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Abstract
Protein phosphorylations, as well as phosphate metabolite binding, are well characterized
posttranslational mechanisms that regulate enzyme activity in the cytosol, but remain poorly
defined in mitochondria. Recently extensive matrix protein phosphorylation sites have been
discovered but their functional significance is unclear. Herein we describe methods of using 32P
labeling of intact mitochondria to determine the dynamic pools of protein phosphorylation as well
as phosphate metabolite association. This screening approach may be useful in not only
characterizing the dynamics of these pools, but also provide insight into which phosphorylation
sites have a functional significance. Using the mitochondrial ATP synthetic capacity under
appropriate conditions, inorganic 32P was added to energized mitochondria to generate high
specific activity γ-P32-ATP in the matrix. In general, SDS denaturing and gel electrophoresis was
used to primarily follow protein phosphorylation, whereas native gel techniques were used to
observe weaker metabolite associations since the structure of mitochondrial complexes were
minimally affected. The protein phosphorylation and metabolite association within the matrix was
found to be extensive using these approaches. 32P labeling in 2D gels was detected in over 40
proteins, including most of the complexes of the cytochrome chain and proteins associated with
intermediary metabolism, biosynthetic pathways, membrane transport, and reactive oxygen
species metabolism. 32P pulse-chase experiments further revealed the overall dynamics of these
processes that included phosphorylation site turnover as well as phosphate-protein pool size
alterations. The high sensitivity of 32P resulted in many proteins being intensely labeled, but not
identified due to the sensitivity limitations of mass spectrometry. These low concentration proteins

#Corresponding author: Robert S. Balaban, Laboratory of Cardiac Energetics, National Heart Lung and Blood Institute, National
Institutes of Health, 10 Center Drive, Room B1D-416, Bethesda, MD 20892-1061., Tel.: 301-496-3658, Fax.: 301-402-2389,
rsb@nih.gov.
*These authors contributed equally to this work.

NIH Public Access
Author Manuscript
Methods Enzymol. Author manuscript; available in PMC 2012 December 10.

Published in final edited form as:
Methods Enzymol. 2009 ; 457: 63–80. doi:10.1016/S0076-6879(09)05004-6.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



may represent signaling proteins within the matrix. These results demonstrate that the
mitochondrial matrix phosphoproteome is both extensive and dynamic. The use of this, in situ,
labeling approach is extremely valuable in confirming protein phosphorylation sites as well as
examining the dynamics of these processes under near physiological conditions.

1. INTRODUCTION
Protein phosphorylation and phosphate containing metabolite association play a critical role
in the regulation of mitochondrial function (Bender and Kadenbach, 2000;Denton et al.,
1975;Gabriel et al., 1986;Lee et al., 2005;Ludwig et al., 2001;Randle, 1981;Steenaart and
Shore, 1997;Walker, 1994). However, the actual enzymatic and non-enzymatic mechanisms
and kinetics for most of these interactions are poorly understood. For example, mass
spectrometry and dye screening methods have revealed numerous protein phosphorylation
sites (Ballif et al., 2004;Hopper et al., 2006;Schulenberg et al., 2003;Schulenberg et al.,
2004;Struglics et al., 2000;Villen et al., 2007) (http://www.phosphosite.org) in the matrix,
while the kinase/phosphatase system within the matrix is poorly defined. It is also unclear
how many of these phosphorylation sites are functionally active in the protein and whether
they are simply decorations resulting from ‘non-specific’ kinase interactions or events that
occurred early in protein folding processes to statically control structure and are no longer
dynamically controlled. With regard to non-specific phosphorylation by kinases, the kinase
selectivity is based on both the phosphorylation site sequence (Yaffe et al., 2001) as well as
docking region for the kinase on the target protein (Biondi and Nebreda, 2003), but does not
result in complete exclusion. Thus, it is likely that some of the mass spectrometry or dye
detected protein phosphorylations, especially determined after enhancement of
phosphopeptides (Ballif et al., 2004;Villen et al., 2007;Villen and Gygi, 2008), may have no
functional significance and may also only represent a small fraction of the total protein pool,
resulting in little functional impact.

Phosphate metabolite associations may come in two general classes, covalent interactions,
that include ADP ribosylation (Scovassi, 2004), and numerous allosteric and substrate
binding sites that are present for GTP and ATP as well as the di- and mono-phosphate
metabolites of these molecules along with Pi, NADH/NAD (Berger et al., 2005;Grunicke et
al., 1975), NADPH/NADP and FAD/FADH.

One of the gold standards in determining protein phosphorylation is the direct labeling of
proteins with 32P from γ-32P-ATP in vitro (Hopper et al., 2006) or intact systems (Edes and
Kranias, 1990;Kiss et al., 1997). The advantages of 32P labeling include its high sensitivity,
specificity, and the requirement for site turnover. We have developed a 32P labeling strategy
for monitoring protein phosphorylation in intact isolated mitochondria. The purpose of this
approach was to screen for protein phosphorylation as well as phosphate metabolite
associations in matrix proteins.

2. Methods
Mitochondria are essentially impermeable to extramitochondrial ATP with exception of the
modest net ATP import via the Mg-ATP transporter (Aprille, 1993). This is due to the fact
that the membrane potential drives ATP out of the matrix while ADP is driven into the
matrix through the electrogenic adenylate translocase (LaNoue et al., 1978). Thus, γ-32P-
ATP cannot be added externally, but must be generated in the matrix to monitor protein
phosphorylation. Our strategy to generate matrix γ-32P-ATP is outlined in Figure 1, where
mitochondria are directly incubated in 32P inorganic phosphate. In energized mitochondria
the labeled Pi is converted to γ32P-ATP, via oxidative phosphorylation as well as succinatc-

Aponte et al. Page 2

Methods Enzymol. Author manuscript; available in PMC 2012 December 10.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

http://www.phosphosite.org


CoA synthetase (SCS). Exchanging of the 32P label could occur primarily via adenylate
kinase (AK) between β and γ ATP phosphates. Though adenosine kinase (ADK) has not
been directly associated with the mitochondria matrix, this reaction could also result in the
conversion of label at γ to α. Previous studies have demonstrated that 32P incorporation
occurs most rapidly in γ-ATP followed by βADP via AK(Tokumitsu and Ui, 1973).

2.1 Mitochondria Isolation and Phosphate Loading
We conducted these 32P labeling experiments on intact porcine heart mitochondria. Due to
unique aspects of preventing Pi depletion in the isolation process we will briefly review our
mitochondria isolation methodology. Pig heart mitochondria were isolated from tissue that
was cold-perfused in situ to remove blood and extracellular Ca2+ as well as prevent any
warm ischemia. Pigs were anesthetized and euthanized using potassium chloride. The heart
was removed immediately. The coronaries were flushed retrograde through the aorta with
0.5L cold buffer A (0.28 M sucrose, 10 mM HEPES, 1 mM EDTA, 1 mM EGTA pH 7.1).
The atria, right ventricle, fat and connective tissue were meticulously removed. The left
ventricle was weighed, chopped and added to 500 ml cold buffer A. After mincing in a food
processor (Oskar, Sunbeam), attached to a rheostat set to 30%, for 10 min the mixture was
centrifuged at 600g for 10 min at 4°C. The pellet was resuspended in buffer A with 0.5mg
trypsin per gram of tissue and incubated for 15 min at 4°C. Trypsin inhibitor (2.6mg per
gram of tissue) and BSA (1mg/ml buffer A) were added and the suspension was
homogenized 2 times with a loose fitting tissue grinder and 5 times with a tight fitting tissue
grinder. The puree was centrifuged at 600g for 10 min at 4°C. The supernatant was
immediately centrifuged at 8000g for 10 min at 4°C to yield a pellet of mitochondria. One
notable modification was that 1 mM K2PO4 was added to buffer A (0.28M sucrose, 10 mM
HEPES, 1 mM EDTA, 1mM EGTA pH 7.1) for the first re-suspension of the mitochondrial
pellets to assure that matrix phosphate depletion was not occurring in the isolation process.
Mitochondria were then washed two times with buffer A alone, and finally in buffer B (137
mM KCl, 10 mM HEPES, 2.5 mM MgCl2, 0.5 mM K2EDTA) for storage on ice. All
experiments were conducted on the same day as isolation.

We had some original concerns that the trypsin treatment used to remove the mitochondria
from the heart muscle fibers may be contributing to proteolysis within the sample. However,
preparing heart mitochondria in the absence of trypsin did not reveal any change in lower
molecular weight proteolytic products, though some differences in proteins were detected
likely due to different populations of mitochondria enhanced in the non-trypsin sample
(Palmer et al., 1977).

Mitochondria preparations were tested for viability by measuring the respiratory control
ratio (RCR) by taking the ratio of the rate of oxygen consumption in the presence and
absence of ADP (1 mM) at 37°C. To accept a mitochondrial preparation, the RCR had to
exceed 8 at 37°C to assure a well coupled system for generating ATP.

In addition, we also confirmed the generation of matrix ATP with re-energization of the
mitochondria using standard ATP assay procedures. ATP assays were conducted after
different incubation conditions by taking 1ml of the suspension and placing it into 2ml of
6% perchloric acid (PCA) on ice. After 10 minutes on ice, 4M potassium carbonate (~300
μL) was used to titrate to neutral pH. An alkaline overshoot during titration was avoided by
adding a universal pH indicator (20 μL) directly into the extract and monitoring the pH
during the neutralization process. After neutralization the sample was centrifuged and the
supernatant collected for ATP analysis. The supernatant was stored at −80°C and analyzed
within 48 hours. Total ATP content was determined using a luminescence assay with
luciferin-luciferase (Invitrogen, Carlsbad, CA), against a standard curve of ATP.
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Note that we pre-incubated the mitochondria in phosphate media during the ice-cold
isolation procedure. We have found, as have others (Siess et al., 1984), that standard
isolation procedures lead to the depletion of matrix Pi. This hampered the ability to energize
the mitochondria (Bose et al., 2003) as well as the overall generation of ATP when
picomolar amounts of Pi were added to the suspension, simulating a 32P labeling
experiment. We have found that this pre-incubation increased matrix Pi of the mitochondria
and stabilized the ATP matrix content as well as the 32P labeling patterns that were highly
variable in the absence of the Pi pre-incubation. We believe that low matrix Pi hampered
ATP synthesis as well as other Pi dependent metabolic reactions (Bose et al., 2003), which
resulted in variable 32P labeling. Indeed, others have made similar observations on the
maximum velocity of oxidative phosphorylation and other processes with Pi pre-incubations
(Siess et al., 1984). We highly recommend that this pre-incubation with cold phosphate be
used in all mitochondria preps designed to monitor 32P associations as well as other
metabolic studies.

2.2 32P Labeling of Intact Mitochondria
The standard condition for 32P incubation (outlined in Table 1) was to incubate 5 nmol of
cytochrome oxidase in 5 ml of oxygenated buffer C (125 mM KCl, 15 mM NaCl, 20 mM
HEPES, 1 mM EGTA, 1 mM EDTA, 5 mM MgCl2, 5 mM potassium-glutamate, 5 mM
potassium-malate at pH 7.1) at 37°C. 1.25mCi of 32P inorganic phosphate was added to the
incubation media. Studies were performed in a 50 ml chamber with 100% O2 passed over
the top while rocking in a water bath at 37°C. Glutamate and malate were added to energize
the mitochondria to generate a membrane potential and support oxidative phosphorylation.
We have also been successful using other substrates, such as pyruvate, αketoglutarate or
fatty acids. Free calcium was assumed to be nominally zero under these conditions; calcium
was added in some experimental conditions by calculating the free calcium using the known
buffering properties of the ions in this media. 32P labeled free inorganic phosphate was used
as the label. In general, 32P labeled phosphate was the only exogenous phosphate added to
the preparation to optimize the specific activity of 32P in the matrix. This was added directly
to the incubation medium under different experimental conditions or incubation times.
Samples could be extracted at any time to follow time courses of 32P incorporation.

2.3 Sample Preparation for Two Dimensional Gel Electrophoresis
In preparation for 2D gel electrophoresis, mitochondrial incubations were stopped by adding
an equal sample volume of 10% trichloroacetic acid (TCA) solution and placing the samples
on ice overnight at 4°C to achieve maximum protein precipitation. The precipitated proteins
were centrifuged at 10,000 x g for 30 min at 4°C, and the supernatant was aspirated. The
pellet was washed twice with cold (−20°C) 100% acetone, broken apart using a pipette tip
and vortexing, and then centrifuged for 15 min, 10,000 x g 4°C in-between wash steps. After
the second wash step with acetone the sample was centrifuged for a longer period 30 min at
4°C to keep the pellet intact. The supernatant was removed with a vacuum tipped probe and
the pellet was air dried for 5 min or speed vac for 1 min. If the pellet is dried for longer
periods of time it will be very difficult to get it back into suspension, but can be achieved by
sonication with a cup-horn sonicator. The pellet was re-suspended in 200 μL of lysis buffer
containing 7 M urea, 2 M thiourea, and 4% CHAPS (w/v). Protein concentration was
determined by the Bradford protein assay method (USB Quant kit, USB Corp., Cleveland,
OH). We have tested the use of phosphatase inhibitors in this protocol and found no increase
in detected 32P labeling under these extraction conditions. Most likely the high dilution of
the matrix volume (over 1000 fold) and the TCA treatment of our extraction procedure
reduced the activity of intrinsic phosphatases without requiring inhibitors.
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Three hundred μg of cleaned 32P labeled mitochondrial lysate (10μg/μL concentration)
were then mixed with rehydration solution [7 M urea, 2 M thiourea, 4% CHAPS (w/v), 13
mM DTT, 1% (pH 3-10 NL) Pharmalyte (v/v), trace bromophenol blue], to a final volume
of 443 μl. The mixture was vortexed, centrifuged at 10,000 x g, 4°C for 1 min and placed on
ice for 5 min. Seven μl of Destreak reagent (GE Healthcare) was added to the sample
rehydration buffer, vortexed, centrifuged at 10,000 x g, 4°C for 1 min and placed on ice
before loading onto a 24 cm Immobiline DryStrip gels (pH 3-10 NL) (GE Healthcare).
Isoelectric focusing was achieved by active rehydration for 12 h at 30 V followed by
stepwise application of 250V (1 h), 500V (1 h), 1000V (1 h), gradient to 8000V (1 h) and
final step at 8000V (8 h) for a total of ~72,000 Vh (Ettan IPGPhor2, GE Healthcare).

Immobiline DryStrip gels were equilibrated in 10 ml of SDS equilibration solution [50 mM
Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, and 2% SDS] for 10 min, first containing 100
milligrams of DTT. The strip was then transferred to another tube containing 10ml of SDS
equilibration solution with 250 milligrams of iodoacetemide for 10 min. Gel strips were
applied to 10-15% Tris-HCl pH 8.8, gradient gels (Nextgen Sciences, Ann Arbor, MI) and
sealed with 0.5% agarose containing bromophenol blue. Electrophoresis was performed in
an Ettan DALT12 tank (GE Healthcare) in 20°C electrophoresis buffer consisting of 25 mM
Tris (pH 8.3), 192 mM glycine, and 0.2% SDS until the dye front advanced completely
(~2000 Vh).

In preparation for drying radio-labeled gels, each gel was placed in 400 ml of saturated
Coomassie blue stain which consisted of 50% methanol, 3% phosphoric acid and 0.5%
colloidal Coomassie G250 (Bio-Rad Laboratories, Hercules, CA), agitating for 2 h. The gels
were visually inspected to verify total protein staining. To reduce the background staining
they were first destained with 400ml of 50% methanol and 3% phosphoric acid, agitating for
15 min, and then transferred to another destain solution containing 30% methanol and 3%
phosphoric acid, agitating for 2 h. The gels were rehydrated for 2 min with deionized water
(longer periods of rehydration will cause the gel to swell abnormally) and placed on filter
paper backing (cut a little larger then the size of the gel) (#165-0962, Bio-Rad) that had been
sprayed with deionized water (spray enough water to give a generous coating of water but
not saturated). The gels were then sprayed with deionized water and covered with plastic
wrap (Glad™ warp) before placing in a large format dryer (model 583, Bio-Rad) for 2 h set
to gradient to slowly reach 70°C under a vacuum. We do not advise using glycerol in the gel
rehydration solution due to the sticky nature of the gel after drying. Dried gels were taped in
a screen development cassette (GE Healthcare) to prevent the gel from curling or moving in
the cassette. A marker solution was made by mixing 1 μl of radioisotope to 49 μl of
Coomassie blue stain (50% methanol and 0.1% (w/v) colloidal Coomassie blue G250). One
μl of the marker solution was spotted on each corner of the dried Coomassie blue stained gel
and let dry at room temperature for 10 min or until spot is completely dried. The fiducial
markers were used to serve as points of reference for Coomassie blue and 32P image
overlays. A phosphor-screen (GE Healthcare) was placed on top of the dried gels for an
exposure time of 72 hours.

2.4 Image Acquisition and Analysis
The phosphor-screens were scanned on a Typhoon 9410 variable mode imager (GE
Healthcare) at a resolution of 100 microns. The scanner was set in phosphor mode with the
selection of maximum sensitivity. The dried Coomassie blue 2D-gel was placed in the
AlphaImager HP imaging station (Alpha Innotech, San Leandro, CA) set to visible white
light mode and the image was captured. To achieve proper alignment the image dimensions
of both Coomassie blue and 32P images need to be close in size. The phosphor screens
allowed us to achieve a dynamic range of 5 orders of magnitude opposed to film. If using
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film, take an image of the film with the same system used for taking the image of the
Coomassie blue stained gel, to achieve proper alignment.

The 2D images from Coomassie blue stain and 32P autoradiograms were aligned using
Progenesis SameSpot or PG240 software (Nonlinear Dynamics, Newcastle upon Tyne,
U.K.). All four fiducial points seen on the Coomassie blue image were aligned to the
fiducial points on the phosphor-screen image only. This is important to prevent any bias
aligning to the images. Alternatively, image alignment can be performed using Adobe
Photoshop software, but it is not as accurate or flexible as Progenesis SameSpot or PG240
software.

2.5 Mass Spectrometry
Protein identification was performed on a non-radiolabeled preparative pick gel. Using
Progenesis Same Spot software we were first able to align the 32P labeled image to total
protein Coomassie blue image according to the fiducial markers. In the same Progenesis
image analysis experiment the preparative pick gel (stained with Coomassie blue) was added
to the analysis. The preparative pick gel was then aligned to the Coomassie blue total protein
image. The group of spots that was selected on the 32P alignment was also selected on the
preparative pick gel. The selected spots were picked using an automated spot picking system
that also digested each protein with trypsin and spotted onto a MALDI TOF/TOF mass
spectrometer plate for further analysis.

3. RESULTS
3.1 32P Dose and Time Course

Dose and time course studies for 32P labeling were conducted on porcine heart
mitochondria. The 32P dosing studies at 1, 25, 50, and 250 μCi 32P per nmol cytochrome
oxidase protein revealed that the 250 μCi 32P dose provided the best overall labeling pattern
for a majority of proteins (Figure 2). Based on these studies we used the 250 μCi 32P dose
for the majority of experiments. We did not use higher levels of 32P since we seemed to be
approaching the limit of the dynamic range and resolution of the 2D-gel autoradiogram
system at that concentration.

In the time course studies, samples were collected at different times from the same agitating
sample chamber, after initiating the 32P labeling. These studies revealed that most
associations reached a maximum at 20 minutes at 37°C. Based on this data we used 20
minutes as our standard incubation time.

3.2 32P Assignments
Figure 3 presents a partially identified 32P labeling pattern in a 2D-gel. Assignments are in
the figure legend. Assignments were made using the procedures outlined in the Mass
Spectrometry methods section above. Note that many labeled proteins are not assigned;
these are primarily the result of low protein content or poor dispersion of the protein
preventing a unique identification.

3.3 Chase experiments with cold phosphate
The extent of 32P incorporation is a function of both the turnover of existing
phosphoproteins and the generation of new phosphorylated proteins in the presence of 32P.
The initial pool of phosphorylated protein (PEi), of the total protein E, will increase 32P
labeling by enzymatic turnover that could be modeled PEt=PEi(1-e−kt) where t is time while
k is the exchange rate for turnover. This assumes that all of the free matrix phosphate is 32P
labeled. While the generation of new pools of phosphorylated protein with 32P can be
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modeled in the extreme case where all protein will be phosphorylated as Pen = (E-PEi)(1-
e−gt) where g is the rate constant of generating, or regenerating, the phospho-protein pool.
Using these models the total 32P protein signal will equal PEi(1-ekt) (i.e. the turnover
component) + (E-PEi)(1-e−gt) (i.e. the newly synthesized pool). Depending on the pool sizes
and the relative rate constants, either of these processes could dominate the 32P labeling
process in the matrix.

As discussed above, 32P labeling alone cannot distinguish turnover of sites from the creation
of newly labeled protein. For example, it has been previously established that pyruvate
dehydrogenase (PDH) dephosphorylates under standard isolation conditions and rapidly
rephosphorylates upon warming and reenergization (Kerbey et al., 1976). To estimate the
relative role of phosphoprotein pool building versus pure exchange in our incubation
conditions, we performed a series of pulse chase experiments with cold phosphate. An
example of these studies is presented in Figure 4. It is clear that the majority of 32P is not
competed off of its sites if cold phosphate is added after 32P, while the initial addition of
cold phosphate eliminates most of the 32P labeling. This was clearly the case for PDH
labeling, as predicted by the previous work. These results imply that many of the proteins
were phospho-depleted during the deenergization associated with mitochondria isolation,
likely reflecting a decrease in matrix ATP, followed by an increase in phosphorylation
associated with the warming and re-energization of the mitochondria. This may be fortuitous
since the building of the phosphor-protein pools upon re-enegerzation will enhance the
overall 32P incorporation into the proteins. However, the rates of incorporation cannot be
interpreted as turnover, due to the non-steady state condition of the phosphor-protein levels
and phosphoprotein pool building seems to dominate the labeling patterns detected in our
standard protocol. To avoid these non-steady state complications, a 20 min incubation with
low cold Pi to achieve steady state before adding 32P may enhance the turnover contribution
to the 32P labeling. We have not explored this possibility extensively, since we have been
focusing on phosphorylation site identification relying on both terms to generate the
largest 32P labeled pool.

3.4 Suppression of PDH
There are a few mitochondrial proteins that have strong 32P incorporation such as PDH,
which limits the dynamic range of the autoradiogram. We believe that this large
incorporation is more due to the re-generation of PDH during the re-energization process
rather than simply a high turnover, as demonstrated by the pulse chase experiments. In
mammalian tissue, PDH exists in two forms: active (dephosphorylated) or inactive
(phosphorylated) and is regulated by its own kinase/phosphatase system. An approach to
selectively suppress PDH rephosphorylation would be to inhibit the kinase by using the
halogenated organic acid dichloroacetic acid (DCA) (Whitehouse et al., 1974) and/or
pyruvate (Denton et al., 1975). To test this concept, heart mitochondria were incubated for
1h on ice with 0.1 mM DCA and 5 mM pyruvate before the standard 20 min 32P incubation
at 37°C in the presence of glutamate and malate, substrates not dependent on PDH for
oxidation. These inhibitors decreased the labeling of PDH as shown in Figure 5, as predicted
from the inhibition of PDHK. Similar results were obtained with DCA or pyruvate alone.
However, we noted that 32P labeling was surprising suppressed in many other proteins. We
speculated that this global effect of DCA and pyruvate may be due to a suppression of ATP
production even though these mitochondria were provided glutamate and malate as
alternative substrates. We assayed mitochondria matrix ATP content in the presence of DCA
and pyruvate. A dose dependent decrease in matrix ATP content with both DCA and
pyruvate was observed. The mechanism for this global inhibition of ATP generation by
DCA and pyruvate is unknown, but this inhibition could explain the global decrease in 32P
labeling with these agents
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3.5 Purified 32P labeled proteins and complexes
To further validate the assignment of 32P labeling sites, we have found that purifying
proteins after in situ 32P labeling is a useful approach. After incubating intact mitochondria,
as described in the 32P labeling section, Complex V was isolated with an immunocapture kit
(Mitosciences, Eugene, OR) according to the manufacturer’s instructions. Briefly, after
incubation, mitochondria were pelleted and solubilized to a final concentration of 5mg/ml in
1x PBS with 1% lauryl maltoside detergent. Mitochondria were then mixed with a pipette
and placed on ice for 30 min, before centrifuging at 10,000 rpm for 30 min at 4°C. One ml
aliquots of solubilized mitochondrial supernatant were transferred to fresh 1.5 ml vials
containing the following mixture: 5 mM potassium-fluoride, 10 μl of protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO), and 50 μl of antibody loaded G-agarose beads.
This mixture was allowed to mix overnight at 4°C using a vial rotator. Beads were then
washed 3-times in 1x PBS with 0.05% lauryl maltoside, and Complex V was eluted by re-
suspending in 2 volumes of 4M urea, pH 7.5.

Isolating Complex V provided confirmation for the 32P labeled subunits seen in the total
mitochondria labeled gels as well as revealed sites that were masked by other
phosphorylated proteins. Complex V isolation demonstrated 32P labeling of the β, α, γ, and
d-chain subunits, with some residual contamination from the intensely labeled PDH (Figure
6). It should be noted that the location of the β subunit labeling was slightly above the
Commassie stained gel. This implied that other post-translational modifications may be
involved.

We have also been successful in studies of isolated individual complexes using Blue native
approaches (Schagger and von, 1991) (see below). Blue native revealed better maintained
subunit stoichiometry than immuncapture methods, likely due to partial dissociation of the
complexes prior to or during the immunecapture procedure, while only complete complexes
properly migrate in the Blue Native gels.

3.6 Blue Native Gel Electrophoresis (BN-PAGE)
Native electrophoresis was used to maintain mitochondrial protein complexes in their intact
form (Schagger and von Jagow, 1991) and permit the detection of weak 32P metabolite
association with mitochondrial proteins as well as covalent protein phosphorylation events
within complete protein complexes. BN-PAGE was performed according to an Invitrogen
protocol for NativePAGE Novex Bis-Tris Gel System, except for the destaining step where
cold water was used to destain and detect metabolite association. Four-16% 1 mm bis-tris
gels were used for BN-PAGE and electrophoresis was performed at 4°C for 1 h at 150V
then for 1.2 h at 250 V. The BN-PAGE gels were dried the same way as the 2D-gels except
the total drying time was 45 min on a gradient cycle. Using only cold water to destain the
BN-PAGE gels, a large number of 32P associations were detected that did not quantitatively
correlate with the 2D-gels. These weak metabolite associations were removed when more
standard organic solvents and acids were used to fix/destain the BN-PAGE gels. When fixed
for 15 min in hot fixative solution (40% methanol, 10% acetic acid) and destained in hot 8%
acetic acid solution many of the non-covalent metabolite associations to proteins were lost,
especially in complexes I and V (Figure 7). These results demonstrate a new property of the
Blue Native approach in monitoring the association of metabolites to individual enzyme
complexes as well as protein phosphorylation. This approach, in combination with in-gel
assay approaches, should provide a useful tool in analyzing the effect of metabolite
association and protein phosphorylation on enzyme complex activity. The specific
metabolites weakly associated with the proteins in the BN-PAGE gels have not been fully
characterized. However, preliminary studies suggest that ATP is the dominate metabolite in
these weak interactions.
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4. SUMMARY
The methodology for performing in situ 32P labeling of matrix proteins in mitochondria was
described. This approach reveals a large number of dynamic protein phosphorylations and
metabolite associations that are only just beginning to be understood and characterized. The
approach was validated by confirming many of the classical observations on PDH, while
providing new insights on numerous other protein systems. This approach may provide an
excellent screening tool to select the numerous protein phosphorylation sites detected by
mass spectrometry that may be linked to dynamic modulation of enzyme or protein function
in the matrix. Many of the phosphorylations detected were expressed at levels, below mass
spectrometry identification limits, suggesting many more new discoveries of protein
phosphorylation sites are still to be made on proteins that may play a significant role in
matrix signaling networks.
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Figure 1.
Schematic diagram of mitochondrial matrix generating γ-32P-ATP from
extramitochondrial 32P as well as other phosphate labeled metabolites. Pt: phosphate
transport protein. ADK: adenosine kinase, it is not clear that this enzyme is present and
active in the matrix. AK: adenylate kinase. PK: protein kinase. OxPhos: Oxidative
phosphorylation. SCS: Succinate CoA Synthetase. Grey masses represent proteins that have
metabolites bound or are phosphorylated.
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Figure 2.
32P Dose Response in Heart Mitochondria. Porcine heart mitochondria were incubated in
standard conditions for 20 min where A) 1μCi B) 25μCi, C) 50μCi and D) 250μCi of 32P
was added. Proteins were separated in the horizontal direction by isoelectric focusing point
(pI), from pH ~4 to 10, and vertically by molecular weight, from ~150 to 10 kDa. The
relative amplitude for each image was arbitrarily set.
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Figure 3.
32P labeling assignments in isolated heart mitochondria. Mitochondria were incubated for 20
minutes with 250 uCi of 32P. Chromatography is the same at in Figure 2. Protein
assignments: 1 ATP synthase, mitochondrial F1 complex, β subunit. 2) 60 kDa heat shock
protein, mitochondrial precursor. 3) NADH dehydrogenase (ubiquinone) Fe-S protein 1
(75kDa). 4) 70kDa heat shock protein, mitochondrial precursor. 5) Pyruvate dehydrogenase
complex, E2 subunit. 6) ATP synthase d-chain, mitochondrial precursor. 7) Pyruvate
dehydrogenase complex, E1 subunit. 8) Elongation factor Tu, mitochondrial precursor. 9)
Aconitase hydratase, mitochondrial precursor. 10) Isocitrate dehydrogenase (NAD) subunit
alpha, mitochondrial precursor 11) Succinyl-CoA ligase (GDPforming) alpha-chain,
mitochondrial precursor. 12) Mn superoxide dismutase. 13) Creatine kinase, sarcomeric
mitochondrial precursor. 14) Cytochrome c oxidase polypeptide Va, mitochondrial
precursor. 15) Voltage-dependent anion channel 1. 16) ATP synthase, mitochondrial F1
complex, α subunit.
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Figure 4.
32P Pulse-Chase Experiments. Control, 32P was added to porcine heart mitochondria and
incubated for 20 min 32P was added to heart mitochondria and incubated for 10 min then
cold inorganic phosphate was added to the incubation media for an additional 10 min. Heart
mitochondria incubated with cold inorganic phosphate for 10 min then 32P was added to the
incubation media for an additional 10 min. Proteins were separated in the horizontal
direction by isoelectric focusing point (pI), from pH ~4 to 10, and vertically by molecular
weight, from ~150 to 10 kDa. All exposures were identical along with window level values
in the display.
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Figure 5.
The Effects of Dichloroacetate (DCA) and Pyruvate on 32P Labeled Heart Mitochondria.
Control: Heart mitochondria incubated in standard conditions for 20 min with 32P. DCA/
Pyruvate: Heart mitochondria treated with 0.1 mM DCA and 5 mM pyruvate for 1 h on ice
then 32P was added during the standard 20 min incubation at 37°C. Box indicates region of
the phosphorylated pyruvate dehydrogenase E1 protein.
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Figure. 6.
Purified Labeled Complex V from Porcine Heart Mitochondria. Subunit identifications were
obtained by mass spectrometry. Purified proteins were separated by two-dimensional gel
electrophoresis, first in the horizontal direction by isoelectric focusing point (pI), from pH
~4 to 10, and then vertically by molecular weight, from ~150 to 10 kDa.
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Figure 7.
Native PAGE of 32P labeled porcine heart mitochondrial complexes. A) cold water destain,
no acid for 2 min B) BN-PAGE gel was fixed in an hot fixative followed by hot acid destain
for additional 15 min.
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Table 1

Standard Incubation Procedure for 32P labeled Intact Mitochondria

Reagents Stock Storage

Buffer C 125 mM KCl, 15 mM NaCl, 20 mM HEPES, 1 mM EGTA,
1 mM EDTA, 5mM MgCl2, pH 7.1 at 37°C

4°C

Glutamate/Malate 0.5M potassium-glutamate/0.5M potassium-malate, pH 7 −20°C

32-inorganic Phosphorus Perkin Elmer (NEX053H005MC) 5mCi vial −20°C

TCA 10% TCA (w/v) in deionized water 4°C

Acetone 100% Acetone −20°C

Lysis Buffer 7M Urea, 2M Thiourea, 4% CHAPS −20°C

Bradford Dye USB #(30098) Room Temp.

Procedure for 5mg Mito Prep

1. Freshly isolated mitochondria should be left on ice in isolation buffer until ready to be used.

2. Place 20mL of Buffer C in a warm water bath 37°C and oxygenate with 100% O2.

3. Thaw previously frozen stock Glutamate/Malate solution.

4. Thaw 32P 5 min. before incubation procedure starts.

5. In a 50mL tube add 50μL of Glutamate/Malate solution, 250 μCi 32P per nmol cyto a, adjust final volume to 5mL with Buffer C.

6. Mix gently before adding 5mg of Mitochondria directly into the 50mL tube.

7. The 50mL tube should be in a water bath rocker set to 37 °C, rocking for 20min.

8. Stop the reaction by adding 5mL of 10% TCA, place tube on ice for overnight precipitation in 4°C.

9. Next day, centrifuge 50mL tube at 10,000 x g for 30 min, 4°C.

10. Decant TCA solution be careful not lose pellet.

11. Add 5mL of ice cold acetone to the pellet and vortex to disrupt pellet.

12. Centrifuge 50mL tube at 10,000 x g for 15 min, 4°C

13. Decant acetone solution.

14. Repeat steps 11-13 but extend the centrifugation for 30min to get a tighter pellet.

15. Air dry pellet for 5 min.

16. Resuspend pellet with 200μL Lysis buffer and transfer to 1.5mL vial.

17. The pellet needs to be fully resuspended in lysis buffer, and sit on ice for 5 min.

18. Clarify the sample by centrifuging 10,000 x g for 5 min. at 4°C.

19. Transfer supernatent to a new tube.

20. Perform Bradford protein assay, follow manufacturer’s protocol, USB.
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