombinant human CpnlO antigen before labeling. The secondary antibody was
conjugated with 20 nm gold markers. Bar = 500 nm. N, nucleus; M, mitochondria; ZG,
zymogen granules; ER, endoplasmic reticulum. :
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Figure 4: Labeling in LR Gold section of rat pancreas was absent when primary antibody
was omitted. No labeling was observed in zymogen granules or mitochondria. Goat anti-
rabbit secondary antibody bound to 20 nm gold particles were used. Bar = 500 nm. M,
mitochondria; N, nucleus; ZG, zymogen granule.
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Figure 5: Subcellular localization of a-amylase in LR Gold section of rat pancreatic
acinar tissue. Labeling of a-amylase is seen all along the endoplasmic reticulum and in
zymogen granules. No labeling is seen in mitochondria. Detection of the primary
antibody was carried out using 20 nm immuno-gold markers. Bar = 500 nm. N, nucleus;
M, mitochondria; ER, endoplasmic reticulum; ZG, zymogen granule.



63

Figure 6: Cpnl0 labeling in purified bovine zymogen granules. Cpnl0 labeling is seen
within electron dense zymogen granules. Bar = 500 nm. ZG, zymogen granules.
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Figure 7: Presence of Cpnl0 in red blood cells found within a blood vessel in (A) rat
heart (Bar = 1 um) and (B) pancreas (Bar = 500 nm). Reactivity is seen mainly in red
blood cells with labeling in other compartments at background levels. RBC, red blood
cell; PS, pericapillary space; L, lumen; BL, basal lamina.
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Figure 8: Subcellular localization of Cpnl0 in rat anterior pituitary sections. Cpnl0O
localization is seen within mitochondria and growth hormone granules. Bar = 500 nm.
N, nucleus; M, mitochondria; GH, growth hormone granules;
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Figure 9: Subcellular localization of Cpnl0 in pancreatic islet. CpnlO labeling was
selectively seen in PP cell secretory vesicles, mitochondria and not in insulin secretory
granules. Bar = 500 nm. M, mitochondria; N, nucleus; P, PP cell secretory granules; I,
insulin secretory granules.
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4.1 Abstract

Mitochondrial aspartate aminotransferase (mAspAT) (E.C. 2.6.1.1), an
important enzyme in amino acid metabolism, is identical to a fatty acid binding protein
(FABPpm) isolated from plasma membranes of several cell types. Employing a
monospecific polyclonal antibody to rat mAspAT, we have used immunogold electron
and immunofluorescence microscopy to study the subcellular distribution of mAspAT in
various mammalian tissues and BS-C-1 monkey kidney cells respectively.
Immunofluorescent labeling of BS-C-1 cells with this antibody, showed predominant
labeling of only mitochondria. Immunogold labeling of rat tissue sections embedded in
LR Gold resin showed strong labeling of mitochondria in all tissues (viz. liver, pancreas,
pituitary, spleen, heart , kidney, submandibular gland). In addition, strong and specific
labeling was also observed at a number of non-mitochondrial sites including various
locations in kidney such as, on cell surface in distal tubules and cortical collecting ducts,
in condensing vacuoles, along cell boundaries between adjoining cells, and in endothelial
cells lining capillaries in the glomerulus. Surface labeling due to mAspAT was also seen
in arteriolar endothelial cells and in lymphocytes. These findings support the previous
identification of mAspAT as both a mitochondrial enzyme and a plasma membrane
protein. It is suggested that in accordance with its established role in other cells and
tissues, the surface located mAspAT in kidney and endothelial cells is involved in the
fatty acid transport process. The dual-localization of mAspAT, as well as a large number
of other mitochondrial proteins (viz. Hsp60, Hsp10, Cytochorome ¢, TRAP-1 and P32) in

recent studies, within both mitochondria and at various specific extramitochondrial sites
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raises fundamental questions about the role of mitochondria in cell structure and function,
and about the mechanisms that exist in normal cells for protein translocation from
mitochondria to other compartments. These observations are also relevant for

understanding the role of mitochondria in different diseases.
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4.2 Introduction

Mitochondrial aspartate aminotransferase (mAspAT) (E.C. 2.6.1.1) is a well
studied enzyme that plays a major role in amino acid metabolism and provides an
important route for the import of reducing equivalents into mitochondria through its
participation in the malate:aspartate shuttle (Christen and Metzler, 1985). In their studies
initially unrelated to mAspAT, Berk et al. previously identified a 43 kDa plasma
membrane fatty acid binding protein (FABPpm) in a number of different tissues, which
was shown to be responsible for the facilitated uptake of long chain free fatty acid (FFA)
in cells (Stremmel et al., 1985a; Stremmel et al., 1986; Schwieterman et al., 1988).
Structural analysis of highly purified FABPpm from rat liver plasma membrane, led to
the unexpected discovery that FABPpm was very similar to mAspAT (Berk et al., 1990).
Subsequent studies cemonstrated that the two proteins were both immunologically and
functionally identical (Stump et al., 1993). For example, in vivo transfection of NIH 3T3
cells with mAspAT cDNA led to de novo expression on the cell surface of a 43 kDa
protein immunoreactive with antibodies to both mAspAT and FABPpm (Isola et al,
1995). Moreover, after transfection, these cells, normally deficient in FFA uptake,
exhibited saturable uptake of FFA that was selectively inhibitable by antibodies to
mAspAT (Isola et al., 1995). Further evidence of a role for mAspAT in FFA uptake
derives from studies in HuH7 hepatoblastoma cells. Culture of these cells in ethanol,
induced a significant increase in the expression of mAspAT mRNA, which was highly
correlated with an increase both in the amount of mAspAT protein on the cell surface and

increased facilitated uptake of FFA (Zhou et al., 1998). Thus, mAspAT appears to be a
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member of a growing group of mitochondrial proteins that have different functions in
different cellular compartments (Smalheiser, 1996; Jeffery, 1999; Soltys and Gupta,
1999; Soltys and Gupta, 2000).

In the past, work on the sub-cellular distribution of mAspAT has focused almost
exclusively on the liver, and the extent to which mAspAT 1is present at
extramitochondrial locations in other tissues is not known. Since mAspAT is a highly
conserved protein, with extensive immunological cross-reactivity among mammalian
species (Christen and Metzler, 1985; Winefield et al., 1995), in the present report, we
have used a highly specific polyclonal antibody to rat liver mAspAT to examine the
subcellular distribution of mAspAT in various rat tissues using immunoelectron
microscopy.  Our results confirm the inference that mAspAT is primarily a
mitochondrial proteir that is abundantly present in mitochondria of all cells and tissues
examined. However, our labeling studies also confirm and provide strong evidence that
significant quantities of mAspAT are also present on the plasma membrane of several,
but not all, of the tissues examined. These results support the concept that while
mAspAT is primarily a mitochondrial protein, it is also present and functions at
extramitochondrial sites, as has recently been reported for several other mitochondrial
proteins (Soltys and GGupta, 1996, Soltys and Gupta, 1999; Cechetto et al., 2000; Cechetto

and Gupta, 2000; Soltys et al., 2000; Soltys and Gupta, 2000; Soltys et al., 2001).
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4.3 Results

The antibody to mAspAT used in the present work has been characterized
extensively (Stremmel et al., 1986; Berk et al., 1990; Stump et al., 1993; Isola et al,
1995). In Western blots of tissue extracts, plasma membrane preparation, as well as in
purified rat liver mitochondrial fractions (unpublished results), it reacts with a single
band of 43-kD, corrzsponding to mAspAT (Stremmel et al., 1986; Berk et al.,, 1990;
Stump et al., 1993; Isola et al., 1995; Zhou et al., 1998).

Subcellular Localization of mAspAT in BS-C-1 Cells

Immunofluorescence studies with this antibody in permeabilized mouse 373
cells show specific labeling of mitochondria (Isola et al., 1995). However, in non-
permeabilized 3T3 cells, particularly those which overexpress the cDNA for mAspAT,
strong and specific labeling on cell surface was also observed (Isola et al., 1995).

This antibocy to mAspAT and a mouse monoclonal antibody to Hsp60 were
employed for double immunofluorescence labeling of cultured African green monkey,
BS-C-1 cells. The observed punctate and bead-string shaped labeling pattern for
mAspAT (Figure 1, left panel), is typical of mitochondrial staining. Labeling pattern
observed with Hsp60 antibody (Figure 1, right panel), a mitochondrial protein is identical
to that observed with mAspAT antibody, thus demonstrating that mAspAT antibodies are
labeling mitochondria. There is no indication of any cell surface or extramitochondrial
labeling from this experiment.

Subcellular Localization of mAspAT in Normal Rat Tissues
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Subcellular localization of mAspAT in rat tissue sections, prepared as described
in Materials and Methods, was carried out using immunogold electron microscopy.
Tissue sections embedded in LR Gold were probed with polyclonal antibodies to
mAspAT, followed by detection with secondary antibodies conjugated to 20 nm gold
particles. The specificity of the secondary antibodies used in this study was confirmed by
carrying out the labeling of tissue sections without the primary antibody, which
consistently resulted in abolishment of labeling. This provides evidence that the
secondary antibodies bind specifically to the primary antibody and do not react with the
acrylic resin in which the tissue is embedded. The results of our studies with different
tissue sections are as follows:

Liver: Subcellular localization of mAspAT in a representative rat liver LR Gold
tissue section is shown in Figure 2. As seen, the antibody showed strong labeling of
mitochondria with very little labeling present in any of the other compartments such as,
nucleus, ER or peroxisomes. The lack of labeling in peroxisomes is of interest because
in our earlier work, aatibodies to another mitochondrial protein, Hsp60, have been shown
to label these structures (Soltys and Gupta, 1996, Cechetto et al., 2000). The identity of
these structures as peroxisomes was confirmed by labeling with antibody to catalase,
which selectively lateled peroxisomes but showed no labeling of mitochondria (not
shown).

Pancreas: Figures 3A shows the results of labeling in rat pancreatic acinar cells.
In pancreatic acinar tissue sections strong labeling was observed within mitochondria and

the labeling in other compartments such as, nucleus, ER and or zymogen granules (ZG)
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was very weak and at background levels. The lack of mAspAT labeling in zymogen
granules was further confirmed by western immunoblotting (Figure 3B).  Rabbit
polyclonal antibody to mAspAT shows specific immunoreactivity to a single protein of
about 43 kDa in bovine mitochondrial fraction. This corresponds to the expected size of
mature mAspAT. There is no immunoreactivity seen in the purified bovine zymogen
granules fraction, thus indicating lack of mAspAT in these granules. Furthermore, as
visualized by immunoelectron microscopy, mAspAT did not show any labeling in
purified bovine zymogen granules (not shown). The lack of reactivity of mAspAT
antibody in zymogen granules is of particular interest because antibodies to a variety of
other mitochondrial proteins that we have previously examined (viz. Hsp60 (Cechetto et
al., 2000), TRAP-1 (Cechetto and Gupta, 2000) and P32 protein (Soltys et al., 2000),
cytochrome ¢ (Soltys et al., 2001)), all showed significant reactivity in these structures.
The identity of ZGs was verified by labeling pancreatic acinar tissue sections with an
antibody to amylase, which selectively labeled zymogen granules and endoplasmic
reticulum. Figure 4, shows the results of labeling in insulin secretory cells. In pancreatic
insulin secretory cells labeling of mAspAT was seen mainly in mitochondria. Labeling
was not seen in insulin secretory granules and the labeling seen in the cytoplasm and
nucleus was at background levels.

Pituitary and submandibular glands: Mitochondrial labeling was also seen in
anterior pituitary (Figure 5) and serous cells found in the submandibular gland. In the
anterior pituitary, labeling was specific for mitochondria, with no labeling seen in

growth hormone granules, where antibodies to a number of other mitochondrial proteins
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have been shown to localize (Soltys et al., 2001; Soltys et al., 2000; Cechetto et al., 2000;
Cechetto and Gupta, 2000). Likewise, in serous cells found in the submandibular gland,
labeling was again specific for mitochondria with hardly any labeling seen in secretory
granules (not shown). The labeling in the cytoplasm and nucleus in both these tissues
was negligible and at background levels.

Kidney: In contrast to the tissues described thus far, mAspAT was localized to a
variety of extramitochondrial locations in different regions of the rat kidney. In the distal
convoluted tubules, mAspAT reactivity was found both in mitochondria and in dense
structures that have teen identified as condensing vacuoles (Figure 6A). The condensing
vacuoles arise from the endocytotic apparatus and their contents eventually end up in
lysosomes (Bulger, 1988). No labeling was seen in any other compartments. In the
ascending part of the thick distal tubule of rat kidney, both specific mitochondrial
labeling and labeling of the basal region of the cell surface were observed (Figure 6B).
The labeling on the basal cell surface is not homogenous, and seems to be concentrated in
regions with protrusicns.

Surface labe ing for mAspAT was also seen in other regions of the kidney, such
as cell boundaries of adjoining kidney cells (Figure 7A). The identity of cells showing
such labeling is presently unclear. Specific labeling was also observed in mitochondria,
and no significant labeling is seen in the cytosol or nucleus of these cells. Figure 7B,
shows the specific labeling of mAspAT along the luminal side of endothelial cells lining
capillaries of rat kidney glomerulus. Although no blood cells were present within the

capillaries they were identified as capillaries based on the orientation of the pedicels.
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Reactivity for mAspAT in kidney cortical collecting duct tissue sections was found
exclusively in mitochondria and on the apical cell surface (Figure 8). It is to be noted
that the labeling seen on cell surface is not uniform but generally restricted to cell surface
protrusions along the microvilli. In contrast to the distal convoluted region, in the
proximal convoluted tubule region of rat kidney, labeling was seen only in mitochondria
with no surface labeling observed in the brush border region (not shown).

Other sites: Surface localization of mAspAT was also seen in endothelial cells
lining arterioles (Figure 9A). The labeling seen on the surface in this case was again not
uniform, but concentrated in the projections present on the cell surface. It is of note that
similar labeling has also been observed for TRAP-1 (Cechetto and Gupta, 2000) and P32
(Soltys et al., 2000) proteins, both of which are mitochondrial proteins. mAspAT
reactivity was also seen on the cell surface in lymphocytes (Figure 9B). The lymphocyte
surface labeling is alsd> not uniform and resembles that on the endothelial cell surface.
No appreciable labeling is seen in any other compartment in lymphocytes. In a number
of other tissues studied, namely, spleen and heart, prominent labeling was again seen for

mitochondria with no other sites with specific labeling identified (not shown).
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4.4 Discussion

mAspAT has previously been identified as both a mitochondrial enzyme and, in
a limited number of cell types, as a plasma membrane fatty acid binding protein.
Although the presence of mAspAT on plasma membranes has been investigated
previously by immunofluorescence and Western blotting in several tissues and in cell
lines (Stremmel et al., 1985b; Stremmel et al., 1986; Berk et al., 1990; Stump et al., 1993;
Isola et al., 1995; Zhou et al., 1998), and by immunoelectron microscopy in a rat
hepatoblastoma cell line (Zhou et al., 1998), the current study represents the first detailed
application of immunoelectron microscopic methods to examine the subcellular
localization of mAspAT in multiple tissues. Our survey of different tissues for mAspAT
localization shows that although mAspAT is abundantly found in mitochondria in all
cases, significant and specific reactivity to mAspAT antibody was also found at the cell
surface in a number of tissues. While the presence of mAsSpAT to mitochondria was
expected in view of extensive earlier work identifying this organelle as the principal site
of its enzymatic functions (Christen and Metzler, 1985), the localization of mAspAT on
the cell surfaces in various regions of the kidney and in arteriolar endothelial cells
represents a novel finding that is of considerable significance. The surface labeling due
to mAspAT, was not found in all tissues, but restricted to only certain tissues, and even
within each tissue reactivity was seen only in certain specialized cells, as exemplified by
the findings in rat kidney. This suggests that mAspAT is specifically targeteh to the cell
surface only in certain cells or tissues, to meet specific functional needs. These

observations raise two obvious questions: (i) What is the trafficking pathway by which
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mASpAT reaches the plasma membrane? and (i) What is the functional significance of
its presence there?

With regard to the first of these questions, it is well established that mAspAT is
encoded by nuclear DNA, and is translated on free cytosolic ribosomes as a larger pre-
protein containing a N-terminal mitochondrial targeting sequence, which is not present in
the mature protein (Sonderegger et al., 1982). Since the targeting sequence is encoded by
exon 1 of the mAspAT gene, with the exon 1:exon 2 splice site occurring at the first
codon of the mature protein (Joh et al., 1985; Lain et al.,, 1998), it was originally
considered that the distribution of the protein to extramitochondrial sites might be the
consequence of alternative RNA splicing, creating several mAspAT mRNAs having
different targeting sequences. However, subsequent studies have established that there is
only a single message for mAspAT in cells in which there is abundant mAspAT on the
plasma membrane, indicating that the distribution of mAspAT protein to different sub-
cellular sites does not reflect alternative RNA splicing and creation of multiple messages
(Bradbury and Berk, 2000). mAspAT isolated from plasma membranes of hepatocytes,
adipocytes, and cardiac myocytes has been shown to be the mature form of the protein
lacking the N-terminal targeting presequence (Stremmel et al., 1985a; Schwieterman et
al., 1988; Berk et al., 1990; Stump et al., 1993). In our earlier work with Hsp60 protein,
which is also found at a variety of extramitochondrial sites, evidence has been presented
that the conversion of the precursor form of the protein to its mature form found at other
sites, does not occur if the mitochondrial import of the preprotein is inhibited (Soltys and

Gupta, 1996). These results favor the possibility that the proteins are first imported into
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mitochondria and, after cleavage of the pre-sequence, they are translocated to the other
sites (Soltys and Gupta, 1999; Soltys and Gupta, 2000). The mechanism(s) by which
proteins are translocated from mitochondria to other sites is presently unclear, however a
number of possibilities have been discussed (Soltys and Gupta, 2000).

There is now extensive evidence supporting the view that the mAspAT on the
plasma membrane is central to the process of facilitated FFA uptake and efflux
(Stremmel et al., 1985a; Stremmel et al., 1986; Schwieterman et al., 1988; Berk et al.,
1990; Stump et al., 1993; Isola et al., 1995; Zhou et al., 1998; Berk and Stump, 1999), in
many different cells and tissues, of which isolated hepatocytes and hepatoblastoma cell
lines have been most extensively studied. In this context, our observation that the
antibodies to mAspAT, show strong and specific labeling of cell surface in various
regions of the kidney, is of much interest. The different regions of kidney where
mAspAT is specificelly localized include, the basal cell surface in distal convoluted
tubule region, in condensing vacuoles which are a part of the endocytotic apparatus on
the apical cell surface (Bulger, 1988), microvilli of cortical collecting duct cells, and
along the cell boundaries of adjoining cells in an unidentified region of the kidney. In
contrast, no mAspAT reactivity was observed at either the apical or basal cell surface of
the proximal convolured tubule. Although the renal uptake or disposition of FFA has not
been extensively studied, in part because these tightly albumin-bound compounds
normally experience 'ittle or no glomerular filteration, our observation that mAspAT is

present in appreciable amounts in these specific kidney regions, provides strong
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suggestive evidence that these regions of kidney are actively engaged in the uptake
and/or efflux of FFA.

In addition to the different regions in kidney, specific cell surface labeling was
also observed in endothelial cells lining blood vessels and in lymphocytes. The surface
labeling in these cells, as also in the case of kidney, was not uniform but localized to
specific regions, often in the form of membrane projections which could comprise of
vesicles that are either fusing with or budding from the membrane. The need for specific
transport mechanisms in endothelial cells to move FFA across the endothelial barrier
from the vascular lumen to the extravascular, extracellular space has been speculated
upon (Berk and Stump, 1999; Vyska et al,, 1991) and our results provide suggestive
evidence for the existence of such a process in these cells. Thus, the various sites on the
plasma membrane where mAspAT is seen may have in common the shared
characteristics of facilitated FFA transport processes. Conversely, neither the existence
of nor an apparent need for facilitated FFA transport is evident in acinar or insulin
secretory cells of the pancreas, the anterior pituitary or submandibular gland, sites at
which no mAspAT was detected on the plasma membrane.

Our observation that mAspAT, which is primarily a mitochondrial protein, is
also found on cell surface in many different cells and tissues, where it is apparently
involved in FFA transport, raises fundamental questions concerning the cellular functions
of mitochondrial proteins. In recent years, many other examples have been reported of
proteins that, like FABPpm, were initially identified on the basis of non-mitochondrial

functions, but were subsequently identified as mitochondrial proteins (Soltys and Gupta,
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1999; Soltys and Gupta, 2000). These proteins include: the mitochondrial heat shock
protein Hsp60, which has been implicated in resistance to antimitotic drugs (Gupta, 1990;
Picketts et al., 1989), amino acid transport (Jones et al., 1994), signal transduction (Ikawa
and Weinberg, 1992; Khan et al., 1998), and immune response (Kaur et al., 1993; Khan
et al., 1998); the mitochondrial heat shock protein Hsp70, which has been implicated in
cellular senescence (Wadhwa et al.,, 1993b) and antigen presentation (Domanico et al,,
1993); the Hsp60 co-chaperone cpn10, which has been shown to be identical to the early
pregnancy growth factor found in maternal blood (Cavanagh, 1996); the tumor necrosis
factor receptor associated protein TRAP-1 (Cechetto and Gupta, 2000; Felts et al., 2000),
which has been shown to interact with the type I tumor necrosis factor and the
retinoblastoma protein (Chen et al.,, 1996); the B-subunit of mitochondrial F1-ATP
synthase, reported to occur on the basolateral domain of the hepatocyte plasma
membrane and to function as an organic anion binding protein (Wolkoff and Chung,
1980; Goeser et al., 1990); the protein P32, involved in nuclear functions as well as
acting at the cell surface as a receptor for complement C1q (Muta et al., 1997; Soltys et
al., 2000); and a growing number of others. The work on these and other proteins have
been recently reviewed by us (Soltys and Gupta, 1999; Soltys and Gupta, 2000). Most
interestingly our recent work shows that, cytochrome ¢, whose release from mitochondria
is believed to play a central role in the cascade of events leading to apoptotic cell death
(Soltys et al., 2001), is also present outside of mitochondria in a variety of compartments
including pancreatic zymogen granules and condensing vacuoles as well as in growth

hormone granules, in normal tissues (Soltys et al.,, 2001). These results indicate that the
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translocation of cytochrome ¢ from mitochondria to other specific sites also occurs under
normal physiological conditions and its release in cytoplasm leading to apoptosis could
be due to perturbation of the normal pathways.

It is currently believed that the primary function of mitochondria and
mitochondrial resident proteins is related to oxidative phoshporylation and that under
normal physiological conditions these proteins do not exit mitochondria or play any
functional roles outside of mitochondria (Scheffler, 1999). In this context, our
observation that a large number of well-characterized mitochondrial proteins, including
mAspAT, which were previously thought to reside and function exclusively in
mitochondria, are present at a variety of specific locations in cells and involved in
different functions have led us to postulate the existence of specific mechanism(s) by
which certain proteins could exit mitochondria, to assume additional functions at specific
extramitochondrial sites (Soltys and Gupta, 1999; Soltys and Gupta, 2000). Although
such mechanisms remains to be characterized, these observations strongly indicate that
the cellular functions of mitochondrial proteins are not restricted to within mitochondria
and that mitochondria and mitochondrial-resident proteins play an important role in
diverse cellular processes (Soltys and Gupta, 1999; Soltys and Gupta, 2000). In recent
years it has become clear that mutations affecting mitochondrial components are
responsible for a broad spectrum of genetic diseases affecting many different tissues and
organs, often in a highly specific manner (Wallace, 1999; Schon, 2000). Based on the
known function of mitochondria in oxidative phosphorylation, it has proven difficult to

logically explain these observations (Schon, 2000). However, our observation that
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mitochondrial proteins are involved in a variety of extraneous functions, provides
potentially useful insight that could prove helpful in understanding the role of

mitochondria in the etiology of different diseases.
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Figure 1: Double immunofluorescence labeling of cultured BS-C-1 cells with a rabbit
polyclonal antibody to mAspAT (left panel) and a mouse monoclonal antibody to human
Hsp60 (right panel).
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Figure 2: Subcellular localization of mAspAT in rat liver LR Gold sections using
immunogold electron microscopy. Labeling was carried out using a polyclonal antibody
to mAspAT and then followed by secondary antibody bound to 20 nm gold particles.
Labeling in this section is seen exclusively in the mitochondria, with no labeling present
in peroxisomes. Bar = 500 nm. N, nucleus; M, mitochondria; P, peroxisomes; ER,
endoplasmic reticulum.
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Figure 3A: Subcellular localization of mAspAT in rat pancreatic acinar tissue, using
immunogold electron microscopy. Reactivity in pancreatic acinar tissue LR Gold
sections is seen almost exclusively in mitochondria; labeling seen in all other
compartments is at background levels. Bar = 500 nm. 20 nm gold particles. N, nucleus;
M, mitochondria; ER, endoplasmic reticulum; ZG, zymogen granules.
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Figure 3B: SDS-PAGE and western blot analysis of purified bovine zymogen granules
and mitochondria. Left panel: SDS-PAGE of purified zymogen granules and
mitochondrial proteins. Proteins were visualized by staining the gel with Coomassie
blue. Right panel: Western immunoblot analysis of purified bovine pancreatic zymogen
granules and mitochondria using a rabbit polyclonal antibody to mAspAT. The bovine
mitochondrial lane shows an immunoreactive band corresponding to 43 kDa. There are
no reactive bands in the purified zymogen granule lane. M, mitochondria; ZG, zymogen
granules.



88

Figure 4: Subcellular localization of mAspAT in rat pancreatic islet. Localization of
mAspAT in insulin secretory cells is within mitochondria. No reactivity is seen in the
insulin secretory granules. Bar = 500 nm. 20 nm gold particles. N, nucleus; M,
mitochondria; I, insulin secretory granules.
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Figure 5: Mitochondrial reactivity for mAspAT is seen in rat anterior pituitary. There is
no labeling seen in the growth hormone granules. Bar = 500 nm. 20 nm gold particles.
N, nucleus; M, mitochondria; GH, growth hormone granules.
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Figure 6A: Extramitochondrial reactivity is seen for mAspAT in distal tubule from rat
kidney. In the distal convoluted tubule of rat kidney, labeling is seen in condensing
vacuoles as well as in mitochondria. There is no labeling present in cytoplasm or
nucleus. Bar = 500 nm. 20 nm gold particles. N, nucleus; M, mitochondria; V,
condensing vacuoles; L, lateral intercellular labyrinth.
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Figure 6B: In the ascending part of thick distal tubule of rat kidney, labeling is seen on
the basal plasma membrane in addition to mitochondria. Bar = 500 nm. 20 nm gold
particles. M, mitochondria; B, basal membrane.
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Figure 7A: Surface reactivity for mAspAT in rat kidney. In three adjoining rat kidney
cells labeling is seen primarily within mitochondria and along the cell boundaries. Bar =
500 nm. 20 nm gold particles. N, nucleus; M, mitochondria; CB, cell boundary.
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Figure 7B: Surface labeling for mAspAT is seen in rat kidney glomerulus. Labeling is
along the luminal side of endothelial cells lining capillaries. Bar = 1000 nm. 20 nm gold
particles. C, capillaries; P, pedicels; M, mesangial cells.
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Figure 8: Subcellular localization of mAspAT in rat kidney cortical collecting duct LR
Gold sections, using immunogold electron microscopy. Reactivity for mAspAT is seen
exclusively in mitochondria and surface microvilli. Bar = 500 nm. 20 nm gold particles.
N, nucleus; M, mitochondria; MV, microvilli.
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Figure 9: Extramitochondrial localization of mAspAT in the circulatory system. (A)
Surface labeling of mAspAT is seen in an endothelial cell lining an arteriole in rat
kidney. Bar = 1000 nm. (B) Surface reactivity is seen in a lymphocyte present in a blood
vessel from rat kidney. Bar = 500 nm. 20 nm gold particles. N, nucleus; L, lumen; S,
surface; PS, pericapillary space; C, cytosol.
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5.1 Abstract

Cytochrome ¢ oxidase or COX is a part of the electron transport chain and is
involved in transferring electrons from cytochrome ¢ to molecular oxygen coupled with
vectorial translocaticn of protons. In this study, we have used immunogold electron
microscopy to study the subcellular localization of COX I and COX II subunits in
cultured cells and in a variety of rat tissue sections embedded in LR Gold resin
employing monoclonal antibodies raised against human COX I and COX IL
Immunofluorescence labeling of BS-C-1 African monkey kidney cells with COX I and
COX 1I showed characteristic mitochondrial labeling. In immunogold labeling studies,
the COX I and COX 1I antibodies showed strong and specific labeling of mitochondria in
liver, kidney and pancreas. However, in addition to mitochondrial labeling in rat
pancreatic acinar tissue, strong and highly specific labeling with the COX I and COX 11
antibody was also observed in zymogen granules. The labeling seen in tissues was
completely abolished upon omission of the primary COX I and COX II antibodies.
These results provide evidence that, similar to a number of other recently described
proteins (viz., Hsp60, tumor necrosis factor receptor associated protein 1 (TRAP-1), P32
protein and cytochrome c¢), COX I and COX II are also found outside mitochondria.
Since, COX I and COX II are encoded by mitochondrial DNA, presence of these proteins
outside mitochondria provides compelling evidence that they, in fact, exit mitochondria
via a specific mechanism(s). These results raise fundamental questions concerning the

possible functional roles of mitochondria and mitochondrial resident proteins in diverse
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cellular processes in different compartments and the mechanism by which these proteins

reach such sites.
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5.2 Introduction

Cytochrome ¢ oxidase (COX) or complex IV is present in the inner
mitochondrial membrane and is involved in the transfer of electrons from cytochrome c
to oxygen, making water (Lehninger et al, 1993). The transfer of electrons is
accompanied by the vectorial pumping of protons from the matrix to the intermembrane
space. The over all reaction catalyzed by this complex is given by the following
equation;

4 Cytochrome ¢** + 8 H' parix + O2 = 4 Cytochrome ¢** + 2 HyO + 4 H' jytermembrane Space

Complex IV is about 200 kDa and is composed of 13 heme and copper
containing protein subunits, of which 10 are encoded for by the nuclear DNA (Capaldi,
1990). The largest of the subunits COX I, COX II and COX III are transcribed and
translated within the mitochondria and form the catalytic core of complex IV (Capaldi,
1990). COX 1 1s composed of 12 transmembrane helices and contains 2 hemes (heme a
and heme az) and Cug. COX II contains a binuclear Cu, center (Michel et al.,, 1998).
COX 1III does not contain copper or heme prosthetic groups and is thought to have a
structural function (Haltia et al., 1991). Electrons are passed from cytochrome c to the
binuclear Cua center in COX II, then to heme a, heme a; and then reaction with Cug
results in reduction of molecular oxygen (Tsukihara et al., 1995; Michel et al., 1998).

Mutation in COX I, COX II and COX III gives rise to a variety of unrelated
disorders, such as sporadic anaemia, sporadic myopathy and encephalomyopathy (Schon,
2000). Mutations in nuclear encoded proteins involved in the assembly of complex IV

are known. Mutation in SURF1 which is involved in the assembly of COX I, COX II and
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COX III subunits results in Leigh syndrome, which is characterized by degeneration of
brain stem and basal ganglia with elevated lactic acid levels (Yao and Shoubridge, 1999).
Mutation in SCO2 which is involved in the insertion of copper centers into subunits,
results in cardioencephalomyopathy (Papadopoulou et al., 1999; Schon, 2000). Mutation
in COX 10 which is involved in heme formation results in leukodystrophy and
tubulopathy (Tzagoloff et al., 1993; Schon, 2000).

In recent years, our lab and other’s have shown that a large number of proteins
that have been identified based on their extramitochondrial function, have turned to be
mitochondrial proteins upon characterization (Soltys and Gupta, 1999; Soltys and Gupta,
2000). These proteirs are encoded by a single nuclear gene and there is no evidence for
alternate transcription or alternate mRNA translation or splicing. The mechanism by
which these nuclear encoded mitochondrial proteins find their way to extramitochondrial
sites remains enigmetic and is often attributed to leaky mitochondrial import and
mistargeting of the protein.

However, presence of proteins encoded by mitochondrial DNA at specific
extramitochondrial sices would exclude most non-specific possibilities and provide
compelling evidence that specific mechanisms exist, by which proteins could exit from
mitochondria. Therefore, in the present study, we have used high resolution immunogold
electron microscopy technique to determine the subcellular localization of COX I and
COX II in a variety of normal rat tissue sections embedded in LR Gold resin. In many
tissues examined COX 1 and COX II were mainly localized within mitochondria.

However, in rat pancreatic acinar cells, in addition to mitochondria, strong and specific
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labeling was also observed in zymogen granules. Interestingly, it has been reported that
patients with COX complex deficiency, develop chronic pancreatitis, which is
characterized by the premature activation of proenzymes in pancreatic zymogen granules
(Kato et al., 1990). The presence of COX I and COX 1II in zymogen granules raises
important questions concerning export mechanism(s) from mitochondria and implications

regarding the role of these proteins in different mitochondrial diseases.
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5.3 Results

The COX I and COX 1I antibodies used in the present work is purified mouse
monoclonal IgGs antibody against human antigen. The specificity of these antibodies
have been previously established by western immunoblot analysis, immunofluorescence
and immunohistochemistry (Taanman et al., 1993; Capaldi et al., 1995; Taanman et al.,
1996). In western blots of human cell lines COX I and COX II react specifically with
one band corresponding to ~ 40 kDa and ~ 25 kDa respectively (Capaldi et al., 1995). In
immunofluorescence studies with human cell lines such as 143B and MRCS5 fibroblasts,
these antibodies show exclusive mitochondrial labeling (Taanman et al., 1996; Marusich
et al., 1997).
Subcellular Localization of COX I and COX I1 in Cultured BS-C-1 Cells

COX I (Figure la) and COX II (Figure 1b) antibodies were employed for
immunofluorescence labeling of cultured African green monkey kidney, BS-C-1 cells.
For both COX I and COX 1I, the cells show a punctate and bead-string shaped labeling
pattern. This labeling pattern is typical of mitochondrial labeling as shown with cells
labeled with Hsp60 polyclonal antibody (Figure 1c). From the immunofluorescence
studies, there was no indication of extramitochondrial labeling.
Subcellular Localization of COX I and COX II in Normal Rat Tissues

Subcellular localization of COX I and COX 1I in rat tissue sections were carried
out using immunogold electron microscopy. Tissue sections embedded in LR Gold resin
were probed with monoclonal antibodies to COX I and COX II, followed by detection

with secondary antibodies conjugated to 20 nm gold particles. The specificity of the
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secondary immunogold markers was confirmed by carrying out the labeling of tissue
sections without the primary antibody. This led to the abolishment of labeling in all
compartments suggesting that the immunogold markers do not react with the acrylic resin
in which the tissue is embedded.

The results observed in various rat tissue sections are as follows:
Liver: Figure 2 and 3 show labeling pattern of COX I and COX II respectively in rat
liver. Reactivity due to COX I in rat liver (Figure 2) was specific for mitochondria with
minimal labeling in ER and cytoplasm. Labeling in the nucleus is nearly at background
levels. COX II labeling of rat liver shows strong labeling of mitochondria, some labeling
was also seen in nucleus, ER and cytosol, but it was at much reduced levels.
Kidney: In rat distal convoluted tubule region of kidney, strong labeling of mitochondria
was seen. Figure 4 shows the labeling of COX I in rat kidney. Strong and specific
labeling of elongated mitochondria is seen with hardly any labeling present in the cytosol
or nucleus. COX II reactivity in rat distal convoluted tubule region of kidney (Figure 5),
shows strong labeling of elongated mitochondria which is typical in this region of kidney
(Bulger, 1988). There is very little labeling seen in the nucleus, ER and cytosol.
Pancreas: In rat pancreatic acinar cells labeling of COX I (Figure 6) and COX II (Figure
7) were not exclusively localized to mitochondria. Labeling was also observed in
zymogen granules and was comparable to the labeling observed in mitochondria.
Labeling was also observed in condensing vacuoles which are precursors to zymogen
granules (Palade, 1975). The identity of these granules as zymogen granules has been

established by labeling rat tissue sections with a-amylase which shows labeling along the
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ER, Golgi and zymogen granules (see Figure S in Chapter 3). In comparison to o-

amylase, COX I and COX II did not show significant labeling of ER or Golgi.
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5.4 Discussion

The results presented in this chapter, strongly indicate that COX 1 and COX II
are present within mitochondria in a variety of normal rat tissues and cell lines, which is
in accordance with the known function of COX I and COX 1I in the electron transport
chain (Michel et al., 1998). The mitochondrial localization of COX I and COX II is
supported by immunofluorescence and immunogold electron microscopic studies.
However, the results indicate that in the rat pancreas, in addition to mitochondria, strong
labeling was also observed in zymogen granules. In the pancreatic acinar tissue the
labeling intensity in zymogen granules was comparable to that seen in mitochondria.
However, in comparison to the secretory proteins such as o-amylase, very little labeling
with these proteins was seen in ER and Golgi. These results give rise to questions such
as: How are these mitochondrially encoded proteins exported? and What are their
function(s) in these granules?

It is hard to predict the functional role(s) of COX I and COX II, based on their
localization in zymogen granules. However, it is now accepted that one protein, one
function is too simplistic and a large number of proteins have been identified to be
involved in two or more functions in different compartments (Smalheiser, 1996, Jeffery,
1999; Soltys and Gupta, 1999; Soltys and Gupta, 2000). It is therefore quite possible that
COX I and COX 1I perform a different function(s) in zymogen granules from that in
mitochondria, where they comprise the catalytic core of complex IV in the electron

transport chain (Michel et al., 1998).
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A variety of nuclear encoded mitochondrial proteins have also been shown to be
present in zymogen granules and in majority of the cases the function of these proteins in
these granules is not known (Cechetto et al., 2000; Cechetto and Gupta, 2000, Soltys et
al., 2000; Soltys et al., 2001; Vélez-Granell et al., 1994). Interestingly, it has been
reported that patients with COX deficiency could develop chronic pancreatitis (Kato et
al., 1990). Pancreatitis is a result of premature activation of proenzymes contained within
zymogen granules such as trypsinogen, which leads to activation of other proenzymes,
this results in damage to pancreatic acinar cells and eventual death (Kloppel et al., 1986;
Scheele et al., 1987). Under normal physiological conditions proenzymes contained
within zymogen granules are released into the acinar lumen upon stimulation as inactive
proenzymes and are activated in the duodenum (Palade, 1975). Pancreatitis is also
characterized by basolateral exocytosis of zymogen granules as opposed to apical
exocytosis and results in increased serum amylase and lipase concentrations (Steinberg
and Tenner, 1994). It has been suggested that oxidative phosphorylation dysfunction due
to COX deficiency could lead to energy deficiency, which could in turn, impair normal
pancreatic functioning (Kishnani et al., 1996). But given that COX I and COX II are
found in zymogen granules, one cannot rule out the possibility that, impairment of
extramitochondrial functioning of these proteins could be involved in pancreatitis.

The current belief is that mitochondria and mitochondrial proteins are primarily
involved in functions related to oxidative phosphorylation. These mitochondrial proteins
are thought to stay and function only within the mitochondria under normal physiological

conditions (Poyton et al., 1992; Soltys and Gupta, 1999; Soltys and Gupta, 2000).
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However, a number of proteins that are part of the electron transport chain and proteins
involved in oxidative phosphorylation have been shown to be involved in more than one
function both within mitochondria and at extramitochondrial sites. Nuclear encoded ATP
synthase subunit o has been identified to also function as a molecular chaperone in
mitochondria (Luis € al., 1990). ATP synthase subunit o is also present in peroxisomes
where its function remnains to be elucidated (Cuezva et al., 1990). ATP synthase subunit
B, has been reported to occur on the basolateral domain of the hepatocyte plasma
membrane and to finction as an organic anion binding protein (Wolkoft and Chung,
1980; Bandlow et al., 1998). ATP synthase subunit vy has been shown to be identical to
TIM 11 which is a part of the protein translocase machinery present in the mitochondrial
innermembrane (Amold et al, 1998). Subunit I of ubiquinone-cytochrome c¢
oxidoreductase complex in the electron transport chain is also involved in processing of
proteins imported int> mitochondria (Schulte et al., 1989).

The mechanism by which COX I and COX II get exported to zymogen granules
is unclear. Usually the presence of nuclear encoded mitochondrial proteins is attributed
to either leaky import, mistargeting, alternate splicing, transcription or translation
initiation (Smalheiser, 1996; Soltys and Gupta, 2000). Since COX I and COX 1I are
transcribed and translated within the mitochondria, their presence in zymogen granules,
provides strong and compelling evidence that specific mechanism(s) exist by which COX
I and COX II are exported. Furthermore, peptides derived from mitochondrially encoded
proteins have alreacly been shown to be present and function at extramitochondrial

locations. Mitochordrially transmitted factor (MTF) are present on the cell surface as
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involved in the export of the N- and C-terminal domains of COX II into the
intermembrane space (Hell et al.,, 1997, Hell et al., 1998), and Pnt 1 is involved in the
export of the C-terminal domain of COX II into the intermembrane space (He and Fox,
1999). Given the complexity of export process (Neupert, 1997), there is a strong
possibility that additional components of the export machinery will be discovered.
Another possibility is that mitochondria which evolved from Gram-negative
proteobacteria (Margulis, 1970; Gray and Doolittle, 1982; Margulis, 1993) could have
retained a mechanism for protein export and secretion, that has not been discovered yet
(Soltys and Gupta, 2000). However it is important to note that no bacterial Sec like
proteins are encoded by the yeast genome (Glick and von Heijne, 1996). Other possible
mechanisms of export/translocation by which mitochondrial matrix proteins could be
localized to specific extramitochondrial compartments are discussed in recent reviews
(Soltys and Gupta, 1999; Soltys and Gupta, 2000).

The presence of mitochondrially encoded COX 1 and COX II in zymogen
granules provides compelling evidence that these proteins have been
exported/translocated via specific mechanism(s). Although the export mechanism(s)
from mitochondria and functional roles of COX 1 and COX II in zymogen granules
remains to be characterized, these results strongly indicate that the cellular functions of
mitochondrially encoded proteins are not restricted within mitochondria. Involvement of
mitochondrially encoded proteins in extramitochondrial functions should be useful in
understanding the puzzling broad spectrum of phenotypes observed in mitochondria

- related diseases (Wallace, 1999; Schon, 2000).
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Figure 1: Immunofluorescence labeling of cultured BS-C-1 cells with, (A) mouse
monoclonal antibody to COX I, (B) mouse monoclonal antibody to COX II and (C)
rabbit polyclonal antibody to Hsp60.
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Figure 2: Subcellular localization of COX I in rat liver section. Labeling is seen mainly
in mitochondria, with labeling in all other compartments at reduced levels. Immunogold
markers conjugated to 20 nm gold particles were used. Bar = 500 nm. M, mitochondria;

N, nucleus; ER, endoplasmic reticulum.
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Figure 3: Immunogold localization of COX II in rat liver. Labeling is seen exclusively
in mitochondria. 20 nm immunogold markers. Bar = 500 nm. M, mitochondria; ER,
endoplasmic reticulum; N, nucleus.
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Figure 4: Immunogold localization of COX I in rat distal convoluted tubule region of the
kidney. Specific labeling is seen only within mitochondria. 20 nm immunogold markers.
Bar = 500 nm. M, mitochondria; N, nucleus.
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Figure 5: Subcellular localization of COX II in distal convoluted tubule region of rat
kidney. Labeling is seen primarily within mitochondria, with labeling seen in all other
compartments at reduced levels. 20 nm immunogold markers. Bar = 500 nm. M,
mitochondria; N, nucleus.
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Figure 6: Subcellular localization of COX I in rat pancreatic acinar tissue section.
Specific labeling is seen in mitochondria, with extramitochondrial reactivity seen in
zymogen granules and condensing vacuole. 20 nm immunogold markers. Bar = 500 nm.
M, mitochondria; N, nucleus; ZG, zymogen granule; CV, condensing vacuole; ER,
endoplasmic reticulum.
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Figure 7: Subcellular localization of COX II in rat pancreatic acinar tissue. Reactivity is
seen mainly within mitochondria and zymogen granules. 20 nm immunogold markers.
Bar = 500 nm. N, nucleus; M, mitochondria; ZG, zymogen granules; ER, endoplasmic

reticulum.
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The work presented in this thesis, confirms the presence of mitochondrial
Chaperonin 10 (Cpnl0) and mitochondrial aspartate aminotransferase at
extramitochondrial locations in various normal rat tissues. Moreover, the
extramitochondrial localization of cytochrome ¢ oxidase subunit I and II (COX I and II),
which are encoded by mitochondrial DNA, provides strong evidence that there exists
specific mechanism(s) by which mitochondrial proteins are transported/translocated to
extramitochondrial sites. The extramitochondrial labeling pattern observed with each
antibody in different tissues is unique. For example, CpnlO in acinar pancreatic tissue
shows zymogen granule labeling but in the kidney it does not show any
extramitochondrial labeling, whereas mAspAT in acinar pancreas does not label
zymogen granules but in the kidney it shows extramitochondrial labeling on the cell
surface. This suggests that these mitochondrial proteins are specifically targeted to these
extramitochondrial sites and do not appear to be a general process for all proteins. Thus,
it is wunlikely that the presence of nuclear encoded mitochondrial proteins at
extramitochondrial sites, is due to mistargeting or leaky import.

There are a number of reasons that provide strong evidence that the results
obtained cannot be due to cross reaction of the antibodies with some other protein at
these extramitochondrial sites:

(1) The antibodies used in this work are well characterized and have been used in a
number of other studies, by other lab groups. All the antibodies are cross reactive with a

single band corresponding to their respective size in western immunoblots (Isola et al.,
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1995; Somodevilla-Torres et al., 2000; Capaldi et al., 1995). Immunofluorescent labeling
of cultured cell lines with these antibodies, shows exclusive mitochondrial labeling.

(ii) All of the observed labeling with these antibodies, both within mitochondria and in
other compartments, was abolished upon omitting the primary antibody in the labeling
procedure or upon adsorption of the antibody with purified recombinant protein (done
only for Cpnl10).

(iii) mAspAT, COX I and COX II are encoded by a single gene. It has also been shown
that there is no alternate transcription or alternate mRNA translation or splicing for
mAspAT (Bradbury and Berk, 2000). Therefore, it can be said with confidence that these
proteins are encoded by a single message. However, it cannot be ruled out that the
CpnlO present at extramitochondrial compartments is encoded by a different nuclear
gene or by a differently spliced transcript (Fletcher et al., 2001). It is important to note
that based on this work, the identity and molecular size of the cross reactive proteins at
these extramitochondrial sites cannot be conclusively established. For this western
immunoblot analysis, immunoprecipitation and microsequencing would have to be
carried out on purified granules from rat tissue.

The functional roles of these proteins at these extramitochondrial sites are not
known and can only be speculated. CpnlO is found in a variety of secretory granules
such as zymogen granules and growth hormone granules, where its functional partner
Hsp60 has also been shown to be present (Cechetto et al., 2000). Thus, it is tempting to
conclude that Cpnl10 functions as a molecular chaperone in these compartments. Cpnl0

along with Hsp60 could be involved in the packaging of proteins in these zymogen
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granules and/or also function in preventing the early activation of proenzymes in these
granules. mAspAT is observed to be present on cell surface in various regions of kidney
and is probably involved in its already known extramitochondrial function, as a long
chain free fatty acid transporter (Stump et al., 1993). It is quite possible that COX I and
COX 1I which are present in zymogen granules, are involved in novel extramitochondrial
functions like Cpn10 and mAspAT.

The precise mechanism(s) by which these mitochondrial proteins are exported is
not known, but a number of possibilities have been discussed in recent reviews (Soltys
and Gupta, 1999; Soltys and Gupta, 2000). Once these proteins exit mitochondria, they
probably reach extramitochondrial sites via a novel pathway because significant amounts
of these proteins are not found in ER and Golgi compartments. Further evidence for
export comes from the finding that mAspAT isolated from plasma membranes of
hepatocytes, adipocytes and cardiac myocytes, has been shown to be the mature form of
the protein lacking the N-terminal targeting presequence (Stremmel et al., 1985a;
Schwieterman et al., 1988; Berk et al., 1990; Stump et al., 1993). This strongly indicates
that mAspAT is derived from the precursor protein which is initially imported and
processed in the mitochondria. An analogy of such a process can be derived from an
observation that Chinese hamster ovary cells treated with potassium ionophore nonactin,
accumulate only precursor Hsp60, while in untreated cells only mature Hsp60 is
detectable (Soltys and Gupta, 1996).

Cpnl0, mAspAT, COX I and COX II add to the growing list of mitochondrial

proteins shown to be present at extramitochondrial sites under normal physiological
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conditions. Thus, the current belief that mitochondrial proteins reside and function only
within mitochondria, and the role of mitochondrial proteins in normal cellular processes
need to be re-examined. Elucidating, the functions and mechanisms by which
mitochondrial proteirs reach specific extramitochondrial sites are of great interest and
will provide valuable information in understanding the role of these proteins in various

cellular processes.
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