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Abstract

Carbonyl-modified proteins are considered markers of oxidative damage caused by oxidative
stress, aging, and disease. Here we use a previously developed capillary electrophoretic method
for detecting femtomole (10~1° mole) carbonyl levels in mitochondrial proteins that are size
separated and profiled. For protein labeling, carbonyls were tagged with Alexa 488 hydrazine and
amine groups in proteins with 3-(2-furoyl)quinoline-2-carboxaldehyde. Total mitochondrial
protein carbonyl levels were statistically higher in fast- than in slow-twitch muscle of young
Fischer 344 rats, and statistically higher in old than in young slow-twitch muscle. Even when
some statistical comparisons of the total protein carbonyl levels would not reveal differences,
principal component analysis (PCA) classified the carbonyl profiles into four distinct sample
groups of different age and muscle types. In addition, PCA was used to predict that most age-
related or muscle-type-related changes in carbonyl levels occur in proteins with a molecular
weight between 9.8 and 11.7 kD.
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Carbonyl-Modified proteins are considered markers of oxidative damage in aged tissue and
diseases such as Parkinson's, diabetes, emphysema, and atherosclerosis (1,2). Multiple
reports describe age-related increased levels of carbonyl-modified proteins in cultured
human fibroblasts, human brain tissue, human eye lens proteins, and rat hepatocytes (3).
Skeletal muscle is composed of two major types of muscle fibers: slow- and fast-twitch
fibers. The two major fiber types use different metabolic processes for energy production.
The fast-twitch fibers mainly produce adenosine-5'-triphosphate (ATP) via anaerobic
catabolism, whereas the slow-twitch muscle uses aerobic pathways. The decline in skeletal
muscle performance associated with aging is muscle fiber type-specific, with fast-twitch
muscles declining more rapidly during aging than slow-twitch muscles (4-6).

Frequently total carbonyl levels in proteins are determined spectrophotometrically following
derivatization with 2,4-dinitrophenyl hydrazine (DNPH) (7-15). We recently reported the
detection and quantification of carbonylated proteins using capillary-sieving electrophoresis
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with post-column laser-induced fluorescence detection (CSE-LIF). Two fluorescent labels
were used: Carbonyl groups were labeled with Alexa 488 hydrazide, whereas primary
amines in proteins were labeled with 3-(2-furoyl) quinoline-2-carboxaldehyde (FQ). The
dual-channel fluorescence detection made it possible to identify proteins that are
carbonylated due to co-detection of the two fluorescent labels. Because the labeled proteins
are separated in a capillary containing a sieving matrix, the migration time is inversely
related to the protein molecular weight (MW), thereby producing a protein profile with an x-
axis associated with either migration time or MW; the y-axis (i.e., Alexa 488 fluorescence
intensity) in the profile corresponds to the abundance of carbonyls. Lastly, this method
allows for detection of femtomole (fmole) amounts of carbonyls in proteins, which makes it
compatible with the analysis of small samples, such as single cells or tissue microbiopsies.

Chemometric techniques have been previously used to extract relevant analytical
information from the large amount of data generated by capillary electrophoresis (CE).
Principal component analysis (PCA) is one of the most common techniques used to bring
out data patterns that are not easily identified in electrophoretic profiles (16-19). It does so
by reducing the number of dimensions (e.g., number of data points in an electropherogram)
in multidimensional data sets to fewer dimensions (i.e., principal components [PCs]), while
retaining the data set's variability (20,21). In PCA, each sample has scores associated with
each PC. The most important PCs can be used to define a coordinate system, and their score
values represent each sample in the score plot (22). In a score plot, the closer the distance
between samples, the more similar they are with respect to the features represented by the
PCs selected for the score plot (16).

In this study, the overall goal was to characterize the complex carbony! profiles of skeletal
muscle mitochondrial proteins associated with aging and muscle type. CSE-LIF
electropherograms were used as fingerprints of protein carbonylation in the analyzed
samples. We hypothesized that PCA is able to identify unique protein carbonyl patterns in
the electropherograms of four sample groups, even though statistical analysis would not
reveal differences among the groups being compared. The four sample groups included
young slow-twitch, young fast-twitch, old slow-twitch, and old fast-twitch muscles. Our
findings indicate that this technique (CSE-LIF), in conjunction with PCA, is capable of
detecting muscle-type and age-dependent changes in protein carbonyl profiles in rat skeletal
muscle mitochondria, and that the four distinct sample groups are identified in score plots.
These results demonstrate that the combination of CSE-LIF and PCA is a powerful tool that
may predict the age and muscle type of an unknown sample, characterize key features in the
sample, and identify the MW range in which proteins susceptible to oxidative damage (i.e.,
carbonylation) are found.

Materials and Methods

Reagents

Alexa 488 hydrazide, FQ, and potassium cyanide were obtained from Invitrogen (Carlsbad,
CA). Sodium cyanoborohydride, sodium borohydride, sodium dodecyl sulfate (SDS),
sodium acetate, Tris, Tricine, bovine serum albumin (BSA), sucrose, potassium chloride,
potassium phosphate monobasic, ethylene glycol tetraacetic acid (EGTA), 2,4-
dinitrophenylhydrazine (DNPH), HEPES, ascorbate, guanidine, dextran (425~575 kD),
trypsin inhibitor (20.1 kD), trypsinogen (24 kD), carbonic anhydrase (29 kD),
glyceraldehyde-3-phosphate dehydrogenase (36 kD), and albumin (66 kD) were purchased
from Sigma-Aldrich (St. Louis, MO). Bicinichoninic acid (BCA) assay and nagarse were
purchased from Pierce (Rockford, IL). Amicon Ultra-4 Centrifugal Filter Units were
purchased from Millipore (Billerica, MA). UltraTrol LN was obtained from Target
Discovery (Palo Alto, CA). The mitochondrial isolation buffer was composed of 100 mM
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sucrose, 100 mM KCI, 50 mM Tris-HCI, 1 mM KHyPOy4, 100 uM EGTA, and 0.2% BSA at
pH 7.4. The Alexa 488 hydrazide labeling buffer consisted of 100 mM sodium acetate and
20 mM NaCl, 1% SDS at pH 5.5. The separation buffer contained 8% dextran, 20 mM Tris,
20 mM tricine, and 0.5% SDS (pH 8).

Animal and Tissue Preparation

Skeletal muscle samples were obtained from female Fischer 344 rats with a mean life span
of 29 months (23). The rats were divided into two groups based on their age: six young adult
rats (12 months old, 100% survival rate) and six old rats (26 months old, ~25% survival
rate). They were maintained under specific pathogen-free conditions in our animal facility
(Minneapolis VA Medical Center). In our study, we selected the soleus muscle, which is
composed mainly of myosin heavy chain type 1 fibers (slow-twitch), and the
semimembranosus, plantaris, extensor digitorum longus, and tibialis anterior muscles, which
are mainly composed of myosin heavy chain type 2 fibers (fast-twitch).

Mitochondria were isolated by tissue homogenization and differential centrifugation as
described by Madsen and colleagues (24). Briefly, muscle pieces were minced initially with
scissors and suspended in the mitochondrial isolation buffer (10 mL/g tissue). Then nagarse
at 0.2 mg/mL was added to the minced muscle suspension. After 1 minute of incubation, the
minced tissue was homogenized and the homogenate was diluted fourfold with the isolation
buffer. The homogenate was centrifuged at 700 x g for 10 minutes. The supernatant was
then centrifuged at 10,000 x g for 10 minutes to obtain an enriched mitochondrial pellet.
After cleaning up the fluffy layer at the top of the mitochondrial pellet, the mitochondria
were resuspended in the isolation buffer (without BSA) and centrifuged at 7000 x g for 10
minutes. The resulting pellet was solubilized in the Alexa 488 hydrazide labeling buffer.
Insoluble materials were removed by centrifugation at 13,000 x g for 10 minutes and
discarded. The protein concentration was determined using the bicinichoninic acid (BCA)
assay.

Labeling of Mitochondrial Proteins with Alexa 488 Hydrazide

The labeling reaction of Alexa 488 hydrazide with carbonyl groups has been described
previously (25,26). Briefly, for labeling mitochondrial samples with Alexa 488 hydrazide,
each sample (20 uL, 1.5 mg/mL) was incubated with 2 uL of 3.5 mM Alexa 488 hydrazide
at 37°C for 2 hours. After incubation, 22 uL of 30 mM sodium cyanoborohydride in
phosphate buffer (pH 6.0) was added to stabilize the reaction product. To remove the
unreacted Alexa 488 hydrazide, an Amicon Ultra-4 centrifugal filter unit (5 kD cutoff) was
used. Briefly, 3 mL of washing buffer (20 mM Tris, 20 mM tricine, and 0.1% SDS at pH
8.0) was added. Then the sample was centrifuged at 7500 x g for 20 minutes, which led to
retention of the species with MW above 5 kD and filtration of other species (e.g., unreacted
dye). Upon repeating the washing step 5 times, the unreacted dye peaks were reduced
significantly (see Supplemental Material, Supplemental Figure 2). After removal of the
excessive dye, 5 pL of 20% SDS in separation buffer was added to the sample to denature
proteins and then the sample was taken to a final volume of 100 pL.

FQ Labeling of Protein Standards

To determine the MW of the detected mitochondrial proteins, we used 3-(2-furoyl)
quinoline-2-carboxaldehyde (FQ) to label protein standards that were co-injected with the
sample. Briefly, 50 uL of the protein standards solution containing trypsin inhibitor (20.1
kD), trypsinogen (24 kD), carbonic anhydrase (29 kD), glyceraldehyde-3-phosphate
dehydrogenase (36 kD), and albumin (66 kD) was mixed with 35 uL of 10 mM KCN in a
500-uL microcentrifuge tube, which contained 500 nmole of dry FQ prepared in a Speedvac
(27-30). The reaction mixture was incubated for 5 minutes at 65°C. Then 5 uL of these FQ-
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labeled protein standards were added to 50 pL of Alexa 488 hydrazide-labeled
mitochondrial proteins and analyzed by CSE-LIF. The addition of FQ-labeled protein
standards does not affect the detection of Alexa 488 fluorescence (i.e., carbonyls) because
these two fluorophores emit at different spectral ranges and are detected in separate
channels.

Capillary Electrophoresis

A commercial capillary electrophoresis instrument, Beckman Coulter P/ACE MDQ system
(Fullerton, CA) was used for the analysis of protein carbonyls. For excitation, the LIF
detector used an argon-ion laser (488 nm line, 3 MW) that was directed to a detector
window in the capillary using a fiber optic; this wavelength excites both Alexa 488 and FQ-
labeled proteins. Fluorescence from proteins was directed to a long-pass dichroic mirror
(XF2013; Omega Optical, Brattleboro, VT) placed at 45° relative to the direction of the
incoming fluorescence; transmission and reflection occur above and below 540 nm,
respectively. Transmitted light (i.e., FQ-labeled protein fluorescence) and reflected light
(i.e., Alexa 488 fluorescence) were further filtered with a 635DF55 bandpass filter (~608-
662 nm) and a 520DF20 bandpass filter (~510- 530 nm), respectively, before reaching
separate photomultiplier tubes (PMTSs). The PMT output signals were sampled at 4 Hz.

Separations were performed using a 50-um inner diameter (i.d.), 365-um outer diameter
(0.d.) fused-silica capillary. UltraTrol LN, a class of linear polyacrylamide made of N-
substituted acrylamide copolymers, was used for precoating the capillary walls. This
procedure decreases the electroosmotic flow and inhibits protein binding to the inner wall of
the capillary (31). The total capillary length and the length to the detection window were 30
and 20 cm, respectively. The sample was injected hydrodynamically at 11 kPa for 4 seconds
into the capillary containing the separation buffer. The total protein content for each CSE
analysis was calculated to be 1.65 ng. Separations were performed at =570 V/cm. The
capillary was reconditioned between consecutive runs with sequential pressure-driven
flushes (15 psi for 3 minutes each) of 0.5 M sodium hydroxide, H,0, the dynamic coating
reagent UltraTrol LN, separation buffer, and the running buffer (32).

Calibration of CSE-LIF With Oxidized BSA Standards

BSA (10 mg/mL) was oxidized with a hydroxyl radical-generating system consisting of
ascorbate/Fe(111)/O, as described previously by Requena and colleagues (33) and was used
as a carbonylated protein standard. The carbonyl content of the oxidized BSA was
calculated from the absorbance of the complex with DNPH at 375 nm (molar absorption
coefficient, 22,000 M/cm) to be 12.3 nmole carbonyl/mg protein (34). This oxidized BSA
was then diluted to 1, 0.5, 0.25, 0.1, and 0.04 of the original concentration with labeling
buffer. Each of these five preparations of oxidized BSA (5 pL each) were labeled with 2 pL
of 3.5 mM Alexa 488 hydrazide at 37°C for 2 hours. The following procedure for labeling of
carbonyls was essentially the same as that used for labeling mitochondrial proteins, except
that the volumes of 30 mM sodium cyanoborohydride and the final volume of each labeled
BSA standards were 7 uL and 300 pL, respectively. Each of the Alexa 488 hydrazide-
labeled oxidized BSA standards was injected hydrodynamically at 11 kPa for 3 seconds
(with an injection volume of 0.8 nL) into the capillary containing the separation buffer. The
standards were analyzed in triplicate, and the areas of the peaks detected in the Alexa 488
channel (y) was plotted versus the different amounts (moles) of carbonyl groups (x) to obtain
the calibration curve:

y=(4.4 +0.2) x 10*%x = (0.3 + 0.2)(R*=0.988) (1)
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MW Calibration

The second detector of the dual-channel fluorescence detection scheme was used for
detection of protein standards labeled with FQ. Supplemental Figure 1A displays five
conspicuous peaks representing FQ labeling standard proteins with MWs from 20,000 to
66,000. Supplemental Figure 1B shows the relationship between the logarithm of molecular
mass and mobility for the five standard proteins indicating that the dextran separation is size
based. Hence, using this relationship, the migration time could be transformed to protein
MW.

Computational Data Analysis

Igor Pro software (Wavemetrics, Lake Oswego, OR) was used to analyze
electropherograms. This program provides intensity values at each migration time point. The
fluorescence intensity values detected in the Alexa 488 channel were used to calculate the
area associated with carbonyl amounts. The in-house-written Igor procedure, Wide Peak
Analysis, was used for this purpose (26).

Statistical Analysis

Statistical analysis was performed with the QuickCalcs program (GraphPad, San Diego,
CA). For comparison of carbonyl levels, the triplicates of a given sample were averaged and
the sample variance was determined. Samples with a high sample variance were excluded
from subsequent data analysis (i.e., one from the slow- and one from the fast-twitch muscle
[young groups]). A Grubbs test was then used to confirm that there were no outliers in the
remaining samples within each group. Comparison between groups was done using one-
tailed t tests. Results were converted to nmole carbonyl/mg protein using Equation 1 and
reported as mean * standard error of the mean.

Principal Component Analysis

PCA was used to analyze the electropherograms of Alexa 488 hydrazide-labeled
mitochondrial protein samples described above. As mentioned in the introduction, PCA
transforms data sets to extract PCs that contribute the most to data variance, thereby
eliminating redundant, orthogonal, and interdependent variables and reducing the data set
complexity. The PCA-processed data set is transformed into a new coordinate system, such
that the greatest variance lies on the first coordinate (first PC), the second greatest variance
on the second coordinate (second PC), and so forth. The position of a sample in an N-
dimensional space of N PCs is then defined by its respective score vector (cf. Figure 3). The
contribution of all variables to the variance of a PC is represented by a loading vector, which
defines how each of the variables contributed to the total variance explained by a PC (cf.
Figure 4).

Here, every electropherogram had 3600 data points (i.e., variables representing 3600
migration time points with their corresponding fluorescence intensity values), each of which
was treated as an independent variable. To classify samples based on their CE profiles,
individual electropherograms in each of the four sample groups were arbitrarily divided into
the calibration and validation data sets, representing 75% and 25% of the total number of
available sample measurements, respectively. Four calibration data sets, one for each of the
four sample groups, were used to build four disjoint PCA models in SIMCA-P (Umetrics,
Umea, Sweden). These disjoint PCA models allow for pattern recognition based on
modeling each of the categories by a separate PCA model (35). The four built disjoint
models were then cross-validated using the samples in the validation data sets. Each model
gave rise to a distribution of individual samples in an N-dimensional space of the PC scores,
N being the number of PCs used. A PC was considered significant if its normalized
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eigenvalue was >2 and the contribution to the total explained variance was >1%. For each
sample, a probability of membership was calculated, which represents the probability that
the measurement belongs to one of the four disjoint models (36).

To identify the group of proteins that were carbonylated the most, the time points in each
electropherogram were transformed into MW values using parameters from the MW
calibration line (cf. Supplemental Figure 1); each sample was analyzed in triplicate, and the
triplicate runs were aligned and averaged, resulting in a single average electropherogram for
each sample.

To align and average replicate CSE-LIF measurements, migration times of 5 MW standards
(detected only in the red spectral channel; Supplemental Figure 1A) were used to construct a
calibration curve (Supplemental Figure 1B). The calibration curve was then applied to data
obtained with the green detector channel (c.f. Figure 1) to determine the respective carbonyl
levels, and the migration time values were transformed to MW values in kilodaltons (kDs).
The data points corresponding to a particular sample value were then linearly interpolated to
match the exact MW values of all samples. This alignment process yielded data sets, each
containing exactly 1432 data points spanning the 5- to 200-kD range, which were
subsequently averaged for each sample type and subjected to PCA. Prior to PCA, the data
set was normalized and centered between —1 and 1 using the “mapminmax” function in
Matlab. PCA was performed using the “princomp” function in Matlab 7.4 (MathWorks,
Natick, MA). Samples with the Mahalanobis distance from the center of the score plot
greater than the threshold (probability of 0.95) were flagged as outliers and were excluded
from the data set.

The processed data from all samples in the four groups defined above were pooled to
construct a variance PCA model that defines the variables (i.e., MWSs) associated with
variations among these groups. As described above, the loading vector of the first PC
represents the contribution of a particular MW value to the model variance captured by the
first PC. High values of the loading vector (i.e., those above the preset threshold of —0.014
representing 50% of the maximum value) represent the MW values contributing the most to
the total model variance (cf. Figure 4).

Carbonyl Abundance in Protein Profiles

We previously introduced a CSE-LIF method for the detection and quantification of protein
carbonyls in mitochondria samples containing femtomole levels of carbonyls. This method
also made it possible to obtain an MW profile of the carbonylated proteins (26). Here, we
used this analytical method for the comparison of carbonyl levels and profiles in
mitochondrial preparations obtained from slow- and fast-twitch muscles isolated from six
12- and six 26-month old Fischer 344 rats. Each one of the 24 samples was analyzed in
triplicate. Losses attributed to the multiple washes in the Amicon filter units were negligible
as demonstrated for the recovery of oxidized BSA (see Supplemental Material, Figure 2 for
details). The sample variances of the peak areas for each sample analyzed in triplicate
ranged from 0.07 (1% relative standard deviation, [RSD]) to 13 (26% RSD), except for one
young (variance 45, 40% RSD) and one old (variance 39, 26% RSD) fast-twitch samples
that were eliminated in subsequent t test comparisons. Within a given group, none of the
remaining samples were outliers (Grubbs test). The total carbonyl content was then
calculated based on the total average area of each peak sample (c.f. Equation 1). Fast-twitch
and slow-twitch muscle in the young adult group had different carbonyl levels (0.92 + 0.11
vs 0.54 £ 0.07 nmole carbonyl/mg protein, respectively, p =.006, n =5 and 6 samples in
each group, respectively). As shown in Figure 2, in fast-twitch muscle, we did not detect a
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significant increase of carbonyl levels in proteins of old (26-month-old) versus young (12-
month-old) rats (i.e., 1.34 + 0.31 vs 0.92 + 0.11 nmole carbonyl/mg protein, respectively; p
=.110, n = 5 samples in each group). Only in slow-twitch muscle was there a significant
difference in protein carbonyl levels between old and young adult rats (i.e., 1.23 + 0.32 vs
0.54 + 0.07 nmole carbonyl/mg protein, respectively; p =.051, n = 6 samples in each group).

Sample Categorization by PCA

As noted above, the electropherograms (i.e., carbonylated profiles) of the four sample types
contain a number of distinct features, but the differences between the samples are difficult to
capture visually (cf. Figure 1). The overlapping peaks are mainly caused by the large
number of carbonylated proteins present in the sample and the wide dynamic range of their
abundance. For instance, in a previous proteomic study, 94 carbonylated proteins were
identified in the skeletal muscle mitochondria of Fischer 344 rats (37). However, not all of
these proteins necessarily have changes in carbonyl levels with aging. To extract valuable
information from the electropherograms from such complex samples, PCA was used. The
principles of PCA have been described in detail and can be found elsewhere (21,38,39). To
classify samples into one of the four groups based on their electropherogram profiles, we
constructed four disjoint PCA models used for pattern recognition and sample classification
(35). Particular attention was paid to the number of PCs, as this often affects the outcome of
PCA models—too few PCs will not adequately model the data set, whereas too many will
overfit the data and lead to a less robust model.

Each disjoint model used two to four PCs to explain up to 87.5% of total variance (see
Supplemental Table 1 for details). These four disjoint models were then used to analyze the
samples in the validation data set (i.e., the remaining 25% of observations). For each sample
in the validation set, classification to one of the four categories was based on its probability
of membership value (Table 1), which represents the probability that an observation belongs
to the model based on the normalized distance of a validation observation to the model.
Because a probability > .05 (95% confidence interval) is commonly considered statistically
significant, the highest probability value indicates that a sample belongs to a particular
disjoint model. Table 1 shows that, of 20 samples, there are 17 correct assignments at 95%
confidence (17 out of 19 cells with bold text); the other three samples (cell with text in
italics) are correctly assigned but with a smaller confidence level (samples Y5fc, 05Sa, and
Y2Sa). These results corroborate the fact that PCA is a powerful tool for multivariate
analysis of complex data matrices, such as electropherograms describing carbonyl profiles.

Prediction of MW

PCA can be used to evaluate the “importance” of variables (i.e., migration times
transformed to MW values) by examining the loading vectors of PCs. To do this, a new
PCA model was built using averaged replicate electropherograms for all the samples
transformed to MW values. Because of its complexity, this model required six PCs to
explain 94.7% of total variance. In score plots using the first three PCs (Figure 3), which
explain ~87% of the total variance, the four sample types are reasonably well separated,
indicating that the model allows for identification of a sample using its PC scores (i.e., score
plot coordinates). As it can sometimes be difficult to appreciate the degree to which
individual groups are separated in a three-dimensional plot, we have also prepared a series
of two-dimensional score plots shown in Supplemental Figure 3.

By inspecting the loading vector of the first PC (Figure 4), which explains 64% of total
variance, the contribution of protein MWs to the PCA model can be evaluated. Here, the
loading vector is a measure of contribution of a variable (i.e., a given MW value) to the
variance: The higher the loading vector value, the bigger the contribution of a given MW
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value to the total variance of the model. Arbitrarily, 50% of the loading vector maximum
was set as a threshold (—0.014) (dashed line in Figure 4), above which all values were
considered significant contributors to the model variance.

As seen in Figure 4, the main MW regions contributing to the model variance are at 5-6 kD
and 9.8-11.7 kD. The first region is associated with small, nonprotein fluorescent species
present in the samples. The second interval represents a MW range in which most age-
related or muscle-type-related changes in the protein carbonyl levels occur.

Discussion

This work demonstrated that CSE-LIF can be used to investigate muscle-type and age-
dependent changes in protein carbonyl in rat skeletal muscle mitochondria. It also showed
that PCA is useful to successfully classify protein carbonyl profiles and to predict MW
ranges in which most age-related or muscle type-related protein carbonyl changes occur. In
this work, we focused on carbonyls of mitochondrial proteins, because (i) mitochondria is
one of the major sources of reactive oxygen species (ROS) in the cell (40) and (ii) proteins
are believed to be a major targets of ROS, which results in oxidative molecular damage
(e.g., carbonyl formation) (40).

The effects of variations in MW, caused by different forms of oxidative modifications or
different degrees of labeling with FQ, on the separation profiles deserves some attention as
they could potentially affect the PCA results. The resolution (i.e., based on the full width at
half maximum of a typical protein peak) in the CSE separation is ~2.5 kD for proteins with
a MW of 22 kD. This resolution is not sufficient to detect small variations caused by the
modification or labeling procedures described earlier. For example, glutamic semialdehyde,
being one of the main products of metal-catalyzed oxidation, changes the MW of proline
and arginine by 16 and —43 Da, respectively (33). A given protein would need to have ~60
oxidized arginine residues to display a peak different of that of the nonoxidized protein.
Thus, the CSE separations provide complex profiles that will not be affected by minor
modifications in MW. These profiles can only be compared using chemometric approaches
such as PCA.

Age-related increase in the protein carbonyl content has been previously reported in rat
hepatocytes (41), gerbil brain (42), houseflies (43), human skin fibroblasts (44), and rat
kidney cells (45). Fano and colleagues (46) reported that protein carbonyl levels showed a
significant increase from young to old in human skeletal muscle (i.e., 2.0-2.9 nmole
carbonyl/mg protein, respectively). Overall, our slow-twitch data are in agreement with
reports that state that skeletal muscle accumulates carbonyls with aging (47,48), which may
be a consequence of decreased protein degradation or increased ROS generation (15).

Other studies reported no increase in protein carbonyl contents with aging of rat skeletal
muscle (49), rat liver (50), gerbil brain cortex (50), and Fischer 344 rat brain, liver, lung, and
heart (51) with DNPH spectrophotometric assays. A particularly relevant study to the results
presented here determined that the carbonyl content was 0.7 nmole carbonyl/mg protein in
gastrocnemius muscle from both 10- and 30-month-old Fischer 344 rats (15). This muscle is
one of the components of the fast-twitch muscles investigated in our study. The carbonyl
levels at young ages determined in our study are comparable (i.e., 0.9 nmole carbonyl/mg
protein) and do not statistically significantly increase with aging.

The differences in the protein carbonyl levels between slow- and fast-twitch muscle types
reported here underline different metabolic mechanisms. Fast-twitch muscle had more
carbonyls than did slow-twitch muscle in young adult (12-month-old) Fischer 344 rats. The
fact that oxidative damage is much more evident in fast-twitch than in slow-twitch muscle
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suggests (i) increased ROS levels, and consequently ROS-associated oxidative damage, or
(i) less effective degradation of oxidized proteins and greater antioxidant capacity in slow-
twitch muscle. These observations are in agreement with a report stating that superoxide
produced in both mitochondrial complexes I and 111 is higher in fast-twitch than in slow-
twitch muscle and that superoxide scavenging capacity is lower in fast-twitch than in slow-
twitch muscle (52). Thus, it appears that carbonyl levels in both muscle types may be
associated with ROS produced by the electron transport chain in mitochondria, even when
fast-twitch muscle relies primarily on glycolysis for ATP production. In contrast, it is
possible that other sources of ROS in the cytoplasm of fast-twitch muscle fibers (e.g.,
cytoplasmic xanthine oxidase) contribute to oxidative damage in the respective muscle type
(53,54).

The relationship between oxidative stress (especially total protein carbonyls) and normal
aging has been studied extensively in other tissues (41-44,46,47,49,51,55), but this is the
first time that PCA has been used to classify mitochondrial protein carbonyl profiles
obtained by CSE-LIF according to age and muscle type. As shown in Figure 3 (and
Supplemental Figure 3), the four sample types cluster differently, indicating the distinct
oxidative stress characteristics of these sample types. Because these plots are landmarks
representing the variations in carbonyl levels of mitochondrial proteins from fast- or slow-
twitch skeletal muscle of young or old Fischer 344 rats, they may be used for cataloguing
unknown samples. In such studies, it would be beneficial to include more samples to
calibrate the PCA model, which would in turn improve its robustness. More reproducible
results (in terms of fluorescence intensity as well as migration times) would further improve
the accuracy of the model. Lastly, there are chemometric methods, (e.g., artificial neural
network) that are more sophisticated than PCA and that could be powerful alternatives to
characterize unknown samples based on their carbonyl profiles (20), but their examination is
beyond the scope of this report.

By analyzing the electropherograms shown in Figure 1, it can be seen that most
carbonylated proteins lie between 220 and 400 seconds that correspond to a MW range from
4.2 to 51.8 kD, whereas the useful range extends up to 800 seconds that corresponds to 240
kD. The absence of significant levels of carbonyls in proteins ranging from 51.8 to 240 kD
may be caused by (a) low carbonyl levels in mitochondrial proteins with high MW and (b)
low solubility of these proteins during solubilization of mitochondria. However, the causes
of these losses were not further investigated because the most dramatic changes were
expected in the 10- to 30-kD range, which contains the most abundant mitochondrial
proteins (56). In fact, the range 9.8-11.7 kD, determined from the loading vector analysis,
ought to include the subset of proteins that contributes the most to the variations associated
with age and muscle type. This approach allows us to identify six carbonylated proteins
(Table 2) of 94 that have been previously reported as carbonylated (37,57).

The majority of the proteins listed in Table 2 are mitochondrial inner membrane complexes
I-V from the oxidative phosphorylation (OXPHOS) machinery, known to be targets of ROS
(58,59). In addition, thioredoxin and 10-kD heat shock protein identified as carbonylated
belong to the 9.8- to 11.7-kD MW range. At the present time, the effect of carbonylation on
thioredoxin and heat shock protein function is unknown, and one hypothesis to investigate
further is that carbonylation decreases their function and leads to age-related losses of
antioxidant defense and apoptosis regulation.

Clearly, fast profiling by CSE-LIF followed by PCA could be a prescreening tool to identify
the MW range of interest, which could in turn tremendously reduce the complexity of
subsequent proteomic studies. The value of such a prescreening method would be even
greater when working with precious muscle samples. For example, we are conducting a
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longitudinal study in which muscle biopsies are taken from the same muscle of the same
animal at different time points over the life span of the animal. This methodology may also
be useful to elicit correlations between protein oxidative damage and muscle function and
shed light on how much damage the system can withstand before function failure.

In this article, a strategy for quantitation and profiling of carbonylated proteins by CSE-LIF,
down to femtomole carbonyl levels, was combined with PCA. Even when statistical
comparisons would not reveal differences between muscle types and age, the PCA correctly
identified four different sample types. In addition, the PCA of the carbonyl profiles resulting
from the CSE-LIF measurements suggests that the most important variations in
carbonylation associated with age and muscle type occur in proteins with masses in the 9.8-
to 11.7-kD MW range. This range includes 10-kD heat shock protein and thioredoxin, which
previously have been associated with oxidative stress defense systems. This range also
included proteins involved in oxidative phosphorylation that may be associated with
different roles that mitochondria play in fast- and slow-twitch muscle types. These results
highlight a new approach to fast classification and quantification of carbonyls. This
approach has potential application in investigating oxidative stress found in aging, disease,
exercise and dietary regimens, or anti-aging treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Electropherograms of mitochondrial proteins labeled with Alexa 488 hydrazide. A, Young,
fast-twitch. B, Old, fast-twitch. C, Young, slow-twitch. D, Old, slow-twitch. Separation,
—570 V/cm; hydrodynamic injection, 11 kPa, 4 seconds; sieving matrix, 20 mM Tris, 20
mM tricine, 8% dextran (462 kD), 0.5% sodium dodecyl sulfate, pH 8. The samples were
analyzed in triplicate. Capillary conditioning, fluorescence labeling, and detection are
described in Materials and Methods. A.U. = arbitrary units.
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Figure 2.
Protein carbonylation levels in Fischer 344 rat skeletal muscle mitochondria. Values

reported are in nanomoles carbonyl per milligram protein and are reported as the mean +
standard error of the mean.
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20

Figure 3.

Principal component analysis (PCA) of mitochondrial protein electropherograms. Score plot
of PCA-analyzed samples using the first three PCs (filled triangle, young fast-twitch, filled
circle, old fast-twitch; open triangle, young slow-twitch; open circle, old slow-twitch). A
series of two-dimensional panels of the score plot are shown in Supplemental Figure 3.
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Figure 4.

Loading vector of the first principal component (PC) in the principal component analysis
(PCA) model. The loading vector represents how variables (i.e., Alexa 488 fluorescence
values corresponding to proteins in a particular molecular weight [MW] range) contribute to
the variance explained by the first PC. The variables with the most contribution fall above
the set threshold (dashed line).
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Probability of Membership in the Four Age/Muscle-Type Groups for Samples in the
Validation Data Set
Sample  Young Fast-Twitch  Old Fast-Twitch  Young Slow-Twitch  Old Slow-Twitch
Y1Fa 173 0 0 0
Y2Fa .058 1.08 x 10722 3.90 x 10731 5.56 x 1072
Y3Fb 1.000 1.39x 10713 211 % 1072 9.26 x 1072
Y4Fc 567 2.34x 10731 1.53 x 107%7 1.08 x 10734
Y5Fc .020 1.16 x 10728 1.10x 1073 2.75x 10731
O1Fb 1.61x 1075 384 2.66 x 10717 1.06 x 10717
O1Fc 071 837 7.07 x 10719 5.02 x 10718
03Fb 0 555 1.68 x 10721 2.80 x 10710
04Fb 1.06 x 10724 424 1.74 x 10731 340x107%
06Fa 3.81x 1072 .063 0 1.01 x 10736
Y1Sb 8.79 x 10732 6.43 x 10721 655 4.42 x 10713
Y2Sa 0 1.39 x 1072 .005 469 x 10711
Y4sb 3.45 x 10730 2.11x 10720 158 2.57x 1075
Y4Sc 3.33x107% 2.00 x 10720 143 2.41x1076
Y6Sh 2,75 x 1037 1.72x 10720 764 225
O1Sc 0 2.30 x 10720 .001 .685
02Sa 0 4.56 x 10724 3.79x 10728 .986
02Sc 0 2.32 x 10721 0 489
04sb 0 2.12x 1072 .002 414
05Sa 8.62 x 10720 7.37 x 10722 7.83x 10725 .037

Page 18

Notes: The probability of membership values >.05 (95% confidence interval) are shown in boldface; values between .01 and .05 are shown in

italics.

The number between the two letters identifies the animal; the last character is a notation describing the run number in the triplicate analysis.

Example: 05Sa=old rat #5, slow-twitch muscle, run a).

YF = young fast-twitch; OF = old fast-twitch; YS = young slow-twitch; OS = old slow-twitch.
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Identified Carbonylated Proteins with Molecular Weight (MW) Intervals of 9.8-11.7 kd

N

Accession Protein Name MW (kd)

Carbonylated proteins identified from both proteomics studies (37,57)

P26772 10 kd heat shock protein 10.9
Carbonylated proteins identified from first proteomics study (37)

Q5M9I5 Cytochrome b-c1 complex subunit 6 10.4
P62898 Cytochrome ¢ 11.6
1P100358015 1 NADH dehydrogenase (ubiquinone) 1B, 3 11.2
Carbonylated proteins identified from second proteomics study (59)

IP100191103 1 NADH dehydrogenase (ubiquinone) lo 10.8
Q2XTA8 NADH dehydrogenase 1B 4 [Fragment] 9.9

Note: Swiss-Prot accession numbers are given for each protein. For those proteins without a Swiss-Prot accession number, IPI accession numbers
are given instead.
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