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separation	and	enrichment	of	organelles	from	complex	bio-
logical	mixtures	are	important	for	proteomic	analysis.	Two	
widely	used	current	standard	techniques	to	isolate	individ-
ual	organelles	include	differential	and	density-gradient	cen-
trifugation.	although	these	techniques	have	proven	useful	
for	processing	small	volumes	of	sample,	multiple	rounds	of	
centrifugation	are	required	when	performing	a	large-scale	
purification.	in	this	report,	we	have	introduced	a	novel	tech-
nique:	continuous-flow	ultracentrifugation	using	a	sucrose	
gradient	to	separate,	accumulate,	and	highly	enrich	bovine	
heart	mitochondria	in	one	step.	To	demonstrate	the	advan-
tage	 of	 the	 technique,	 mitochondrial	 proteins	 from	 two	
different	bovine	hearts	(3–8	mo	and	18–30	mo	old)	were	
examined.	for	each	age	group,	100	g	of	bovine	heart	tissue	
were	homogenized	by	a	blending	procedure.	after	removal	
of	the	nuclei,	the	entire	remaining	homogenate	was	loaded	
onto	a	proteomics	continuous-flow	ultracentrifuge	to	sepa-
rate	and	enrich	the	organelles.	fractions	were	collected	and	

mitochondria-enriched	fractions	were	identified	by	Western	
blot	analysis.	To	study	the	protein	profile	changes	with	aging	
in	the	mitochondrial	proteome,	the	mitochondria-enriched	
fractions	were	applied	to	two-dimensional	gel	electropho-
resis.	The	resulting	two-dimensional	PaGe	gels	were	sub-
sequently	analyzed	by	image	analysis	software	to	identify	
proteins	unique	 to	each	age	group	and	proteins	with	at	
least	twofold	differences	in	protein	expression.	These	pro-
teins	were	then	digested	with	trypsin	and	identified	by	mass	
spectrometer.	significant	differences	in	the	protein	profiles	
of	the	two	differently	aged	mitochondria	preparations	were	
found.	The	continuous-flow	ultracentrifugation	technique	
was	demonstrated	to	be	a	powerful	tool	for	separation	and	
enrichment	of	organelles	and	their	sub-types.

Key Words: Proteomics, continuous-flow	ultracentrifuga-
tion,	sub-cellular	fractionation,	organelle	separation,	organ-
elle	enrichment,	mitochondria,	mitochondria	enrichment,	
aging.	

Mitochondria are one of the most complex 
and most important organelles in a eukary-
otic cell. Mitochondrial functions include 

processing bioenergetic metabolism, regulating cell 
death, modulating ionic homeostasis, oxidizing car-
bohydrates and fatty aids, and participating in many 
other catabolic and anabolic pathways. Consequently, 
mitochondrial mutations and dysfunction have been 
associated with many diseases, including neurode-
generative diseases such as Alzheimer’s and Parkin-
son’s,1 heart diseases, cancer, and various neuromus-
cular syndromes.2–5 There is increasing evidence that 
mitochondria play an important role in cell life and 
the process of aging.6–8 Therefore, analysis of age-
related changes in subcellular status could lead to 
new insights into age-related functional changes and 
improve our understanding of the aging process.

Mitochondria, like other organelles, have been 
shown to vary with tissue type, animal age,9–10 dis-
ease,11 and function within the same cell type.12–13 
Recent developments in proteomic techniques open 
the path towards a deeper exploration and better 
understanding of mitochondrial variations in struc-
ture and function. Until now, the most widely used 
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proteomic approaches include two-dimensional elec-
trophoresis (2DE) and multidimensional protein iden-
tification technology (MudPIT) combined with mass 
spectrometry analysis (MS).20–23 However, the ability to 
study the mitochondrial proteome and other complex 
biological mixtures appears to require better separa-
tion, particularly for bottom-up proteomic approach-
es. Therefore, subcellular fractionation and organelle 
enrichment play an important role in reducing the 
total cell lysate complexity and increasing the pro-
teome coverage. Other pre-fractionation techniques 
have been reported and have proven useful prior to 
2DE and MS analyses.24

The traditional methods used for isolation of 
mitochondria generally include one or both of the 
following steps: (1) differential centrifugation, which 
separates particles on the basis of size and yields sev-
eral crude fractions. These fractions can be pelleted 
sequentially according to the gravitational (g) force of 
the centrifuge: ~1000g containing nuclei, heavy mito-
chondria, and plasma membrane sheet; ~5000 g con-
taining light mitochondria, lysosomes, peroxisomes, 
and intact Golgi; ~100,000 g containing Golgi, endo-
plasmic reticulum (ER), microsomes, and endosomes. 
(2) Density-gradient centrifugation, which separates 
particles on the basis of density and size, yields a purer 
organelle fraction.14–17 Several density media, including 
sucrose, nycodenz, percoll, and ficoll 400, have been 
used for density-gradient centrifugation.18–19 However, 
most subcellular fractionation procedures have disad-
vantages, such as being labor intensive and time con-
suming. Here we present a technique that separates 
organelles and their subtypes, including mitochondrial 
subtypes, by sucrose density using proteomic continu-
ous-flow ultracentrifugation (pCFU). At the same time, 
the organelles are effectively enriched at their buoy-
ant densities, resulting in a more efficient proteomic 
analysis. Unlike classical methods, pCFU is not limited 
by sample volume and thus can be used to achieve 
significant accumulations of low-abundance compo-
nents. In this report, we compare the mitochondria 
proteomic profiles of bovine hearts of two different 
ages using pCFU as the separation and enrichment 
tool. 

Materials and Methods

Chemicals and animal tissues

Bovine hearts were purchased from Animal Technolo-
gies (Tyler, Texas). Young bovine hearts were of ages 
3–8 mo and adult bovine hearts were ages 18–24 mo. 
Immediately after sacrificing the animals, the organs 

were harvested and the hearts were flash frozen in 
liquid nitrogen. Sucrose was from Invitrogen (Carsl-
bad, CA). Trypsin (mass spectrometry grade) was 
from Promega Biochemicals (Madison, WI). Protease 
inhibitor cocktail tablets were obtained from Roche 
Molecular Biochemicals (Indianapolis, IN). Magne-
sium chloride (MgCl2), HEPES, PBS buffer, ammonium 
bicarbonate (AB), acetonitrile (ACN), iodoacetomide 
(IA), Tris (2-carboxyethyl) phosphine hydrochloride 
(TCEP-Cl), acetic acid, methanol, Tris buffer, sodium 
chloride (NaCl), and Tween-20 were purchased from 
Sigma-Aldrich Chemicals (St. Louis, MO). 

tissue homogenization

Flash-frozen bovine hearts were thawed at 4°C in 1X 
PBS. After removal of the connective tissue and blood 
vessels, the myocardium was minced. Approximately, 
100 g of the minced heart tissue was randomly chosen 
and weighed. The weighed heart tissue was added to 
a pre-chilled 1-L commercial Waring blender. To the 
blender, 500 mL of homogenization buffer (20 mM 
HEPES, 5 mM MgCl2, 500 mM sucrose, protease inhibi-
tor cocktail, pH 7.2) was added and the mixture was 
blended for 30 sec on high and 30 sec on low. The 
blended homogenate was then filtered through four 
layers of cheesecloth. The filtrate was centrifuged at 
750 g for 10 min to remove nuclei. The resulting super-
natants were saved. The pellets were weighed and 
resuspended in equal amounts of homogenization buf-
fer. The suspension was reblended and recentrifuged 
using the same conditions. The resulting supernatant 
and the previous supernatant were combined, and the 
pellets were discarded. The clarified homogenate was 
diluted twofold using dilution buffer (20 mM HEPES, 
5 mM MgCl2, pH 7.2) to bring the sucrose concentra-
tion to 250 mM. The homogenate was stored on ice for 
further separation.

Continuous-Flow Ultracentrifugation

The clarified bovine heart homogenate was separated 
and fractionated using a pCFU (Alfa Wassermann, 
West Caldwell, NJ). A PKII rotor (800 mL) was loaded 
with sucrose flow buffer (20 mM HEPES, 5 mM MgCl2, 
250 mM sucrose, pH 7.2) using a peristaltic pump 
(Cole Parmer, Vernon, IL). Air bubbles were removed 
by accelerating the rotor to 20K rpm and simultane-
ously pumping flow buffer up through the bottom 
of the rotor. The rotor was then brought to rest and 
400 mL of gradient buffer (60% sucrose w/v in dilution 
buffer) was pumped through the bottom of the rotor 
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at 10 mL/min. The rotor was slowly ramped to 3500 
rpm to establish a linear sucrose gradient. The centri-
fuge was accelerated to 20K rpm, and the bovine heart 
homogenate was loaded onto the rotor using the peri-
staltic pump. Eluent collected from the top of the rotor 
was reloaded at 35K rpm to allow any remaining light 
particles in the homogenate to enter into the sucrose 
gradient. The sample was banded for an additional 2 
h at 35K rpm. After that time, the rotor was brought 
to rest and 35-mL fractions were collected from the 
bottom of the rotor. One milliliter of each fraction was 
aliquoted and stored overnight at 4°C. The remaining 
fractionated material was frozen at –70°C. 

density-Gradient Calculation

The refractive index of each fraction was measured to 
verify the linearity of the sucrose gradient. Refractive 
indices were measured on a Milton Roy Refractometer 
(Ivyland, PA). Sucrose percentages and densities were 
calculated using data from the International Critical 
Tables.36

Protein assay

The protein concentration of each fraction from the 
pCFU separation was determined using the bicincho-
ninic acid assay kit from Pierce (Rockford, IL) follow-
ing the manufacturer’s procedure.

sds-PaGe and Western Blotting

SDS-PAGE samples were prepared as 1–2 mg/mL 
solutions. The protein samples were run on Criterion 
4–20% polyacrylamide gels from Bio-Rad (Hercules, 
CA) in duplicate. One SDS-PAGE gel was stained with 
BioSafe Coomassie (Bio-Rad). The other SDS-PAGE gel 
was transferred onto a 0.2-µm PVDF membrane using 
the Bio-Rad Criterion blotting system for Western anal-
ysis. The blot was blocked with 5% nonfat milk over-
night. To detect fractions enriched with mitochondria, 
blots were incubated with rabbit anti-Tom20 antibody 
from Santa Cruz Biotechnology (Santa Cruz, CA). Blots 
were washed three times with wash buffer (25 mM Tris, 
125 mM NaCl, 0.1% Tween-20, pH 8.0) followed by 
incubation with goat anti-rabbit secondary antibody 
conjugated to HRP from Jackson Immunochemicals 
(West Grove, PA). Blots were washed three times with 
wash buffer and detected using Bio-Rad Immun-Star 
HRP substrate. The membranes were imaged using 
Kodak Biomax Light autoradiography film. Net band 

intensities were calculated using Nonlinear Dynamics 
(Durham, NC) Phoretix 1D expression software.

two-dimensional Gel electrophoresis

Samples of approximatly 500 to 1000 µL from the 
fractions enriched with mitochondria were dialyzed 
overnight using Gebaflex tubes (Geba, Kfar-Hanagid, 
Israel) to remove sucrose. The dialyzed samples were 
then concentrated using Millipore (Bedford, MA) Bio-
max centrifugal spin columns to give a sample volume 
of about 20 µL. The resulting samples were diluted 
into Bio-Rad 2D sample buffer with the final volume 
85 µL. Eleven-centimeter IPG strips with pH ranges of 
3–10, 5–8, and 7–10 (Bio-Ra) were used, and the strips 
were rehydrated at room temperature overnight. Rehy-
drated IPG strips were focused on a Bio-Rad Protean 
IEF System according to manufacturer’s instructions 
and then reduced and alkylated prior to running in the 
second dimension on 8–16% SDS-PAGE gels (Bio-Rad). 
Gels were later fixed in 40% MeOH:10% HOAc for 1 
h and stained using Bio-Rad BioSafe Coomassie. Gels 
were destained as necessary and scanned as TIFF for-
mat images using an UMAX PowerLook 1120 scanner 
(UMAX Technologies, Dallas, TX). Images were ana-
lyzed using Nonlinear Dynamics Phoretix 2D Expres-
sion software. Samples were run in triplicate. 

in-Gel tryptic digestion

Spots of interest were excised and destained thor-
oughly, followed by reduction with 20 mM TCEP-HCl 
in 25 mM AB (pH 8.0). The gel pieces were alkylated 
with 40 mM IA in 25 mM AB (pH 8.0). After washing 
in 25mM AB and 25 mM AB/50% ACN, the gel pieces 
were digested with 40 mM AB, 0.02 µg/µL trypsin 
(pH 8.0) for 16 h at 37°C. 

nano-lC-esi-Ms/Ms

Peptide samples resulting from the in-gel digest were 
analyzed on a Thermo Electron LCQ Deca XP MAX 
ion-trap mass spectrometer with an NSI source (San 
Jose, CA). Samples were eluted using a linear gradient 
of 5% solvent B (0.1% formic acid in acetonitrile) to 
65% solvent B for 30 min with a flow rate of 200 nL/
min. The mass spectrometer was operated in a data-
dependent MS/MS mode using a normalized collision 
energy of 35%. The capillary temperature of the ion 
source was set at 180°C. Protein identification was 
achieved using Thermo Electron BioWork 3.1 software 
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with the most current NCBI non-redundant protein 
database. A minimum of two unique peptides found 
with a good Xcorr (+1 CS ≥ 1.5; +2 CS ≥ 2.0; +3 CS ≥ 
2.5) were required for an identity assignment. 

resUlts and disCUssion

introduction of Continuous-Flow 
Ultracentrifugation using pCFU

Continuous-flow ultracentrifugation technology was 
developed by Dr. Norman Anderson and coworkers 
in the 1960s29 and first commercialized by Alfa Was-
sermann (West Caldwell, NJ). Continuous-flow ultra-
centrifugation has been used for separation, isolation, 
clarification, and concentration of a wide variety of 
cellular components and macromolecules by their 
buoyant densities, using a density gradient as the sep-
aration medium.33–35 The separation mechanism is as 
follows (Figure 1): (1) material is loaded into the rotor 
at rest. (2) As the rotor is gradually accelerated, the 
gradient reorients itself vertically along the wall and 
forms a linear gradient. (3) Sample fluid is pumped 
into the bottom of the rotor using continuous flow. 
(4) The sample particles sediment radially into the gra-
dient with increasing density. They band isopycnically 
in the cylindrical zones where the gradient density 
equals the particle’s buoyant density. (5) At the end of 
the run, the rotor is decelerated and (6) the gradient 
reorients to its original position without disturbing the 

particle bands. (7) The banded particles are now ready 
to be collected with the rotor at rest.

pCFU provides a novel tool for sample preparation 
in proteomic analyses. Based on the principle of sepa-
ration by buoyant density, combined with continuous 
flow, pCFU can be used for sample enrichment and 
accumulation, separation of organelles and their sub-
types, separation of lipoproteins and other subcellular 
particles, and isolation of low-abundance components. 
Above all, pCFU provides separation without loss of 
biological information.

Mitochondria separation,  
enrichment, and heterogeneity

Sucrose is the typical and most frequently used medi-
um for isolation of organelles, as it does not influence 
molecule-molecule interaction.25 In this application, 
we chose 8–60% sucrose as our separation gradi-
ent. In order to protect organelles and their integrity, 
500 mM sucrose was used in the homogenization buf-
fer. Figure 2 shows the formation of the linear gradient. 
Typically, a slightly lower percentage of sucrose at the 
high end (~55%, d = 1.2 g/mL) and a slightly higher 
percentage of sucrose (~12%, d = 1.04 g/mL) at the low 
end are observed, possibly due to the dead volume of 
the instrument. The sucrose linear gradient is formed 
as soon as the centrifuge is ramped up to 3500 rpm. 
Our instrument has demonstrated high consistency of 
linear density-gradient formation.

FiGUre 1

a:	PKii	continuous-flow	ultracentrifuge	(cfu).	b:	Process	of	gradient	formation	and	sample	separation	
in	the	vertical	rotor	of	the	cfu.
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Mitochondria are double membrane–bound 
organelles with particle dimensions of 0.5–2 µm. Their 
density in sucrose gradients is about 1.17–1.21 g/mL. 
Mitochondrial proteins are approximately 16% of 
total cellular proteins. As described at the begin-
ning of this article, the most widely used methods 
for isolation mitochondria until now were differen-

tial and density-gradient centrifugation. These meth-
ods are very labor intensive, requiring multiple runs, 
and separation of mitochondria sub-types is almost 
impossible. Using our pCFU technology, mitochon-
dria and mitochondria sub-types were separated and 
highly enriched in a single step. The enrichment and 
relative quantitation of mitochondria in each fraction 

FiGUre 2

density	profile	of	fractions	from	sucrose-density	centrifugation	of	bovine	heart.	The	sucrose	density	was	
calculated	from	refractive	indices	measured	on	a	milton	roy	refractometer.

FiGUre 3

Western	Blot	analysis	of	equal	protein	amounts	collected	following	continuous-flow	ultracentrifugation	
of	bovine	heart	homogenates	(a)	18-	to	30-month-old	adult	bovine	heart	(b)	3-	to	8-month-old	youth	
bovine	heart.	samples	were	processed	as	described	in	materials	and	methods.	fractions	selected	for	
2de	are	marked	with	the	arrows	(fractions	9	and	12	in	adult and	9	and	12	in	the	young	bovine	heart).	d	
refers	to	sucrose	density	of	the	fraction.
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were assessed by Western blotting. Figure 3 shows 
the Western blot results of the mitochondrial distribu-
tion from adult and young bovine hearts. A total of 35 
fractions were collected from each of the pCFU runs. 
Based on Western blot results, there were fourteen 
fractions from adult bovine heart and twelve fractions 
from young bovine heart containing mitochondria. 
Mitochondria were enriched three- to fourfold com-
pared to the clarified homogenate before separation 
on pCFU. Similar mitochondria enrichment was also 
obtained from our previously reported study on rat 
liver mitochondria using pCFU.26 We observed that 
the relative intensities of the Western blot bands var-
ied in both adult and young. In the adult Western 
blot analysis, the most intense band was fraction 9 
(sucrose density = 1.175) and the second most intense 
band was fraction 12 (sucrose density = 1.157); in the 
young Western blot analysis, the most intense peak 
was fraction 13 (sucrose density = 1.147) and the next 
most intense peak was fraction 12 (sucrose density = 
1.153). These Western blot results clearly illustrate the 
heterogeneity of mitochondria, which is consistent 
with the literature.27, 28 This application demonstrated 
that pCFU has the ability to achieve both fraction-
ation and enrichment of subcellular components 
at the level of organelle sub-types within the same 
process, which cannot be achieved using traditional 
methods. 

differential 2de analysis and Protein 
identification by nano-lC-esi-Ms/Ms

In order to examine age-related changes in the bovine 
heart mitochondrial proteome, two mitochondria-
enriched fractions, A9 and A12 from adult bovine heart 
and Y9 and y12 from young bovine heart, were select-
ed for two-dimensional gel electrophoresis analyses. 
A9 and Y9 have very similar sucrose densities, as do 
A12 and Y12. IPG strips with pH ranges of 3–10, 5–8, 
and 7–10 were used, and samples were run in tripli-
cate. Figure 4 shows one group of 2D gels from adult 
fractions 9 and 12 (A9 and A12) and the corresponding 
young fractions 9 and 12 (Y9 and Y12). After analysis 
of 2D gel images, there were 144 matching spots in 
fraction 9 and 153 matching spots in fraction 12 (Figure 
5) when comparing the two age groups. In fraction A9, 
there were 114 unique spots, and there were 90 unique 
spots in fraction A12. In fraction Y9, 103 unique spots 
were found, while 190 unique spots were found in Y12. 
The 2D gel image analysis results show a significant 
difference in the mitochondrial protein mapping pro-
files between the two age groups. 

As previously discussed, pCFU achieves separa-
tion and enrichment at the organelle sub-type levels. 
Bovine heart mitochondria and sub-types were sepa-
rated based on their shapes and densities as shown 
by Western blot analysis. To judge the heterogene-

FiGUre 4

2d gel	electrophoresis	of	protein	mixtures	arising	from	fractions	a9	(adult	fraction	9),	a12,	Y9	(young	
fraction	9)	and	Y12	(see	above).	samples	were	processed	as	described	in	materials	and	methods.	iso-
electric	focusing	on	these	samples	was	performed	using	the	broad	ph	range	3–10	and	narrow	range	5–8	
and	7–10	strips.	above	shown	gels	are	5–8.
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ity of bovine heart mitochondria, two mitochondria-
enriched fractions with similar sucrose densities from 
each age group were selected and analyzed by 2DE. 
Figure 6 illustrates the results of comparisons between 
and within age groups. Compared with the result from 
Figure 5, a higher number of matching spots were 
found within an age group than between age groups. 
These differences demonstrate the ability of pCFU to 
separate mitochondria with varied physical properties 
in one step.

Preliminary comparisons of mitochondrial protein 
profiles between the adult and young bovine hearts 
were obtained by analyzing selected spots using nano-
LC-ESI-MS/MS. The differences in protein expression 
levels were compared using a twofold cut-off value. 

Tables 1, 2, and 3 list the results of mass spectrom-
etry analysis. Two selected fractions were resolved on 
pH 5–8 2D gels. From these 2D gels, 40 spots were 
selected for identification. Of these 40 spots, five 
unique proteins were identified in the adult that were 
not present in the young. Conversely, there were five 
unique proteins present in the young that were not in 
the adult. In addition, there were eight proteins found 
with at least a twofold difference in expression level 
between the adult and young bovine hearts. Among 
these identified proteins, there are important enzymes 
responsible for energy production and metabolism, a 
mitochondrial protein synthesis elongation factor, as 
well as proteins involved in the structural integrity of 
the organelles. Those oxidative modifications of the 

t a B l e  1

Proteins Unique to adult Bovine heart Fractions 9 or 12 

• nadh	dehydrogenase	(ubiquinone)	fe-s	protein	3–30	kda
• desmin
• similar	to	Bos taurus	d-aspartate	oxidase
• Voltage-dependent	anion	channel	2
• Thymidine	kinase	bovine	herpesvirus	4

see	figure	5.	only	selected	2d	gel	spots	from	ph	5–8	iPG	strips	were	ana-
lyzed,	using	mass	spectrometry	as	described	in	materials	and	methods.	

FiGUre 5

comparison of	2d gels	of	protein	mixtures	arising	from	fractions	9	(a)	and	fractions	12	(b)	of	homog-
enate	separations	from	young	and	adult	bovine	hearts.	isoelectric	focusing	on	these	samples	was	per-
formed	using	the	narrow	ph	range	5–8	iPG	strips.

FiGUre 6

numerical	comparison of	unique	and	matching	gel	spots	from	2d gels	of	protein	mixtures	arising	from	
fractions	9	and	12	of	homogenate	separations	from	young	bovine	heart	(a)	and	from	adult	bovine	heart	
(b).	isoelectric	focusing	on	these	samples	was	performed	using	the	narrow	ph	range	5–8	iPG	strips.	
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identified proteins could possibly contribute to the age-
related degeneration and functional decline of heart 
proteins. Our results are consistent with the results of 
age-related increases in oxidative stress and free radi-
cal–dependent damage of proteins.30–32 

ConClUsion

It is known that mitochondria vary in structure and 
function. The current study has demonstrated a sig-
nificant density-based heterogeneity in both young 
and adult bovine heart. pCFU resulted in separation 
of mitochondrial subtypes in both young and adult 
bovine heart. In addition, Western blot analysis indi-
cates significant enrichment of total mitochondria vs. 
the clarified homogenate prior to separation. Com-
parisons of the 2D gel spots showed significant dif-
ferences between adult and young mitochondrial sub-
types within the same sucrose-density fraction. Also, 
significant differences were observed between sub-
types within each age group. Matching spots showed 
significant percentages of unique proteins for each 
subtype in all comparisons. Protein identification data 
presented above represent only a small number of 
selected spots; it is thus expected that a significantly 

larger database can be generated through examina-
tion of all gel spots from all fractions at all pH ranges. 
The limitation of this technique is that endoplasmic 
reticulum and peroxisomal species may be present 
in some fractions due to their similar densities. This 
limitation is also present in traditional organelle sepa-
ration methods. 
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t a B l e  2

Proteins identified from 2d Gel spots Unique to  to Young Bovine heart  Fractions 9 or 12

• Translation	elongation	factor	ef-Tu	precursor
• caldesmon
• Thymidine	kinase
• immunoglobulin	lambda	light	chain
• enoyl-coa	hysratase	precursor

see	figure	5.	only	selected	2d	gel	spots	from	ph	5–8	iPG	strips	were	analyzed,	using	mass	spectrometry	as	
described	in	materials	and	methods.

t a B l e  3

Proteins with different expression levels in Fractions 9 or 12 that occurred in both  
adult and Young Bovine heart Fractions and showed at least twofold increased expression levels

• nadh	dehydrogenase	(ubiquinone)	fe-s	protein	1–75	kda	(a↑)
• s	chain	s,	bovine	heart	cytochrome	c	oxidase	at	the	fully	reduced	state	(a↑)
• serum	albumin	precursor	(a	↑	)
• casein	alpha-s1	(a↑)
• e	chain	e,	the	structure	of	bovine	f1-aTPase	covalently	inhibited	with	4-chloro-7-nitrobenzofurazan	(Y↑)
• adenylate	kinase	2	(Y↑)
• multicatalytic	protease	complex,	macropain,	proteosome	subunit	13	peptide	(Y↑)
• Bovine	viral	diarrhea	virus	(Y↑)

see	figure	5.	only	selected	2d	gel	spots	from	ph	5–8	iPG	strips	were	analyzed,	using	mass	spectrometry	as	
described	in	materials	and	methods.
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