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Mass spectrometric quantification of phosphopeptides is a challenge due to the ion suppression effect of
highly abundant non-phosphorylated peptides in complex samples such as serum. Several strategies for
relative quantification of serum phosphopeptides based on MS have been developed, but the power of
relative quantities was limited when making direct comparisons between two groups of samples or
acting as a clinical examination index. Herein, we describe an MS absolute quantification strategy
combined with Titania Coated Magnetic Hollow Mesoporous Silica Microspheres (TiO,/MHMSM)
enrichment and stable isotopic acetyl labeling for phosphopeptides in human serum. Four endogenous
serum phosphopeptides generated by degradation of fibrinogen were identified by LC-ESI-MS/MS
following TiO,/MHMSM enrichment. The ESI-MS signal intensity ratios of the four phosphopeptide
standards labeled with N-acetoxy-Hs-succinimide (H3-NAS) and N-acetoxy-Ds-succinimide (D3-NAS),
following TiO,/MHMSM capture are linearly correlated with the molar ratios of the “light” to “heavy”
phosphopeptides over the range of 0.1-4 with an r? of up to 0.998 and a slope of close to 1. The recovery
of the four phosphopeptides spiked at low, medium and high levels in human sera were 98.4-111.9%
with RSDs ranging 2.0-10.1%. The absolute quantification of the phosphopeptides in serum samples of 20
healthy persons and 20 gastric cancer patients by the developed method demonstrated that 3 out of the
4 phosphopeptides showed remarkable variation in serum level between healthy and cancer groups, and
the phosphopeptide DpSGEGDFLAEGGGVR is significantly down-regulated in the serum of patients,
being a potential biomarker for gastric cancer diagnosis.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

carcinoma (HCC) [5], CA125 for ovarian cancer [6], carcinoem-
bryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) for

Cancer is the second leading cause of death in developing
countries and even the leading cause of death in developed
countries [1]. Early detection of cancer is the most promising
way to improve long-term survival of patients. Cancer-specific
biomarkers play important roles in cancer diagnosis and prognosis
as most cancer-related deaths can be prevented through early
diagnosis and surgical removal of early stage cancer and precan-
cerous lesions [2]. Serum as one of biological fluids has become
one of the best resources for biomarker discovery [3]. Several
biomarkers in serum, including prostate-specific antigen (PSA) for
prostate cancer [4], alpha fetoprotein (AFP) for hepatocellular
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gastric cancer (GC), have been used for cancer diagnosis in clinic.
However, none of these biomarkers have been produced as well-
accepted screening tools due to their low sensitivity or specificity
for diagnosing cancer [7,8]. Thus, it is very essential to identify and
characterize novel biomarkers for the detection of cancers.

The reversible phosphorylation of proteins is the most common
post-translational modification in mammals, and plays an impor-
tant role in protein function regulation and signaling transmission
[9]. The abnormal protein phosphorylation has been thought to be
a cause or consequence of diseases such as cancers [10]. Therefore,
the analysis of phosphorylated proteins or endogenous phospho-
peptides derived from tissues or biological fluids is critical with
respect to clinical diagnostic and prognostic information for cancer
and other diseases [11]. Serum with endogenous phosphopeptides
either degraded from larger proteins or secreted from cells and
tissues provides a direct link between peptide profiles of disease
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and differential protease activity [3]. Human serum is a very
complex matrix in which protein concentrations can range over
more than 10 orders of magnitude, and 90% of the total protein
composition is constituted by about 20 abundant proteins [12].
The complexity of serum proteins and peptides as well as the high
background level of the highly abundant proteins make the mass
spectrometry (MS)-based phosphopeptide profiling a great chal-
lenge. To overcome serum complexity and reduce the ion suppres-
sion effect arising from non-phosphorylated proteins/peptides,
robust and highly selective enrichment of phosphorylated proteins
or peptides for subsequent MS analysis is in great demand [13,14].

A number of strategies have been applied to isolate phosphory-
lated proteins and peptides from complicated mixtures. Immobi-
lized metal ion affinity chromatography (IMAC), which relies on
the special affinity of the phosphate group to metal ions such as
Fe3*, Ga*, Ti**, and Zr**, is one of the widely used methods.
Amoresano and co-workers successfully identified four free phos-
phopeptides in human serum using an improved IMAC strategy in
conjugation with iterative mass spectrometry based scanning
techniques with selective “precursor ion”, constant “neutral loss”
triple quadrupole scan modes and multiple reaction monitoring
[11]. However, the specificity of these IMAC methods is not high
enough as some non-phosphopeptides also bind to the adsorbents,
which results in serious interference for the analysis of target
phosphopeptides [15-19]. To reduce the unexpected absorption of
non-phosphorylated peptides, metal oxide affinity chromatogra-
phy (MOAC) has attracted more and more attention [20,21].
Titanium dioxide (TiO,) and zirconium oxide (ZrO,) have been
alternatively used as chromatographic materials because they can
reduce nonspecific binding of non-phosphopeptides and show
higher selectivity for phosphopeptides compared to IMAC [21-30].
Recently, functionalized mesoporous TiO, [31,32] and ZrO, [33]
have been applied as affinity materials for the separation and
enrichment of phosphopeptides in the enzymatic digests of multi-
ple proteins. The metal oxides are coated to magnetic core (Fez0,4)
via a thin layer of carbon [34], silicon thin film [35] or graphene
platform [36], conferring the fabricated mesoporous spheres or
networks with the virtue of magnetic separability and enhanced
surface area for efficient and rapid capture of phosphopeptides.
More recently, we have developed an MS method for rapid
screening of epidermal growth factor receptor (EGFR) inhibitors
by using the TiO, coated magnetic hollow mesoporous silica
microspheres (TiO,/MHMSM) [31] as a solid phase microextrac-
tion (SPME) device to concentrate phosphorylated substrates of
EGFR [37].

Stable isotope labeling in combination with mass spectrometry
techniques has been widely used in quantitative proteomics. These
methods involve metabolic, e.g., stable isotope labeling by amino
acids in cell culture (SLIAC) [38], or chemical, e.g., isobaric tag for
relative and absolute quantitation (iTRAQ) labeling [39,40]. Meta-
bolic labeling is probably the most accurate quantitative MS
method in terms of overall experimental process. This makes it
particularly suitable for assessing relatively small changes in
protein levels. However, metabolic labeling is typically expensive,
and does not applicable to clinical samples, and the complete
incorporation of labeled amino acids needs to be optimized for
individual cell types [41]. Chemical labeling, on the other hand,
provides researchers with many choices with the manner of
selectively introducing an isotope tag by chemical reactions onto
a desired site on a protein or peptide. Recently, Zou and co-
workers [42] developed a type of modified phosphoric acid
functionalized mesoporous organo-silica (EPO) nanomaterials as
the adsorbent for in situ enrichment and isotope labeling of
endogenous phosphopeptides in serum. The subsequently relative
MS quantification revealed differences in the abundance of the
phosphopeptides between the cancer patients and healthy

controls. However, to the best of our knowledge, the absolute
quantitative analysis of phosphopeptides by isotope differential
mass spectrometry has remained less explored.

In this work, we developed an MS-based strategy in combina-
tion with phosphopeptide enrichment by the TiO, coated mag-
netic hollow mesoporous silica microspheres (TiO,/MHMSM) and
stable isotope labeling by acetylation of peptides for the absolute
quantification of endogenous phosphopeptides in human serum.
This method relies on isotopic labeling for isolated phosphopep-
tides from standards and samples, differing from isotope dilution
strategies and making the method a high-throughput and eco-
nomical approach for measuring phosphopeptides in biological
samples. The isotopic labeling was generated by treatment of
phosphopeptides with N-acetoxysuccinimide and its deuterated
analog, which results in acetylation and deuterioacetylation of the
primary amines of endogenous peptides and synthetic peptide
standards, respectively. Under the optimized conditions, over a
range of 0.1-4, the molar ratios of four endogenous phosphopep-
tides to the respective standards in sera maintained a good linear
relationship with their MS signal ratios, allowing accurate quanti-
fication of phophospeptides in serum samples of healthy persons
and gastric cancer patients. The subsequently receiver operating
characteristic (ROC) analysis indicated that a phosphopeptide in
serum derived from fibrinogen is significantly down-regulated in
sera of patients, perhaps being a promising biomarker for detec-
tion of GC with high specificity and sensitivity.

2. Experimental
2.1. Reagents and materials

a-casein, trifluoroacetic acid (TFA) and N-acetoxy-Ds-succinimide
(D3-NAS) were purchased from Sigma-Aldrich (USA). N-acetoxy-Hs-
succinimide (H3-NAS) and a mixture of sera from healthy adults
were purchased from Heowns Biochem Technologies (Tianjin, China).
Sequencing grade trypsin was obtained from Promega (USA). The
phosphopeptides ADpSGEGDFLAEGGGV (F1), DpSGEGDFLAEGGGV
(F2), DpSGEGDFLAEGGGVR (F3) and ADpSGEGDFLAEGGGVR (F4)
were purchased from HysBio Ltd. (Beijing, China). Acetonitrile
(MeCN) was purchased from Tedia, and the chemicals for fabrication
of Titania Coated Magnetic Hollow Mesoporous Silica Microspheres
(TiOp/MHMSM) from Shanghai General Chemical Reagent Factory
(Shanghai, China). The deionized water used in the experiments was
prepared by a Milli-Q system (Millipore, Milford, MA).

Serum samples of healthy persons and gastric cancer patients
were collected at the Tumor Hospital Affiliated to Nantong University
following the standard clinical protocol described in the literature
[3,43]. Briefly, all blood samples were collected in 7.0 ml glass red-top
tubes (BD; 366431), allowed to clot at room temperature for 1 h, and
centrifuged at 2000 g for 10 min at room temperature. Sera (upper
phase) were then transferred to 1.5 ml cryovials with about 1 mL
serum in each and stored frozen at —80 °C until further use. The
utilization of human sera complied with guidelines of Ethics Com-
mittee of the Hospital and the Institute.

2.2. Enrichment of phosphopeptides by TiO;/MHMSM

a-Casein (1 mg) was dissolved in 1 mL Tris-HCI (50 mM, pH
8.2) and treated with trypsin using an enzyme to substrate ratio of
1:50 (w/w), and incubated for 16 h at 37 °C. Aliquot (5 uL, 10~5 M)
of tryptic digest of a-casien was diluted with 30 pL 50% MeCN-
0.1% TFA, then a suspension of 5 pL TiO,/MHMSM (30 mg mL~")
was added. The resulting mixture was vibrated for 30 min at room
temperature. After that, with the help of magnet, the peptides-
loaded TiO,/MHMSM were collected by removal of the
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supernatant and washed with 100 pL 50% MeCN-0.1% TFA twice,
then the trapped peptides were eluted with 5 pL 2.5% ammonium
hydroxide (pH 11.5) and the eluent was collected for MS analysis.

For enrichment of endogenous phosphopeptides in human
serum samples, 10 pL of a serum sample was first diluted by
addition of 80 pL 50% MeCN-0.1% TFA [13], and incubated with
10 pL of TiO,/MHMSM (30 mg mL~') with vibration for 30 min,
then the supernatant was removed with using an external magnet
and the particles capturing phosphopeptides were washed with
100 pL 50% MeCN-0.1% and 30% MeCN-0.1% TFA in turn. Finally the
bound phosphopeptides were eluted by incubation with 30 pL
2.5% ammonium hydroxide (pH 11.5) for 10 min, and the super-
natant was collected with using an external magnet and lyophi-
lized to dryness.

2.3. Stable isotopic labeling of phosphopeptides

The lyophilized phosphopeptide mixtures isolated from stan-
dard solutions or serum samples were re-dissolved in 4 pL
NH4HCOs3 buffer (50 mM, pH 7.5), then a 20-fold molar excess of
H3-NAS was added, reacted at 37 °C for 10 h without stirring [44].
Aliquot of the H3-NAS-labeled sample was mixed with equal
volume of the respective D3-labled sample for LC-MS analysis.

2.4. Mass spectrometry

MALDI-TOF mass spectrometry analysis was performed on an
Autoflex Il mass spectrometer (Bruker, Germany). The instrument
was equipped with a delayed ion-extraction device and a pulsed
nitrogen laser operating at 337 nm. Typically, 1200 scans were
averaged. The MALDI uses a groundsteel sample target with 384
spots. For the analysis of phosphopeptides, 20 mg mL~! 2,5-
dihydroxybenzoic acid (DHB) in 50% acetonitrile/1% phosphoric
acid was used as the matrix. An aliquot (3 pL) of collected eluents
(vide supra) was mixed with the matrix solution in a 1:1 ratio
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prior to deposition onto the target plate for data collection. The
Flexanalysis (ver. 3.0) software was used for analysis and post
processing.

Positive-ion electrospray ionization mass spectrometry
(ESI-MS) analysis was performed on a Micromass Q-TOF mass
spectrometer (Waters) coupled to a Waters CapLC HPLC system.
The phosphopeptides captured from human serum samples were
separated on a Symmetry-C18 column (1.0 x 50 mm?, 100 A,
3.5 pm, Waters). Mobile phases were A: 95% H,O containing
4.9% acetonitrile and 0.1% formic acid, and B: 95% acetonitrile
containing 4.9% H,O and 0.1% formic acid. The peptides were
eluted with a 30 min linear gradient from 1% to 80% of B at a rate
of 30 pLmin~"'. The eluent was directly infused into the mass
spectrometer through the ESI probe. The spray voltage of the mass
spectrometer was 3.30 kV and the cone voltage 35 V. The desolva-
tion temperature was 413 K and source temperature 353 K. Nitro-
gen was used as both cone gas and desolvation gas with a flow rate
of 40Lh~" and 400 Lh~ !, respectively. The collision energy was
set up to 5V. All spectra were acquired in the range of 500-
2000 m/z. Mass Lynx (ver. 4.0) software was used for analysis and
post processing.

3. Results and discussion
3.1. Optimization of phosphopeptide enrichment conditions

The separation and enrichment of phosphopeptides by TiO,/
MHMSM may suffer from nonspecific adsorption of non-
phosphorylated peptides, in particular acidic peptides, which
increases the chance of false-positive results. Therefore, the tryptic
digests of phosphorylated protein a-casein were used to optimize
the concentration of trifluoroacetic acid (TFA) and acetonitrile
(MeCN), which can reduce the undesirable absorption of acidic
non-phosphorylated and hydrophobic peptides, on the surface of
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Fig. 1. Effect of the concentration of (a) TFA and (b) MeCN in the loading buffer and washing solvents on the enrichment of phosphopeptides from tryptic digests of a-casein
using TiO,/MHMSM. The bar values represent the total signal intensities detected by MALDI-TOF MS of phosphorylated peptides (blue) and non-phosphorylated peptides
(red). Mass spectra of phosphopeptides derived from a-casein obtained by MALDI-TOF MS analysis of the tryptic digest of a-casein (10~ M, 5 L) (c) before and (d) after
enrichment by TiO,/MHMSM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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TiO,/MHMSM particles [37,45], in the loading buffer and washing
solvent. As shown in Fig. 1a, both low (0.01%) and high (> 0.1)
concentration of TFA were ineffective for phosphopeptide enrich-
ment by TiO,/MHMSM as low concentration of TFA is insufficient
for the protonation of carboxyl groups, and a high concentration of
TFA resulted in the loss of negative charge on phosphates of
phosphopeptides. Thus, 0.1% TFA in the loading buffer and wash-
ing solvent was chosen for the rest of this work. When the
concentration of TFA was fixed at 0.1%, the change of MeCN
concentration in the loading and washing buffers also affected
significantly the capturing efficiency of phsophopeptides as shown
in Fig. 1b. The concentration of 50% for MeCN in both loading
buffer and washing solvent was shown to be suited for selective
enrichment of phosphopeptides by TiO,/MHMSM particles.

The performance of TiO,/MHMSM for capturing phosphopeptides
was further investigated under the optimized conditions established
above. The direct MALDI-TOF MS analysis of tryptic digest of a-casein
resulted in the detection of only 5 phosphopeptides and a few high
abundance nonphosphopeptides (Fig. 1c). Moreover, the signal
intensities of most of these phosphopeptides were weak due to the
ionization suppression arising from highly abundant nonphospho-
peptides. With separation and enrichment by TiO,/MHMSM, the
detection of phosphopeptides was significantly improved, and the
highly abundant nonphosphopeptides were almost undetected
(Fig. 1d). In this case, 16 phosphopeptides derived from «-casein
were observed (Table S1 in the Supplementary Information).

In order to evaluate the possible loss of phosphopeptides
during the loading and washing steps, the supernatant after
phosphopeptide capturing by TiO,/MHMSM and the washing
solution for removing peptides nonspecifically adsorbed on TiO,/
MHMSM were also analyzed by MALDI-TOF MS. As shown in
Fig. S1a, only phosphopeptide o3 was detected in the supernatant
with low signal intensity. This indicates that the TiO,/MHMSM
materials are of highly capability to capture phosphopeptides. It is
essential to remove non-phosphorylated peptides while retaining
phosphopeptides captured by TiO,/MHMSM during the washing
steps. As shown in Fig. S1b, a number of nonphosphopeptides
were detected together with phosphopeptide &3 in low abun-
dance in the first time washing solution. In the second time of
washing eluent, the signal intensities of the nonphosphopeptides
and a3 were decreased sharply (Fig. S1c). These results indicate
that the washing steps did not result in pronounced loss of
phosphopeptides while the nonspecifically bound peptides to
TiO,/MHMSM were washed off.

3.2. Qualification of phosphopeptides in human serum

Human serum contains thousands of peptides that are thought to
be fragments generated by proteolytic enzymes. The endogenous
phosphopeptides in human serum are present in low abundance
[46], thus the directly analysis of phosphopeptides in human serum is
an enormous challenge due to the existence of high complexity of the
matrix, and wide-dynamic range of endogenous peptides and co-
existing proteins. As shown in Fig. 2a, no phosphospeptides were
observed by direct MALDI-TOF MS analysis of a human serum sample
containing a mixture of sera from healthy adults, whereas, four
remarkable ion peaks appeared in the mass spectrum of the serum
sample after phosphopeptides capture by TiO,/MHMSM (Fig. 2b).
To confirm the identities of these ions, tandem mass spectrometry
(MS/MS) was employed for characterization. The MS? spectra obtained
by selecting these precursor ions are shown in Fig. S2, indicating that
the four species correspond to phosphopeptides, ADpSGEGD-
FLAEGGGV (F1), DpSGEGDFLAEGGGV (F2), DpSGEGDFLAEGGGVR
(F3) and ADpSGEGDFLAEGGGVR (F4) at m/z 1389.3, 1460.4, 1545.5
and 1616.6, respectively, which are all derived from fibrinopeptides A.
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Fig. 2. Mass spectra of phosphopeptides in human serum obtained by (a) direct
MALDI-TOF MS analysis and (b) MALDI-TOF MS analysis after enrichment by TiO,/
MHMSM. The phosphopeptides F1 - F4 were identified by ESI-MS/ MS, and the MS/
MS data are shown in Fig. S2 in the Supplementary Information.

3.3. MS quantification of phosphopeptides in human serum

Following the effective separation and enrichment of phospho-
peptides in human serum samples by TiO,/MHMSM, the captured
phosphopeptides were then labeled light or heavy using N-acetoxy-
H3-succinimide (H3-NAS) or N-acetoxy-D3-succinimide (D3-NAS)
prior to MS analysis. The isotopic labeling for the quantification of
phosphopeptides is generally performed before the phosphopep-
tide enrichment [40,47]. To avoid large consumption of labeling
reagents and to reduce the interference arising from the highly
abundant non-phosphorylated peptides on the labeling reactions,
we carried out the labeling reactions after the phsophopeptide
isolation by TiO,/ MHMSM. As shown in Fig. S3-S4, the labeling
reactions were complete within 10 h with almost no side reaction
observed, allowing a high recovery of spiked phosphopeptide
standards in serum samples to be obtained (vide infra).

To generate calibration curves for the absolute quantification of
the four endogenous phosphopeptides in serum, a series of
solutions containing various concentrations of synthetic phospho-
peptides F1 - F4 and a solution containing 0.5 pM of F1 - F4 were
individually incubated with TiO,/MHMSM, followed by the label-
ing of the captured peptides using H3-NAS and D3-NAS, respec-
tively. Then, aliquot of each H3-NAS-labled sample was mixed
with an equal-volume of the respective D3-NAS-labled sample,
giving a series of standard solutions with a molar ratio of H-pool/
D-pool ranging from 0.1 to 4. Fig. 3a shows a typical mass
spectrum of H3-NAS-labeled and D3-NAS-labeled F1 in an equi-
molar mixture of light- and heavy-F1. As the signal overlaps
occurred between the last two isotopic peaks of light F1 and the
first two isotopic peaks of heavy F1 (Fig. 3b), a correction
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Fig. 3. The mass spectrum (a) before and (b) after centering of the doubly-charged ions of H3-NAS-labeled and D3-NAS-labeled F1 in an equimolar mixture of the light and
heavy phosphopeptides, showing the signal overlap between the light and heavy F1; (c) the mass spectrum showing the first three isotopic peaks of the equimolar light- and
heavy-labeled F1 after correcting overlap between the last two isotopic peaks of light F1 and the first two isotopic peaks of heavy F1; and (d) calibration curves plotted by the
intensity ratios of the first isotopic peaks of light and heavy F1 versus their molar ratios without (e) and with (©) overlap correction.

Table 1
Recovery of phosphopeptides F1 - F4 spiked into human serum at different levels.

Original conc./pM Recovery (%, n=3) of Spiked F;

0.1 yM 0.5 uM 1.5 uM

Fl1 0.36 + 0.02 107.4 + 101 1055+ 2.8 111.8+23
F2 0.20 +0.02 994 +83 102.6 + 6.0 103.6 +9.2
F3 0.10 +0.01 100.7 +9.4 1041 +73 99.1+2.0
F4 0.09 + 0.01 984 +3.1 119 +4.7 98.6 +4.9

procedure was applied on the basis of the theoretical isotopic ratio
of F1. It can be seen that with this correction, the signal intensity of
the first three isotopic peaks of light-labeled F1 was almost equal
to that of equimolar heavy-labeled F1 (Fig. 3¢). As a consequence,
the calibration curve plotted by the corrected intensity ratio of the
first isotopic peak of H-pool/H-pool F1 versus their molar ratio is
better linear than that without correction (Fig. 3d, Table S2).
Analogically, the calibration curves of F2 to F4 were obtained
and are shown in Fig. S5-S7. The results indicate that the
calibration equations with signal correction yield a slope close to
1 and an R? of up to 0.998 (Table S2), suggesting that the signal
ratios of light/heavy pair measured by ESI-MS allow accurate
quantitative analysis of the phosphopeptides captured by TiO,/
MHMSM. To verify this absolute quantification approach, the
recovery of spiked synthetic phosphopeptides in a serum mixture
of healthy adults was determined. The results (Table 1) indicate
that at the low (0.1 pM), mediate (0.5 pM) and high (1.5 pM)
spiking levels, the recovery of the four phosphopeptides ranges
from 98.4% to 111.9%, implying that the developed approach is
reliable for absolute quantification of endogenous phosphopep-
tides in human serum.
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Fig. 4. Scatter plots demonstrating the concentration distribution of the four
endogenous phosphopeptides F1 - F4 in serum samples of healthy persons and
gastric cancer patients. The short solid lines represent the average value (thick) and
standard derivation (thin), respectively, of each phsophopeptide.

Table 2
Statistical analysis of levels of phosphopeptides F1 - F4 in the serum samples of
gastric cancer patients and healthy persons.

Healthy (pM) Cancer (pM) F P
Mean SD Mean SD
F1 1.19 0.28 1.00 0.36 3.67 0.06
F2 1.02 0.35 0.53 0.26 253 1.2E-5
F3 0.98 0.38 0.36 0.15 47.2 3.6E-8
F4 0.18 0.09 0.34 0.17 13.9 6.3E-4
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The established method was then applied to quantitatively
characterize phosphopeptide levels in clinically collected serum
samples of 20 healthy persons and 20 gastric cancer patients. The
results are listed in Table S3 in the Supplementary Information,
and diagrammatically shown in Fig. 4. It can be seen that
phosphopeptide F4 was up-regulated, while F2 and F3 were both
down-regulated in the serum samples of cancer patients in
comparison with the healthy controls. Furthermore, the one-way
ANOVA was applied to evaluate the differences in the serum level
of the four phosphopeptides between the healthy group and the
cancer group. The statistical analysis (Table 2) indicates that except
for F1, the P values are <0.01 with F> 10. This means that the
serum level of phosphopeptides F2, F3 and F4 of the patient group
is significantly different from that of the healthy group. We next
assessed the sensitivity and specificity of the phosphopeptides as a
potential biomarker for gastric cancer diagnosis by receiver
operating characteristic (ROC) analysis. The results (Fig. 5) show
that phosphopeptide F3 has higher sensitivity (90%) and specificity
(90%) than F2 and F4. It has been recently reported that CEA at the
recommended value of 5.0 ng mL~! has a sensitivity of 46% and a
specificity of 95%, and CA19-9 at 37 U mL~! a sensitivity of 38%
and a specificity of 91% for detection of GC [7]. Our studies herein
demonstrate that as a potential biomarker for GC diagnosis F3 has
higher sensitivity than CEA and CA19-9, while maintaining a
comparable specificity (90%). Collectively, the diagnostic model
based on phosphopeptide F3 was valuable and noninvasive alter-
natives for identifying gastric cancer.

4. Conclusion

With the efficient enrichment by TiO,/MHMSM and stable
isotopic labeling using light and heavy NAS, we developed an MS
method for absolute quantification of endogenous phosphopep-
tides in human serum. The signal intensity ratios of the four
identified phosphopeptides are linearly correlated with the molar
ratios of light/heavy labeled peptides over a range from 0.1 to 4,

allowing accurate determination of the phosphopeptides in serum.
Among the four endogenous phosphopetides, three ones show
remarkable difference in serum level between cancer and healthy
groups. In particular, phosphopeptide DpSGEGDFLAEGGGVR (F3)
in the serum samples of gastric cancer patients is significantly
down-regulated in comparison to that in the sera of healthy group.
These findings may help to the understanding of the pathogenesis
process of tumors, implying that endogenous phosphopeptides in
serum may be a group of promising biomarkers for cancer
diagnosis. We anticipate that the developed approach could be
widely applied for absolute quantitative analysis of phosphopro-
teins and phosphopeptides in large scale of clinic samples so as to
provide fundamental information for biomarker discovery and
clinical diagnosis.
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