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Abstract

A fusion protein between GFP and the E1α subunit of the pyruvate dehydrogenase (PDH)

complex was created and shown to assemble into functional PDH complexes using

immunoprecipitation and activity assays. The expression of this GFP-E1α chimera is specific to

mitochondria and results in two different fluorescence patterns. These patterns have been

distinguished by immunolabeling experiments using monoclonal antibodies against PDH

subunits and GFP. The bright, localized fluorescent spots represent the assembled form of the

GFP-E1α in PDH complexes. The uniform, dim fluorescence is given by the unassembled

chimera free to diffuse throughout the mitochondrial reticulum. This study reveals a discrete,

heterogeneous distribution of PDH complexes in the matrix of mitochondria, both in cells with

normal and reduced levels of PDH. The uneven arrangement of PDH complexes is maintained

over time and most likely reflects the structural and metabolic compartmentalization of

mitochondria.

Keywords: mitochondrial morphology, heterogeneity of mitochondria, mitochondrial import,

protein distribution, pyruvate dehydrogenase
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Introduction

The mitochondrial network can alternate between many small individual mitochondria and a

reticulum (Rizzuto et al.,1998; Bereiter-Hahn and Voth, 1994). It contains as many as 10% of all

the proteins of the cell in order to provide the multitude of functions of this organelle. A

significant proportion of mitochondrial proteins are organized in large complexes, as for example

in the respiratory chain complexes, ATP synthase, mitochondrial nucleoid, ribosome, protein

translocation pore, permeability transition pore and even, possibly, the Krebs cycle enzymes

(Saraste, 1999; Kaufman et al., 2000; Koc et al., 2001; Suzuki et al., 2001; Bauer et al., 2000;

Voos et al.,1999; Beutner et al., 1998). At a time when the structure of several of these

complexes is known to atomic resolution, their arrangement and distribution within the organelle

is poorly understood.

New details of the internal structure of mitochondria have emerged from electron

tomography studies (Mannella et al., 1994; Perkins et al., 1997; Mannella et al., 1998; Frey and

Mannella, 2000; Perkins and Frey, 2000). These show that cristae are linked with the inner

membrane through limited pore-like contacts, and are not simple invaginations of the inner

membrane as once believed. This means that there are as many as six discrete compartments in

mitochondria, outer membrane, inner membrane, cristal membrane, intracristal space,

intermembrane space and matrix. Most proteins are localized to one or possibly two of these
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compartments. Thus the outer membrane has a distinct protein profile from that of the inner

membrane or cristal membrane fraction (Tyler, 1992). Respiratory chain proteins are

predominantly in the cristal membrane while nucleoids and Krebs cycle enzymes are in the

matrix space. What is poorly defined is how the different proteins are distributed within these

compartments. There is evidence that the respiratory chain complexes exist independently and

interact by diffusion (Hochli et al., 1985; Gupte et al., 1991). Other studies favor a

supramolecular organization of these complexes (Schagger and Pfeiffer, 2000; Boumans et al.,

1998).

With regard to the organization of the matrix space, there is evidence that GFP targeted to

this space is fully dispersed through the reticulum, and FRAP measurements indicate diffusion

rates close to that of a protein in dilute aqueous solution (Rizzuto et al., 1998; Partikian et al.,

1998). This rapid diffusion would seem at odds with estimates of protein concentration ranging

from 300-500 mg/ml in the matrix space (Srere, 1980). In contrast to the findings for GFP, there

is considerable evidence that nucleoids are found at discrete, fixed locations in the matrix of

yeast mitochondria (Nunnari et al., 1997; Okamoto et al., 1998).

To understand the organization of proteins in the mitochondrial matrix more fully we

have now examined the arrangement of PDH, the largest complex in mitochondria (MW ~ 8 x

106 Da). PDH is the archetypical integrated metabolic pathway. It is composed of three different

enzymes namely pyruvate dehydrogenase Ε1 of which there are 30 copies, dehydrolipoamide

acetyltransferase E2 in 60 copies and dehydrolipoamide dehydrogenase E3 present in 12 copies
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(Patel and Roche, 1990). Also, as part of the complex, are three different regulatory components

including a kinase and a phosphatase. PDH is a medically important enzyme because of the

significant number of primary PDH deficiencies that occur in the human population. In the

majority of PDH deficiencies the causal mutation is the Ε1α subunit (Brown et al., 1994).

Altered activity of PDH is also a feature of non-insulin dependent diabetes (Wu et al., 1999) and

has been seen in patients with Alzheimers disease (Hoshi et al., 1996). To study the distribution

of this large protein complex we have produced a fusion protein between GFP and the E1α

subunit which we show will incorporate into PDH and rescues cells that are defective in E1α

subunit synthesis. We also use monoclonal antibodies newly made against the E2 and E1β

subunits and examine the protein distribution by fluorescence microscopy.
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Materials and methods

Constructs

The fluorescent protein expression vectors used to make the fusion constructs were pEGFP-N1

and pDsRed1-N1 (Clontech). The PDH E1α cDNA was derived from the plasmid PDH1c (Dahl

et al., 1987), which has the human liver E1α coding sequence inserted into the plasmid

Bluescribe (Stratagene) after the addition of EcoRI linkers. The mitochondrial targeting sequence

of E1α (MRKMLAAVSRVLSGASQKPASRVLVASRN) was amplified between the T3 primer

and a reverse primer carrying the PstI site, and then subcloned into the MCS of pEGFP-N1 using

SacI and PstI to create the pLdGFP vector. The red version of pLdGFP, pLdRFP, was obtained

by simple excision of the leader fragment from pLdGFP using SacI/ApaI, followed by its

insertion into pDsRed1-N1. The GFP-E1α chimera was created by attaching the E1α mature

sequence to the C terminus of GFP in the LdGFP plasmid. The unique BsrGI site preceding the

GFP stop codon was used for subcloning. Since a BsrGI site exists downstream of the 3’ end of

E1α, the 5’ terminus was modified using a primer that incorporated the BsrGI site and the last

two aminoacids of the GFP coding sequence. After the insertion of E1α into pLdGFP, GFP and

E1α sequences were transcribed continuously and in frame. The integration and correct

orientation of E1α after ligation were verified using ApaI digestion. The sequence of the GFP-

E1α junction is ELYKFAND, where ELYK are the last four aminoacids of GFP and FAND are

the first four aminoacids of the mature E1α protein. The sequences of all constructs were

confirmed by automated sequencing.
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Cell culture and transfection experiments

Primary and transformed human skin fibroblast cells were cultured in DMEM/F12 + 10% fetal

calf serum, while osteosarcoma (143B) cells were grown in HG-DMEM + 10% fetal calf serum.

All cell lines were maintained in humidified, 5% CO2 atmosphere, at 37°C. Cells were

subcultured for 18 hours prior to transfection to reach a final density of 60-70%. For Western

blots and microscopy studies, the cells were transfected using FuGENE6 (Roche Molecular

Biochemicals). The ratio of plasmid DNA (µg) to transfection reagent (µl) was 1:2 and the

amounts were scaled to the surface of the cell culture. Generally, for a 35 mm diameter dish, 2

µg of plasmid DNA and 4 µl FuGENE6 were used. After transfection the cells were grown for

an additional 24 hours (for Western blots) or longer, up to 72 hours. For PDH activity studies,

approximately 107 cells were transfected by electroporation, using 25 µg DNA and allowed to

recover and express the construct for 40 hours before assay.

Mitochondria preparation and immunoprecipitation

Typically, for a mitochondria preparation, 8 tissue culture plates (150 mm diameter) were

harvested by trypsinization. The cells were lysed by homogenization on ice in Sucrose 0.25 M,

EGTA 1 mM, HEPES / NaOH 10 mM and BSA 0.5 % (pH = 7.5), in the presence of protease

inhibitors (Pepstatin A 0.5 µg/ml, Leupeptin 0.5 µg/ml and PMSF 1 mM). The mitochondrial

fraction was collected by differential centrifugation and the pellet washed and resuspended in

washing buffer (Sucrose 0.25 M, EDTA 1 mM, Tris / HCl 10 mM). The antibody column was
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prepared by incubating 25 mg protein G agarose beads with the E2 specific monoclonal antibody

(10 µg) at room temperature for 2 hours. Between 0.8 and 1.2 mg of mitochondria were lysed on

ice in 500 µl of lysis buffer (PBS, EDTA 1 mM and 0.25 % lauryl maltoside) plus protease

inhibitors and then incubated with protein G agarose beads (preclearing) to remove the

nonspecific binding fraction. After preclearing, mitochondria were incubated with the antibody

column overnight at 4°C. The precipitated PDH complexes were washed and afterwards released

from the agarose beads by resuspension in 60 µl of 2 X SDS-PAGE sample buffer. The

supernatant left after the antibody reaction was precipitated using trichloracetic acid (7.2 %),

washed and then dissolved in the same volume of sample buffer. For Western blots, the samples

were loaded in equivalent amounts on a SDS-PAGE system (10% acrylamide). PDH subunits

were detected using monoclonal anti E2 and E1β antibodies, both isolated and characterized in

our laboratory, and a polyclonal anti GFP antibody (Clontech). The signal was detected using

ECL plus system (Amersham) after incubation with goat anti mouse and rabbit antimouse

secondary antibodies respectively (BioRad).

Assay of PDH activity

The E1α null cell line was derived by transforming skin fibroblasts from a female patient

carrying a 20 bp deletion in exon 10 of the PDH E1α gene (Brown et al., 1997). For the PDH

activity assay, normal skin fibroblasts, E1α null cells and E1α null cells transfected with an E1α

expression vector (Brown et al., 1997) or GFP-E1α plasmid were cultured in parallel. E1α null

fibroblasts were co-transfected by electroporation using a mixture of E1α or GFP-E1α plasmids

(22 µg) and pLdRFP (3 µg). Matrix targeted RFP was used as a reporter for transfection
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efficiency. After electroporation, most of the cells were replated and allowed to recover in flasks

for 40 hours before assay and a small amount was seeded on coverslips. PDH activity was

measured as described by Wicking et al. (1986) after maximal activation of the enzyme complex

with dichloroacetate and using [1-14C] pyruvate as substrate. The transfection efficiency was

evaluated by counting the cells expressing RFP versus the total number of cells (stained with

Hoechst 33258 dye).

Microscopic analysis and immunocytochemistry

For microscopy studies, cells were cultured on glass coverslips (22 x 22 mm) placed in 35 mm

diameter Petri dishes and transfected as described above. At specific times after transfection cells

were either stained with 0.25 µM MitoTracker Red (Molecular Probes) and then fixed or fixed

directly, for 30 minutes in 4% paraformaldehyde at room temperature. Subsequently the

coverslips were mounted on slides using Moviol and sealed using rubber cement or processed

further for immunostaining. The cells were permeabilized primarily with acetone or with

acetone: methanol (1:1) for 20 minutes at - 20˚C or by serial dehydration in ethanol at room

temperature. Blocking was in 10% normal goat serum for 2 hours at room temperature. The

monoclonal antibodies used for immunolabeling were: anti E2 antibody (0.5 µg/ml) directly

conjugated to Alexa488 or Alexa594 and anti GFP antibody (0.1µg/ml) conjugated to Alexa594

(Molecular Probes). Incubation times were for 2 hours at room temperature or overnight at 4°C.

The cells were visualized using an upright Zeiss Axioskop2 microscope equipped with a 100 x

Neofluar objective (1.3 N.A.), FITC and Texas Red filters (Chroma Technologies). Life cells

cultured on glass coverslips were incubated on a heated stage during time lapse experiments.
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Images were acquired using a Hamamatsu Orca digital camera (1028 x 1022) driven by OpenLab

system software (Improvisions). The pixel length was calibrated by imaging a transmission

electron microscope (TEM) grid of known scale. The aspect ratio is determined to be 1± 0.1 and

the calibrated pixel dimension is 1 pixel = 0.065 µm.

Results

Generation of a GFP-Ε1α fusion protein

A functional Ε1α fusion protein was constructed by attaching GFP to the N terminus of the PDH

Ε1α subunit, with the addition of the mitochondrial targeting sequence (of Ε1α) in front of the

GFP gene sequence. The chimera was designated GFP-Ε1α. As controls, the mitochondrially-

targeted GFP (pLdGFP) and RFP (pLdRFP) were made using the same leader sequence. These

constructs were inserted into the identical plasmids behind a cytomegalovirus promoter. All

constructs were verified by restriction digest analysis and sequencing. The ability of GFP and

RFP to fold into its native structure and thereby fluoresce was assessed using both osteosarcoma

cell lines (143B) and human fibroblasts transfected with the constructs. Cells transfected with

either pLdGFP or pGFP-Ε1α exhibited bright green fluorescence indicating native folding of the

GFP. Strong red fluorescence was obtained with pLdRFP. As discussed in detail later, this

fluorescence was localized in all cases to the mitochondrial network.

GFP-Ε1α protein is incorporated into PDH complexes
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Mitochondria were isolated from control cells and cells transfected with either the pLdGFP or

pGFP-Ε1α vector, and the presence of GFP in the organelle examined by Western blotting using

a polyclonal antibody against this protein (Clontech). In the cells transfected with pLdGFP, the

antibody highlighted a band corresponding to 26 kDa, the size of GFP, and a less intense band

corresponding to GFP dimers (52 kDa) (Figure 1). Since the Ε1α subunit is 42 kDa, the size of

the fusion protein should be 68 kDa. A protein of this size was detected in mitochondria isolated

from cells transfected with pGFP-Ε1α (Figure 1) indicating that the fusion protein is imported

into mitochondria and is not degraded into smaller fragments. The ability of the GFP-Ε1α

construct to rescue PDH activity in a fibroblast cell line from a patient with a mutation causing a

deficiency of both Ε1α mRNA and protein was tested. Activity measurements were done in

parallel on normal fibroblasts, Ε1α null cells and Ε1α null cells transfected with an Ε1α

expression vector (Brown et al., 1997) or pGFP-Ε1α. Activities were normalized to the

transfection efficiency and expressed as nmol 14CO2 produced/min per mg of protein. The

averaged PDH activity in normal fibroblasts was 1.00. As shown in Table I, the GFP-Ε1α

chimera successfully restored PDH function in the mutant cell line, at a level (0.71) comparable

to the rescue by the normal subunit (0.82).

The successful assembly of GFP-Ε1α into the PDH complex was confirmed by

immunoprecipitation studies using osteosarcoma cells. Mitochondria isolated from control 143B
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cells and cells transfected with GFP-Ε1α expression vector, were dissolved in lauryl maltoside

and then incubated with a mouse monoclonal antibody specific to the E2 subunit of PDH that

was conjugated to protein G agarose beads. Most of the PDH complexes were precipitated by

this procedure as shown by the strong bands corresponding to the E2 and Ε1β subunits in protein

eluted from the beads (Figure 2A). The additional bands present are small amounts of the light

and heavy chains of the mouse antibody, released from the beads and then recognized by the

secondary antibody (goat anti mouse) used in the Western blot detection of subunits. Western

blotting showed a significant amount of GFP-Ε1α in the immunoprecipitated material based on

the intense 68 kDa band (Figure 2B). Small amounts of free chimera as seen in the microscopy

data (see later) are close to the sensitivity limit of the Western blotting method and could only be

seen after very long exposures of the blots. This is in agreement with previous studies which

demonstrated that mutations of the E1α subunit resulting in PDH deficiencies are accompanied

by decreased levels of the protein (Fujii et al., 1996; Robinson et al., 1993). Both of the above

sets of experiments indicate that GFP-Ε1α can be assembled into the PDH complex. In the case

of the osteosarcoma cells, there is successful competition of the GFP-Ε1α chimera with native

Ε1α in the assembly of Ε1 and, ultimately, the whole enzyme complex.

Differential expression of GFP-E1α versus matrix targeted GFP

Cells transfected with the pLdGFP vector exhibited bright uniform green fluorescence

while those transfected with pLdRFP exhibited bright uniform red fluorescence that colocalized

with mitochondria (data not shown but see later figures). GFP-E1α expression although limited
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to the mitochondrial network results in different  fluorescence patterns. In a significant

proportion of cells, GFP-E1α fluorescence was concentrated in bright spots which colocalized

with mitochondria but occupied just a limited fraction of their area. Other transfected cells

showed mitochondria that were uniformly green as described for free GFP expression but the

fluorescence intensity was much reduced compared with free GFP. A third class showed both

features as seen in Figure 3. All types of cells had normal mitochondrial morphologies. Clearly

the GFP-E1α protein is being incorporated in two states.

Importantly, the distribution of GFP-E1α protein in mitochondria of transfected cells, as

measured by the fluorescence of the chromophore, was matched in shape and intensity by

immunocytochemical staining with an anti GFP antibody (Figure 4, A-C). There are areas of

both  high accumulations and a weak background distribution. Thus the bright fluorescent spots

are not the result of a particular folding state of the GFP but actually represent an accumulation

of protein in the respective regions.

The two fluorescence patterns characteristic of GFP-E1α expression were correlated with

the distribution of PDH complexes using counterstaining with an antibody against E2. As shown

in figure 4 (D-F) the bright spots of GFP-E1α colocalize with a population of the E2 spots . For

clarity of this point the experiments shown use a mutant cell line in which the levels of PDH are

only around half of normal. This cell line was described by Wexler et al. (1988) and it was

shown to have reduced levels of PDH activity as well as of E1α, E1β and E2 proteins.

Experiments performed in osteosarcoma cells, normal fibroblasts and PDH deficient fibroblasts
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led to the same results. Our interpretation is that the two fluorescence patterns represent two

assembly states of GFP-E1α, the punctate distribution arising from the incorporation of the

fusion protein into PDH complexes, and free GFP-E1α providing the weak green fluorescence

background. In this regard it is significant that the proportion of cells with uniform weak

fluorescence increased with the length of time of transfection, consistent with a build up of the

free GFP-E1α chimera. It is known that E1α which is not incorporated into PDH complexes is

rapidly degraded so the uniform fluorescence represents an equilibrium between continuous

synthesis and degradation of the chimera.

PDH complexes are heterogeneously distributed in the mitochondrion

The punctate appearance of the labeling by the E2 antibody in Figure 4 E suggests that

PDH complexes occur in localized areas of the mitochondrial reticulum. To examine this

distribution more rigorously, double immunolabeling experiments were performed. These

confirmed that the PDH complexes are not uniformly distributed in mitochondria of

osteosarcoma cells. This can be seen in Figure 5 (A-C) where PDH complexes are

immunostained with an Alexa 488 conjugated anti E2 antibody while mitochondria are stained

with MitoTracker Red. Elongated mitochondrial profiles show a discrete, discontinuous PDH

arrangement. The possibility of staining artefacts was excluded through experiments using

different fixation and permeabilization methods.
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The discontinuous, and for this reason heterogeneous, distribution of PDH complexes

was also observed in the fibroblast cell line derived from a patient with PDH deficiency

described above, where the levels of enzyme are lower. Anti E2 staining of these cells in

combination with MitoTracker Red resulted in a very sparse staining along mitochondrial

filaments (Figure 5, D-F). The signal intensity of a mitochondrial region positive for E2 staining

is similar to wild type cells. Hence, the reduction in the amount of PDH is reflected in a lower

density of complexes and not an overall weaker signal.

Cytochrome oxidase complexes have a different spatial distribution than PDH

complexes. Staining of fibroblast cells with anti COX I antibody reveals a much more abundant

and almost continuous signal along mitochondrial filaments. This can be seen in Figure 6 A

which is the merged image of the anti COX I (green) and anti E2 staining (red). PDH positive

regions of mitochondria appear yellow or orange after merging with the COX I staining. Clearly,

these regions are spaced by intercalating regions that contain cytochrome oxidase complexes

(green) but not PDH.

GFP labeled PDH complexes remain heterogeneously distributed over time

The fact that PDH complexes are maintained in a discrete distribution suggest that they

are localized and perhaps attached to the inner mitochondrial membrane. Experiments in which
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the plasmids encoding RFP targeted to mitochondria and the GFP-E1α fusion were

cotransfected, are a dramatic demonstration of the different distributions of the two proteins.

While RFP completely fills the mitochondrial matrix, GFP labeled PDH complexes (PDH-GFP)

remain localized (Figure 7).

   Figure 8 shows time lapse fluorescent micrographs of living cells expressing GFP-E1α.

The punctate regions of high fluorescence, which we interpret as assembled PDH complexes, are

clearly evident for periods of time longer than 2 hours with little change in brightness. Moreover,

their number does not appear to change with time although their position is shifted by ongoing

mitochondrial dynamics.

Discussion

There is a general consensus that the matrix space of mitochondria is a highly

concentrated mixture of proteins involved in many different functions that generally require

several chemical reactions, each catalyzed by a different enzyme. Thus, enzymes are functionally

integrated into metabolic pathways. What remains to be determined is whether enzymes of a

common pathway are somehow integrated into supramolecular complexes within the organelle,

(i.e. in what Srere and colleagues have termed ‘metabolons’ (Velot et al., 1997)), and whether

these are distributed evenly or localized to specific microdomains, that, consequently, provide

heterogeneity of functions within individual mitochondria, and particularly, in the extended

mitochondrial reticulum. Here we have examined the distribution of a prototypical metabolon,
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the PDH complex, to ask if this complex of proteins is fixed and distributed at discrete sites

within the mitochondrial matrix. The distribution of PDH was monitored using fluorescently

labeled monoclonal antibodies and by using a chimera of the E1α subunit of the enzyme

complex and GFP. Immunoprecipitation experiments and rescue of activity in a PDH deficient

cell line demonstrated that this chimera is able to compete with the native subunit for assembly

and is part of functional complexes.

Two different fluorescent patterns were associated with GFP-E1α expression in human

cells which could be distinguished using antibody labeling. The weak, uniform fluorescence

appears to be due to unassembled GFP-E1α free to diffuse throughout the reticulum before

degradation. The levels must be generally small as free GFP-E1α is low in cell extracts from

which PDH complexes have been immunoprecipitated (figure 2B). The punctate GFP-E1α

expression is much brighter and colocalizes with the anti E2 staining, arguing that these regions

correspond to PDH complexes that have incorporated the fusion protein. It is not clear how GFP-

E1α distributes between these two states after mitochondrial import but this is likely to be related

to the number of plasmid DNA molecules per cell, the amount of synthesized protein, and the

cell cycle stage during which expression is induced. Certainly, a tight coordination in time and

quantity of the expression of the other PDH subunits and GFP-E1α must exist for optimal

assembly of this complex.
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Immunolabeling of PDH in relation to MitoTracker Red staining of mitochondria

provides additional evidence that PDH complexes are not uniformly distributed; there are

mitochondrial regions devoid of PDH. This is accentuated in PDH deficient cells, in which PDH

positive regions have a sparser distribution along continuous mitochondrial filaments. It cannot

be decided whether each spot represents a single or a group of PDH complexes. However, given

that each complex contains multiple copies of the same subunit (both E1α and E2) and therefore

the fluorescent signal is amplified many times, the possibility to detect individual complexes

cannot be excluded. High resolution immunoelectron microscopy using our antibodies will help

to elucidate this aspect.

 Double transfection experiments have shown that the localized expression and assembly

of GFP-E1α into complexes does not impede the normal distribution of RFP within

mitochondria. This is also good evidence that GFP-E1α is not forming aggregates that alter the

normal structure of the matrix space. Cells imaged at various intervals proved that the discrete

distribution of GFP tagged PDH complexes is maintained over extended periods of time. PDH

complexes undergo a cooperative motion that seems to be primarily associated with movements

of the mitochondrial structures. RFP, in contrast, must diffuse freely and rapidly through the

mitochondrial reticulum. Such diffusion of a small protein, specifically GFP, has been me asured

by Partikian et al. using FRAP measurements (Partikian et al., 1998). These workers showed that

GFP moves at rates not much different from in aqueous solution. This led them to postulate an

arrangement of the matrix in which the majority of proteins are closely packed at the membrane
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surface to allow aqueous channels in which small molecular substrates/ products/ ions and small

proteins with no specific attachment sites can move around. Our data support this model.

Anchoring of PDH to the membrane must occur to localize the complex and this could be to the

pyruvate carrier or associated scaffold protein.

Figure 6 B illustrates our model of mitochondrial compartmentalization based on the data

presented here. It is known that the respiratory chain proteins are predominantly localized in the

cristal membranes. Electron micrographs of actively respiring fibroblasts showed that the

average distance between cristae is 56 nm. This distance is too small to be resolved by

fluorescence microscopy, which has a detection limit of 0.2 µm. While heterogeneities in the

distribution of cytochrome oxidase complexes might exist, they are too subtle to be distinguished

in light microscopy. Given that discontinuities in the distribution PDH complexes are evident in

fluorescence, we deduce that matrix regions devoid of or containing PDH complexes are bigger

than 0.2 µm. For reference, the figure legend contains a rough estimation of the dimensions of

these regions measured from our images and converted to micrometers.

If PDH is specifically localized, it is likely that other matrix enzymes have a discrete

distribution along mitochondrial filaments, and further studies with other matrix enzymes are

needed to establish the metabolic compartmentation model and to define functional units of

mitochondria.
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Footnotes

1The abbreviations used are: GFP, green fluorescent protein; RFP, red fluorescent protein; PDH,

pyruvate dehydrogenase; LdGFP/LdRFP, mitochondrial matrix-targeted GFP/RFP; GFP-E1α,

fusion protein between GFP and the E1α subunit of pyruvate dehydrogenase.
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Legends to figures

Figure 1. GFP and GFP-E1α protein detected in mitochondrial preparations. Mitochondria were

isolated from control osteosarcoma cells (lane 1), cells transfected with pLdGFP (lane 2) or

pGFP-E1α (lane 3) and the proteins analyzed by western blotting using a polyclonal anti-GFP

antibody (Clontech). Protein bands of predicted molecular weight are present in lanes 2 and 3

confirming the expression of GFP (26 kDa) and GFP-E1α chimera (68 kDa) and their import

into the mitochondria.

Figure 2. GFP-E1α fusion protein assembly into PDH complexes. PDH complexes were

immunoprecipitated (using an anti-E2 monoclonal antibody) from mitochondria isolated from

control osteosarcoma cells (lanes 1 and 2) and cells expressing GFP-E1α (lanes 3 and 4). A.

Anti-E2 and anti-E1β Western blots indicate the successful immunoprecipitation of the PDH

complex (lanes 1 and 3). Most of the E1β subunit is present in the immunoprecipitate fraction

(IP), only traces being detected in the supernatant (SN). The E1β subunit forms tetramers with

the E1α subunit in the assembly of functional PDH complexes. Therefore, its presence in the IP

supports the presence of the E1α subunit as well. The additional bands seen in lanes 1 and 3 are

the light and heavy chains of the anti-E2 antibody used to precipitate the complex. B. The anti-

GFP antibody detects the presence of the GFP-E1α fusion protein (68 kDa) in the IP fraction

from the transfected cells (lane 3). This demonstrates the assembly of the chimera into PDH

complexes. The lower molecular weight bands present in lanes 2 and 4 are an immunoartefact.
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Figure 3. Osteosarcoma cell expressing GFP-E1α. The green fluorescence is localized to

mitochondria with regions of bright green fluorescence, interconnected by filaments with a

dimmer signal.

Figure 4. Immunocytochemistry of cells expressing GFP-E1α (panels A-C, osteosarcoma cells;

panels D-F, PDH deficient fibroblasts). The GFP-E1α green fluorescence (panel A) completely

matches the distribution and intensity of the anti GFP antibody labeling (panel B). Mitochondria

in the merged image (panel C) have various intensities of yellow, proving that the bright GFP-

E1α regions are in fact accumulations of fusion protein detected by the antibody and not a

particular folding state of the chimera. The bright GFP-E1α regions (panel D) colocalize with a

population of PDH complexes  stained with the anti E2 antibody (panel E); panel F, merged

image.

Figure 5. PDH distribution in the matrix of mitochondria (panels A-C, osteosarcoma cells;

panels D-F, PDH deficient fibroblasts). PDH complexes stained with anti E2 antibody (panel A)

have a discrete distribution along mitochondrial filaments stained with MitoTracker Red (panel

B); panel C - merged image. This is even more evident in PDH deficient cells where the
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complexes have a sparser distribution; anti E2 staining (panel D), MitoTracker Red staining

(panel E), merged image (panel F).

Figure 6. A: merged image of anti COX I staining (green) and anti E2 staining (red) of normal

fibroblasts. The yellow and orange spots are the regions where the two labels overlap. The green

regions are positive only for COX I staining. B: model for the compartmentalization or

mitochondrial matrix. The cristae shown in green contain COX complexes. Their density makes

impossible the detection of significant differences in the distribution of this complex. PDH

positive regions are shown in red. They may span more than one intercristal space and probably

accommodate more than one complex (the diameter of a PDH complex is 0.03 µm).  Diameter of

mitochondria 0.3 µm – 0.7 µm; average intercristal space 0.056 µm, PDH positive regions 0.5 -

1.0 µm, PDH negative regions 0.3 - 1.0 µm. 1 pixel = 0.065 µm.

Figure 7. The different distribution of free RFP and PDH-GFP within mitochondria is evident 24

hours after their coexpression in osteosarcoma cells. PDH-GFP complexes are localized in

discrete areas of mitochondria (yellow spots), while RFP uniformly distributed in the entire

mitochondrial reticulum (red filaments). Shown are the merged image (panel A), and a

magnified region of it (panel B).
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Figure 8.  PDH-GFP complexes are stable over time. Four pictures of living cells expressing

GFP-E1α, are shown taken at 40 minute intervals. The distribution of the bright fluorescent spots

(circled) changes slightly over time due to mitochondrial movements but their number and

brightness stay almost the same.
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Table I. PDH activity is recovered by the expression of GFP-E1α protein in E1α null

fibroblasts.

Cell type Average PDH

activity (N)

Mean

transfection efficiency

Normalized PDH activity

Control fibroblasts 1.00 (4) - -

E1α null fibroblasts 0.01 (3) - -

E1α null fibroblasts

+ E1α

0.34 (3) 43 % 0.82

E1α null fibroblasts

+ GFP-E1α

0.21 (4) 30 % 0.71

PDH activity was measured using the method described by Wicking et al. (1986) and is

expressed as nmole 14CO2/min per mg of protein. N is the number of measurements performed in

each case. Multiple activity measurements were averaged and then normalized to the mean

transfection efficiency (percentage of transfected cells).








