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Blood serum is a complex body fluid that contains various
proteins ranging in concentration over at least 9 orders of
magnitude. Using a combination of mass spectrometry
technologies with improvements in sample preparation,
we have performed a proteomic analysis with submilliliter
quantities of serum and increased the measurable con-
centration range for proteins in blood serum beyond pre-
vious reports. We have detected 490 proteins in serum by
on-line reversed-phase microcapillary liquid chromatog-
raphy coupled with ion trap mass spectrometry. To per-
form this analysis, immunoglobulins were removed from
serum using protein A/G, and the remaining proteins were
digested with trypsin. Resulting peptides were separated
by strong cation exchange chromatography into distinct
fractions prior to analysis. This separation resulted in a
3–5-fold increase in the number of proteins detected in an
individual serum sample. With this increase in the number
of proteins identified we have detected some lower abun-
dance serum proteins (ng/ml range) including human
growth hormone, interleukin-12, and prostate-specific an-
tigen. We also used SEQUEST to compare different pro-
tein databases with and without filtering. This comparison
is plotted to allow for a quick visual assessment of differ-
ent databases as a subjective measure of analytical qual-
ity. With this study, we have performed the most extensive
analysis of serum proteins to date and laid the foundation
for future refinements in the identification of novel protein
biomarkers of disease. Molecular & Cellular Proteom-
ics 1:947–955, 2002.

Serum, derived from plasma with clotting factors removed,
contains 60–80 mg of protein/ml in addition to various small
molecules including salts, lipids, amino acids, and sugars (1).
The major protein constituents of serum include albumin,
immunoglobulins, transferrin, haptoglobin, and lipoproteins
(1, 2). In addition to these major constituents, serum also
contains many other proteins that are synthesized and se-
creted, shed, or lost from cells and tissues throughout the
body (3, 4). It is estimated that up to 10,000 proteins may be

commonly present in serum, most of which would be present
at very low relative abundances (5).

Historically, two-dimensional PAGE has been the primary
method of separation and comparison for complex protein
mixtures. This method has been critical in developing our
understanding of the complexity and variety of proteins con-
tained in cells and bodily fluids. Two-dimensional PAGE has
been used to analyze serum and plasma (the unclotted parent
fluid of serum) (6–13). Although impressive improvements in
two-dimensional PAGE technologies have occurred in recent
years, limitations remain. Two-dimensional PAGE is labor-
intensive, requires relatively large sample quantities, is poorly
reproducible, has a limited dynamic range for protein detec-
tion, and has difficulties in detecting proteins with extremes in
molecular mass and isoelectric point (14). To address these
limitations several types of mass spectrometry, in conjunction
with various separation and analysis methods, are increas-
ingly being adopted for proteomic measurements (15–22).

One of the driving forces in proteomics is the discovery of
biomarkers, proteins that change in concentration or state in
associations with a specific biological process or disease.
Determination of concentration changes, relative or absolute,
is fundamental to the discovery of valid biomarkers. The pres-
ence of higher abundance proteins (greater than mg/ml in
serum) interferes with the identification and quantification of
lower abundance proteins (lower than ng/ml in serum). Other
methods such as two-dimensional PAGE have been used to
demonstrate that the removal or separation of high abun-
dance proteins enables greatly improved detection of lower
abundance proteins (10, 11, 17, 23). The necessity of this
removal or separation is also illustrated by noting that many
proteins found useful as biomarkers for malignant and non-
malignant disease (e.g. C-reactive protein, osteopontin, and
prostate-specific antigen) are below 10 ng/ml, a value that is
at least 7–8 orders of magnitude less than the most abundant
serum proteins (1). Thus, the dynamic range typified by tradi-
tional proteomic methods are inadequate to allow for detec-
tion of these lower abundance serum proteins, or biomarkers,
without effective removal or separation of the high abundance
proteins.

One problem associated with any protein separation tech-
nique is that low abundance proteins may be removed along
with the abundant species (24). Albumin is a protein of very
high abundance in serum (35–50 mg/ml) that would be a
prime candidate for complete selective removal prior to per-
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forming a proteomic analysis of lower abundance proteins.
However, albumin is a transport protein in blood serum that
binds a large variety of compounds including hormones, li-
poproteins, and amino acids (1, 25, 26). Thus, removal of
albumin from serum may also result in the specific removal of
low abundance cytokines, peptide hormones, and lipopro-
teins of interest.

Immunoglobulins, or antibodies, are also abundant proteins
in serum that function by recognizing “foreign” antigens in
blood and initiating their destruction. To recognize this enor-
mous variety of antigens present in blood, immunoglobulins
contain variable regions (1, 25, 27). These variable regions are
a source of random peptide sequence in serum that can
complicate protein identifications from peptide sequences.
Therefore, with immunoglobulins binding foreign materials
and the random nature of sequences from their variable re-
gions, removal of immunoglobulins is important for a pro-
teomic analysis of serum.

The purpose of this investigation was to establish new
preparative methods to remove or separate high abundance
serum proteins and to apply new proteomic approaches that
increase the dynamic range available for the identification and
characterization of serum proteins. These methods include
the use of protein A/G covalently bound to acrylamide beads
to selectively remove immunoglobulins, described earlier as a
significant source of sequence variability found in serum.
Further, these methods include the separation of trypsin-
digested peptides prior to mass spectrometric analysis using
both strong cation exchange (SCX)1 chromatography and
capillary gradient reversed-phase liquid chromatography.
This investigation identifies a large number of proteins (490)
from a single (submilliliter) serum sample and further provides
the foundation for future studies with clinically important dis-
ease states.

EXPERIMENTAL PROCEDURES

Human Blood Serum—The human blood serum was acquired from
a healthy anonymous female donor (Donor No. M99869) (Golden
West Biologicals, Temecula, CA). Immediately after collection,
plasma was isolated from whole blood without anti-coagulants by
centrifugation. The plasma supernatant was allowed to clot overnight
at room temperature, and the clotted material was removed by cen-
trifugation under sterile conditions. Upon receipt at our laboratory, the
serum was aliquoted into 1-ml units and stored at �80 °C. In subse-
quent preparation steps, proteins were detected, and concentrations
were estimated, where appropriate, using denaturing (SDS) polyacryl-
amide gel electrophoresis with GELCODE blue staining (Pierce cata-
log no. 24590), absorbance at 280 nm, and/or with a Bradford protein
assay using bovine serum albumin (BSA) as a protein standard (24,
28).

Depletion of Serum Immunoglobulins and Trypsin Digestion—The
immunoglobulins (Igs) were depleted by affinity adsorption chroma-

tography using protein A/G. 500 �l of serum was diluted with an equal
amount of 20 mM sodium phosphate, pH 8.0 and added to UltraLink
Immobilized protein A/G beads (2:1, v/v) (Pierce) that had been equil-
ibrated with 20 mM sodium phosphate, pH 8.0. This mixture was
incubated with gentle rocking for 2 h at 25 °C. Immunoglobulin-
depleted serum was separated from the protein A/G beads by cen-
trifugation. The beads were washed three times with 5 volumes of
PBS (150 mM NaCl, 10 mM sodium phosphate, pH 7.3), and the
washes were pooled with the immunoglobulin-depleted serum. The
diluted immunoglobulin-depleted serum sample was then dialyzed
into 10 mM HCO3NH4, 5% acetonitrile, pH 7.5, digested with trypsin
1:50 (w/w) ratio (Promega, Madison, WI) for 2 h at 37 °C, and
lyophilized.

Strong Cation Exchange Separation of Immunoglobulin-depleted
Serum Peptides—Lyophilized, immunoglobulin-depleted serum pep-
tides were resuspended in 2 ml of 75% 10 mM ammonium formate,
25% acetonitrile, pH 3.0 with formic acid. The sample was centri-
fuged to remove insoluble debris and then separated using an LC
gradient ion exchange system consisting of a quaternary gradient
pump (ThermoSeparations P4000, San Jose, CA) equipped with a
polysulfoethyl A column (5 �m, 300 Å, PolyLC, Columbia, MD). Mobile
phase A consisted of 75% 10 mM ammonium formate, 25% aceto-
nitrile, pH 3.0 with formic acid, and mobile phase B was 75% 200 mM

ammonium formate, 25% acetonitrile, pH 8.0. The column was initially
loaded (2-ml injection loop) and equilibrated for 5 min with 0% B.
Peptides were eluted using a linear gradient of 0–100% B over 30
min, and the column was subsequently washed at 100% B for an
additional 25 min all at a flow rate of 4 ml/min. The column effluent
was monitored at 280 nm with a Linear 200 UV detector (Micro-Tech
Scientific, Sunnyvale, CA), and a total of 120 fractions were collected
at 30-s intervals using a FRAC-100 (Amersham Biosciences). Col-
lected fractions were lyophilized and stored at �80 °C for reversed-
phase LC/MS/MS analysis.

Reversed-phase Separation and LCQ Ion Trap Analysis—Re-
versed-phase separation was performed with an Agilent 1100 capil-
lary high pressure liquid chromatography system with a 60-cm cap-
illary column (150-�m inner diameter � 360-�m outer diameter,
Polymicro Technologies, Phoenix, AZ) packed with 5-�m Jupiter C18

particles (Phenomenex, Torrance, CA). Mobile phase A consisted of
water and 0.1% formic acid, and mobile phase B consisted of ace-
tonitrile and 0.1% formic acid. SCX fractions were dissolved in 50 �l
of water, 0.1% formic acid. Peptides were injected on the column in
8 �l at a flow rate of 1.8 �l/min, and the column was re-equilibrated
with 5% B for 20 min. Peptides were eluted with a linear gradient from
5 to 70% B over 80 min. The capillary column was interfaced to an
LCQ Deca XP ion trap mass spectrometer (ThermoFinnigan, San
Jose, CA) using electrospray ionization.

The mass spectrometer was configured to optimize the duty cycle
length with the quality of data acquired by alternating between a
single full MS scan followed by three MS/MS scans on the three most
intense precursor masses (as determined by Xcaliber mass spec-
trometer software in real time) from the single parent full scan. Dy-
namic mass exclusion windows were used and varied from 3 to 9 min.
In addition, MS spectra for all samples were measured with an overall
mass/charge (m/z) range of 400–2000. Fractions 21, 34, 39, 46, and
53, which contained high peptide concentrations, were re-analyzed
three times using overlapping m/z ranges of 500–1050, 1000–1550,
and 1500–2000, respectively. These segmented mass range analyses
also utilized static mass exclusion lists that removed m/z precursors
corresponding to the 20 most abundant peptides that were observed
in the initial unsegmented analysis.

SEQUEST Analysis of Peptides—Tandem mass spectra were an-
alyzed by SEQUEST (Bioworks 2.0, ThermoFinnigan) (16, 29–32),
which performs its analyses by cross-correlating experimentally ac-

1 The abbreviations used are: SCX, strong cation exchange; HUPO,
Human Proteome Organization; LC, liquid chromatography; MS,
mass spectrometry; MS/MS, tandem mass spectrometry; NCBI, Na-
tional Center for Biotechnology Information.

Human Serum Proteome by Mass Spectrometry

948 Molecular & Cellular Proteomics 1.12



quired mass spectra with theoretical idealized mass spectra gener-
ated from a database of protein sequences. These idealized spectra
are weighted largely with b and y fragment ions, i.e. fragments result-
ing from the amide linkage bond from the N and C termini, respec-
tively. For these analyses, no enzyme rule restrictions were applied to
the possible cleavage points available for peptide generation from the
initial proteins, allowing identifications resulting from non-tryptic
cleavage to be observed as well. The peptide mass tolerance was 3.0,
and the fragment ion tolerance was 0.0.

Protein Databases—SEQUEST analysis was performed using a
modified version of the human FASTA protein database provided with
SEQUEST (ThermoFinnigan). Database modifications included the
removal of viral proteins and the removal of some redundant protein
entries as well as minimizing the number of entries for abundant
serum proteins (13). Additional analyses were conducted using the
National Center for Biotechnology Information (NCBI) human protein
database2 and the Unigene human database3 to determine whether
important abundant serum proteins were missing from our modified
database. Use of the additional various human databases did not alter
the vast majority of SEQUEST peptide identifications. The use of the
larger databases did result in an expected decrease in magnitude of
the SEQUEST DelCN score in a fraction of peptide identifications.
Most peptides not found in the smaller supplied database did not
pass subsequent filters including visual inspection of fragmentation
spectra (data not shown), and in the case of the Unigene database
analysis required up to 2 weeks to finish on a modern PC. Currently
no complete human protein database has been compiled, and one is
not likely to exist for a number of years (35). Thus, the modified
database was considered to be an adequate resource for this initial
blood serum proteome analysis after comparisons to the NCBI and
Unigene databases.2,3

Of concern with a shotgun proteomic approach is whether as-
sumptions made for simple cases continue to apply with higher levels
of complexity. To address the question for database choice, we
sought to analyze LC/MS/MS results using a smaller database con-
taining very few peptides with sequence identity to human proteins
but still retaining the level of complexity observed in a complete
genome. A locally available Deinococcus radiodurans FASTA data-
base derived from the open reading frames of a completely se-
quenced genome (15) was used to generate SEQUEST analyses to
compare against the human database-derived results. Five SCX frac-
tions (fractions 21, 34, 39, 46, and 53) that contained the greatest
number of fully tryptic peptides were analyzed against the D. radio-
durans database for this comparison.

Filters for SEQUEST Results—SEQUEST results were filtered (Ta-
ble I) with criteria similar to those developed by Yates and co-workers
(31, 36). Serum proteins in circulation are frequently found cleaved by
chymotrypsin and elastase (37). Thus, while trypsin was used to
digest the serum proteins, the SEQUEST data filter was modified to
allow for identification of peptides resulting from both chymotrypsin
and elastase cleavage sites. The chymotrypsin and elastase filter
levels were derived by comparing the SEQUEST-identified tryptic
peptides to the identified non-tryptic albumin peptides. The high
abundance and globular nature of albumin represented a useful ref-
erence for defining non-tryptic filter parameters. The resulting filters
were those that resulted in four or more hits for any non-tryptic
albumin peptide. These filters further resulted in 33 non-tryptic cleav-
age sites of the 133 total albumin cleavage sites.

The final filter parameters used to determine cross-correlation

(Xcorr) cut-off values took into account both the charge state of the
peptide and the proteolytic cleavage rules as shown in Table I. Ad-
ditionally, a minimum value of 0.1 was used for DelCN, indicating that
SEQUEST was readily able to distinguish between its first and second
choices for identification (32). When three or fewer peptides for an
individual protein passed the criteria shown in Table I, the mass
spectra for those peptides were inspected manually. Manual inspec-
tion was performed using four criteria generally accepted as means
for assessment of spectral quality (16, 36). First, the spectrum quality
must be acceptable with the peaks to be used in the determination
clearly above the noise base line. Second, some continuity must be
present among the b or y fragments, i.e. fragments for three or more
adjacent amino acids. Third, if proline is predicted to be present, then
the corresponding y fragment should give an intense peak. Last,
unidentified intense peaks should be verified as being either doubly
charged or simply the mass of the precursor with one or two of the
terminal amino acids removed.

RESULTS

Protein A/G for Immunoglobulin Depletion—We found that
protein A/G affinity adsorption chromatography depleted es-
sentially all of the immunoglobulins from serum as assessed
by SDS-polyacrylamide electrophoresis (Fig. 1). Analysis of
serum by MS is complicated by the fact that abundant pro-
teins impede measurement of less abundant proteins. In ad-
dition, the abundant serum immunoglobulins have regions of
high sequence variability that may complicate an MS-based
sequence analysis of serum-derived peptides. Thus, to in-
crease the dynamic concentration range and confidence of
determination it is critical to remove the immunoglobulins
from the serum sample. The heavy and light chain portions of
the immunoglobulins were removed when visualized with
GelCode Blue Stain (Fig. 1, Lane 3). Albumin is also slightly
depleted by the same procedure (Fig. 1, Lane 4). This deple-
tion is unexpected in that during the production of the chi-
meric protein A/G the albumin binding site from protein G was
removed (38).

Multidimensional Peptide Separation—Albumin and other
abundant non-immunoglobulin proteins may also present
problems for an MS analysis. Many published methods of
albumin separation have resulted either in poor depletion or

2 NCBI, Hs GenBankTM Protein Databases ftp.ncbi.nlm.nih.gov/
genomes/H_sapiens/protein/.

3 NCBI, Hs Unigene Contig Databases ftp.ncbi.nlm.nih.gov/
repository/UniGene/.

TABLE I
Conservative filter parameters for SEQUEST results

The spectra for proteins with three or fewer unique peptide hits that
met these criteria were manually inspected before inclusion to the
protein list. Each protein with three or fewer passing peptide identi-
fications had an average of 33 identifications that did not pass the
above criteria but scored better than a 1.5 Xcorr and had a DelCN of
at least 0.05.

Charge Xcorr Peptide type

�1 �1.9 Fully tryptic
�1 �2.1 Chymotryptic and/or elastic
�1 �2.2 Partially tryptic, chymotryptic, and/or elastic
�2 �2.2 Fully tryptic
�2 �2.4 Partially tryptic, chymotryptic, and/or elastic
�2 �3.0 No protease rules
�3 �3.75 Tryptic, chymotryptic, and/or elastic only
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potential loss of specific low abundance proteins of interest in
plasma (23) or in hemofiltrate (a plasma-derived fluid from
dialysis patients) (17, 37). Rather than remove albumin from
the serum, the strategy used here was to fractionate trypsin-
derived peptides by SCX and then perform a second dimen-
sion separation with reversed-phase LC. The SCX chroma-
tography resulted in good fractionation with the richest
peptide samples eluted over about 60 fractions (fractions
19–79, Fig. 2).

The SCX fractionation illustrates the power of further ana-
lyzing specific fractions to increase the number of proteins
determined by an LC/MS/MS analysis. Fractions 21, 34, 39,
46, and 53 were reanalyzed by LC/MS/MS using a static
exclusion list for the 20 most commonly found peptides from
the previous 400–2000 m/z MS analysis. In addition, each
fraction was analyzed three times by limiting the m/z window
to 500–1050, 1000–1550, or 1500–2000 for each run (illus-
trated in Fig. 3). The m/z segmentation resulted in approxi-
mately the same number of peptides passing SEQUEST data
filters and manual inspection as the unsegmented analysis
(Table II) but resulted in more proteins identified by multiple
peptides and fewer numbers of serum albumin identifications.
This increase in non-albumin identification is attributable to
the MS analysis focusing on novel peptides rather than high
abundance albumin peptides previously analyzed (Fig. 3). In
addition, multidimensional separations allowed for important
increases in dynamic range and decreases in individual anal-
ysis complexity. Here we show that some fractions may be
complex enough to warrant further steps to simplify the MS
analysis.

Proteins Identified in Serum—Using immunoglobulin deple-
tion, SCX, and microcapillary reversed-phase high perform-
ance LC followed by data analysis with SEQUEST we have
identified 490 proteins in serum. These proteins include those
illustrated in Table III. Proteins found in this analysis also
cover a large concentration range (as assessed from clinical
reference normal values) from 85% coverage with 111 unique
peptides from albumin (serum concentration 35–50 mg/ml),

31% coverage with 28 unique peptides from complement
factor H (serum concentration 35 �g/ml); 29% coverage with
14 unique peptides from angiotensinogen (serum concentra-
tion 2.5–0.15 ng/ml) (39), 12% coverage with one peptide
from prostate-specific antigen (serum concentration less than
1.0 pg/ml in a healthy female) (1). Our analysis identifies most
serum proteins previously reported as well as a large number
of proteins newly identified in serum (8–12, 37, 40).

Method for Visualizing and Accessing the Relative Quality of
a Global SEQUEST Analysis—SEQUEST analysis results are
typically scored using a combination of Xcorr and DelCN.
Xcorr, in short, is the value of the best resulting correlation
between a predicted peptide spectrum and an experimental
spectrum. A higher Xcorr value provides better confidence of
peptide identification. An Xcorr value greater than 2 is typi-
cally considered significant for peptide identifications. DelCN
is the normalized difference in magnitude between the pep-
tide fit with the highest Xcorr and the peptide fit with the
second best Xcorr. A minimum acceptable value for DelCN is
typically 0.1. More confidence is placed in protein identifica-
tions when multiple peptides occurring from the same protein
that have Xcorr values greater than 2.0 and DelCN values
greater than or equal to 0.1 (8, 16, 36).

To qualitatively evaluate the global results from a SEQUEST
analysis, we compared the human peptides analyzed by
MS/MS and m/z segmentation using SEQUEST with two dif-
ferent databases. The databases compared with SEQUEST
analysis were an unrelated bacterial database (D. radiodurans)
and a human protein database. The plot of DelCN versus
Xcorr from a SEQUEST analysis with the D. radiodurans da-
tabase generally defines a region of data that is composed of
low confidence peptide identifications (Fig. 4A). A similar plot
for a SEQUEST analysis using a human database identifies a
second population of peptides with higher quality peptide
identifications (Fig. 4B). The overlap between the poor quality
and high quality populations contains many real peptide iden-
tifications. After filtering (see Table I), the SEQUEST analysis

FIG. 1. Igs, both heavy and light chain, are visibly depleted by
protein A/G affinity chromatography as shown by SDS-PAGE.
Protein A/G was specific for immunoglobulins, but some cross-spec-
ificity for albumin was also present. Lane 1, molecular weight stand-
ards; Lane 2, unprocessed serum; Lane 3, serum after Ig depletion
with protein A/G; Lane 4, proteins eluted from protein A/G.

FIG. 2. Strong cation exchange chromatography of human se-
rum following depletion of immunoglobulins with protein A/G
resulted in an excellent distribution of peptides over about 60
fractions (approximately fractions 19–79). The number of fully tryp-
tic peptides is as assessed by SEQUEST.
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of peptides using the D. radiodurans database eliminates all
but 1% or 76 of the original low confidence peptide identifi-
cations (Fig. 4C). In contrast, after filtering (Table I), 20% or
2179 of the peptides from the human database remain (Fig.
4D). The filtering method results in more qualitative confi-
dence for the peptide identifications using the human protein
database at a global scale. While it is expected that most of
the peptides identified from the D. radiodurans database that
passed the data filters do not appear as proteins serum, some
of these peptides may, by chance or evolutionary conserva-
tion, be legitimately found using the D. radiodurans database.

DISCUSSION

Blood plasma, like cells, has many high abundance proteins
that perform various housekeeping functions. Blood plasma
contains numerous secreted or shed low abundance proteins
that are critical for signaling cascades and regulatory events.
During necrosis, apoptosis, and hemolysis, contents of cells

may be released into the plasma. The presence of these
components in blood reinforces the benefits of using a pro-
teomic approach for identifying biomarkers for disease states.
In this study, we report an analysis of serum identifying 490
proteins (Table III and supplemental data table), at least a
3–5-fold increase in the number of identified proteins from a
blood-derived fluid found in previous reports.

Previous proteomic characterizations of human plasma
have used two-dimensional PAGE. These studies such as the
seminal work of Anderson and co-workers (10, 41) have been
summarized by the ExPASy on-line human plasma two-di-
mensional PAGE database (ca.expasy.org/ch2d/). These pre-
vious investigations have focused on plasma and thus are not
directly comparable to the serum results reported here. How-
ever, of the 58 named proteins identified in this on-line human
plasma protein database, we identified 51 in our serum anal-
ysis. There are several possible explanations for not identify-
ing these seven proteins, including fibrinogen B, fibrinogen �,
C-reactive protein, and actin. First, plasma but not serum
samples contain the clotting factors fibrinogen B and fibrino-
gen �. Second, our serum was obtained from a single healthy
female. The concentration of certain blood proteins may make
detection difficult for our single source sample versus a gen-
eral population; an example is C-reactive protein, which is
typically at subnanogram per milliliter concentrations in a
healthy female (1). Finally, the sample preparation and analyt-
ical methods used by these previous investigators differ sig-
nificantly from those reported here. The lack of detection for
the other proteins, such as actin, may be due to differing
methods of sample collection, processing, and analysis.
Overall our approach is superior for global identification since
the two-dimensional PAGE database is made up of nine pub-
lished reports but identified only 58 proteins, while we found

FIG. 3. MS m/z segmentation illus-
tration of the method used to measure
peaks that may not have been missed
during the initial analysis of SCX frac-
tions 21, 34, 39, 46, and 53. A, full scan
with an m/z window of 300–2000;
masses subsequently trapped and
measured by tandem MS are labeled
with mass numbers. B, C, and D, m/z
segmented scans with m/z windows of
500–1050, 1000–1550, and 1500–2000,
respectively. Masses analyzed by tan-
dem MS are labeled with mass numbers,
and masses disregarded due to static
mass exclusion lists are labeled with
an X.

TABLE II
Proteins found comparing a single MS/MS analysis to m/z

window segmentation

Comparison of peptide information from a single analysis 400–
2000 full MS scan of the five peak fractions (fractions 21, 34, 39, 46,
and 53) (Fig. 2) and three m/z segmentations of the same five peak
fractions with static exclusion list.

400–2000
m/z full

MS scan

500–1050,
1000–1550, and
1500–2000 m/z
full MS scans

Total peptide hits 2014 2179
Proteins determined by �3 peptidesa 26 58
Proteins determined by 1–2 peptidesa 25 83

a Passing data filters in Table I.
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the 490 proteins, including those that would be expected to
be common between studies.

Another family of serum/plasma studies for comparison is
the characterization of rat serum by Gianazza and co-workers
(6–8, 11, 12). These studies identified 34 proteins with human
homologues and characterized the changes in protein abun-
dance with disease states or chemical exposures associated
with inflammatory disease. These rat serum studies con-
cluded that even abundant proteins could be markers for
disease states. Our study identified the human homologues of
31 of the 34 identified rat proteins. We did not find the human
equivalent of thyroxine-binding globulin, thiostatin, or C-reac-
tive protein. Many of the same reasons for a lack of complete
overlap with the ExPASy plasma two-dimensional PAGE da-
tabase apply here. In addition, species-specific differences
may explain differing proteins and expression levels.

Serum is a complex biological fluid with many functions,
and the presence, absence, or concentration of a specific
protein may be non-intuitive until the serum proteome is fully
understood. In an analysis of this complexity, it is important to
note that expectations often differ from results for many pro-
teins. Examples of unexpected results are hemoglobin and

actin, which are both ubiquitous in the red blood cells. There-
fore between high quantity and rapid turnover of red blood
cells it may be expected that hemoglobin and actin should be
readily detectable in serum (42). In contrast to our expecta-
tions, few hemoglobin-derived peptides and no actin-derived
peptides were identified. In fact, both hemoglobin and actin
are actively sequestered and cleared from the serum via the
abundant serum proteins haptoglobin and vitamin D-binding
protein, respectively (42–45). Another example of unexpected
results are the identification of immunoglobulin-derived pep-
tides, although depletion was complete when evaluated by
SDS-PAGE. It is unclear whether these peptides originated
from incomplete depletion of immunoglobulins in vitro or from
proteolyzed immunoglobulins circulating in blood.

As global proteomic approaches become more common,
there is an increasing need to evaluate and visualize large
data sets with improvements in individual scoring methods
(46–48). Often proteomic studies are less concerned with
individual peptide identifications than with globally studying
changes. In fact, a recent study using a global approach to
profile proteins only by masses using surface-enhanced laser
desorption-ionization MS with blood serum has been shown

TABLE III
Selected 134 categorized proteins from the 490 total proteins detected

MAP, mitogen-activated protein; ERK, extracellular signal-regulated kinase.

Common circulating blood proteins Albumin, haptoglobin, hemopexin, fibrinogen A, �1-microglobulin, �2-microglobulin,
�2-glycoprotein(Zn), �2-HS-glycoprotein, serum amyloid proteins (A2-� and A), vitronectin,
apolipoproteins (A-I, A-II, A-IV, B, C-I, C-II, C-III, D, E, F, and L), gelsolin, histidine-rich
glycoprotein, leucine-rich �2-glycoprotein, low density lipoprotein-related proteins (1 and 2),
�1-acid glycoprotein 1 (orsomucoid 1), �1-acid glycoprotein 2 (orsomucoid 2), clusterin,
Kell blood group protein, perlecan (heparan sulfate proteoglycan), ferroxidase

Coagulation and complement factors Complement factors (B, C1R, C2, C3, C4A, C4B, C5, C6, C7, C8�, C8�, C8�, C9, H, and I),
coagulation factors (II, V, VIII, XII, and XIIIb)

Blood transport and binding proteins Transferrin, transthryretin, retinol-binding protein, vitamin D-binding protein, insulin-like growth
factor-binding proteins (5 and 7), calcium-binding protein P22, complement C4-binding
protein �, hemoglobins (A and B), high density lipoprotein-binding protein, histidine-rich
calcium-binding protein, hyaluronan-binding protein 2, latent transforming growth factor-�-
binding protein, S100 calcium-binding protein A2, thyroglobulin, corticosteroid-binding
globulin, selenoprotein P

Protease inhibitors �2-Antiplasmin inhibitor, complement C1 inhibitor, heparin cofactor II (protease inhibitor
leuserpin 2), inter-�-(globulin) inhibitor H4 (plasma kallikrein-sensitive glycoprotein), inter-�-
trypsin inhibitor, plasminogen activator inhibitor, protease inhibitor 4 (kallistatin),
�1-antichymotrypsin, �1-antitrypsin

Proteases Kallikrein, angiotensinogen, plasminogen, �-thrombin, carboxypeptidase N
Other enzymes Antioxidant protein 1, arginosuccinase, hexokinase 3, folate hydrolase 1 (prostate-specific

membrane antigen), nicotinamide nucleotide transhydrogenase, paraoxonase/arylesterase,
phosphodiesterase 5A, phosphoglycerate kinase 1, squalene monooxygenase,
triacylglycerol lipase, methylmalonyl coenzyme A mutase, thioredoxin-dependent peroxide
reductase

Cytokines and hormones Atrial natriuretic factor, human growth hormone, inhibin, interleukin-12a, interferon (�-inducible
protein 27), fibroblast growth factor-12, prostate-specific antigen, growth/differentiation
factor 5, pigment epithelium-derived factor

Channel and receptor-derived peptides ATP-sensitive inward rectifier K� channel 11, chemokine (CX3C) receptor 1, G protein-coupled
receptor 1, �-aminobutyric acid receptor B, prostaglandin E receptor (subtype EP3), protein
tyrosine phosphatase (receptor type, f polypeptide), solute carrier family 5 (sodium iodide
symporter), T-cell receptor � chain VJ region, tumor necrosis factor receptor-associated
factor 5, interleukin-2 receptor � chain, integrin � (4, 8, and E)

Miscellaneous (structural, nuclear, etc.) Keratins (1, 2, and 9), microtubule-associated protein, microtubule-vesicle linker clip-170,
plectin, sytaxin, elastin, MAP/ERK kinase kinase 5, bullous pemphigoid antigen, centromere
protein f, collagens (IV and XI), titans, elongation factor tu, epidermal growth factor receptor
pathway substrate 8
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to have predictive value in ovarian cancer (33). One of the
difficulties related to the use of SEQUEST for peptide identi-
fications is the lack of methods to globally evaluate the quality
of data and the lack of methods to access global changes
created by filtering schemes and/or database changes. Here,
by comparing our SEQUEST results to multiple databases, we
have illustrated an intuitive and easily adopted method for
analyzing LC-MS/MS experiments in global terms (Fig. 4).

Major technical issues complicate the routine characteriza-
tion of the plasma/serum proteome. First, plasma/serum pro-
teins, like tissue proteins, may be post-translationally modi-
fied, and many plasma proteins are glycosylated (13). Other
important factors include modifications such as sulfation,
phosphorylation, oxidation, glycation, lipidation, and �-car-
boxyglutamylation. Currently there are no commercially avail-
able tools that can identify peptides with this variety and
number of modifications. The serum proteins in this study
(Table III) were identified from translationally unmodified pep-
tides. Significant improvements to sample processing and
informatics are needed to identify these protein modifications.
Second, protease digestion further adds to the complexity of
a proteomic analysis of serum (13). Here we filtered peptide
identifications based on protease modifications to take in situ
proteolysis (chymotrypsin and elastase) into account. Third,
the concentration range of plasma/serum proteins encom-
passes at least 9 orders of magnitude. Thus, significant im-
provements in the sample processing and separation with
improvement in the dynamic range, sensitivity, and ability to

quantitate results from mass spectrometry are needed to
elaborate the plasma/serum proteome beyond the 490 pro-
teins identified in this report. Last, the immature status of
human protein databases further complicates analysis be-
cause there are likely to be protein identifications even in this
mid-abundance range that have not yet been added to any
publicly available human protein database (35).

The Human Proteome Organization (HUPO) has been
founded to consolidate and organize future efforts in human
proteomics (34). Among the many of the stated goals of
HUPO are the research goals of characterizing the human
plasma/serum proteomes and the informatic goals of stan-
dardizing proteome data and annotations with the improve-
ment of bioinformatic tools for proteome analysis (34). Here we
report a large improvement for proteomic analysis of serum; this
analysis identifies 490 proteins, about 10% toward a 5000 pro-
tein goal of HUPO. Further, we have presented a visualization
method that can be used to evaluate the quality of a global
SEQUEST proteomic analysis along with the ability to subjec-
tively evaluate protein database quality for a SEQUEST analysis.
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FIG. 4. Global affects of SEQUEST peptide identification filters. Shown are populations using a “random sequence” database with
genome level complexity and a human protein database. The D. radiodurans database was used here as the random sequence database with
results unfiltered (A) and filtered (C). A database derived from NCBI human protein sequence data was used as the human protein database
with results unfiltered (B) and filtered (D).
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