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Abstract Mitochondrial dysfunction, damage and mutations of mitochondrial proteins give rise to a range of ill
understood patterns of disease. Although there is significant general knowledge of the proteins and the functional
processes of the mitochondria, there is little knowledge of difference about howmitochondria respond and how they are
regulated in different organs and tissues. Proteomic profiling of mitochondria and associated proteins involved in
mitochondrial regulation and trafficking within cells and tissues has the potential to provide insights into mitochondrial
dysfunction associatedwithmany human diseases. The rat colonmitoproteome analysis presented here provides a useful
tool to assist in identification and interpretation of mitochondrial dysfunction implicated in colon pathogenesis. 2DPAGE
followed by LC/MS/MS was used to identify 430 proteins frommitochondrial enriched fractions prepared from rat colon,
resulting in 195 different proteins or approximately 50% of the resolved proteins being identified as multiple protein
expression forms. Proteins associated with the colon mitoproteome were involved in calcium binding, cell cycle, energy
metabolism and electron transport chain, protein folding, protein synthesis and degradation, redox regulation, structural
proteins, signalling and transporter and channel proteins. Themitochondrial associated proteins identified in this study of
colon tissue complement and are compared with other recently published mitoproteome analyses from other organ
tissues, and will assist in revealing potentially organ specific roles of the mitochondria and organ specific disease
associated with mitochondrial dysfunction. J. Cell. Biochem. 103: 78–97, 2008. � 2007 Wiley-Liss, Inc.
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Mitochondria are intracellular double
membrane-bound structures that regulate
energy metabolism, cell division and cell death
[Scheffler, 1999, 2001]. They utilize oxygen and
produce ATP through carbohydrate and fatty

acid metabolism, modulate ionic homeostasis
andparticipate innumerous other catabolic and
anabolic pathways. They play a central role in
the cascade of events that lead to apoptosis
[Mignotte and Vayssiere, 1998; van Loo et al.,
2002]. Consequently mitochondrial dysfunc-
tion, damage and mutations of mitochondrial
proteins gives rise to a range of ill understood
patterns of disease including cancer, type 2
diabetes, cardiovascular disease, Alzheimer’s
and Parkinson’s disease [Brandon et al., 2006;
Schapira, 2006].

Proteomic techniques have been commonly
used to investigate cellular and tissue extracts
limiting analysis to only the most abundant
proteins, at the expense of subproteomes
and less abundant proteins. The potential
importance of less abundant proteins in disease
processes thus requires a targeted approach to
overcome such limitations. The application of

� 2007 Wiley-Liss, Inc.

Abbreviations used: 2DPAGE, two-dimensional polyacryla-
mide gel electrophoresis; MPEFs, multiple protein expres-
sion forms; LC/MS/MS, liquid chromatography tandem
mass spectrometry; MALDI-TOFMS, matrix-assisted laser
desorption/ionisation time of flight mass spectrometry.

Grant sponsor: The Scottish Executive Environment and
Rural Affairs Department (SEERAD); Grant number: 6411.

*Correspondence to: Janice E. Drew, Gut Health Division,
Rowett Research Institute, Greenburn Road, Bucksburn,
Aberdeen AB21 9SB, Scotland, UK.
E-mail: jed@rowett.ac.uk

Received 1 February 2007; Accepted 29 March 2007

DOI 10.1002/jcb.21391



organelle proteomics is thus a potentially
powerful method to discover proteins involved
in specific cellular functions or disease pro-
cesses and reduce sample complexity. Although
there is significant general knowledge of the
proteins and the functional processes of the
mitochondria, there is little knowledge of
differences in how the mitochondria respond
and how they are regulated in different organs
and tissues. Different mammalian organ tis-
sues have distinct energy needs and the number
of mitochondria per cell, structure and function
vary widely independently of the tissues’
respiratory needs [Fawcett, 1981; Scheffler,
1999; Mannella, 2006]. Much of our under-
standing of the eukaryotic mitochondrion and
its proteome has been carried out on mito-
chondria extracted from heart [Taylor et al.,
2003; Gaucher et al., 2004; Kiri et al., 2005;
Forner et al., 2006; Hunzinger et al., 2006;
Kim et al., 2006; Reifschneider et al.,
2006], brain [Reifschneider et al., 2006], kidney
[Forner et al., 2006; Reifschneider et al., 2006],
liver [Forner et al., 2006; Miller et al., 2006;
Reifschneider et al., 2006], skeletal muscle
[Forner et al., 2006; Reifschneider et al., 2006]
and neural chondrocytes [Ruiz-Romero et al.,
2006].
Recent investigations into inflammatory

bowel disease have found changes to colon and
ileal epithelial mitochondrial ultra structure
[Soderholm et al., 2002; Nazli et al., 2004;
Farhadi et al., 2005]. Studies investigating
colon pathologies using proteomics approaches
have revealed changes to mitochondrial pro-
teins in response to inflammation and disease
[Cole et al., 2002; Drew et al., 2005a, 2006a;
Mazzanti and Giulivi, 2006; Mazzanti et al.,
2006]. Many in vitro and in vivo studies
implicatemitochondria in colon cancer progres-
sion [Rana et al., 1980; Sun et al., 1981;
Pleshkwych et al., 1983; Oseroff, 1986; Mod-
ica-Napolitano et al., 1989; Mancini et al., 1997;
Tutton and Barkla, 1997; Heerdt et al., 1998; Li
et al., 1999; Cuezva et al., 2002; Ruemmele
et al., 2003; Isidoro et al., 2004; Lakshman et al.,
2004; Wang and MacNaughton, 2005]. Despite
these numerous studies implicating mitochon-
dria in colon pathology, none have focused on
characterising the colon mitochondrial pro-
teome. Since rat models are commonly used to
study colon pathologies [Corpet and Parnaud,
1999; Drew et al., 2005a,b, 2006a;Mazzon et al.,
2005; Yuki et al., 2006] this study was initiated

to profile mitochondrial enriched fractions
extracted from rat colon.

METHODS

Preparation of Mitochondrial Enriched Fractions

Sprague Dawley male rats weighing between
515 and 580 g were fed ad libitum on Chow for
Rat and Mouse, CRM (Special Diet Services
Ltd., Witham, Essex, UK) prior to sacrifice with
carbon dioxide and cervical dislocation. Colons
were excised and flushed with ice-cold 250 mM
sucrose/10mM Tris (pH 7.4) buffer. A 2 cm
segmentwas dissected from themid-point of the
distal two thirds of the colon for mitochondrial
extraction as described below.

Mitochondrial enriched extracts were pre-
pared using a mitochondrial isolation kit
(MITO-ISO1, Sigma, UK) according to the
manufacturers instructions. Briefly, tissues
were minced and disrupted using an ultra-
turrax T25 (IKA) at 17,500 rpm, in buffer A
(10 mM HEPES, pH 7.5, containing 200 mM
mannitol, 70 mM sucrose, and 1 mM EGTA)
supplied with the kit. Large cellular debris and
nuclei were pelleted by centrifuging for 5min at
600g, at 48C. Mitochondria were pelleted by
centrifuging the supernatant for 10 min at
11,000g. The pellet was resuspended in 500 ml
of extraction buffer A and the centrifugation
steps at 600 and 11,000g were repeated. The
resulting mitochondrial enriched fraction was
then resuspended in storage buffer (10 mM
HEPES, pH 7.4, containing 250 mM sucrose,
1 mM ATP, 0.08 mM ADP, 5 mM sodium
succinate, 2 mM K2HPO4, and 1 mM DTT).
Aliquots were extracted for protein estimation
by BioRad Bradford Protein Assay, 2D page
analysis and flow cytometric analysis. Alterna-
tively, pelletswere fixed in 2.5%glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.3) for
transmission electron microscopy (TEM). Ali-
quots for flow cytometrywere used immediately
to assess inner membrane integrity by JC-1
staining assay and aliquots for 2Dpage analysis
were snap frozen and stored at �808C until
required.

Flow Cytometric Analysis of Mitochondrial
Enriched Fractions

The enriched mitochondrial extracts were
tested for inner membrane integrity using
the JC-1 stain supplied with MITO-ISO1 kit
according to the manufacturers instructions
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(Sigma, UK). Briefly, 20 mg of protein was used
per 1 ml of JC-1 assay buffer (20 mM MOPS,
pH 7.5, containing 110 mM KCl, 10 mM ATP,
10 mM MgCl2, 10 mM sodium succinate, and
1 mM EGTA) containing 1 ml of JC-1 stain in
DMSO. Samples were analysed using a FACS
Calibur Flowcytometer G4 (Becton Dickinson,
NJ) at flow rate of 35 ml/min, measuring
10,000 events using FL-1 voltage 650 and FL-2
voltage 557, both in logarithmic mode. The
green FL-1 and orange FL-2 filters were used
to detect JC-1 aggregates. One micromole
of carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) in DMSO, a powerful and selective
mitochondrial uncoupling agent that destroys
the inner membrane potential was added for
comparison. Data was analysed using CELL-
Quest software version 3.3 (Becton-Dickinson).
During data analysis intact mitochondria were
identified with a decrease in FL-2 and an
increase in FL-1 signal.

Transmission Electron Microscopic Analysis of
Mitochondrial Enriched Fractions

Mitochondrial enriched fractions were
initially fixed in 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer pH 7.4. The fractions
were thenwashed in the cacodylate buffer, post-
fixed for 1 h at room temperature in 1% osmium
tetroxide in 0.1 M sodium cacodylate buffer
pH7.4,washedagain in thebuffer and embedded
in 1% agar. The agar-embedded pellet was
dehydrated in a 50%, 70%, 90% and 100%
ethanol series, cleared in propylene oxide and
embedded in araldite resin CY212 (Agar Scien-
tific, Stansted,UK).Ultra thin sectionswere cut
using aReichertmicrotome (Leica,UK), stained
with uranyl acetate and lead citrate and
examined in a JEOL 1200 EXB electron micro-
scope (JEOL, UK) operating at 80 kV.

2D PAGE of Mitochondrial Enriched Fractions

Mitochondrial enriched protein extracts
(290 mg) were loaded onto BioRad IPG strips
(17 cm, pH 3–10) in 340 ml of 7 M urea, 2 M
thiourea, 4%Chaps, 2%biolyte (BioRad) and3%
DTT buffer to separate the proteins in the first
dimension. A second dimension SDS-PAGE
step was run on an 18 cm� 18 cm linear SDS
polyacrylamide gradient as described pre-
viously [Drew et al., 2005a]. The gels were then
stained with colloidal Coomassie Blue staining
as described by Anderson [1991]. Gels (n¼ 4)
were then rinsed in deionised water and

brushed to remove particulate Coomassie Blue
and imaged on a BioRad GS710 flat bed imager
followed by image analysis using BioRad PD
Quest Version 7.1.1. The gel with highest spot
number and quality was selected as the match
set standard. A total of 430 spots were matched
on all four gels and were cut out for trypsin
digestion and identification by LC/MS/MS.

Protein Identification by Nano-LC/MS/MS

Spots cut from 2D PAGE gels were analysed
using a nano-LC system (LC Packings, Cam-
berly, Surrey, UK) consisting of an ‘Ultimate’
nano-LC system, pumping at 0.187ml/minwith
a 625 splitter giving a column flow rate of 0.3 ml/
min, a ‘Famos’ autosampler set to an injection
volume of 5 ml and a ‘Switchos’ microcolumn
switching device. The nanocolumn was a C18
PepMap100, 15 cm� 75mmi.d., 3mm,100 Å (LC
Packings). HPLC grade solvents were used, 2%
acetonitrile and 0.1% formic acid (A) and 80%
acetonitrile and 0.08% formic acid (B). The
gradient started at 5% B, going to 50% B over
30 min, then ramping to 80% B over a further
2 min, and holding for 10 min. The system was
equilibrated at 95%A for 9min prior to injection
of subsequent samples. The solvent used by the
‘Switchos’ is 0.1% formic acid. The switching
device was switched on after 3 min and off
after 58 min. The flow rate of the Switchos was
0.03 ml/min. Mass spectrometry was then
performed using a Q-Trap (Applied Biosys-
tems/MDS Sciex, Warrington, UK) triple quad-
rupole fitted with a nanospray ion source using
parameters asdescribedpreviously [Drewet al.,
2005a]. Proteins were identified from the rat
database, using Mascot, with individual ion
scores >28 indicating identity or extensive
homology (P< 0.05). The mouse database was
searched where no significant match was made
using the rat database. Identified proteins were
then researched using SOURCE at BioInfor-
matic Harvester (http://harvester.embl.de/),
and PSORT II (http://psort.ims.u-tokyo.ac.jp/
form2.html) databases to identify their origin.
Index of hydophobicity was calculated using the
protein grand average of hydropathy index
[Kyte and Doolittle, 1982] (http://bioinformatics.
org/sms2/protein_gravy.html). Proteins ID’s
were compared with published mitoproteomes
of Reifschneider et al. [2006], Forner et al.
[2006] and Taylor et al. [2003]. Protein ID’s
were BLAST searched to identify homologous
proteins.
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RESULTS

Flow Cytometric Analysis of Mitochondrial
Enriched Fractions

Mitochondria enriched protein extracts were
assessed for inner membrane integrity using
JC-1 assay. Extracts were found to have intact
inner membrane integrity (Fig. 1A) with a
loss of FL-2 upon CCCP challenge (Fig. 1C),
but not with DMSO (Fig. 1B). Cytosolic
fractions (Fig. 1D) did not change in fluores-
cence with either DMSO (Fig. 1E) or CCCP
(Fig. 1F) addition, indicating the absence of
mitochondria.

Transmission Electron Microscopic Analysis of
Mitochondrial Enriched Fractions

Transmission electronmicroscopy (TEM)was
used to further confirm the presence of
intact mitochondria in extract (Fig. 2), as
characterised by a double membrane and
cristae. Rough endoplasmic reticulum, as char-
acterised by ribosome-richmembranes was also
identified as a component of the mitochondrial
enriched fractions indicative of the intimate

relationship of mitochondria with these
intracellular structures.

Proteomic Analysis of Mitochondrial
Enriched Fractions

Four hundred and thirty spots (Mr 9.75–
151.03, pI 4.03–9.6) were matched on all four
gels (Fig. 3). A total of 430 proteins were
identified by LC/MS/MS, yielding 195 different
proteins categorised into 11 functional groups
(Table I andFig. 4). Proteins associatedwith the
colon mitochondria were distributed over a pI
range of 4.03–9.6 and a mass range between
12.35 and 151.03. Fifty-eight percent of the
resolved and identified proteins were recog-
nised as mitochondrial using SOURCE data-
base in the BioInformatic Harvester search
engine which uses updated gene and protein
databases to attribute information on cellular
localisationand function.This identified101dif-
ferent mitochondrial associated proteins (pI
4.22–9.6, Mr 13.58–126.76). Proteins not
recognised as mitochondrial by BioInformatic
Harvester were analysed by PSORT II, which
predicts the sub-cellular localisation sites of

Fig. 1. Flowcytometric analysis ofmitochondrial enriched fractions.A,C: Loss of FL-2height and increased
FL-1 height indicates loss of mitochondrial inner membrane integrity with CCCP (in DMSO) challenge, but
not withDMSO (B). Cytosolic fractions do not changewith either DMSO (E) or CCCP (F) addition, indicating
the absence of mitochondria in the cytosolic fraction (D).
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proteins from recognition of mitochondrial
targeting signals in the amino acid sequences
[Nakai and Horton, 1999] by employing the
discriminate analysis ‘‘MITDISC’’. Percentages

depict the predicted percentage probability a
protein is mitochondrial using the k-nearest
neighbour (k-NN) algorithm [Horton and
Nakai, 1997]. The probability assigned by
PSORT II that a protein was localised to
mitochondria is cited in Table I. Comparison of
the proteins associatedwith the colonmitochon-
dria with published mitoproteomes from other
rat organs, kidney, liver, heart, brain and
skeletal muscle [Forner et al., 2006; Reifschnei-
der et al., 2006], revealed both common and
unique proteins (Fig. 5). Ten proteins (5%) were
common to other published rat mitoproteomes
only (Fig. 5), 54 proteins (28%) were common
with publishedhumanheartmitoproteome only
[Taylor et al., 2003; Gaucher et al., 2004] and 62
proteins (32%) were common to both published
rat organ and human heart mitoproteomes
[Taylor et al., 2003; Gaucher et al., 2004; Forner
et al., 2006; Reifschneider et al., 2006] resulting
in 69 proteins novel to the colon mitoproteome
(Fig. 5). Proteins common to previously profiled
rat and human heart mitoproteomes were
largely proteins involved in energy metabolism
and oxidative phosphorylation, 61% and 50%,
respectively. Novel mitochondrial associated
proteins of the colon were mainly structural
proteins such as cytokeratin 8 and those
involved in protein synthesis and degradation,
for example GM2 activator protein. These
proteins although not classically associated
with the mitochondria, still received high
PSORT II predicted percentages, for example
cytokeratin 8 at 78.3% (Table I). This protein
was found to have 12 MPEFs in the colon
mitoproteome and has been previously asso-
ciated with the normal functioning of the colon
[Toivola et al., 2004). Twenty-three proteins
(mass 9.75–131.03 kDa and pI 3.7–9.34) were
not identified by LC/MS/MS (Table I). Profile
of the GRAVY values (Fig. 6) indicated the
presence of many membrane proteins (high
GRAVY index) but most proteins were not
associated with membranes.

DISCUSSION

There is already considerable information
knownabout the important role ofmitochondria
in regulation of apoptotic responses, energy
metabolism and electron transfer. However,
advances in application of proteomic analysis
is now revealing further insights into the
mitoproteome yielding significant tissue and

Fig. 2. Transmission electron microscopic image of mitochon-
drial enriched fractions.Mitochondria characterised by a double
membrane and cristae.

Fig. 3. Proteomic analysis of mitochondrial enriched fractions.
2D PAGE Coomassie Blue stained gel of colon mitochondrial
enriched fractions generated over 430 spots common to four
biological replicates (pI 4.03–9.6, Mr 9.75–151.03). Spots were
trypsin digested and identified using LC/MS/MS.
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organ specific differences in mitoproteomes
[Taylor et al., 2003; Gaucher et al., 2004; Kiri
et al., 2005; Lovell et al., 2005; Forner et al.,
2006; Hunzinger et al., 2006; Kim et al., 2006;

Miller et al., 2006; Reifschneider et al., 2006;
Ruiz-Romero et al., 2006]. This implies that
mitochondria may be regulated differently in
specific cells and tissues. Studies of proteins
associated with mitochondria from the
liver [Forner et al., 2006; Reifschneider et al.,
2006], kidney [Reifschneider et al., 2006], brain
[Reifschneider et al., 2006], heart [Taylor et al.,
2003; Gaucher et al., 2004; Forner et al., 2006;
Reifschneider et al., 2006] and skeletal muscle
[Forner et al., 2006; Reifschneider et al., 2006]
have previously been reported. These studies
provide insights into the optimal functioning
and regulation of mitochondria in these
tissues and the subsequent determination of
altered regulation associated with dysfunction
and disease. This study is the first to profile
the proteins associated with mitochondria
extracted from rat colon and is significant
considering that rat models are used exten-
sively to studyhumancolonpathologies, such as
inflammatory bowel disease and cancer [Corpet
and Parnaud, 1999; Drew et al., 2005ab, 2006a;
Mazzon et al., 2005; Yuki et al., 2006].

This study of mitochondria enriched
fractions from rat colon revealed resolution of

Fig. 4. Functional classification of the 430 proteins identified from rat colon mitochondrial enriched
fractions.

Fig. 5. Common multiple protein expression forms of mito-
chondrial associated proteins identified in colon by LC/MS/MS
compared with published mitoproteomes. * Taylor et al. [2003]
and Gaucher et al. [2004]; ** Reifschneider et al. [2006] and
Forner et al. [2006].
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430 proteins consisting of 195 different proteins
and 23 unknown proteins that were distributed
into 11 functional groups (see Table I and
Fig. 4). Hence, around 50% of the resolved
proteins from the colon mitochondrial enriched
fractions are multiple protein expression forms
(MPEFs) (Table II). The number of identified
proteins is greater than other published studies
using 2D PAGE [Hunzinger et al., 2006;
McDonald et al., 2006; Reifschneider et al.,
2006]. However, Coomassie blue staining of
proteins used in this study ensures sufficient
quantities of protein are available for identifica-
tion, while LC/MS/MS maximises positive
identification.

The presence of multiple protein expression
forms (MPEFs) with several spots being identi-
fied as the same protein, potentially represent-
ing splice variants, truncated products or
co- and post-translational modifications has
been highlighted by Yang et al. [2005] and
Hunzinger et al. [2006]. Comparative proteomic
studies often fail to identify the entire comple-
ment of MPEFs for a specific protein present
on a 2D gel. The current analysis of MPEFs
associated with the colon mitochondria will
assist interpretation and analysis of proteomic
data from future studies employing com-
parative proteomics of colon mitochondria.
MPEFs present a significant problem in

TABLE II. Multiple Protein Expression Forms of Identified Proteins,
Categorised by Functional Groups, From Mitochondrial Enriched

Fractions of the Rat Colon

Functional group
No. of different

proteins
No. of resolved

proteins % MPEFs

Calcium binding 5 9 44
Cell cycle 5 11 55
Energy metabolism 58 128 55
Othera 14 15 7
OXPHOS 20 59 66
Protein folding 13 39 67
Protein synthesis and degradation 25 28 10
Redox 9 18 50
Signalling 4 5 20
Structural 27 63 57
Transporters and channels 16 32 50

aTable excludes unidentified proteins.

Fig. 6. Profile of GRAVY values of mitochondrial associated proteins of rat colon. The plot shows the index
of hydrophobicity for the identified mitochondrial associated proteins calculated using Kyte and Doolittle
[1982] (http://bioinformatics.org/sms2/protein_gravy.html).
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verifying comparative proteomic data since
western blotting is often not suitable for
verification of these MPEFs. The two-dimen-
sional patterns resolved by 2D PAGE cannot be
replicated using a one-dimensional format as
the proteins often have similar mass and pI
values. Antibodies often do not discriminate
between the observed MPEFs due to the
extensive regions of shared amino acid
sequence. Furthermore, it is often not possible
to properly interpret the biological significance
of changes in protein expression patterns
revealed by 2D gel analysis without an aware-
ness of the complement and identification of
MPEFs present.

Proteins involved in energymetabolism (EM)
and oxidative phosphorylation (OXPHOS)
represented the major group accounting for
43% of the resolved proteins (see Fig. 4),
reflecting a significant function of themitochon-
dria. These groups included 58 and 20 different
proteins respectively (Tables I and II) involved
in the oxidative phosphorylation machinery,
for example complex I–V subunits, proteins
involved in theTCA cycle, for example fumarate
hydratase mitochondrial precursor and those
involved in fatty acid metabolism, for example
carnitine O-palmitoyltransferase II precursor.

Sevenpercent of the proteinswere involved in
protein synthesis and degradation (Fig. 4).
These 25 proteins (Tables I and II) are required
to activate, synthesise and process precursor
nuclear-encoded mitochondrial proteins that
are imported into the mitochondria via trans-
porters and channels, the latter accounting for
7% of the proteins associated with the colon
mitochondria (Fig. 4). These precursor proteins
require folding and 9% of the colon mitopro-
teome are involved in protein folding (Fig. 4).
Redox proteins, such as manganese superoxide
dismutase contribute a further 4% of the
resolved proteins. Mitochondrial antioxidant
defence systems play an important role in
protecting mitochondria from reactive oxygen
species produced from oxidative phosphoryla-
tion in the electron transport chain [Jezek and
Hlavata, 2005].

Fifteen percent of the proteins were struc-
tural (see Fig. 4). This included a number of
MPEFs, that is, 63 resolved spots identified as
27 different proteins. Structural proteins such
as cytoskeletal proteins (actins, intermediate
filaments and microtubules) play a central role
in many cell functions such as the maintenance

of cell shape, cell division, adhesion, signal
transduction, protein sorting, mitosis, cell and
intracellular organelle anchorage, gene regula-
tion, motility during migration, differentiation
andwound repair [Ku et al., 1999]. Studies have
shown thatmitochondria are closely associated,
transported and positioned within cells via
interaction with microtubules and actin fila-
ments [Morris andHollenbeck, 1995; Ligon and
Steward, 2000; Carre et al., 2002]. This implies
that the proteins associated with mitochon-
drial-enriched fractions may be indicative of
processes linked to normal functioning of
mitochondria in the colon. Proteins involved in
calcium binding which were not previously
associated with mitochondria, accounted for
2% for the colon mitoproteome. The presence
of these proteins reflects the intimate relation-
ship between mitochondria and other vesicular
membranes such as the endoplasmic reticulum
for calcium homeostasis [Breckenridge et al.,
2003]. These proteins may also work closely
with the structural proteins such as actins in
exo- and endocytosis [Weinman et al., 1994;
Merrifield et al., 2001]. Proteins involved in the
cell cycle such as the mitochondrial inner
membrane protein prohibitin made up 2% of
the colon mitoproteome (Fig. 4). Other proteins
in this group such as the histones, although not
typically associated with mitochondria have
also been identified by Taylor et al. [2003] and
may be present due to the intimate association
between mitochondria and the nucleus coupled
with electrostatic interactions as suggested by
Taylor et al. [2003].

The remaining 9% of proteins resolved were
categorised as other proteins (Fig. 4). These
include unidentified proteins and proteins with
no currently established function, for example
mucosal pentraxin [Van Der Meer-Van Kraaij
et al., 2003; Drew et al., 2006b], as well as
those whose functions could not be easily
categorised into the other groups such as
Stomatin (Epb7.2)-like 2.

Analysis of the proteins associated with
the colon mitochondria revealed 72 proteins
common to themitoproteomes of rat liver, heart
and skeletal muscle [Forner et al., 2006;
Reifschneider et al., 2006]; and kidney and
brain [Reifschneider et al., 2006] (Table I).
Sixty-one percent of these common proteins
are proteins involved in energymetabolism and
OXPHOS again reflecting the major role of
mitochondria in activities associated with
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respiration and possibly the abundance of these
proteins in the mitoproteome. Comparison of
the mitochondrial associated proteins of the rat
colon with the previously published human
heart mitoproteomes [Taylor et al., 2003; Gau-
cher et al., 2004] revealed 116 proteins common
with the colon mitoproteome, with 58 of these
proteins involved in energy metabolism and
OXPHOS. Although the human heart mitopro-
teome had more proteins in common with the
rat colon mitoproteome compared to other rat
tissues [Forner et al., 2006; Reifschneider et al.,
2006], this may be indicative of the methodol-
ogies used. Reifschneider et al. [2006] used 2D
blue native/SDS PAGE and identified their
resolved proteins using MALDI-TOF MS. For-
ner et al. [2006] and Taylor et al. [2003] used
a 1D gel electrophoresis followed by liquid
chromatography separation and LC/MS/MS
that provides a greater degree of positive
identification due to greater confidence of the
peptide matching scores from MASCOT com-
pared with MALDI-TOF MS. Using MALDI-
TOF MS we found a 10–15% identification
rate compared with 94% with LC/MS/MS
(unpublished data). Hunzinger et al. [2006]
recently demonstrated the 2D-IEF-SDS-PAGE
resolved more spots and better separated
protein isoforms compared with blue native
SDS, benzyldimethyl-n-hexadecylammonium
chloride PAGE and tricine-urea/tricine SDS-
PAGE. In comparative studies [Hunzinger
et al., 2006; McDonald et al., 2006] LC/MS/MS
provides better identification hydrophobic pro-
teins. Membrane associated proteins, such as
those of the mitochondria, have a hydrophobic
protein distribution bias, that is, a greater
degree of hydrophobic aminoacids. This enables
a better association with the hydrophobic ‘tails’
of fatty acids in the membranes themselves,
particularly in protein transmembrane regions
[Ho et al., 2006]. The degree of hydrophobicity
can be depicted by GRAVY values [Kyte and
Doolittle, 1982]. This study has a similar
GRAVY value profile (Fig. 6) compared with
other published mitoproteomes [Hunzinger
et al., 2006; McDonald et al., 2006; Reifschnei-
der et al., 2006] with the presence of membrane
associated proteins such as malate dehydro-
genase mitochondrial precursor (0.121) and
tropomyosin alpha isoform 6 (�1.018). Further-
more, differences in sample preparation in
these studies also potentially contribute
to differences in the mitochondrial proteins

analysed. Forner et al. [2006] also excluded
proteins such as actin, keratins and haemo-
globin from their result set as they were
considered as contaminants. However, the
current study and Taylor et al. [2003] both
identified these proteins and have included
them in the dataset. Further study is required
to establish the association of these proteins in
mitochondrial functions. There were 69 pro-
teins not previously identified as associated
with mitoproteome analysis of other organs
studied [Taylor et al., 2003; Forner et al., 2006;
Reifschneider et al., 2006]. Over half of these
novel proteins were structural proteins and
those involved in protein synthesis and degra-
dation and may be indicative of the differences
in the sample processing as described above, as
well as variations between mitochondrial pro-
teins of differing organs.

Proteomic profiling of mitochondria and asso-
ciated proteins involved in mitochondrial reg-
ulation and trafficking within cells and tissues
has the potential to provide insights into
mitochondrial dysfunction associated with
many human diseases. Furthermore, profiling
of organ specific mitoproteomes will potentially
reveal organ specific roles of the mitochondria
and assist in study of organ specific disease
associated with mitochondrial dysfunction.
Thus the colon mitoproteome analysis pre-
sented here provides a useful tool to assist in
identification and interpretation mitochondrial
dysfunction implicated in colon pathogenesis.
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