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Introduction 

Myocardial infarction (MI) is a major cause of morbidity
and mortality worldwide, with approximately 500,000-
700,000 deaths caused by ischemic heart disease in the
United States each year. The causes of the disease have
been well-established, but the build-up to a massive heart
attack is difficult to predict, particularly during early
stages of disease progression when prevention is still
possible. Proteomics – both large-scale protein identifi-
cation and quantitative differential expression – may be
used to identify improved diagnostic markers and con-
tribute to our understanding of biochemical pathways
triggered during myocardial injury that might one day
serve as targets for drug therapy. 

In this study, samples were obtained in a time-course
fashion from patients undergoing alcohol septal ablation
for hypertrophic cardiomyopathy (a “planned” myocar-
dial infarction) and analyzed in triplicate to track changes
in their protein profile during the course of treatment.
Bottom-up proteomics analysis was accomplished in two
steps, namely (1) off-line fractionation by strong anion
exchange chromatography (SAX) of plasma proteins in
order to circumvent the need for depletion of high-abun-
dance proteins (e.g., albumin, IgG), followed by (2) repli-
cate bottom-up analysis of digested fractions, by nanospray
LC/MSn with a Finnigan LTQ linear ion trap mass spec-
trometer, to assess semi-quantitative changes in the protein
profile over the course of the planned MI. 

Goal

Demonstrate the use of a specific sample handling
and pre-fractionation protocol combined with on-line
nanoflow LC/MSn with a high-performance linear ion trap
mass spectrometer (Finnigan LTQ) for in-depth identifica-
tion and semi-quantitative analysis of both putative and
known plasma protein biomarkers of human MI.

Experimental

Sample Collection

Samples were obtained from patients undergoing alcohol
septal ablation for hypertrophic cardiomyopathy, a
“planned” myocardial infarction. Blood was drawn at
indicated time points from central catheters into citrated
tubes (Becton Dickinson, 0.105 M buffered sodium cit-
rate, whole blood ratio 1:9) and centrifuged at 2000×g for
10 min. Plasma was aliquoted and immediately frozen
and preserved at –80°C until use.

Pre-fractionation

Samples of plasma (1.6 mL) were thawed on ice and
diluted (1:10) 1 hour prior to injection in 80 mL of 15%
n-propanol, 25 mM ammonium acetate pH 8.8. Prior to
loading, diluted samples were spun at 3000×g for 10 min
to remove any particulates. The samples were loaded in a
150 mL sample loop, and an additional 36 mL of Solvent A
(see below) was used to rinse out the sample loop and rinse
off unbound proteins from the column prior to starting the
gradient. A MonoQ 10/10 column (GE Healthcare) was
used. A gradient was formed with (Solvent A) 25 mM
ammonium acetate 15% n-propanol(v/v) pH 8.8, and
(Solvent B) 2 M ammonium acetate 15% n-propanol(v/v)
pH 8.8, at a flow rate of 0.8 mL/min.

The pre-fractionation gradient is listed in the
following table:

Column Regeneration

The column was regenerated at a flow rate of 1 mL/min
with 10 column volumes of each of the following:
acetonitrile, 0.1% formic acid; 40% isopropanol,
15% acetic acid; 40% isopropanol, 0.1 N NaOH; 2 M
ammonium acetate, 15% n-propanol pH 8.8; 80 mL
25 mM ammonium acetate, pH 8.8 15% n-propanol.

Fraction Collection

Eight mL fractions were collected into 15 mL polypropy-
lene tubes, frozen to –80°C and lyophilized to dryness
using a Savant SSC250 SpeedVac™ with a –110°C trap
and high vacuum pump.
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Digestion

Lyophilized fractions were reconstituted in 500 µL of
6 M urea, 100 mM TRIS (pH 7.8). A 100 µL aliquot was
taken for enzyme digestion according to published proce-
dures (Kinter et al)1. Following digestion, samples were
reconstituted to a final sample volume of 500 µL prior
to injection and analysis by LC-MS/MS.

HPLC Separation

Ten µL fractions were loaded and desalted for 10 min on
a Captrap trapping column (Michrom BioResources) at
10 µL/min. Peptides were separated using a handpacked,
75 µm × 100 mm Magic C18AQ column (Michrom
BioResources), 200Å, 5 µm particle size, at a flow rate
of 100 µL/min pre-split; 350 nL/min post-split.

The gradient was formed with the following mobile
phases: A – Water w/0.1% Formic Acid; B – Acetonitrile
w/0.1% Formic Acid.

The chromatographic gradient is listed in the
following table:

Mass Spectrometry

A Finnigan LTQ linear ion trap was operated in positive
ion nanospray mode, using a Data Dependent™ Triple Play
method as follows:

1: Full scan MS: 400–1800 m/z (survey scan)
2: ZoomScan™ MS of most intense ion from

survey scan (high-resolution scan)
3: MS/MS of most intense precursor ion from

survey scan 

Dynamic Exclusion Settings

Repeat Count: 2
Repeat Duration: 30s
Exclusion List Size: 200
Exclusion Duration: 120s

Data Dependent Settings

Min. Signal Required: 1000
MS2 Isolation Width: 2 m/z
MS2 Normalized Collision Energy™: 30%

Data Analysis

All time points and fractions were analyzed in triplicate
and their semi-quantitative changes determined using
prototype differential expression software, including a
pipeline of automated data analysis with chromatographic
alignment and relative quantification of LC/MS features
without the use of stable-isotope labels. In this pipeline,
identification via database (IPI human, indexed for tryptic
cleavages, M+16) searching using SEQUEST® with
aggressive filtering of the results preceded alignment and
calculation of peak areas from raw MS signals. Relative
quantification was performed only on those precursor
ions (MS) which produced ZoomScans and MS/MS
spectra of sufficient quality to yield positive protein IDs.

Results

Figure 1 shows the local chromatographic environment
of fractions G4 and G5 from the SAX profile across the
different time points (0, 1, and 24 hours). Note the time-
dependent gross changes in profile in and around fractions
G4 and G5, especially 24 hours after the initiation of the
septal ablation procedure.

A meta-consensus summary report was generated to
tabulate SEQUEST scores and the qualities of related
ZoomScans for identified peptides and proteins. In nine
analyses of fraction G4 (3 time points × 3 replicates per
time point), approximately 32 proteins were confidently
identified using a criteria of two or more distinct peptide
sequences with an Xcorr > 2.5. Among the proteins identi-
fied were two splice isoforms of C-reactive protein (shown
in Figure 2), a known marker of myocardial injury. Figure
3 shows the sequence alignment of both CRP isoforms.

In the data analysis pipeline used here, several internal
consistency checks were applied both to the raw data, as
well as to the results from the database search. One of
the QC tests applied to the raw data prior to database
searching involves a scoring of the goodness of fit between
the theoretical and the experimental isotope distribution
of the precursor ion using the ZoomScan profiles from
each triple play event. This score, labeled zQual in Figure
2, is bound between the values of 0 (no match) and 1
(perfect match). For the purpose of our experiments, only
MS/MS spectra with an associated zQual value >0.65
were used for database searching. As a result, of the
approximately 13,000 triple plays generated for each
sample analysis, only half of the ZoomScan data and
their corresponding MS/MS spectra were searched.
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Two CRP peptides, (K)RQDNEIL-
IFWSK(D) and (R)GYSIFSYATK(R),
were monitored to examine differen-
tial expression levels between the time
points. Automated chromatographic
alignment of the RICs was performed
within a 3 m/z unit-wide window
around the doubly-charged precursor
ion signal in the MS scan. Following
alignment, peak areas were calculated
and averaged for the three technical
replicates. These average areas were
then normalized to the T0 average
value and their ratios computed
between each time point. 

Figure 4 shows the change in
CRP expression across the three time
points, T0, T1, and T24 as calculated
by the response in the raw MS signal
from the (K)RQDNEILIFWSK(D)
peptide. The expression ratio T0:T24

is 1:2.2 (t-test value of 0.001 for a
statistically significant difference).
This ratio is in good agreement with
recent reports in the literature for the
kinetics of release of CRP following
myocardial injury2-5.

In order to arrive at a global view
of the changes in expression profiles
(i.e., up- and down-regulation of
protein ‘families’), we devised an alter-
native procedure that extracts and
groups differentially expressed gene
ontology (GO) annotations for all the
proteins identified in this experiment
(Figure 5). [Only MS/MS spectra with
an associated zQual >0.65 were used
for database searching against the
human IPI database. Furthermore,
only protein IDs derived from prote-
olytic peptides which exceeded set
charge state vs. Xcorr thresholds (+1,
>1.8; +2, >2.5; +3, >3.0) were used to
extract differential GO annotations.]

Differential GO annotations for
individual proteins were calculated by
counting the frequency of successful
sequencing events for all its peptide
sequences per time point, and com-
paring this frequency across all three
time points in the experiment (T0, T1

and T24 hours). 
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Figure 1: SAX plasma fractionation, showing significant change in the 24 hour timepoint sample.

Figure 2: Metaconsensus report showing database identification of two CRP splice isoforms
in fractions G4 and G5.
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Figure 3: Splice isoforms of C-Reactive Protein identified in fractions G4 and G5.
Amino acid coverage is shown in red (33% for splice isoform and 30% for CRP)



For a given GO annotation (e.g., “acute phase
response”), Fisher’s exact test was performed to determine
whether there was a significant imbalance in the number
of  fragment detections having this annotation. The nega-
tive base10 log of the test’s p-value was taken to generate
the graph in Figure 5. In this figure, each bar represents a
broad (involving at least ten proteins) and differentially
expressed GO annotation category. The length of each
GO bar represents the negative log of the test p-value,
and the direction of the bar represents increase (red) vs.
decrease (blue) at T24 hr vs T0 hr.

If the imbalance in detection leaned towards the T24

time point (i.e., an “upregulation”) the number remained
positive; otherwise, the value was multiplied by -1. In this
way, the magnitude of the number represents improba-
bility, but the sign of the number represents the direction
in which the change occurred.

Conclusion

Preliminary results from this model allowed the quantifi-
cation and identification of known biomarkers of cardiac
disease (e.g., C-reactive protein, CRP) as well as several
biologically relevant low-level soluble factors with poten-
tial applications as biomarkers. Relative quantification
was accomplished using label-free approaches. No isotope
tags or derivatization chemistry was used as quantification
was based on relative MS peak area of peptides identified
by their CID spectra.

This workflow involved the analysis of a highly com-
plex protein digest and was dependent upon an LC/MS
methodology that achieves the best possible peptide detec-
tion and analysis, in order to detect important, low-level
protein components. In addition to this, many of the
peaks used for quantification were small, but accurate
comparisons were possible due to the large number of
data points defining these peaks. The Finnigan LTQ
acquires five MS or MS/MS spectra/second, ensuring the
best possible data for accurate analytical determinations
such as these.

Up-Regulation of CRP, as measured by a 2.2-fold
increase in its raw MS signal (concentration) at T24 vs T0,
is consistent with the observed general elevation of acute-
phase response factors of which it is a part.

Future work will involve validation of unique putative
markers that were also identified in this analysis.
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Figure 4: Time-course varia-
tion in the expression levels
of CRP during septal ablation
procedure as measured by
the raw MS signal of the
(K)RQDNEILIFWSK(D) peptide.
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Figure 5: Differential Gene
Ontology Expression Plot
Between T0 and T24.
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