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Abstract

Changes in serum proteins that signal
histopathological states, such as cancer, are useful
diagnostic and prognostic biomarkers. Unfortu-
nately, the large dynamic concentration range
of proteins in serum makes it a challenging
proteome to effectively characterize. Typically,
methods to deplete highly abundant proteins
to decrease this dynamic protein concentra-
tion range are employed, yet such depletion
results in removal of important low abundant
proteins.

A multi-dimensional peptide separation strat-
egy utilizing conventional separation techniques
combined with tandem mass spectrometry
(MS/MS) was employed for a proteome analysis
of human serum. Serum proteins were digested
with trypsin and resolved into 20 fractions by
ampholyte-free liquid phase isoelectric focusing.
These 20 peptide fractions were further fraction-
ated by strong cation-exchange chromatography,

each of which was analyzed by microcapillary
reversed-phase liquid chromatography coupled
online with MS/MS analysis.

This investigation resulted in the identifica-
tion of 1444 unique proteins in serum. Proteins
from all functional classes, cellular localization,
and abundance levels were identified.

This study illustrates that a majority of lower
abundance proteins identified in serum are pre-
sent as secreted or shed species by cells as a result
of signalling, necrosis, apoptosis, and hemolysis.
These findings show that the protein content of
serum is quite reflective of the overall profile of
the human organism and a conventional multi-
dimensional fractionation strategy combined with
MS/MS is entirely capable of characterizing a sig-
nificant fraction of the serum proteome. We have
constructed a publicly available human serum
proteomic database (http://bpp.ncinih.gov) to
provide a reference resource to facilitate future
investigations of the vast archive of pathophysio-
logical content in serum.
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Introduction

A major trend underlying current biological
research is the development and application
of analytical methods capable of making
global measurements of entire biological sys-
tems. These advances have created unique
opportunities in the field of medicine, where
the results from gene expression studies are
expected to help identify cellular alterations
associated with disease diagnosis, etiology,
progression, outcome, and response to ther-
apy. A major goal is to obtain a greater under-
standing of the function of proteins in a
cellular context, as well as their more con-
ventionally delineated individual molecular
function. This global view promises to provide
a greater understanding of the cellular responses
to events such as cell division, differentiation,
respiration, hormonal signalling, and changes
in homeostasis. The impetus for conducting
global measurements of biological systems is
to establish new diagnostic approaches and
therapeutic targets for a host of maladies,
including infectious diseases, behavioral dis-
orders, developmental defects, neurodegener-
ative diseases, aging, and cancer.

Whereas the availability of complete genome
sequences opens the door to important biologi-
cal advances, much of the detailed under-
standing of cellular systems and the roles of
its constituents will, by necessity, be based
upon proteomics, which has classically been
defined as the study of the entire complement
of proteins, and their modifications, expressed
by a cell. Typically, proteomic investigations
are conducted using mass spectrometry (MS)
as the core analytical technique for protein
identification and relative quantitation (1).
Current MS-based proteomic measurements
rely heavily on databases of predicted proteins
generated from genome sequence information

Clinical Proteomics

to correlate data obtained from tandem MS
(MS/MS) measurements for protein identifi-
cation. Because a potential archive of patho-
physiological information is endowed to
serum from its constant perfusion of tissues,
particular focus has been given to developing
methods to allow its facile investigation by
proteomic technologies. Serum is a rather
unique biological sample in that no specific
cellular genomic expression per se contributes
to its protein content, but rather it may be
hypothesized that the protein content is con-
tributed by the summation of all cellular
genomic expression in the organism. It is
therefore clear that the collection of histo-
pathological information in serum is com-
prised not only of the expected circulatory
proteins such as immunoglobulins, but also of
peptides and proteins that are secreted into
the blood and shed species from diseased,
dying, or dead cells (2).

The importance of characterizing the protein
content of serum is underscored by the fact
that subtle changes of low abundance proteins
have been shown to indicate development of
different disease states such as ovarian (3,4),
breast, (5) and prostate (6,7) cancer. Despite
decades of research, however, only a few hun-
dred proteins have been identified from either
serum or plasma (8,9). Unfortunately, the large
dynamic concentration range of proteins in
serum renders this proteome cumbersome to
effectively characterize. Most serum proteome
studies have therefore removed high abun-
dance proteins, such as albumin or immuno-
globulins, prior to analysis. It is plausible that
depletion of highly abundant proteins from
serum may in fact result in concomitant deple-
tion of the histopathological archive of poten-
tially important peptides and proteins that
may be present at low abundance. Hence, the
multi-dimensional chromatographic-MS/MS
method we have utilized in the present work
does not rely on the depletion of any highly
abundant proteins.
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While the importance of studying the serum
proteome is clear, its composition and com-
plexity make it one of the most challenging
proteome samples to characterize. Serum is
composed of a wide variety of biomolecules
ranging from large molecules such as pro-
teins and lipids, to small metabolites such as
peptides, amino acids, and electrolytes. Twenty-
two proteins, such as albumin, immunoglobu-
lins, haptoglobin, transferrin, and lipoproteins,
account for 99% of the protein mass of serum
(2). It is estimated that as many as 10,000 unique
proteins are present within the human serum
proteome that span a dynamic range of concen-
tration estimated to be greater than 10° (2). This
dynamic range of protein concentration is the
primary factor that makes global characteriza-
tion of the serum proteome so challenging and
necessitates effective fractionation methods
capable of separating high abundance proteins
from low abundance species prior to MS or
MS/MS analyses.

The most extensive characterization and
cataloging of serum proteins to date is that
reported by Adkins et al., in which 490 pro-
teins were identified (8). Because the presence
of high abundant proteins, such as albumin
and immunoglobulins, in serum pose a seri-
ous problem for MS analysis, a common strat-
egy is to deplete these proteins using affinity
based methods as in the study by Adkins et
al. (8). It has been proposed, however, that
such a depletion may also result in the loss of
pathophysiologically important low abundant
proteins (10).

Here we show that a multidimensional pep-
tide separation strategy utilizing conventional
separation techniques combined with tandem
mass spectrometry is capable of providing
broad-scale identification of proteins in human
serum without the need for prior depletion of
highly abundant proteins. Our investigation
resulted in the identification of 1444 proteins
in serum. Proteins from all functional classes,
cellular localization, and abundance levels
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were identified, demonstrating the ability to
conduct investigations of human serum using
conventional proteomic technologies.

Materials

1. Pooled standard human serum, NH,HCO;,
NaHCO,, urea, formic acid, trifluoroacetic
acid (TFA), and dithiothreitol (DTT) were
purchased from Sigma (St. Louis, MO).

2. Porcine sequencing grade modified trypsin
was purchased from Promega (Madison, WI).

3. High performance liquid chromatography
(HPLC) grade acetonitrile was obtained
from EMD Chemicals Inc. (Gibbstown, NJ).

4. All buffers and reagents were used as sup-
plied from the manufacturer and prepared
in double distilled water using a NANOP-
ure Diamond water system (Barnstead
International, Dubuque, IA).

Methods
Serum Tryptic Digestion

Two hundred microliters of a pooled stan-
dard human serum (approx 15 mg total pro-
tein, Sigma) was diluted 1:1 (v/v) with 100 mM
NH,HCO,;, pH 8.2, and boiled for 5 min.
Trypsin (Promega) was added to the denatured
serum at a protein to enzyme ratio of 50:1
(w/w). Trypsin digestion was carried out at
37°C overnight. The digest was supplemented
with the same amount of trypsin the following
day and incubated for an additional 5 h. The
entire digestion process was completed in 20 h.

Liquid-Phase Isoelectric Focusing

The serum tryptic digest was fractionated
using a preparative-scale isoelectric focusing
(IEF) device (Rotofor, Bio-Rad, Hercules, CA).
The focusing cell, which is divided into 20
chambers by permeable membranes, was
assembled, filled with 2M urea, 2 mM DTT
and pre-run for 5 min at a constant power of
5 W to remove any residual ionic contaminants
from the system. The tryptically digested
serum sample was diluted to a total of 15 mL

Clinical Proteomics




104

Chan et al.

in 2M urea, 2 mM DTT and loaded onto the
focusing cell followed by a focusing step sepa-
rating the entire peptide mixture into 20 frac-
tions. The peptides in the different chambers,
approx 625 UL each, were aspirated simultane-
ously with vacuum into separate test tubes. The
apparatus was kept at 10°C using a circulating
refrigerated water bath. The focusing was con-
ducted at 10 W for 2 h. Formation of a pH gra-
dient was confirmed by measuring the pH of
each fraction using pH indicator paper.

The IEF peptide fractions were desalted to
remove urea by solid phase extraction (SPE)
using C-18-bonded cartridges (Extract-Clean
Columns, Alltech, Deerfield, IL). Each car-
tridge was equilibrated with 2 bed volumes of
methanol and washed with 2 volumes of 0.1%
(v/v) trifluoroacetic acid (TFA). The peptide
fractions were applied to the columns and the
cartridge was washed with 2 volumes of 0.1%
(v/v) TFA. Peptides were eluted with 4 mL of
acetonitrile: H,O:TFA (80:19.9:0.1, v/v/v).
The eluent was initially concentrated to 1 mL
by evaporation under argon atmosphere at
37°C and to 300 uL by vacuum centrifugation.
The peptide fractions were stored at 4°C prior
to microcapillary reversed-phase liquid chro-
motography (WRPLC)-MS/MS analysis.

Strong Cation Exchange Fractionation

Typically, 250 uL of each Rotofor fraction
were injected onto a strong cation exchange
liquid chromatography (SCXLC) column (Poly-
sulfoethyl A, PolyLC Inc., Columbia, MD). An
ammonium formate/acetonitrile multistep gra-
dient was used to elute the peptides from the
column at a flow rate of 1 mL/min: 2% solvent
B for 2 min, followed by 30% B in 50 min, then
100% B in 28 min and maintained at 100% B for
16 min. Solvent A was 20% acetonitrile, and sol-
vent B was 20% acetonitrile, 0.5M ammonium
formate, pH 3.0. Six fractions from the SCXLC
column were collected between minutes 10 and
51. The last (seventh) fraction was collected
between minutes 52 and 76. Each SCXLC frac-
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tion was lyophilized and reconstituted in 20 pL
of 0.1% formic acid prior to uRPLC-MS/MS.

Microcapillary LC-MSIMS Analysis

Microcapillary RPLC was performed using
an Agilent 1100 capillary LC system (Agilent
Technologies, Palo Alto, CA) coupled online to
an ion trap (IT) mass spectrometer (LCQ
DecaXP, ThermoElectron, San Jose, CA) with
the nanoelectrospray interface supplied by the
manufacturer. Microcapillary RPLC separa-
tions of each sample were performed using
75 um id x 360 um od x 10 cm long fused
silica capillary columns (Polymicro Technolo-
gies, Phoenix, AZ) that were slurry packed in
house with 3 um, 300 A pore size C-18 silica-
bonded stationary phase (Vydac, Hysperia,
CA). After injecting 7 uL of sample, the
column was washed for 20 min with 98% sol-
vent A (0.1% formic acid in water, v/v) and
peptides were eluted using a linear gradient
of 2% solvent B (0.1% formic acid in 100% ace-
tonitrile, v/v) to 85% solvent B in 160 min at a
constant flow rate of 0.5 uL/min.

The IT mass spectrometer was operated in a
data dependent mode in which each full MS
scan was followed by three MS/MS scans
where the three most abundant peptide molec-
ular ions were dynamically selected from the
prior scan for collision-induced dissociation
(CID) using a normalized collision energy of
38%. Dynamic exclusion was utilized to pre-
vent redundant acquisition of peptides previ-
ously selected for MS/MS. The temperature of
the heated capillary and electrospray voltage
were 180°C and 1.5 kV, respectively.

Bioinformatic Analysis

Tandem MS spectra from the uRPLC-MS/
MS analyses were searched against the Expert
Protein Analysis System’s human prote-
omic database (http://www.expasy.org) with
SEQUEST operating on an 18 node Beowulf
cluster (ThermoElectron). For a peptide to be
considered legitimately identified, it had to
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Table 1
SEQUEST Filter Criteria for Peptide Identification

Charge State” Xcorr? Proteolytic Constraint

+1 =219 Fully Tryptic

+1 221 Fully chymotryptic and/or elastic

+1 222 Partially tryptic, chymotryptic, and/or elastic
+1 =22 No protease constraint

+2 222 Fully Tryptic

+2 222 Fully chymotryptic and/or elastic

+2 224 Partially tryptic, chymotryptic, and/or elastic
+2 =3.0 No protease constraint

+3 235 Fully Tryptic

+3 235 Fully chymotryptic and/or elastic

+3 2375 Partially tryptic, chymotryptic, and/or elastic
+3 =375 No protease constraint

“Charge state of the peptide molecular ion chosen for tandem MS.

'SEQUEST cross correlation score.

achieve stringent charge state and proteolytic
cleavage-dependent cross correlation (X,)
scores similar to those previously reported
(8,11) (Table 1) and a minimum delta correla-
tion (DelCN) of 0.08.

Results

One of the primary focuses in the field of
proteomics is to develop technologies to effi-
ciently interrogate the pathophysiological state
of an organism through the analysis of serum.
A number of technologies have been devel-
oped toward achieving this goal and range
from those designed to recognize a diagnostic
proteomic pattern (3,5-7) (without the need to
identify any of the components contributing
to the diagnostic pattern) to those that iden-
tify a unique biomarker for a specific disease
state (12). Disease biomarker identification is
generally accomplished using one of two
strategies: resolution of serum by two dimen-
sional-polyacrylamide gel electrophoresis (2D-
PAGE) followed by MS analysis of the stained
protein spots, or multi-dimensional liquid
chromatographic/electrophoretic separation
coupled with MS analysis. Both of these
approaches rely heavily on a high-resolution
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separation/fractionation step prior to MS
analysis to enable identification of greater
numbers of proteins.

The presence of high abundant proteins,
such as albumin and immunoglobulins, in
serum pose a serious analytical challenge for
MS-based proteomic analysis. A common
strategy employed in serum proteomic inves-
tigations is depletion of the highly abundant
proteins using affinity based methods. How-
ever, such depletion strategies likely result in
loss of physiologically important low abun-
dant proteins. The objective of this study was
to determine if a three-dimensional fractiona-
tion based on liquid phase peptide IEF in the
first dimension, strong cation exchange in
the second dimension, and hydrophobicity
in the third dimension prior to MS would
allow for the identification of lower abun-
dance proteins in serum in the presence of the
more common highly abundant proteins.

Serum Proteome Analysis

The experimental procedure employed in
this study (Fig. 1) utilized a tryptic digestate
of 200 uL of a standard pooled human serum
sample (approx 15 mg) that was fractionated
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Human Serum

Digestion with Trypsin

Ligquid Phase IEF of Serum Tryptic Peptides
(20 Fractions)

....................................

.0

AJN\/NNN

Strong Cation Exchange of IEF Fractions
(140 Fractions)

Electrospray Ionization uLC-MS/MS

Protein Identification by Database Searching

Fig. 1. Flowchart of the experimental strategy employed for the global analysis of the human serum proteome.
Two hundred microliters of pooled human serum was digested with trypsin. The serum digestate was subjected
to ampholyte-free IEF from which 20 fractions were collected. Each IEF fraction was further fractionated by
SCX into seven fractions that were each analyzed by uLC-MS/MS.

by liquid phase isoelectric focusing (IEF).
Typically, preparative liquid phase IEF is
employed for separating or fractionating pro-
teins, not peptides. In the separation of pro-
teins by IEF, the pH gradient is generated
using ampholytes that must be removed prior
to additional downstream separations and/or
MS analysis (13). Arising from the amphoteric
nature of complex peptide mixtures, it is pos-
sible to exploit peptide “auto focusing” for pH
gradient generation in liquid phase IEF,
enabling the separation of peptide mixtures
without the use of ampholytes. The potential
sample loss during the necessary ampholyte
removal prior to subsequent separations or
MS analysis is also eliminated. Twenty IEF
fractions were collected with measured pH
values ranging from 3.0 to 10.0 (data not
shown), indicating that the peptides had suc-
cessfully autofocused. A small aliquot of each
of the 20 IEF fractions was desalted by solid
phase extraction, concentrated and analyzed
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by URPLC coupled online to a conventional
IT-MS for peptide identification by MS/MS.
Bioinformatic analysis of the MS/MS spectra
from the 20 IEF serum peptide fractions resulted
in the identification of 957 unique peptides cor-
responding to 473 proteins. In addition, the
remaining aliquots of each of the 20 IEF frac-
tions were further resolved by SCXLC into 7
fractions. Each of the 140 IEF-SCXLC serum
peptide fractions was analyzed by puRPLC-
MS/MS. Analysis of the set of MS/MS spectra
obtained from the 140 IEF/SCX/uRPLC frac-
tions resulted in the identification of 2071
unique peptides corresponding to 1143 proteins.
When combined, the uRPLC-MS/MS analyses
of the 20 IEF and the 140 IEF-SCXLC serum
peptide fractions resulted in the total identifica-
tion of 2646 unique peptides corresponding to
1444 unique proteins from the human serum
proteome (Table 1, Supplemental).

We sought to estimate the confidence inter-
val of our bioinformatic results by searching the
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MS/MS spectra of selected uRPLC-MS/MS
analyses agains a proteomic database derived
from Archea that possesses 12,038 “non-human”
protein sequences. The number of peptides
identified from the MS/MS spectra of the
human-derived serum peptides when searched
against this Archea database should give a rea-
sonable measure of the false positive rate inher-
ent in the data. We found the overall confidence
interval of our analysis to be >90% using the
present SEQUEST filtering criteria. For exam-
ple, 624 identified human peptides were identi-
fied from one particularly rich uRPLC-MS/MS
run. When this same pRPLC-MS/MS run was
searched against the Archea database, only 60
peptides were identified, giving a confidence
interval in the identifications when the data is
searched against the appropriate human
database of approx 90% of this specific run.
Serum contains thousands of proteins and
peptides such as the common highly abundant
proteins (such as albumin and immunoglobu-
lins) to the extremely low abundant proteins
that are present in a large dynamic concentra-
tion range (2). Indeed a single protein, albumin,
comprises greater than 50% of the protein con-
tent (Fig. 2). A total of ten proteins constitute
approx 90% of the protein content of serum
and the remaining approx 9% is primarily
made up of only twelve different proteins.
Hence, it is potentially only the remaining
approx 1% of the protein content of serum that
is important to characterize in the search for
potential biomarkers of disease states.

The Nature of the Human Serum
Proteome

To identify biomarkers in serum, any given
list of identified proteins must be reflective of
the organism as a whole and not just contain
the expected circulatory proteins. The proteins
we have identified arise from a wide range of
functional classes (Fig. 3). As anticipated all of
the 22 highest abundant proteins, as illustrated
in Fig. 2, were identified as were proteins com-
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monly associated with serum, such as coagu-
lation and complement factors, transport and
binding proteins, cytokines, growth factors,
and hormones. Quite remarkably, we find a
number of proteins not commonly associated
with serum, for example, intracellular and
membrane associated proteins make up 39.6%
and 32.1% of the identified proteins, respec-
tively. Indeed, such proteins as transcription
factors, nuclear proteins, channels, and recep-
tors were identified, substantiating the notion
that serum possesses an archive of potentially
pathophysiological information arising from
the fact that cellular proteins and peptides may
be released into the bloodstream during necro-
sis, apoptosis, and hemolysis (2,8).

Detection and Identification
of Low Abundant Proteins

Recent reports estimate that the dynamic
concentration range separating the lowest
abundant proteins (e.g., hormones and cyto-
kines) from the most abundant proteins (e.g.,
albumin) in human serum to be more than
nine orders of magnitude (2). Hence, if the
average concentration of serum albumin is
greater than 50 mg/mL, analytical technolo-
gies must be able to detect proteins present at
or below the pg/mL level to enable compre-
hensive proteomic measurements. Indeed, this
low concentration is a level at which many
key proteins currently utilized as disease indi-
cators are present, such as prostate-specific
antigen (PSA) (14) and cancer antigen 125 (CA
125) (15) for prostate and ovarian cancer,
respectively. Inspection of the proteins identi-
fied in our study demonstrates that the use of
a conventional multi-dimensional separation
strategy coupled with conventional MS detec-
tion successfully enables identification of pro-
teins that span this dynamic concentration
range. For example, we confidently identified
interferon y (<10 pg/mL) (2) and amyloid A4
(>10 ng/mL) (16) (Fig. 4), proteins known
to be present in serum at low abundance,
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Fig. 2. Pie chart representing the relative contribution of proteins within the blood proteome. Twenty-two

proteins constitute approx 99% of the protein content.
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Fig. 3. Pie charts illustrating the classification of the proteins identified in human serum according to the three
organizing principles of the gene ontology consortium (http://www.geneontology.org). (A) Cellular compart-
ment, (B) biological process, and (C) molecular function.
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without the need to deplete highly abundant
proteins, such as albumin, the various immu-
noglobulins, and apolipoprotein, all of which
are present at well above the mg/mL level.

A Serum Proteome Database

The development of new technologies
promises new biomarker discoveries to aid in
the diagnosis and prognosis of diseases. It is
likely that the most successful strategies for
biomarker discovery will employ methods that
allow parallel characterization of proteins.
Because serum possesses such a rich archive of
potential histopathological information as
demonstrated in this work, there exists great
potential and benefit to “mine” serum for dis-
ease-specific biomarkers. To increase the suc-
cess rate at which novel and more effective
ensembles of biomarkers may be enumerated
from serum requires the ability to comprehen-
sively characterize such analytically challeng-
ing samples, as no targeted methods exist for
their discovery. We have produced a bench-
mark serum proteome database (http://bpp.
nci.nih.gov) that represents a three-fold increase
in the number of proteins identified to date
that will serve as a web-accessible resource
to aid in serum biomarker investigations. In
the future, this database will be sequentially
updated and annotated as new proteins and
their function are discovered. Presently, this ref-
erence resource should contribute substantially
to the advancement of our understanding of
the human serum proteome, to comparative
biology, and to the isolation of human disease
biomarkers, particularly those underlying com-
plex disease states such as cancer.

Conclusions

A major thrust in proteomics aims at identi-
fication of biomarkers useful for early disease
diagnosis, disease progression, or response to
therapy. This task is obviously laborious as
there are several levels of complexity that are
counter to biomarker discovery. One such
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level lies within the samples being assayed.
For true utility, a biomarker should be
assayable through protein-rich and readily
obtainable biofluids, such as plasma or serum.
Unfortunately, these samples are made up of
a myriad of different biological molecules
including proteins, peptides, carbohydrates,
small molecules, and lipids that are present at
extreme dynamic ranges of concentration. A
second level of complexity arises from the
organism itself with respect to the particular
disease state. In the case of identifying a
serum biomarker for the presence of cancer for
example, such a biomarker is being used to
indicate a malignancy within a patient that
may comprise less than 0.1% of the body
mass. In essence the search is on for analytical
“needles in the haystack.” A clear need exists
for a more complete understanding of the
matrix protein background of the “haystack”
of serum and for public dissemination of such
information as updatable databases of pro-
teins, interpreted MS/MS spectra, and even
raw MS data, as in the case of the publicly
available database constructed from the pre-
sent work (http://bpp.nih.nci.gov).

Although serum is one of the most analyti-
cally challenging proteome samples to charac-
terize, the ability to do so promises rich
information regarding the histopathological
state of a patient and its analysis using pro-
teomic techniques is being heavily relied upon
for the discovery of reliable disease biomark-
ers. Fortunately, our study illustrates that a
majority of lower abundance proteins identi-
fied in serum are present as secreted or shed
species likely by cells as a result of signalling,
necrosis, apoptosis and hemolysis. Taken
together, these findings show that the protein
content of serum is quite reflective of the over-
all profile of the human organism and that
conventional multi-dimensional fractionation
strategies combined with conventional MS
analysis are entirely capable of characterizing
a significant fraction of the serum proteome.
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