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Abstract

Proteomic strategies have continued to demonstrate value in studying disease by exploiting new technologies that can develop significant
numbers of measurements from single samples. However, using complex samples such as tissues or blood has continued to be problematic du
to the presence of major interfering substances. In this study, a process is described that uses denaturing peptide extraction from whole tissue
and automated chromatography in order to allow subsequent analysis of more than 1000 tissue-derived peptides per sample. The process wa
employed to identify cardiac proteins that were spared degradation by administration of a heart-protecting matrix metalloproteinase (MMP)
inhibitor (compound SC-621) following experimental myocardial infarction (MI). HPLC peptide fingerprints were developed from rat heart
left ventricles and the resultant integrated peak data was compared across experimental animals. Surprisingly, although protein fragmentation
was generally increased in Ml hearts, the effect of the MMP inhibitor was only observed on a few species. The results from this study
demonstrated that whole-tissue sample enrichment and peptide analysis using HPLC could be linked in order to study the effects of new
compounds on a disease state. The system is flexible and amenable to improvements such as incorporating detection by mass spectrometry
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction breakdown of proteins into peptide fragments. An important

example of where such proteolysis is observed is during heart
After organs undergo insult associated with a disease pro-failure [1] and compounds that can impede protein degrada-

cess or an experimental disease model, an array of molection by inhibiting matrix metalloprotease activity, including

ular changes are elicited both within cells and the matrix MMP-13, have been observed to offer protection (R@]).

that surrounds them. Many of these involve the proteolytic This is likely to become an important avenue for therapy but
we are currently hampered by a scarcity of strategies that can

discover peptide biomarkers capable of tracking tissue degra-
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analysis by tandem or FTICR mass spectrometry [6-]), ple 383 (pages 475, 478 and 535). It has high nanomolar po-
and protein reagents such as ICAT (d9]) or solid-phase tency against MMP-2 (I16p: 700 nM), does not inhibit MMP-
isotope tagging10] that enable mass spectrometric compar- 1 and inhibits MMP-13 with low nanomolar affinity (Kg.
isons of protein abundance. However, these techniques are3 nM). Ten milligrams per kilogram of SC-621 was used in
not well positioned for studying changes in hundreds of nat- this study in order to ensure that plasma drug concentrations
urally produced peptides or protein fragments across manywere maintained above tig for MMP-13 during the dosing
samples. Additionally, commercially available mass spectro- interval.
metric systems are often not well suited to carrying out struc-
tural or quantitative analyses on large numbers of unknown 2.2. Rat myocardial infarction (MI) model
protein fragments in real time. Therefore, there is a need for
approaches that exploit and integrate additional techniques. All studies were conducted with an approved protocol
In particular, these should include those that are inherently from the Pharmacia Institution for Animal Care and Use
quantitative and yield samples that are amenable to charac-Committee (IACUC), and are in accordance with the guide-
terization using mass spectrometry either on or off-line. It lines set by the Association for the Assessment and Accred-
would also be very useful to develop and characterize moreitation of Lab Animal Care (AAALAC) for the use of ex-
procedures that can efficiently extract peptides from whole perimental animals. Male Sprague—Dawley rats, weighing
tissue in a manner that is quantitative, protects from autoly- 300-350 g, were randomly assigned to one of the follow-
sis during processing and is compatible with high-resolution ing groups: sham-operated (Sham), Ml + 0.5% methylcel-
chromatography and structural analysis. lulose/0.1% Tween-80 (MI + vehicle), or MI + matrix met-
The study presented here describes a strategy for improv-alloproteinase inhibitor (MI + MMPi). All rats were fasted
ing how protein fragments and other naturally occurring pep- overnight. On the day of surgery, rats in the MMPi group re-
tides can be evaluated as potential biomarkers. It accom-ceived their first treatment of compound SC-621 (10 mg/kg,
plishes this with the aid of an automated chromatographic p.o., QD) approximately 4 h prior to surgery, MMPi and ve-
system that is able to detect changes in protein fragmentationhicle treatments were continued once a day after surgery.
from samples of rat heart. The process first denatures, extracts Rats were anaesthetized with isofluorane (4-5%) and in-
and enriches tissue peptides and protein fragments away frontubated. The left side of the thorax was shaved, cleaned
intact proteins and other tissue contents in a manner thatwith alcohol and scrubbed with betadine. Surgical anesthe-
minimizes loss of peptides to precipitates. The captured pep-sia was maintained on all animals with 1-2% isoflurane,
tides represent a highly enriched fraction since most of the with mechanical ventilation. During surgery, allanimals were
material from the tissue sample is contained in the protein maintained on 1-2% isofluorane surgical anesthesia, and me-
fraction. The crude peptide material recovered from this pro- chanically ventilated. Under sterile conditions, a left thora-
cess is compatible with multi-dimensional high-resolution cotomy was performed to expose the heart. A silk ligature
automated chromatography and this is employed to further was passed around the left anterior descending artery and for
fractionate the peptides. These secondary peptide fractiongats in the Ml groups, the ligature was tied to permanently oc-
are then analyzed on reverse-phase HPLC so as to producelude the artery, whereas for rats in the sham-operated group
peptide profiles showing the prominent peptides and protein the ligature was passed around the artery but not tied. The
fragments extracted from the tissue sample. Exploiting the thorax was closed, muscle layers approximated and sutured,
ease of use and quantitative nature of detection by absorp-and the skin closed. All rats were given 0.2 mg/kg buprenor-
tion of ultraviolet light, the relative amounts of the different phine intramuscularly as a post-operative analgesic, returned
peptides eluting from HPLC is determined. Grouping of the to their cages, and allowed to recover. All animals were given
homologous peptides across HPLC profiles based upon theiffood and water ad libitum.
position in the chromatogram and finding changes that are  Within each of the groups, euthanasia of cohorts of rats
relevant to the presence of MMP inhibitor across the 30 ani- was done on days 3, 7 and 14 post-surgery. At the time of
mals is accomplished with the aid of computer programs that euthanasia, isoflurane provided surgical anesthesia, and en-
can compare HPLC-generated peptide middg. Peptides tire hearts were removed and quickly rinsed in cold saline.
showing decreased production in the presence of the MMP-The entire left ventricle free wall including both infarct and
13 inhibitor are characterized. peri-infarct tissue was then isolated, rapidly frozen on dry
ice, and stored at80°C until analysis.

2. Experimental 2.3. Extraction of peptides from heart tissue and solid
phase extraction (SPE)
2.1. Matrix metalloprotease inhibitor (MMPI)
Rat left ventricle samples had been immediately frozen
The MMP inhibitor (MMPi, SC-621, Pfizer) used in this on dry ice upon harvest and stored -a80°C. All sam-
study is described in International Patent Application WO ples weighed between 450 and 652 mg. Peptides were ex-
00/69821 (23 November 2000, PCT/US00/06719) as exam-tracted by homogenizing a frozen sample in 35 ml of 50 mM
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sodium phosphate pH 2.5 using a Brinkman Polytron. The buffer containing 70% acetonitrile that was collected into
homogenate was centrifuged at 48,0009 for 30 min at 7 ml polypropylene tubes. The samples were dried in a Speed-
15°C. The supernatant was decanted and held while the pel-Vac concentrator (ThermoSavant, Hicksville, NY). After dry-
let was re-homogenized as before in 35 ml of 50 mM sodium ing, the samples were re-suspended in 1.1-1.6 ml of 10 mM
phosphate, pH 7.4, containing 750 mM sodium chloride. The sodium phosphate, pH 2.5, containing 10% acetonitrile by us-
re-homogenized sample was centrifuged as before and the suing sonication and vortex mixing until the solution appeared
pernatant was combined with the previous supernatant. Theclear. The adjustment in volume was carried out in order to
pellet was discarded. The final pH of the combined super- normalize all samples based on their original wet weight.
natants was ca. 2.5. Capture and concentration of the peptides

was accomplished using SPE on Waters SepPak cartridge®.4. Automated size exclusion/ion exchange separation
(Environmental, Waters Corp., Milford, MA). Each cartridge of captured peptides

was prepared for use by first wetting with 4 ml methanol,

washing with 4 ml water and then equilibrating with 4 ml of The present paradigm exploited the automating abili-
0.1%trifluroacetic acid inwater. Each supernatantwas passedies of the Applied Biosystems Vision Workstation. A gen-
over two SepPak cartridges connected together and placed orral diagram of the system adapted for this study is shown
the end of a syringe containing the supernatant (Monoject, in Fig. 1, Panel A. Size exclusion was carried out on
140 ml plastic syringe). The tandem cartridges were loaded Sephadex G50 medium (30 c2 cm, Waters AP2 column)

at a flow rate of 2 ml/min using a Harvard Apparatus syringe in 10 mM sodium phosphate, pH 2.5, containing 10% ace-
pump. The cartridge pairs where then washed with 10 ml tonitrile (Sephadex Buffer) at 2 ml/min. While the sample
of 0.1% trifluoroacetic acid in water and then the cartridges was developing on Sephadex, specific portions of the elu-
were separated and each one was eluted with 4 ml of washtion were captured in series on either reverse-phase or ion
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Fig. 1. (A) Configuration employed with the Applied Biosystems Vision Workstation for the fractionation of heart-derived peptides. The Workstation
self-contained multi-chromatography platform. The final scheme described here reflects a balance between the desire to pre-fractionatiekéait pepti

large number of pools and the need to limit the final number of HPLC analyses that must be carried out. Sample injection and collection are handled by the
same “Sample Inject & Collect” unit. One milliliter of sample was injected through the injection valve (1) and transferred to the top of the Sepghadex G5
medium column (2 cmx 30 cm). Instead of collecting fractions from the Sephadex column, pools were directly captured on secondary columns (A and B,
Applied Biosystems Poros R2 reverse-phase, C and D, Amersham Bioscience Source 15S,X086rojnso that further fractionation could be carried out
immediately after molecular sizing was complete. At that time, the sizing column is removed from the flow path by rotating valve 2 and then eldgahn is car

out on columns A through D by switching valves 3 and 4 in tandem four times. All columns can be removed from the flow path so that buffer changes within
the lines of the instrument can be accomplished quickly using high flow rates that otherwise cause columns to exceed their operating preswee limits. T
elution from columns A through D is monitored for conductivity and absorbance of UV light at 214 nm and then collected as fractions in the “Sample Inject
& Collect” unit. The four buffers installed on the system are 10 mM sodium phosphate, pH 2.5, containing 10% acetonitrile (size exclusion buffer), 10m
sodium phosphate, pH 2.7, containing 25% (v/v) acetonitrile (low salt IEX buffer), 10 mM sodium phosphate, pH 2.7, containing 25% (v/v) a@atdnitrile

800 mM sodium chloride (high salt IEX buffer) and 0.1% (v/v) trifluoroacetic acid in 70% acetonitrile:29.9% water (R2 hydrophobic elution befféguréh
represents capabilities of the instrument employed for the current automated separation strategy and does not represent every featuB) Blaiiable. (

data of a representative sample of crude peptides captured from approximately 0.5 g of rat heart left ventricle (operated, 3 days post-opleedfieh). In

50 min of the program, size exclusion of heart peptides occurs. Pools A through D from size exclusion are captured on columns A through D, raspectively,
shown in Panel A. All chromatography is carried out at 2 ml/min. The modest broad peak between 40 and 50 min is principally trifluoroacetic acid salt that
carries over with the sample from the initial SPE capture step. After completion of molecular sizing, fractions 1 and 2 are generated by rapahsiéptelu
peptides from the Poros reverse-phase (R2) columns, shown as A and B in Panel A. Fractions 3 through 7 are obtained by developing column C (Source 15S
Amersham Bioscience, 0.46 can5cm) in a gradient of sodium chloride buffered in 10 mM sodium phosphate, pH 2.5. Column D is identical to column C
and is developed in the same buffer system thereby yielding fractions 8 through 10.
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exchange columns. The captured Sephadex pools were lapeak zenith), peak height and peak area was accomplished
beled A-D Fig. 1, Panel B) and nominally represented: Pool with the aid of the Chemstation software that was part of the
(A) 30,000 Da and larger, Pool (B) 15,000-30,000 Da, Pool Agilent HPLC system.

(C) 3,000-15,000 Da and Pool (D) less than 3,000 Da. The

larger peptides, represented in Pools A and B, were collected2.6. Peak sorting and analysis of HPLC data

directly onto Poros R2 hydrophobic resin columns (Applied

Biosystems, Foster City, CA; prepacked in 0.46 gnbcm All HPLC separations were carried out on peptide recov-
Applied Biosystems polymeric columns). Pools C and D, ered from 225 mg of tissue (wet weight). The algorithm for
containing the smaller peptides, were captured onto Amer-sorting peaks was described previouflt]. All surgeries
sham Bioscience Sourcel5S columns (prepacked in 0.46 cmwere carried out on triplicate animal sets so that statistical
x 5cm Applied Biosystems polymeric columns). Both types analysis was carried out with an= 3. Primary interroga-

of column had been pre-equilibrated in Sephadex G50 buffer.tion of the data sought significant changes in the level of
At the end of the Sephadex G50 development all columns any peptides between operated animals that had either re-
were placed out of the flow path and the system was flushedceived inhibitor or vehicle control. This was accomplished
at 30 ml/min with 10 volumes of 70% acetonitrile in 0.1% using Origin Data Analysis software and a two-population
trifluoracetic acid in water. Column A was then placed in (independent}-test on observations that had been sorted into
line and eluted at 2 ml/min for a total volume of 6 ml. This SAS spreadshedikl]. P values that were less than 0.01 were
was collected as a single fraction (fractionFig. 1, Panel retained.

B). Column B was eluted in the same manner and yielded

fraction 2. Following this, all columns were again placed off 2.7. Sequencing and mass spectrometry

line and the system was flushed with 10 volumes of 10 mM

sodium phosphate, pH 2.7, containing 25% (v/v) acetonitrile  After determining which peaks had been affected by
(low salt buffer). In contrast to the step elution of all peptides treatment with compound, the remaining halves of the
from columns A and B, columns C and D were developed ina HPLC samples containing the elevated peptide peaks were
gradient of sodium chloride. This was accomplished by mix- combined, concentrated on HPLC and collected. The peak
ing 10 mM sodium phosphate, pH 2.7, containing 25% (v/v) samples were dried in a ThermoSavant SpeedVac and
acetonitrile and 10 mM sodium phosphate, pH 2.7, contain- resuspended in 30 ul of 0.1% trifluoroacetic acid. One half
ing 800 mM sodium chloride. Column C was developed in a of this sample was applied to a Biobrene-treated glass-
14 ml gradient and collected in five, 2.8 ml fractions (num- fiber-filter and 16 cycles of Edman sequencing was carried
bers 3—7Fig. 1, Panel B). After flushing the systemin 10mM out in an Applied Biosystems model 490cl pulsed-liquid
sodium phosphate, pH 2.7, containing 25% (v/v) acetonitrile protein sequencer. The second one-half of the sample was
as before, column D was developed in a 12 ml gradient andflow injected into a MicroMass LCT mass spectrometer
collected into three, 4 ml fractions (hnumbers 8—E@. 1, (Waters Corp., Milford, MA) at 20 ul/min that had been
Panel B). Each salt gradient was followed by a 4 ml wash configured with a standard electrospray ionization source.
using 10 mM sodium phosphate, pH 2.7, containing 800 MM Mass determination was carried out using the MaxEnt
sodium chloride and was not collected. All fractions were analysis software (Waters Corp., Milford, MA).

driedina ThermoSavant SpeedVac vacuum concentrator. The

total program time was 97 min per sample and up to 18 sam-3  Results

ples at one time could be processed on a single instrument in

an unattended fashion. 3.1. Extraction of peptides from heart tissue and capture

using solid-phase extraction (SPE)
2.5. Analysis of peptide pools on HPLC

The peptide extraction process used in this study was cho-

Fractions 1-10 indicated ifig. 1, Panel B were analyzed sen because it rapidly denatures proteases and other enzymes
using reverse-phase HPLC. All analyses were carried out onin the tissue and low pH phosphate buffers were observed
Agilent 1100 HPLC instrumentation consisting of automated to provide for the reproducible extraction of most peptide
sample injection, high-pressure binary gradient formation, species. Several reverse-phase SPE materials were evaluated
column temperature control and UV detection. Dried sam- as capture agents for peptides in the initial pH 2.5 supernatant.
ples from the Vision Workstation were resuspended in 3.0 ml Those that carry a C18-modified particle and have a pore size
of 0.1% trifluoroacetic acid in water, of which 1.5 mlwas an- that is between 60 and 120show the best performance.
alyzed and the other 1.5 ml was stored frozer&0°C. All Three hundred angstrom or “wide pore” reverse-phase SPE
HPLC employed 0.1% trifluoroacetic acid in water as buffer matrices retain considerable protein and this makes dissolv-
with acetonitrile as the mobile phase. Reverse phase sepaing dried samples difficult and often causes loss of peptide to
ration of peptides was carried out on Vydac polymeric C18 protein precipitates. Additionally, the larger proteins are dif-
columns (0.46 cnx 25cm, Grace Vydac, Hesperia, CA) at ficult to recover from ion-exchange chromatography at low
1 ml/min. The determination of peak retention time (time at pH and they tend to foul columns. The Environmental C18
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SepPak from Waters Corp. was chosen because it containgrated with the hardware. One Vision Workstation is capable
a convenient amount of media in the cartridge (ca. 500 mg) of processing a dozen samples a day, which could reasonably
and it is compatible with in-line chromatography due to the support a study containing 50-90 samples in one weeks time.
presence of Luer fittings on the cartridge. As a result, syringe As shown inFig. 1, Panel B, each 97 min run on the Vision
pumps delivering positive pressure can be used for process\Workstation gives rise to 10 samples for HPLC analysis and
ing many samples at one time and this can be carried outin aneach of the resultant HPLC analyses sets requires 900 min.
unattended fashion. This greatly facilitates handling the large The nearly 1:10 ratio demonstrates that it is the HPLC run
sample volumes (100 ml) and it prevents gas bubble releasetime that is rate limiting. However, this is easily balanced by
from solvents or the need to allow columns to become dry. using more than one HPLC instrument. In this study, the 10
These are currently problems normally associated with the groups are analyzed using four identical instruments. Each

use of vacuum manifolds for SPE.

3.2. Peptide fractionation using automated

chromatography and peptide separation on HPLC

group is analyzed entirely on one instrument only. In this
manner, the HPLC is carried out in less than 10 days thus
providing a total turnaround time for the automated chro-
matography of about 2 weeks. Since much of this is done in
an unattended manner, the time frame for the sample analyses

The crude peptide sample recovered from SPE is amenablds easily_ accommodated. The process described in this study
to processing on commercially available automated chro- can define about 1000 peaks per tissue sample based upon

matography systems. The Vision Workstatiétig 1, Panel
A) was chosen for this application because it is well suited for

absorption of ultraviolet light at 214 nm.
Fig. 2demonstrates the series of 10 HPLC peptide analy-

tandem chromatography and the control software is well inte- ses that are generated from one tissue sample. In preliminary
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Fig. 2. Representative set of HPLC peptide analyses generated from one rat left ventricle (operated, 3 days post-operation). Panels 1 thesaghHBLEpr
separations on peptides from Pools 1 through 10 collecté&igin1B. All HPLC analyses used 0.1% trifluoroacetic acid in water as buffer with acetonitrile
as the mobile phase. Chromatography is carried out on Vydac polymeric C18 columns (04B%om) at 1 ml/min using linear gradients developed over

70 min. Integration of the 214 nm signal nominally yields between 950 and 1000 peaks. Linear gradients are employed and developed as followsd Panels 1 a
2, 20-50% acetonitrile over 80 min. Panel 3, 12—36% acetonitrile over 75 min. Panel 4, 12—-40% acetonitrile over 75 min. Panel 5, 14-44% acetonitrile ov
65 min. Panel 6, 12—-44% acetonitrile over 75 min. Panel 7, 14-48% acetonitrile over 60 min. Panels 8 and 9, 4—-34 % acetonitrile over 75 min. Patel 10, 4-36
acetonitrile over 75 min.
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studies to determine the best column format to use it wastive to the other peptides in the same HPLC run, (2) when an
observed that the trade-off between sensitivity and resolu- HPLC trace in a set of traces shows a shift in the peaks rela-
tion was best met with a 0.46 cm i.d. column. A number of tive to the other traces, the conservation of the position of the
narrower columns were examined, but all failed to offer the peaks relative to one another in a single separation still allows

necessary peak resolution. for grouping like-peaks together as long as the traces are not
shifted by more than about 40 s, (3) commercially available
3.3. Peak sorting algorithm HPLC columns and instruments deliver highly reproducible

peptide separations and (4) the HPLC traces from the same
Peaking sorting was done with the aid of SAS (Cary, NC) type of sample and from the same fraction of a fractionation
programming language in order to group all peak retention scheme are similar. This scheme does not work well on un-
times (and the associated height and peak area informatiorlike samples such as comparing frog skin extract to bovine
for each peak) into observations. Each observation (line on heartextract. The spreadsheet approach is amenable to adding
the spreadsheet) contains the information from the peaks thaimass spectral data to the information about the HPLC peaks.
represent the same peak in each of the 30 chromatograms irCurrently this has been limited primarily by the computer
an HPLC set (e.g. HPLC of each IEX Fraction 7 from the memory required in order to store the spectra from the hun-
Vision WorkstationFig. 1, Panel B). In effect, this produces dreds of long and complex HPLC separations generated by
an electronic overlapping of the 30 HPLC traces obtained a single study. The required processing time for MS—-MS is
from each set of Vision Workstation-derived fractions. This also a limitation.
process is then repeated for each of the 10 sets of HPLC
traces (sed-ig. 2 for an example of one trace from each 3.4. Changes in peaks across animal sets
of the 10 sets) for a final grouping of peak data from 300
HPLC runs. The sorting algorithm accomplishes this within The entire study includes peptide analysis of 30 left ven-
an HPLC set by finding the first peak to elute in any of the 30 tricle samples representingima and sham-operated hearts
HPLC tracesin orderto begin a new observation. Itthen looks along with operated hearts that either did or did not receive in-
across the remaining 29 traces for the next earliest peak. Ithibitor. Each condition is evaluated after three different time
places this next peak into the observation (under its own col- periods post-operation and is carried out on triplicate animals.
umn) if the earlier peak migrates within 6 s. The newly placed The data presented is representative of the data set in general
peak in the observation then becomes the reference for theand is also chosen to include the only peaks where highly sig-
next peak placement. If no more peaks meeting the 6-s crite-nificant changes are capturédg. 3, Panels A1-A3, display
ria are found in subsequent chromatograms, the observatiorthe peak data integrated by height using the Agilent data anal-
is closed and the next earliest observation from any of the ysis software for fraction 6, day 3 post-operation. The general
HPLC chromatograms in the set is used to start a new obser4rend for day 3 from all fractions is seen in this figure. Lig-
vation. The average retention time for an observation is cal- ated animals receiving inhibitor (A1) and ligated animals that
culated from the peaks placed in the observation. In this way, did not (A2) often show elevated peptide levels when com-
finding time windows for peaks is flexible and does not re- pared to the sham-operated control (A3). This demonstrates
quire a beforehand knowledge of peak positions in the HPLC that protein fragmentation is increased as a result of the lig-
trace. ation and this is due presumably to the activation of several
In a few cases peaks that clearly aligned on the chro- protease activities in the heart.
matograms are found split between adjacent observations.
This can be corrected after evaluating the range in retention3.5. HPLC peaks that change in the presence of
times in an observation and combining the observation with inhibitor to MMP
the adjacent observation in time if the two observations over-
lap or are within 6 s. When tight-eluting peak clusters occur  Fig. 3 Panels B1-B3, shows the analyses of peptides from
within a trace (usually separated by as little as 20 s), they arefraction 6 that represent animals from post-operative day 7.
sorted properly since once an observation is full itis automat- Later-eluting peptides in the ligated animals are still seen
ically closed. This forces the closely eluting peaks into their as elevated compared to sham-operated animals. However, a
own observations. If a peak is below detection on a chro- few peptides in animals that had been ligated and received
matogram, then it becomes a missing value on the spread-inhibitor (B1) are reduced when compared to the parallel
sheet. There are several other properties of the chromatog-animals that did not receive inhibitor (B2). These peptides
raphy peaks such as trailing peaks or peak shoulders thatare noted irFig. 3, Panel B1 by numbers and arrows. Post-
can also be used along with elution time in order to iden- operative day 7 animals are the only ones to show this result
tify specific peaks within chromatograms. A more detailed and fraction 6 appears to be the only fraction where highly
explanation of this can be found jh1]. significant changes are apparent. This may be a result of the
The properties of a peptide separation from HPLC that dose of compound used not being sufficient to affect day
allow the algorithm to work effectively are that (1) across a 3 post-operative animals due to higher levels of proteolytic
set of elution profiles, all peptides elute nearly the same rela- activity in these animals.
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Fig. 3. (A1-A3) Representative peptide analysis data (post-operative day 3,
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Fig. 3 Panels C1-C3, shows the peptide analyses of the
same fraction (Pool &;ig. 1, Panel B) but examined 14 days
after ligation. Ligated animals (C1 and C2) generated peptide
analyses that are more similar to the sham-operated animals
(C3), showing that gross proteolysis of the tissue had sub-
sided.

3.6. Ildentification of the peptide(s) from HPLC that
were decreased in the presence of inhibitor

The amino terminal sequences and masses of the pep-
tides that change are shownTable 1lalong with the protein
that appears as the progenitor of the peptide. They include
fragments from cytochrom@, actin, hemoglobin and mito-
chondrial enzymedHig. 4). Thymosin beta 4 was recovered
intact. The mass accuracy provided by the MicroMass LCT
used in this study was maintained within at least 2 Da using
Alzheimer’s precursor protein fragment 1-40 synthetic pep-
tide as a control. Therefore, the peptides that vary from their
expected molecular weight based upon available DNA se-
quence information reflect either differences between human
and rat sequence when rodent DNA sequence is not available,
errors in DNA sequence information or post-translational
modification of the protein fragment. The amount of peptide
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Fig. 4. Relative changes in peptide abundance. Peaks that are altered in
operated animals as a result of the inhibitor were identified as discussed in
Section2. Each peptide peak was identified as a fragment of a larger protein,
except for thymosin beta 4, which was detected intact. The parent protein
corresponding to each peptide peak is: (1) cytochr@mneductase binding
protein, (2) aortic smooth muscle actin, (3) thymosin beta 4, (4 and 5) alpha

ion-exchange fraction 6). Graphs are generated by sorting HPLC analyseshemoglobin, (6) cytochrome oxidase subunit Via and (7) cytochrore

peptide data into spreadsheets based on relative elution time and peak land-
scapg11]. All error bars are standard error of the mean and are determined
from triplicate heart samples. Error reflects both that which is inherent to the
analyses as well as from the surgery. (1) Operated animals having received
compound. (2) Operated animals not having received compound. (3) Sham-
operated animals. (B1-B3) Post-operative day 7, ion-exchange fraction 6.
Panels 1-3 correspond to 1-3 in Panel A. Peaks identified as changed in the
presence of inhibitor are numbered 1 through 7. (C1-C3) Post-operative day
14, ion-exchange fraction 6. Panels 1-3 correspond to 1-3 in Panel A.

oxidase subunit VIlb. The analyses sought peptides whose abundance is
changed between ligated animals that have either received or not received
inhibitor. P value returns, which triggered identification of the peptide peak,
are indicated on the figure over the peak, which is redutelues were
determined by a two-populatidfiest (independent) between control-ligated
animals and ligated animals receiving compound. Open bar, sham-operated
animals. Single slash bar, ligated animals. Cross-hatched bar, ligated animals
that received compound. bd, below detection. Peak numbers 1-7 correspond
to peaks 1-7 ifrig. 3, Panel B1.
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Table 1
Identification of parent protein from which fragment was derived
Peak 1
Definition Similar to ubiquinol-cytochrom@ reductase binding protein; complex Il subunit VM{is musculusRattus norvegicys
Accession XP220421
IYTWGNQEFAQSK
(50) APPFVLFYLIYTWGNQEFAQSKRKNPA'KYENDK ;2 (82)
1: 2093 Da expected, 2073 Da measured; 2: 2977 Da expected, 2917 Da measured
Peak 2
Definition Actin alpha 2, aortic smooth muscle — human
Accession ATHUSM
ISKQEYDEAG
(352) STFQQMWISKQEYDEAGPSIVHRKCF(377)
2207 Da expected for human, 2094 Da measured
Peak 3
Definition Thymosin beta-4 rat precursor
Accession AAA42246
SDKPDMAEI
(10) PATMSDKPDMAEIEKFDKSKLKKTETQEKNPLPSKETIEQEKQAGES(56)
4921 Da expected for rat, 4964 Da measured
Peak 4
Definition Major alpha-hemoglobin rodent
Accession AAA41308
VLSADDKTNIKNC
(2) VLSADDKTNIKNCWGKIGGHGGEYGEEALQRMF, (34)
3625 Da expected, 3606 Da measured
Peak 5
Definition Major alpha-hemoglobin rodent
Accession AAA41308
VLSADDKTNIKNC
(2) VLSADDKTNIKNCWGKIGG |, (34)
2333 Da expected, 2337 Da measured
Peak 6
Definition CytochromeC oxidase subunit VIaR. norvegicuk
Accession CAA32425
WLHQGESQRCPNC
(80) ICEEDNCTVIWFWLHQGESQRCPNCGTHYKLVPYQMVH (117)
3112 Da expected, 3112 Da measured
Peak 7
Definition CytochromeC oxidase subunit VIIb precursoHpmo sapieris
Accession NE001857

SHQKKTPTFHDKY
(10) NRLQVRSIQQTMARQSHQKRTPDFHDKYGNAVLASGATFCIVTWTYVATQV, (80)
4013 Da expected, 4017 Da measured

Peptide peaks from HPLC of rat heart protein fragments were analyzed with automated Edman degradation in order to determine the amino terceinal sequen
and electrospray time-of-flight mass spectrometry in order to estimate the C-terminus. Parent proteins were identified using BLAST databgs®isearchi
small nearly exact sequences. The best gene definition obtained is given below the peak number. The peptide sequence obtained from Edmas degradatior
shown over the protein sequence and an estimate of the C-terminus based upon mass data is shown with a down arrow. Numbers in parentheses are the res
numbers from the gene sequence. Measured mass from ES-TOF is indicated, next to the expected mass based upon the gene sequence. Sequences a
indicated with the N-terminus on the left. Details are provided in Se@ion

recovered from most samples was inadequate for completingactin and thymosin beta 4 and subunits of mitochondrial
a comprehensive MS—-MS analysis. enzymes.

4.1. Elevation of fragments from hemoglobin in Ml
4. Discussion
The elevation of peptides derived from hemoglobin in
In the current study, the proteins represented by the severhearts following myocardial infarction is of considerable in-
peptides whose levels are diminished by the administration terest, especially since it can be inhibited by the adminis-
of inhibitor fell into three groups. These are hemoglobin, tration of compound. The presence of hemoglobin-derived
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peptides in tissues is now well documented (L8] for re- 5. Conclusion

view) and an elevation in some of these species is observed

in Alzheimer’s disease braii3] and models of strokgl4]. The advent of proteomics has provided rapidly improv-
Hemoglobin is known to be toxic to tissues (ef45]) and ing technology for the study of proteins and peptides. How-

this is likely to occur either through the Fe in the halopro- ever, strategies for initially obtaining these from tissues and
tein (e.g.[16,17) or the generation of peptides with unex- fluids in a manner that is quantitative, amenable to automa-
pected bioactivities. The site of proteolysis observed in Peaktion and sufficiently enriched for analytical characterization
4 near residue 34 of alpha hemoglobin could generate a frag-are improving at a slower rate. The purpose of this study is
ment that has been observed to release corticotropin in vitroto establish an automated scheme from commercially avail-
[18]. Alternatively, the proteolysis of alpha hemoglobin could able instruments that can exploit the peptide information con-
be part of a process that produces other peptides from thetained in organs obtained from in vivo studies. To that extent,
carboxy-terminal region of alpha hemoglobin that potentiate this scheme works well for viewing more than 1000 peptide
the action of known bioactive peptides such as bradykinin peaks per sample and it provides a means for compiling the
[19]. Consequently, the reduction in hemoglobin fragmenta- resultant data into a spreadsheet that allows subsequent in-
tion following MI may be part of the mechanism by which terrogation. Although clearly open to more improvements,
MMP-13-related inhibition protects the heart following MI.  this study demonstrates that peptide-proteomic strategies of-
fer a useful set of tools for drug discovdmprovements
4.2. Destruction of thymosin and actin in Ml for the future will include (1) identifying narrow-bore
reverse-phase HPLC columns with resolution similar to their
The reduction in thymosin beta 4 could work towards the wider counterparts and (2) developing detection methods
same endpoint as the reduction in actin degradation. Thy-for peptides that are better than traditional in-line ultravio-
mosin beta 4 is a widely expressed peptide that is able tolet absorption (preferably with on-line peptide identification
bind monomeric actin in a stoichiometric fashion thus pre- as well).
venting polymerization into actin filaments (e.g. for review The ability of this scheme to view changes in protein frag-
seg[20]). In this manner, it acts as an actin buffer. A decrease mentation in a more global manner made it ideal for studying
inthe expression of thymosin beta 4 can therefore be expectedhe effects of compounds intended to moderate damage to
to promote cellular repair by promoting actin assembly. In a an organ. Additionally, because the markers that are identi-
parallel fashion, the effect of the compound on inhibiting fied are small soluble peptide species it provides candidate
aortic smooth muscle alpha-actin proteolysis will favor this biomarkers that may be present in fluids such as blood. Thus,
same process by stabilizing the actin pool in cells that ex- the current strategy offers a means to characterize potential
press this protein such as the cardiac valve interstitial cells orbiomarkers at the source of their production and then ex-
myofibroblasts (e.g21]). Thus, inhibition of MMP-related  trapolate the measurement of these species to blood or urine
proteolysis could promote cardiac remodeling by promoting where they can be studied in a less invasive manner. This
the preservation of cells that support the extracellular scaf- strategy can also aid in the identification of in vivo protein
folding present in cardiac valves (interstitial cells) or cells substrates for specific proteases and characterize preferred

involved in wound healing (myofibroblasts). sites of cleavage in vivo. Therefore, taken together the cur-
rent approach is a significant addition to current proteomic

4.3. Degradation of mitochondrial enzyme proteins in strategies in the discovery of biomarkers.

Ml
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