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As human serum is an important source for early diagnosis of many serious diseases,
analysis of serum proteome and peptidome has been extensively performed. However, the
serum phosphopeptidome was less explored probably because the effective method for
database searching is lacking. Conventional database searching strategy always uses the
whole proteome database, which is very time-consuming for phosphopeptidome search
due to the huge searching space resulted from the high redundancy of the database and the
setting of dynamic modifications during searching. In this work, a focused database searching
strategy using an in-house collected human serum pro-peptidome target/decoy database
(HuSPep) was established. It was found that the searching time was significantly decreased
without compromising the identification sensitivity. By combining size-selective Ti (IV)-MCM-41
enrichment, RP–RP off-line separation, and complementary CID and ETD fragmentationwith the
newsearching strategy, 143unique endogenous phosphopeptides and 133 phosphorylation sites
(109 novel sites) were identified from human serumwith high reliability.
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1. Introduction

The human serum peptidome, which contains thousands of
endogenous peptides either degraded from proteins or secreted
fromcells and tissues, has been extensively investigated [1–5]. It
is believed that the studies on human serum peptidome hold
great promise for finding potential biomarkers of serious

diseases such as cancers [6]. It should be mentioned that these
endogenous peptides also have a number of post-translational
modifications (PTMs), i.e., phosphorylation, glycosylation, and
acetylation [5,7], which make the human serum peptidome
more complex. Among these PTMs, phosphorylation is consid-
ered as one of the most important and plays a vital role in a
series of biological processes including growth,metabolism and
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cell differentiation [8]. Therefore, serum phosphopeptidome, as
an intersection of peptidome and phosphoproteome, might be
an important source for retrieving diagnostic information of
diseases.

Recently, human serumphosphoproteome has already been
explored by several labs. Zhou et al. enriched phosphopeptides
from tryptic digest of serum sample by TiO2 and identified
about 100 unique phosphopeptides after LC–MS/MS analysis [9].
Meanwhile, Carrascal et al. applied strong cation exchange
(SCX) for fractionation of phosphopeptides enriched from
serumprotein digest. After LC–MS/MS analysis, multiple search
engines were applied to search theMS data. They identified 138
unique phosphopeptides, among which, 85 were identified by
more than one search engine [10]. Garbis et al. combined size
exclusion fractionation, hydrophilic interaction chromatogra-
phy and ultraperformance RPLC–MS/MS to analyze the serum
proteome and phosphoproteome of patients with benign
prostate hyperplasia [11]. They identified 375 phosphopeptides
at FDR<5%. These studies indicated the presence of phosphor-
ylated proteins in serum though the number is much smaller
than that in tissues. In addition to these phosphoproteomic
studies, the detection of endogenous phosphopeptides in
human serum was also reported. Cirulli et al. analyzed
endogenous phosphopeptides in different biological fluids in-
cluding urine, saliva and serum. They only identified 4 endoge-
nous phosphopeptides derived from fibrinogen in serum [12].
Zhang et al. applied cerium ion-chelated magnetic silica micro-
spheres for enrichment of human serum endogenous phospho-
peptides and only 3 from fibrinogen were detected [13]. In our
previous study, Ti (IV)-MCM-41was synthesized and successfully
used for direct enrichment of endogenousphosphopeptides from
human serum, and also only 4 phosphopeptides were detected
after MALDI analysis [14]. In spite of these studies, the number of
endogenous phosphopeptides identified in human serum is still
limited.

A main challenge for phosphopeptidome analysis is that
current database searching strategy using proteome database
is not efficient and sensitive for endogenous phosphopeptide
identification. Endogenous peptides detected in peptidomic
studies are often derived from the combined activity of
different kinds of peptidases, some of which are of unknown
specificity. When searching for endogenous peptides using a
search engine like Mascot or Sequest, no enzymatic restriction
is set. Thismakes the pool of peptide candidates for a particular
MS/MS spectrum very large when a proteome database is
adopted. It is even larger for identification of endogenous
phosphopeptides because there are three more variable phos-
phorylated modifications on Ser, Thr and Tyr. Due to the huge
search space, such a search strategy is extremely slow and
insensitive. A straight forward approach to solve this problem is
to reduce the search space by using small databases with low
redundancy.

Several peptidome databases have been developed recently,
such as PepBank [15] and SwePep [16,17]. PepBank is a database
of peptide sequences and SwePep is a database of large
collections of peptide spectra, both holding great potential in
peptidome studies of many biological samples such as brain. In
serum, majority of endogenous peptides are derived from
protein degradation due to the coexistence of a variety of active
peptidases. The serum proteins could be cut by endopeptidases

and the resulting peptides could be further digested by exo-
peptidases to produce a series of peptide ladders. The databases
mentioned above do not include all of these peptides and are
not suited for serum peptidome study.

In this work, a small focused database, named as human
serum pro-peptidome database (HuSPep), was specially gen-
erated for human serum phosphopeptidome analysis. It was
found that over 95% of endogenous peptides which were
identified by searching against IPI human database could be
obtained by using HuSPep. Then, HuSPep was applied for
in-depth analysis of human serumphosphopeptidome. Human
serum endogenous phosphopeptides were directly enriched by
size-selective Ti (IV)-MCM-41material, and analyzed by off-line
RP–RP separation and MS/MS detection with MSA (multi-stage
activation, CID) and ETD. The acquired spectra were then
searched against HuSPep for initial endogenous phosphopep-
tide identification. The spectra for these initial identified
phosphopeptides were further searched against IPI human
target/decoy database. The final results were achieved by
keeping the consistent identifications from both searching. By
this way, 143 unique endogenous phosphopeptides with 133
phosphorylation sites in human serum were identified with
high confidence.

2. Materials and methods

2.1. Materials

Protease inhibitor cocktail, alkaline phosphatase, trifluoroacetic
acid (TFA), and (3-aminopropyl) trimethoxysilane were pur-
chased from Sigma (St. Louis, MO). PhoSTOP (phosphatase
inhibitor cocktail tablets) was purchased fromRoche (Mannheim,
Germany). Formic acid (FA) was obtained from Fluka (Buches,
Germany). Acetonitrile (ACN, HPLC grade) and 25% ammonia
solutionwere purchased fromMerck (Darmstadt, Germany). Pure
water used in all the experiments was purified with a Milli-Q
system (Millipore,Milford,MA). Other chemicals usedwere either
of analytical grade or better.

2.2. Sample preparation

The human serumused in all the experiments of this studywas
obtained from the Second Affiliated Hospital of Dalian Medical
University (Dalian, China) andwas a pool of 100 serum samples
from healthy individuals. The utilization of human serum
complied with guideline of Ethics Committee of the Hospital.
The human serum was stored at −80 °C until further use.

Ti (IV)-MCM-41 was prepared as reported previously [14].
Serum endogenous phosphopeptides were enriched with Ti
(IV)-MCM-41 and the enrichment procedure was similar to
that in our previous reports [14,18]. Briefly, 500 μL of human
serum was diluted with 30% ACN/0.1% TFA to a final volume
of 5 mL, protease inhibitor and phosphatase inhibitor were
both added to 0.5% (v/v). Then, 5 mg of Ti (IV)-MCM-41 was
added to the serum, followed by incubation at 4 °C using a
rolling incubator (Co., Ltd, Haimen) for 40 min. After centrifu-
gation at 20,000 g for 4 min, the supernatant was collected
and enriched with 2 mg Ti (IV)-MCM-41 for a second time to
ensure that all the phosphopeptides were captured. The Ti
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