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Abstract
The pyruvate dehydrogenase multienzyme complex (PDC) is a key regulatory point in cellular
metabolism linking glycolysis to the citric acid cycle and lipogenesis. Reversible phosphorylation
of the pyruvate dehydrogenase enzyme is a critical regulatory mechanism and an important point for
monitoring metabolic activity. To directly determine the regulation of the PDC by phosphorylation,
we developed a complete set of phospho-antibodies against the three known phosphorylation sites
on the E1 alpha subunit of pyruvate dehydrogenase (PDHE1α). We demonstrate phospho-site
specificity of each antibody in a variety of cultured cells and tissue extracts. In addition, we show
sensitivity of these antibodies to PDH activity using the pyruvate dehydrogenase kinase specific
inhibitor dichloroacetate. We go on to utilize these antibodies to assess PDH phosphorylation in a
patient suffering from Leigh's Syndrome. Finally, we observed changes in individual phosphorylation
states following a small molecule screen, demonstrating that these reagents should be useful for
monitoring phosphorylation of PDHE1α and, therefore, overall metabolism in both the disease state
as well as in response to a myriad of physiological and pharmacological stimuli.
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Introduction
The mammalian pyruvate dehydrogenase complex (PDC) links glycolysis to the tricarboxylic
acid cycle by catalyzing the irreversible oxidative decarboxylation of pyruvate leading to the
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generation of CO2, NADH, and acetyl-CoA. Located within the matrix compartment of
mitochondria, the PDC is one of the largest multienzyme complexes in eukaryotic cells and
consists of multiple copies of three catalytic components [1]. The dihyrolipoamide acetyl-
transferase (E2) makes up the core of the enzyme and contains binding domains for the α2β2
heterotetramer pyruvate dehdyrogenase (PDHE1), and the E2/E3 binding protein which links
the dihyrolipoamide dehydrogenase (E3) to E2 [2]. The PDC is a major switch regulating
glucose and fatty acid oxidation.

PDH regulation via phosphorylation is currently implicated in the altered patterns of
metabolism in cancer, obesity and insulin resistance [3;4]. The enzymatic activity of the
complex is regulated allosterically, as well as being tightly regulated by reversible
phosphorylation in response to the availability of glucose. The seminal work of Reed and
coworkers [5] provided the first evidence that mitochondrial function could be regulated by
phosphorylation. PDH activity is inhibited in response to site-specific phosphorylation at three
sites on PDHE1α (Ser232, Ser293, or Ser300). Phosphorylation is catalyzed by one of four
pyruvate dehydrogenase kinases (PDK) [6]. In opposition to the four PDKs, there are two
isoforms of pyruvate dehydrogenase phosphatases (PDP1 and PDP2) present in mammalian
cells [7;8]. The acute control of PDH is mediated by end product (acetyl-CoA, NADH, ATP)
activation of kinase activity, leading to the inhibition of PDH activity. In contrast, substrate
(pyruvate, ADP) availability leads to kinase inhibition and reactivation of the complex by the
PDPs [9;10;11]. Interestingly, phosphorylation at any one site leads to inhibition of the complex
in vitro [12]. Additional site-specific regulation may occur as PDK1 is the only isoform
reported to phosphorylate all three sites, while PDK2, PDK3, and PDK4 are reported to
phosphorylate Ser293 and Ser300 in vitro [6;13]. Furthermore, in studies done on PDH isolated
from mammalian tissues, Ser293 has been shown to be phosphorylated at a faster rate than
Ser300 and Ser232 [14]. PDP1 and PDP2 can dephosphorylate all three sites with similar
preferences (Ser300> Ser232 > Ser293) yet show slight disparities in their specific activity for
each of the three sites [15]. Variation in site preference and kinetic activity of each PDK and
PDP isoform for each of the three sites infers yet another level of PDC regulation [6;13].

In addition to having differences in site specificity, the PDKs and PDPs are differentially
expressed in tissues [16]. Whilst PDK2 is widely expressed in tissues, PDK1 is highly
expressed in heart, but only moderately expressed in skeletal muscle, pancreas, and liver
[16]. PDK3 is found highly expressed in testis with lower levels of expression in lung, kidney,
spleen, heart, and brain [16]. In contrast, PDK4 is highly expressed in skeletal muscle and
heart, and to a lesser extent in kidney, liver and lung [16]. The PDPs are widely expressed in
tissues with a notable absence of PDP2 in testis and skeletal muscle, but high levels in heart,
liver and kidney [17]. PDP1 is widely expressed in tissues with high levels in brain, heart and
testis [17]. Interestingly, PDK2 and PDK4 are upregulated at the transcriptional level, while
PDP1 and PDP2 are downregulated in response to starvation and diabetes in a tissue-specific
manner [18;19;20].

PDH regulation via phosphorylation is currently implicated in the altered patterns of
metabolism in cancer, obesity and insulin resistance [3;4]. The purpose of this study was to
develop tools for studying the regulation of the PDH by reversible phosphorylation. We have
developed the first complete set of phospho-specific antibodies against the known
phosphorylation sites on PDHE1α (Ser232, Ser293, and Ser300). Moreover, we demonstrate that
these antibodies are not only phospho-site specific, but sensitive to changes in PDH activity
when the PDKs are inhibited. We also report, for the first time, the distribution of site-specific
phosphorylation of the PDH across multiple tissues. Here we describe the development and
validation of phospho-antibodies that will allow for assessment of changes in regulation of
PDH by phosphorylation. Furthermore, these antibodies should provide an invaluable tool for

Rardin et al. Page 2

Anal Biochem. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



monitoring changes in PDH regulation in response to changes in metabolism as well as in
disease states such as diabetes and cancer.

Materials and methods
Cell culture, Immunocytochemistry (ICC) and Materials

COS-7 and HEK293A cells were maintained at 37°C at 5% CO2 in Dulbecco's Modified Eagle
Medium (Invitrogen) containing 10% fetal bovine serum (FBS) and 50 U/ml each of penicillin
and streptomycin (P/S). Primary human fibroblasts were isolated from foreskin biopsies and
cultured in α-Modified Eagle Medium (Invitrogen) containing 10% FBS and P/S. For ICC,
cells were incubated with 100 nM MitoTracker Red (Invitrogen) for 20 minutes before fixation
with 3.7% formaldehyde and were then permeabilized in PBS containing 0.1% Tween 20, 0.3%
Triton X-100, and 6% BSA. Cells were incubated with affinity purified anti-pSer293, anti-
pSer300, or anti-pSer232 at 500 ng/mL or anti-PDHE1A (MitoSciences #A-2132) at 1:100 in
PBS containing 0.1% Tween 20 and 6% BSA for one hour at room temperature, followed by
Alexa Fluor 488 goat anti-rabbit conjugated secondary antibody (Invitrogen) at 1:500. Nuclei
were stained with 300 nM DAPI (Molecular Probes) for 1 min before viewing. Fluorescent
images were taken using a light microscope (DMR; Leica) with a PL APO 63× 1.32 NA oil
objective (Leica) at room temperature, and images were captured with a CCD camera
(C4742-95; Hamamatsu) using OpenLab 4.0.1 software (Improvision). Antibodies against
total PDHE1α (EMD Biosciences, MitoSciences), E2/E3 binding protein (MitoSciences), α-
tubulin (Sigma), NDUFB6 (MitoSciences), and GAPDH (Ambion) were used at
concentrations as recommended by manufacturers protocol.

Phosphatase Treatment
100 μg of crude (see below) rat kidney mitochondria were treated with or without 20 U of calf
intestinal alkaline phosphatase (Roche) for 30 min at 37°C in MSHE buffer (210 mM mannitol,
70 mM sucrose, 5 mM HEPES pH 7.4 with KOH, 2 mM EGTA) containing 1% Triton X-100,
2 mM MgCl2, and 2 mM CaCl2.

Generation of Polyclonal Phospho-Antibodies
The following synthetic phosphopeptides from PDHE1α were conjugated to KLH and injected
into rabbits: Ser293 RYHGHpSMSDPG, Ser300 SDPGVpSYRTREC, Ser232

RYGMGTpSVEAAC. Antibodies were affinity purified over the appropriate phospho-peptide
column, and then eluted. They were then passed over an unphosphorylated peptide column and
the flow through was collected. Antibodies were used at a working concentration of 200 ng/
mL for western blot and 500 ng/mL for immunofluorescence. Antibodies were produced by
and will be distributed by EMD Biosciences.

Animals and Tissue Distribution
12-week-old male mice (C57 BL/6J) were purchased from the Jackson Laboratories and
starved for 4 hours prior to tissue harvest (Bar Harbor, ME). Tissues were harvested from a
male mouse, flash frozen in liquid nitrogen and homogenized using a T10 Basic S1 Disperser
115V, 50/60Hz (IKA Works, Inc) in PLC buffer (50 mM HEPES [pH 7.5]; 150 mM NaCl;
10% glycerol; 1% Triton-X100; 1.5 mM MgCl2; 1mM EGTA; 10 mM NaP2O7; 100 mM NaF;
500 μM Na3VO4). Protein levels were roughly normalized to total levels of PDHE1α by
Western blot and compared to levels of phosphorylation at each of the three sites by
densitometry. Although no comparisons can be made between antibodies because of the
variability in antibody affinity, we can make semi-quantitative comparisons between tissues
from antibodies against individual phosphorylation sites.
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Purification of Crude Mitochondria
Mitochondria were purified as described [21;22;23;24] with minor modifications. Fresh tissue
was harvested and placed in ice-cold MSHE+BSA buffer (210 mM mannitol, 70 mM sucrose,
5 mM HEPES pH 7.4 with KOH, 2 mM EGTA, 0.5% fatty acid free BSA, and EDTA-free
Complete protease inhibitor cocktail [Roche]). Tissues were minced, and then washed three
times in MSHE+BSA buffer. Tissue was disrupted with 10-15 strokes using a tight fitting
Potter-Elvehjem tissue homogenizer. Homogenate was centrifuged for 10 min at 600 × g to
remove unbroken cells and nuclei. The pellet was re-homogenized and spun at 600 × g.
Supernatants were combined and spun at 15,000 × g for 10 min to pellet mitochondria. Pellets
were washed two times in MSHE+BSA, followed by one wash in BSA-free MSHE buffer.

Inhibition of PDKs by DCA in tissue extracts
Dichloroacetate was purchased from Sigma-Aldrich (634522). 0.5 M stocks were generated
in 10 mM Hepes (pH 7.2). Crude mitochondria were isolated as indicated above. 200 μg of
mitochondrial protein was incubated with 5 mM DCA for 2 hours at room temperature in
MSHE buffer plus EDTA-free Complete protease inhibitor cocktail (Roche).

Leigh's Syndrome patient history
The patient was born after a full term pregnancy without complications and developed normally
until 1 year of age, when he developed acute weakness and hypotonia. He became ataxic and
developed carbohydrate sensitive lactic acidemia, lower extremity spastic paraparesis,
dysarthria, and ophthalmoplegia. Brain MRI revealed symmetric T2 lesions in the basal
ganglia. The patient received the diagnosis of LS of unknown cause at age 8, and an enzymatic
diagnosis of PDH deficiency at 11 years of age. He died at the age of 20 years.

Results
Conservation of phosphorylation sites across species

The PDC is tightly regulated by reversible phosphorylation at three known phosphorylation
sites on PDHE1α: Ser293, Ser300, and Ser232 (numbering relative to start methionine). To obtain
a complete set of tools for studying reversible phosphorylation of PDHE1α and, by extension,
the regulation of the PDH in intact cells, we generated antibodies against phospho-peptides
corresponding to the three phosphorylation sites found on PDHE1α (Fig. 1A). We performed
PSI-BLAST database searches using the human form of PDHE1α (Accession # NP_000275)
and found that it is highly homologous across species. Moreover, the sites of phosphorylation
are invariant in most vertebrates suggesting that these antibodies will have widespread utility
across species (Fig. 1B).

PDHE1α phospho-antibodies are phospho-site specific
To confirm that our antibodies were phospho-specific, we isolated crude mitochondria from
rat kidney tissue. Mitochondrial extracts were incubated in the presence or absence of alkaline
phosphatase. All three phosphorylation sites showed a dramatic loss of signal following
treatment with the phosphatase when compared to controls (Fig. 2A). In contrast, there was no
change in the total amount of PDHE1α protein. Similar results were seen in the tissue culture
cell line HEK293A as well as mouse liver tissue (data not shown). These data demonstrate that
our antibodies are phospho-specific. In addition, these antibodies are able to detect the
phosphorylation states in tissue extracts from mice and rats, as well as cell lines derived human
tissues, demonstrating their utility in monitoring phosphorylation states in a number of species.

After determining that our antibodies were phospho-specific, we wanted to establish their
sequence specificity. Therefore, we preincubated our phospho-antibodies with each of the three
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phospho-peptides used to generate antisera. Western blot analysis of mitochondria from mouse
heart tissue using the anti-pSer293 antibody blocked with its corresponding phospho-peptide
showed a complete loss of signal. In contrast, this antibody was not blocked with phospho-
peptides against Ser300 and Ser232 of PDHE1α (Fig. 2B). Similar results were seen using the
phospho-antibodies against pSer300 and pSer232 (Fig. 2B).

We also examined the use of our phospho-antibodies in assessing the phosphorylation levels
of PDHE1α in fixed tissue. We first analyzed the monkey kidney fibroblast cell line COS7
using immunofluorescence analysis. As expected, PDHE1α immunofluorescence colocalized
with MitoTracker Red staining (Fig. 2C). Similar results were observed with each phospho-
antibody directed against each site, demonstrating that all three sites of phosphorylation can
be detected in fixed cells. Surprisingly, pSer232 also showed a strong signal in a cell type
(kidney) where PDK1, the only kinase known to phosphorylate Ser232, has not been reported
to be expressed [25]. Similar results were seen in other cultured cell lines (e.g. C2C12, HeLa;
data not shown). Taken together, these data demonstrate that we have developed phospho-site
specific antibodies against each of the three known regulatory sites of PDHE1α and that
phosphorylation levels can be detected using a variety of applications in a wide variety of cell
types and tissues.

Monitoring PDH activity through pharmacological inhibition of PDKs
Classically, the PDK specific inhibitor dichloroacetic acid (DCA) is utilized to modulate PDH
activity. Inhibition of the PDKs leads to the dephosphorylation of PDHE1α by the PDPs,
thereby activating the complex [26]. DCA is a pyruvate analog currently under investigation
for use in the treatment of genetic mitochondrial diseases, as well as cancer, for its ability to
reverse the Warburg effect by shifting metabolism from glycolysis back to glucose oxidation
[27;28]. Structurally, DCA was shown to cause a conformational change in both the nucleotide
and lipoyl binding pockets [29]. To confirm that our phospho-antibodies accurately reflected
the phosphorylation state, and thus the activity, of the PDH, we treated mitochondrial extracts
from mouse liver tissue with DCA. Samples treated with DCA showed a dramatic decrease in
signal for each of the three phosphorylation sites (Fig. 3A). However, no change was observed
in levels of total PDHE1α. Similar results were seen using rat kidney tissues extracts (data not
shown). HEK293A cells treated with DCA showed a decrease in phosphorylation after 10
minutes (Fig. 3B). In immunocytochemical analysis, COS-7 cells treated with DCA and probed
with antibodies against pSer293, pSer300, and pSer232 had a dramatic loss of phospho-signal at
all three sites, with no change in total PDHE1α (Fig. 3C). These data demonstrate that the
phospho-specific antibodies against PDHE1α can identify changes in phosphorylation
following treatment with the PDK specific inhibitor DCA and are, therefore, sensitive enough
to detect alteration in the phosphorylation status of PDH.

Differential distribution of phosphorylation across tissues
The development of phospho-site specific antibodies against PDHE1α gave us the unique
opportunity to explore the distribution of phosphorylation across different tissues and,
therefore, assess the regulation of PDH in those tissues. Protein levels were normalized using
PDHE1α as an internal control and compared to levels of phosphorylation at each of the three
sites in mouse tissues (Table I). There was a wide distribution of phosphorylation not only
between tissues but also between the different phospho-sites. Phosphorylation at Ser293 was
detected in all tissues examined with the highest degree of phosphorylation seen in white
adipose tissue (fat). Although no comparisons can be made between antibodies because of the
variability in antibody affinity, we can draw semi-quantitative data between tissues from
antibodies against individual phosphorylation sites. There was widespread distribution of
pSer300 across all tissues except testis. The ratio of pSer300 to total PDHE1α shows the highest
amount of phosphorylation in lung, minimal amounts in brain and skeletal muscle, and
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moderate levels in the rest of the tissues except testis. The distribution of pSer232 was also
widespread across tissues with no detectable level in testis. Collectively, these data demonstrate
that phosphorylation at site Ser232 is more widespread then has been previously reported
[25], and our antibodies can be used to monitor individual phosphorylation sites on PDHE1α
in a wide variety of tissues.

Assessing mitochondrial dysfunction in a patient suffering from Leigh's Syndrome
To demonstrate that our phospho-antibodies could be used as a diagnostic tool to assess the
degree of PDH activity in patients with metabolic diseases, we obtained human primary
fibroblasts from a previously uncharacterized patient (P1) suffering from Leigh's syndrome
(LS). LS is a progressive neurological disorder with incidence of 1:77,000 births caused by
mutations found in subunits of the PDC as well as the electron transport chain [30;31]. We
isolated cDNA from cultured human primary foreskin fibroblasts (HPFF) from the LS patient
as well as from control cells. Analysis of P1's PDHE1α sequence revealed a missense mutation
in nucleotide 412 (C → T) that results in an amino acid change from leucine to phenylalanine
(L138F) (Fig. 4A). in vitro PDH activity assays of a patient with the same mutation showed a
severe reduction in activity [32]. To examine the activity of the PDH utilizing our phospho-
antibodies, we screened HPFF from P1 by immunofluorescence analysis. The P1 HPFF showed
no staining of pSer293 as compared to wildtype cells (Fig. 4B), nor could we detect levels of
pSer300 or pSer232 (see Supplementary Fig. 1 online). Similar results were seen with total
PDHE1α, suggesting total levels of the protein were down in P1 (Fig. 4C). In contrast, levels
of the PDC E2/E3 binding protein appeared normal under immunofluorescence (Fig. 4D). To
confirm these results, we analyzed protein levels by Western blot and found that total levels
of PDHE1α were dramatically reduced, while levels of pSer293 were barely detectable even
during long exposures (Fig. 4E). When assessed by Western blot, levels of the E2/E3 binding
protein were similar to the control (Fig. 4E). This suggests that total protein levels of
PDHE1α in P1 were decreased overall and that the L138F mutation most likely causes
instability in the protein leading to its degradation. We determined that the total amount of
PDHE1α protein observed in the Leigh's patient was decreased, and as expected low levels of
phosphorylation were also observed. We believe that our results suggest that these antibodies
will be useful in the rapid assessment of metabolic disorders involving PDC.

Pharmacological modulation of PDHE1α phosphorylation
The central role of PDC in regulating glucose and fat metabolism makes it an attractive target
for the development of specific small molecules able to modulate PDH activity. As a proof-
of-principle, we treated human primary foreskin fibroblasts with a variety of compounds
known to modulate mitochondrial metabolism and signaling pathways including oligomycin
(an inhibitor of ATP synthase), rotenone (Complex I inhibitor), carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP; membrane uncoupler), doxorubicin (cancer
chemotherapeutic that inhibits topoisomerase II), Bay 11-7082 (inhibitor of IκBα
phosphorylation), UV light (activator of stress pathways), and observed changes in PDH
phosphorylation status (Fig. 5). The molecular basis for the apparent increase in molecular
weight of PDHE1α detected by α-pSer300 after treatment with BAY-11-7082 and UV light is
currently unknown. These data demonstrate both increases and decreases in phosphorylation
at different sites in response to treatment, establishing these antibodies as metabolic reporters
of altered PDH phosphorylation status. Our antibodies should be useful for monitoring PDH
activity in screens for small molecules which may modulate its phosphorylation status.

Discussion
Regulation of mitochondrial function by reversible phosphorylation is a rapidly emerging
theme in cellular signaling. In the present study, we have developed the first complete set of
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phospho-specific antibodies against the PDH as a method for monitoring its regulation by
phosphorylation. Previously, the phosphorylation state could be assessed through metabolic
labeling, which was then correlated with cumbersome PDH assays involving either the capture
of radiolabeled CO2 or prior purification of the complex. We demonstrate that these antibodies
are phospho-site specific for the phosphorylation sites found on PDHE1α from a number of
different organisms (human, mouse, monkey, rat). In addition, these antibodies are sensitive
to changes in PDC activity as seen following treatment of cells and tissue extracts with DCA.
Using these tools, we were able to assess the phospho-regulation of PDH in multiple mouse
tissues and demonstrate that these sites appear to be differentially regulated in the extent of
phosphorylation across tissues. Lastly, we show that these antibodies can be used to assess
PDH activity in diseased patients.

The central role of PDC in regulating glucose and fat metabolism makes it an attractive target
for the development of specific small molecules which could modulate PDH activity in diseases
such as diabetes or cancer. We screened a variety of small molecules that are known affectors
of mitochondrial function and signal transduction pathways. Although we do not currently
understand the modulation of the different phosphorylation sites in response to these
treatments, we believe this is a proof-of-principal for the utility of these antibodies in small
molecule screens where monitoring PDH regulation is desired. In addition, these antibodies
should prove useful in assessing cellular metabolism under different physiological conditions
such as cell division and differentiation.

Regulation of mammalian PDC by reversible phosphorylation has been shown to occur at three
sites on the PDHE1α subunit. Mutational analysis has shown that in vitro all four PDK isoforms
have differential activity against Ser293 and Ser300; however, Ser232 phosphorylation is PDK1
dependent [6;13;33]. Interestingly, PDK1 is reported to be highly expressed in heart tissue,
with moderate levels in skeletal muscle, pancreas, and liver [25]. Yet, our results suggest that
phosphorylation of Ser232 is more widespread across tissues than previously thought with the
highest amount of phosphorylation actually occurring in adipose tissue. Moreover, the
phosphorylation of Ser232 is unexpectedly low in liver and pancreas where PDK1 is expressed
at moderate levels. The production of phospho-specific antibodies has allowed, for the first
time, examination of in vivo levels of relative phosphorylation at each of the three sites.
Furthermore, tissue distribution of the relative levels of the phosphorylation of Ser232 did not
directly correlate with high levels of phosphorylation at Ser293 or Ser300 (Table 1). Taken
together, these data suggest that Ser232 phosphorylation may not be strictly PDK1 dependent.
It is possible that PDK1 expression may be more widespread than previously thought.
Alternatively, in vitro phosphorylation assays may have lacked an unknown component
necessary for phosphorylation by other PDK isoforms, or perhaps there is another, as yet
unidentified, kinase that phosphorylates Ser232. In addition, the levels of phosphorylation at
Ser293 and Ser300 did not correlate across tissues, demonstrating that in vitro kinase activity
against PDHE1α may not directly compare with in vivo PDC phosphorylation [6;13;16].
Therefore, the development of these tools to study reversible phosphorylation allows us to
suggest that in vivo regulation of PDHE1α phosphorylation in different tissues may be more
complex than in vitro kinase activity assays were able to demonstrate.

The development of phospho-specific antibodies are an invaluable tool for studying signal
transduction pathways in response to extra-cellular stimuli such as insulin, or in a disease state
as found in several forms of cancer [34;35;36]. Although regulation of the mammalian PDH
by reversible phosphorylation has been studied since the late 1960's, the development of
phospho-specific antibodies to PDHE1α has raised intriguing questions concerning the
regulation of PDH in vivo [37;38]. In addition, these tools should prove invaluable for future
studies of PDH activity given the technically difficult activity assays currently performed using
[1-C14]pyruvate which require significant amounts of tissue. The specificity and versatility of

Rardin et al. Page 7

Anal Biochem. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



these antibodies will allow for monitoring PDH activity by immunohistochemistry (allowing
for the assay of biopsy samples), as well as Western blot analysis permitting detection from
small amounts of tissue. The central role of PDC in energy production makes it an attractive
target for assessing cellular metabolism and these antibodies should allow for easy monitoring
of PDH regulation by phosphorylation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic of phospho-peptides used to generate antisera. (A) Phospho-peptides corresponding
to each of these sites were synthesized and used to immunize rabbits for the production of
phospho-specific antibodies (numbers correspond to start methionine). (B) Amino acid
comparison of PDHE1α orthologs across several species, with identical amino acids
highlighted in gray. Colored bars and residues correspond to phospho-sites and peptides
utilized to generate anti-sera (site 1-pSer293 in yellow, site 2-pSer300 in orange, and site 3-
pSer232 in green). Accession numbers follow the common name of each species.
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Fig. 2.
Phospho-PDHE1α antibody specificity. (A) 100 μg of crude rat kidney mitochondria were
incubated with or without calf intestinal alkaline phosphatase (APase) for 30 min at 37°C. 5
μg of protein was separated by SDS-PAGE, and immunoblotted with the indicated antibodies.
(B) Phospho-antibodies were incubated with a 20-fold excess of each of the phosphopeptides
used for immunization. Crude mouse heart mitochondria were isolated; 5 μg of protein was
separated by SDS-PAGE and immunoblotted with indicated phospho-antibodies (blots shown
were exposed equally). (C) Immunofluorescence analysis of phosphorylation of endogenous
PDHE1α in COS7 cells (green). In addition, cells were stained with the mitochondrial marker,
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MitoTracker Red, and the nuclear marker, DAPI (blue). Co-localization is represented in the
merged images in yellow.
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Fig. 3.
Detecting changes in PDC activity. (A) Mouse liver extracts were treated with 5mM DCA for
4 hours and then analyzed by Western blot with the indicated phospho-antibodies and compared
to total PDHE1α. (B) Phosphorylation status of PDHE1α in HEK293A cells over time treated
with 5mM DCA. (C) Analysis of PDH phosphorylation by immunofluorescence in COS-7
cells treated with 5 mM DCA for 2 hours. Images were taken following equal exposure to those
taken in Fig. 2C.
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Fig. 4.
Use of phospho-antibodies to detect changes in phosphorylation in a patient diagnosed with
Leigh's Syndrome. (A) Sequence analysis of PDHE1α cDNA isolated from cultured HPFF
from the LS patient and a control revealed a missense mutation (C412T) resulting in an amino
acid substitution of L138F. Fluorescent images of cultured human primary fibroblasts from
the LS patient versus the control (WT) probed with antibodies against pSer293 (B), total
PDHE1α (C), and the PDC E2/E3 binding protein (D); equal exposure between samples. (E)
20 μg of protein was isolated from cultured fibroblasts, separated by SDS-PAGE and analyzed
by Western blot for levels of pSer293, pSer300, pSer232, total PDHE1α, and PDC E2/E3 binding
protein. α-Tubulin and GAPDH were used as cytosolic loading controls, while NDUFB6 was
used as an indicator of mitochondrial content.
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Fig. 5.
Pharmacological manipulation of the phospho-status of PDHE1α. Human primary fibroblasts
were either left untreated or treated for 1 hour with various known inhibitors of oxidative
phosphorylation or signaling pathways: oligomycin (2 μg/ml), rotenone (10 μM), FCCP (1
μM), doxorubicin (8 μM), BAY 11-7082 (20 μM), and UV light (4,000 μjoules). Whole cell
lysates were prepared and 20 μg of protein were separated by SDS-PAGE. Western blot
analysis was performed with indicated antibodies.
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Table 1
Distribution of PDHE1α phosphorylation levels across tissues.

Tissue
Site 1
pSer293

Site 2
pSer300

Site 3
pSer232

Brain +a + +

Heart ++ +++ +++

Sk. Muscle ++ + +

Pancreas +++ ++ ++

Liver + ++ ++

Kidney + +++ +

Testis ++ NDb ND

Spleen + ++ ++

Lung + ++++ +++

Fat (white adipose) ++++ +++ ++++
a
Scale indicates levels of phosphorylation lowest (+) to highest (++++).

b
Not Detected

Levels of phosphorylation were calculated as a ratio of phospho-PDHE1α:PDHE1α by densitometry.
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