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Abstract
The nuclear DNA transcriptional programming of the mitochondria proteome varies dramatically
between tissues depending on its functional requirements. This programming generally regulates
all of the proteins associated with a metabolic or biosynthetic pathway associated with a given
function, essentially regulating the maximum rate of the pathway while keeping the enzymes at
the same molar ratio. This may permit the same regulatory mechanisms to function at low and
high flux capacity situations. This alteration in total protein content results in rather dramatic
changes in the mitochondria proteome between tissues. A tissues mitochondria proteome also
changes with disease state, in Type 1 diabetes the liver mitochondrial proteome shifts to support
ATP production, urea synthesis and fatty acid oxidation. Acute flux regulation is modulated by
numerous post-translational events that also are highly variable between tissues. The most studied
post-translational modification is protein phosphorylation which is found all of the Complexes of
oxidative phosphorylation and most of the major metabolic pathways. The functional significance
of these modifications is currently a major area of research along with the kinase and phosphatase
regulatory network. This near ubiquitous presence of protein phosphorylations, and other post-
translational events, in the matrix suggest that not all post-translational events have functional
significance. Screening methods are being introduced to detect the active or dynamic post-
translational sites to focus attention on sites that might provide insight into regulatory
mechanisms.
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In recent years, the mitochondrial proteome has begun to be appreciated as a dynamic
program generated by the nuclear (nDNA) and mitochondrial DNA (mtDNA) to adapt the
mitochondrial functional capacity to meet the needs of the tissue or disease state. In addition
to the amounts of protein deposited into the mitochondrion, it is also clear that post-
translational modifications are tissue and disease specific and modify the function and
localization of mitochondria proteins and enzymes. Thus, any interpretation of
mitochondrial events in disease should include a careful examination of translational and
post-translational modifications of the mitochondrial proteome.

The Differential Protein Content of Mitochondria
The first determinations of the mitochondrial proteome were conducted mostly on a protein
by protein basis where the general distribution of proteins in different tissues was
appreciated. That is, the liver mitochondrion was known to contain large amounts of urea
cycle enzymes, brain contained GABA-metabolizing enzymes, while heart specialized in
ATP production. Differences were also known in numerous metabolic pathways and even in
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ion transport, especially Ca2+, as been well demonstrated in the brain (Brown et al.
2006;Oliveira and Goncalves 2009). However, it was not until the proteomic screening tools
became available that the magnitude of the differences in this protein program was fully
realized. Taylor et al (Taylor et al. 2003) published one of the first screens of the
mammalian mitochondrial proteome of the human heart. In the same year, Mootha et al
(Mootha et al. 2003) qualitatively evaluated the mitochondrial proteome from different
tissues of the mouse using mass spectroscopic approaches. Though these authors focused on
the common proteins in this study, they proposed that many quantitative differences in the
protein contents likely exist between tissues. This was followed by another more
quantitative mass spectroscopic study from Mann’s laboratory investigating the differences
in the mitochondrial proteome in rat tissues (Forner et al. 2006) that supported the notion
that the programming of the mitochondria is clearly different depending on the tissue. In our
lab, Johnson et al (Johnson et al. 2007a;Johnson et al. 2007b) evaluated the quantitative
differences in rat tissues using both quantitative mass spectrometry and 2-Dimensional
Differential Gel Electrophoresis (2D-DIGE) approaches that revealed a remarkable variation
in the quantitative distribution of mitochondrial proteins in the kidney, brain, heart and
skeletal muscle of the rat. The 2D-DIGE approach was used to provide better quantitative
approaches not available in mass spectrometry at the time, though the quantitative methods
have significantly improved recently. These advantages of 2D-DIGE include: visualization
of the protein differences, improved quantitative dynamic range, resolution of iso-electric
variants (IEV) or molecular weight shifts representing differences in post-translational
modifications or protein breakdown that are difficult to quantitatively detect using mass
spectrometry techniques. Indeed, we find the 2D-DIGE methodology extremely useful in
evaluating the contamination content, proteolysis artifacts, IEV modifications and quick
global view of the differences difficult to obtain from mass spectroscopic approaches. Thus,
many of our initial screens involve a 2D-DIGE that helps characterize the sample. 2D-DIGE
takes protein from two samples and labels them differentially with a red or green dye. The
protein extracts are then combined and run together on a 2D gel so that any variances in this
rather unreliable format are the same for both protein samples. An example of the mouse
liver versus mouse heart is presented in Figure 1. As seen in this Figure, the quantitative
differences between the heart and liver are striking to the point that it is difficult to believe
that these are really the same organelle. Outside of a few proteins, such as MnSOD, most of
the proteins in the gel are either red or green indicating that they are not equal in the two
tissues. These data demonstrate that each tissue alters its mitochondrial protein program
depending on the specific functional needs of the tissue. The major reason that the
differences in liver and heart appear so profound that when a particular function is altered by
the nDNA translation all of the proteins involved in a pathway changes, not just one or two.
The functional analysis of these data reveal that the heart is designed to have a high potential
for creating ATP while the liver is more adapted for biosynthetic processes such as urea
synthesis and processing of amino acids. Differences in nDNA programming of
mitochondria have been observed for different tissues as discussed above as well as through
development. Studies on whole mammalian sperm also show developmental alterations in
the mitochondrial proteome through development and differentiation of the sperm (see
review (Aitken and Baker 2007)). Forner et al demonstrated a striking difference between
white and brown fat cells with the white cells having a specific increase in xenobiotic
metabolism capacity(Forner et al. 2009).

Does the nDNA programming of the mitochondria change in disease states? It is quickly
becoming clear that the mitochondria are reprogrammed in many different clinical
conditions from diabetes (Johnson et al. 2008), obesity (Claessens et al. 2007), cancer (Krieg
et al. 2004) and numerous genetic defects (Pagliarini et al. 2008) as well as viral infections
(Diamond et al. 2007) and wound healing (Aden et al. 2008). Johnson et al (Johnson et al.
2008) conducted a comprehensive differential proteomic examination of a rat model of type
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1 diabetes using both 2D-DIGE and mass spectroscopic techniques. Of the tissues studied,
liver, heart and skeletal muscle, the liver revealed the largest number of protein level and
IEV changes in diabetes. An example from a 2D-DIGE of the liver from control and diabetic
animals is presented in Figure 2. A couple of the numerous IEV shifts are presented in the
zoom regions at the right of the figure likely representing post-translational modifications in
the diabetic liver. Protein assignments can be found in Johnson et al (Johnson et al. 2008).
As clearly seen in this screen, a large number of proteins were modified in the liver. This
study of mitochondrial protein variations within tissues during diabetes revealed general
observations that were similar to that obtained in the tissue specific studies. That is, when
alterations in the translational programming occur, they involve the entire pathway, not just
one or two enzymes within a pathway. This global pathway up- or down-regulation is one of
the reasons that the 2D-DIGE gel reveals such widespread change in protein contents since
major changes in oxidative phosphorylation, glucose synthesis, methionine metabolism, urea
cycle, and fatty acid oxidation were observed in this model. As shown by the tissue variation
studies and disease state modifications, these proteomic studies are capable of nearly
complete analysis of the metabolic flux potential of the tissue in one experiment. This
provides an almost unparalleled examination of the major metabolic pathways flux potential
in a control or diseased tissue (Johnson et al. 2007a;Johnson et al. 2008).

Recently, an excellent relational database for the mitochondrial proteome was published
from Mootha’s group (Pagliarini et al. 2008) that provides the relative protein content in
many different tissues of the mouse as well as attempts to eliminate many cytosolic
contaminates to the database using differential isolation techniques. Using this
comprehensive database together with an analysis of the evolutionary aspects of electron
transport chain formation, they were able to make predictions concerning genetic defects in
Complex 1 function illustrating the power of analyzing genetic-based diseases using this
approach.

The mitochondria proteome is also apparently altered in rapidly dividing cells where the
mitochondria is enhanced in proteins involved in replication. This has been observed in cell
culture lines (Schieke et al. 2006) as well as direct comparative studies in human tumors
where mitochondrial chaperone proteins and elongation factors are up-regulated (Lin et al.
2007). Thus, the mitochondrial proteome may also be “tuned” to match the mitochondrial
biosynthetic rate with the nuclear/cellular replicating rate in rapidly-dividing cells like
cancer or embryological tissues. Differentiated mitochondrial function may be de-
emphasized in favor of a program favoring mitochondria replication.

The co-ordination of the mtDNA and nDNA expression levels must be highly orchestrated
since most of the Complexes assembled for oxidative phosphorylation have elements from
mtDNA and nDNA that are generally represented in a fixed ratio in normal tissues. The
mechanisms of the coordination of mtDNA and nDNA transcription are poorly understood,
but several of the nuclear transcription factors have been identified (for example see
(Martinez-Diez et al. 2006)). It is clear that if this coordination of mtDNA and nDNA was
disrupted, adverse events could occur in the formation of the electron transport chain. It is of
interest that the ratio of the mtDNA- and nDNA-encoded subunits in cytochrome oxidase
(Krieg et al. 2004;Mazzanti and Giulivi 2006) and other subunits (Mazzanti and Giulivi
2006) seem to be mis-matched in some cancers. These results suggest that some disruption
in the normal coordination of mitochondrial biosynthesis might occur in these rapidly-
dividing cancer cells along with the previously discussed alterations associated with
enhancing mitochondrial biosynthetic rates.

From this brief review, it is clear that there is no one simple mitochondrial proteome. The
mitochondrial proteome is tuned to the specific needs of the tissue as well as the specific
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environment or disease state in which the cell is experiencing. This “tuning of function”
involves setting the level of nearly all the proteins associated with a given metabolic
pathway, not individual rate-limiting enzymes. Thus, regulation of flux via translation seems
to regulate the total amount of enzyme in a given pathway, allowing post-translational
modifications and other factors to control flux acutely. Keeping the ratio of the different
enzymes within a given pathway constant, by increasing all enzymes simultaneously, may
be important in the coordination of these acute regulatory mechanisms in the matrix. Thus,
the translational control of metabolism is a regulation of Vmax by controlling the
concentration of enzymes while the relative ratio of most of the enzymes is kept constant
allowing one flux control network to work under low and high capacity conditions. An
example of this global regulation mechanism is illustrated in Figure 3, where the relative
level of the complexes of oxidative phosphorylation are compared between liver and heart
and changes within the liver during the progression of type 1 Diabetes for oxidative
phosphorylation. This analysis is basically extracted from the data presented in Figures 1
and 2. As seen in this example, most of the detected Complexes associated with oxidative
phosphorylation are increased in the heart versus liver (as well as brain and kidney). I have
excluded Complex II from this analysis since it involves the oxidation of FADH that is
involved in synthetic reactions and not required for generation of ATP from NADH. A
similar increase in these Complexes is observed within the liver alone when the ATP
production is increased in Type 1 Diabetes. Thus, to increase the capacity for ATP
production, most of the enzymes associated with oxidative phosphorylation are increased
when comparing between tissues or during the adaptation within a given tissue. This is true
for most of the metabolic pathways including fatty acid oxidation, amino acid processing,
and urea cycle between tissues or adaptation within a given tissue such as the liver (Johnson
et al. 2007a;Johnson et al. 2008). Having established several general principles of
translational control of mitochondrial maximum flux capacity via protein content, how is
acute flux modulated?

Matrix Protein Post-Translational Modifications
The previous discussion focused on the levels of mitochondrial proteins in different tissues
and disease states. This basically focuses on the nuclear transcriptional regulation of
mitochondrial function by providing the required amount of protein to accomplish a given
task. However, the acute regulation of flux must be controlled by post-translational events
either in the form of direct modifications of the proteins, assembly of protein complexes, or
via the concentrations of metabolites or allosteric regulatory factors. Recently, it has become
evident that the pallet of post-translational modifications available to modify matrix enzyme
function is extensive. These modifications include phosphorylation (Hopper et al.
2006;Kerbey et al. 1976;Schulenberg et al. 2003;Struglics et al. 2000), sumoylation (Braschi
et al. 2009;Harder et al. 2004;Zunino et al. 2009), acylation (Kostiuk et al. 2008;Stucki et al.
1989), ADP-ribosylation (Scovassi 2004), glycosylation (Anello et al. 2004), S-nitrosylation
(Foster and Stamler 2004;Moon et al. 2006;Sun et al. 2007), oxidation (Lin et al.
2002;Moon et al. 2006), sulferation (Ogata 1986) and many protein-protein interactions
(Galante et al. 1981;Gledhill and Walker 2005;Green and Grover 2000).

Since protein phosphorylation is currently the major post-translational modification under
investigation, I will focus this review on the current status of understanding this process.
Though the protein phosphorylation regulation of pyruvate dehydrogenase was one of the
first demonstrations and characterizations of protein phosphorylation regulating a metabolic
enzyme (Denton et al. 1975), it was not believed to be widespread within the matrix.
However, recent studies with dyes (Hopper et al. 2006;Schulenberg et al. 2003), 32P labeling
(Aponte et al. 2009a;Aponte et al. 2009b;Bender and Kadenbach 2000;Papa et al.
1996;Struglics et al. 2000), mass spectrometry (Boja et al. 2009;Fang et al. 2007;Reinders et
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al. 2007); (Villen et al. 2007), antibodies (Lee et al. 2005) and IEV analysis of mitochondria
proteins (Aponte et al. 2009b;Schieke et al. 2006) have suggested that protein
phosphorylation is much more extensive than previously believed. Indeed, every Complex
within oxidative phosphorylation has been found to have at least one, but more commonly
many, phosphorylation sites detected by most of the methods available. Screening of protein
phosphorylations using phosphopeptide-enriching schemes has resulted in a vast number of
protein phosphorylation sites. The almost ubiquitous nature of the protein phosphorylations
in the mitochondria raises the question as whether they are all significant or not. Clearly, the
consensus sequences of many kinases are rather non-specific, resulting in the statistical
structure of the web-based programs to predict phosphorylation sites. Thus, many sites
might be venerable to a given kinase. Secondly, as long as the phosphorylation does not
affect the protein function and does not turn over rapidly (thereby consuming significant
amounts of ATP), it is not unreasonable that some of these phosphorylations detected in
screens might actually just be “decorations” and not lead to significant functional events.
Some of these sites could be used in the protein folding confirmation stages of the extensive
processing that mitochondrial proteins undergo on entry into the mitochondria and are
“locked” in place as structural elements deep within the protein. Finally, since most of these
proteins traverse the cytosol, it is also possible that they are phosphorylated in the cytosol
before ever entering the mitochondria. Phosphorylation has actually been proposed as
involved in the signaling process targeting proteins to the mitochondria. With these concerns
and the discovery of all of these phosphorylation sites with these different approaches,
which protein phosphorylations should be further examined for the difficult task of
establishing the functional significance of these modifications? There are several approaches
that might prove useful, first to just study those proteins that play critical roles in the
important pathways. However, as discussed above, all of the proteins seem to be important
in most of the reaction pathways as illustrated by the up-regulation of most of the enzymes
in the network, and regrettably most of these enzymes have phosphorylation sites. It would
be useful if we knew the structure and the implications of a given phosphorylation site on
protein function so we could predict the impact of a phosphorylation, but this is still well out
the realm of protein bioinformatics for most proteins at the current time. Another approach
is to use newly-emerging quantitative peptide phosphorylation methods to determine
whether a mass spectrometry detected protein phosphorylaton, or any post-translational
modification, is labile to physiological perturbations. We have accomplished this task using
i-TraQ combined with an Orbit-trap mass spectrometer to monitor the changes in some
protein phosphorylations with perturbations in intact mitochondria (Boja et al. 2009).
However, the statistical requirements and preparation requirements, potential differential
enhancement of phosphorylated peptides, impedes the detection limits of this approach.
Possibly the next generation of detection schemes will overcome these limitations and
permit the detection of phosphorylation lability as a criterion for further investigation.

The approach we have focused on that overcomes many of the limitations of simply
detecting protein phosphorylation is the use of 32P incorporation from ATP synthesized by
the mitochondria from added inorganic 32P. This essentially uses the mitochondria to create
the γ-32P ATP from 32P at high activity within the mitochondrial matrix and then observe
what turns over with regard to protein phosphorylation. This assures that: 1) The
phosphorylation site is turning over and not locked in some structural requirement and 2)
That the phosphorylation occurs in the matrix and 3) Can determine if the phosphorylation is
labile to perturbations by following the labeling procedure with physiological perturbations.
Using this approach, we have been successful demonstrating a wide range of protein
phosphorylations in the mitochondrial matrix. The phosphorylation patterns in the heart and
liver mitochondria are presented in Figure 4 as adapted from Aponte et al(Aponte et al.
2009b). In these experiments, 32P inorganic phosphate is added to fully energized
mitochondria and permitted to incubate for 20 minutes. The protein is then extracted using
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standard methods and autoradiograms of the 2-dimensional gels run to detect 32P
incorporation. The number of proteins reflecting a degree of phosphorylation turnover in
both the heart and liver is impressive with over 100 spots being detected. Most could not be
identified since they represented proteins that were of too low abundance to collect mass
spectrometry identifications. In addition, we find that the pattern of 32P labeling does simply
reflect the relative protein content differences as discussed above, but reveals a different
degree of 32P incorporation for many of the proteins. This implies that the post-translational
modifications are quantitatively different, implying that these events might reflect
differences in the acute differential modification of the enzymatic activity. We have
evaluated the time courses and performed cold and hot chase experiments to determine that
freshly-isolated mitochondria are not at steady state with regard to protein phosphorylation.
It seems that the mitochondria are generally dephosphorylated after isolation, likely due to
the depletion of ATP. Upon warming and energization, the ATP pools rebuild as well as the
protein phosphorylation pools. Thus, some of the differences between the liver and the heart
could be due to the differences in the depletion at isolation rather than differences in the
control network. This screen provides a large list of potential protein phosphorylations that
dynamically turnover the matrix that may warrant further investigation. We have selected
two enzymes at this stage to investigate further, succinyl-CoA synthetase (SCS), that is
apparently highly phosphorylated in heart but not liver, and Complex V of mitochondrial
oxidative phosphorylation, since it revealed several apparent phosphorylation sites.

Succinyl-CoA synthetase is an element in the Krebs cycle that is the only source of
substrate-level phosphorylation of ADP to ATP without using the mitochondria membrane
potential. This protein was heavily labeled with 32P in our initial studies, but in running
several controls looking for metabolite binding, we found that inorganic phosphate would
bind to SCS tenaciously through the SDS denaturing process. Thus, the apparent
phosphorylation was actually direct binding of phosphate to SCS that survived the SDS and
electrophoresis process. This was a very surprising result on its own; however, further
studies revealed that phosphate was acting as a V-Type allosteric activator of SCS,
increasing the Vmax of the reaction by likely stabilizing its dimer formation (Phillips et al.
2009). This was an interesting finding, but reveals that great care must be taken with
numerous controls to interpret 32P labeling. It should be stressed, however, that SCS is the
only mitochondrial protein we have found that will carry hot 32P through the SDS-2D-Gel
electrophoresis system at this time.

Complex V plays a major role in ATP synthesis as the enzyme that actually converts the
potential energy in the membrane potential to the potential energy in ATP. We noted several
previously unreported 32P associations with Complex V that were further investigated. To
confirm our assignments in the complicated 2D gel of all mitochondrial proteins, we
purified Complex V by immuno-capture from the protein homogenates of mitochondria
exposed to 32P. This approach permitted the detection of even more phosphorylation sites by
eliminating all of the overlapping spots (see Figure 5 adapted from Aponte et al(Aponte et
al. 2009b). This includes the gamma and d chain phosphorylations which were not detected
in the whole mitochondria protein gel. This simple observation likely indicates that the
actual number of 32P incorporation sites has been grossly underestimated in the full protein
2D gels. The apparent phosphorylation of the beta subunit is highlighted in Figure 5 since
the position of this 32P label is well correlated with the majority of beta subunit protein
observed in the Ruby-stained gel. This implies that only a small fraction of the beta subunit
is retaining 32P and whether this is a phosphorylation or another metabolite binding
phenomenon is still under investigation. In any event, all of the other sites detected seem
conventional and await further investigation to establish the functional significance of these
events.
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As illustrated in these examples, 32P incorporation has several experimental limitations. Its
sensitivity is remarkably high in detecting proteins that cannot be seen with the best protein
stains. However, this suggests that tiny fractions of the phosphorylated protein would result
in a positive hit, which might not reflect a biochemically significant event. In addition, we
have shown that in some cases even the binding of phosphate metabolites, not
phosphorylation, can generate a false positive with these assays. Thus, careful controls are
advised, as outlined by Aponte et al (Aponte et al. 2009a), before interpreting any results.

The finding of these numerous protein phosphorylation events occurring in the matrix brings
up another important area of research that has just begun to be evaluated. What is the protein
kinase/phosphatase system in the mitochondrial matrix? Beyond the isoforms of PDH
kinases and phosphatases, very few of these signaling molecules have been unequivocally
uniquely located to the matrix space. The isoforms of PDH kinase might be suspicious as
not just operating on PDH since the sequence homology of these enzymes is quite low
approaching only 50% for PDK-4(Harris et al. 1995). Thus, these kinases may do more than
suspected. Another possibility is that cytosolic kinases are translocated into the matrix space
under different conditions through undefined mechanisms and could contribute to the kinase
pool. It remains unclear how these kinases enter then matrix to phosphorylate proteins and
then exit the matrix when their chore is complete. Very little information on the matrix
phosphatases are available, leaving this an unsatisfactory gap in our knowledge. Thus, in
addition to establishing the functional significance, if any, of the detected protein
phosphorylations in the matrix, the issue of the enzymes responsible for these
phosphorylation events remain.

Summary
Proteomic approaches can now rapidly access the net translational impact on the potential
capacity of the mitochondria to perform different tasks. The functional program of the
mitochondria is varied primarily by the translation of nDNA and is different for every tissue
and even within a given tissue under different environmental or clinical conditions. The
translational program is apparently quite crude in that it regulates the levels of nearly the
entire enzyme complement of a given pathway, suggesting that it is truly modulating Vmax
of the pathway while not altering the ratio of enzymes. This method of regulation potentially
leaves network control mechanisms intact since the system remains balanced. The acute
regulation of flux at the post-translational level is just now beginning to be fully appreciated.
The literature is now exploding with new post-translational modifications within the
mitochondria with phosphorylation only being one of many. The ubiquitous nature of the
protein phosphorylations, and other post-translational modifications, almost requires that not
all of these sites are regulatory and new approaches to establish which sites warrant the
expense and time required to investigate. The regulation of the post-translational signaling
network within the mitochondria is also poorly understood with the possible exception of the
PDH reaction. This area of post-translational modification of mitochondrial function likely
represents one of the key regulatory elements that we will need to explore before we will
understand the function of the mitochondria in health and disease.
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Figure 1.
2D-DIGE of mouse heart and liver mitochondria using approaches described by Johnson et
al (Johnson et al. 2008). Mitochondria were isolated from mouse liver and heart and
subjected to identical protein extraction conditions with the exception of the liver
mitochondrial protein being stained green while the heart protein was stained red.
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Figure 2.
2D-DIGE of whole rat liver tissue extract from control and Type 1 Diabetic rats from
Johnson et al (Johnson et al. 2008). The inserts are simply zoomed regions indicated by the
arrows that represent regions where isoelectric shifts occurred. Experimental details along
with protein identification are found in the original literature source.
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Figure 3.
Relative changes in oxidative phosphorylation Complexes content between tissues and in the
diabetic liver. Porcine liver and heart data as reported by Johnson et al (Johnson et al.
2007b). Diabetes data is from matched controls of rat liver under diabetic and control
conditions (Johnson et al. 2008). Data were derived from the means of experimental data
taking the mean difference of all of the subunits detected within a given complex. Complex
3 was not detected in the diabetes study that was on whole tissue decreasing the sensitivity
to mitochondrial proteins.
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Figure 4.
Protein content (upper panels) and autoradiograph (lower panels) of isolated heart and liver
mitochondria. Mitochondria were exposed to 20 minutes of 32P labeling and then extracted
identically. Protein identification and method details found in Aponte et al (Aponte et al.
2009b). Some key identifications: 12: PDH, 25:SCS, 9: β subunit Complex V, 1: aconitase
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Figure 5.
The 32P labeling of Complex V purified after 32P labeling in the intact mitochondria.
Energized porcine heart mitochondria were incubated for 20 minutes with 32P.
Mitochondrial proteins were extracted and Complex V purified using immuno-capture
procedures. The insert is a zoom of the beta subunit autoradiogram of the beta subunit
demonstrating the lack of correlation with the majority of the beta subunit protein spots.
Experimental details in Aponte et al (Aponte et al. 2009b)
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