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a b s t r a c t

In this work, we developed phosphate functionalized magnetic Fe3O4@C microspheres to immobilize
Zr4+ ions for selective extraction and concentration of phosphopeptides for mass spectrometry anal-
eywords:
r4+-phosphate functionalized magnetic
e3O4@C microspheres
-(Trihydroxysilyl)propyl methylphosphate
elective enrichment of phosphopeptides
hosphoproteomics

ysis. Firstly, we synthesized Fe3O4@C magnetic microspheres as our previous work reported. Then,
the microspheres were functionalized with phosphate groups through a simple hydrolysis reaction
using 3-(trihydroxysilyl)propyl methylphosphate. And the Zr4+ ions were immobilized on phosphate-
functionalized magnetic microspheres by using phosphate chelator. Finally, we successfully employed
Zr4+-phosphate functionalized magnetic microspheres to selectively isolate the phosphopeptides from
tryptic digests of standard protein and real samples including rat brain. All the experimental results

ent e
ass spectrometry demonstrate the enrichm

. Introduction

Reversible phosphorylation of serine, threonine, and tyrosine
esidues in proteins represents a prominent mechanism in eukary-
tes for regulating cellular processes involving signal transduction,
roliferation, and migration. For the aforementioned reason, char-
cterization of the exact phosphorylated sites of proteins is
mportant to lead a fundamental understanding of the biologic pro-
esses [1–3].

Mass spectrometry, which has been proved to be a powerful
pproach to reveal comprehensive information for biological func-
ion, has been widely used for phosphoproteomics analysis [4–7].
owever, as a result of low stoichiometry and low ionization effi-
iency, direct analysis of phosphopeptides by mass spectrometry
annot provide satisfying outcomes. Therefore, specific enrichment
f phosphorylated proteins or peptides possibly is the most widely
sed approach in phosphoproteomics. One of the most prevalent
nrichment techniques is immobilized metal ion (Fe3+, and Ga3+)
ffinity chromatography (IMAC) [8–13]. Recently, Zou group and

ur group developed IMAC techniques based on new metal ions
uch as Ce4+, Zr4+ and Ti4+, for selective enrichment of phospho-
eptides for phosphoproteomics research [14–16].

∗ Corresponding author. Tel.: +86 21 65643983; fax: +86 21 65641740.
∗∗ Corresponding author. Fax: +86 21 65641740.
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fficiency and selectivity of the method we reported here.
© 2009 Elsevier B.V. All rights reserved.

In IMAC technique, metal ions were immobilized on sup-
porting substrates by using iminodiacetic acid (IDA, a tridentate
metal-chelator) or nitrilotriacetic acid (NTA, a tetradentate metal-
chelator) as chelator [17]. Recently, Zou group reported that using
phosphate groups to replace IDA or NTA for metal ions immo-
bilization has been proved to be a new promising strategy for
phosphopeptides enrichment. They found that IMAC based on
phosphate chelator could improve the enrichment selectivity for
phosphopeptides [18–20]. More recently, Zou et al. immobilized
Zr4+ ions on the phosphate-modified poly(glycidylmethacrylate-
co-ethylene dimethacrylate) polymer beads by using phosphate
chelator, and successfully applied for the analysis of the mouse liver
phosphoproteome, resulting in the identification of 153 phospho-
peptides derived from 133 phosphoproteins [16]. In the tridentate
IDA, Zr4+ ions will bind to the nitrogen atom and the two carboxy-
late oxygens, leaving three sites for phosphopeptides. Likewise the
tetradentate NTA is supposed to bind the Zr4+ ions with extra car-
boxylate oxygen [17]. Each metal ion only coordinates with one
IDA ligand or one NTA ligand. However, immobilizing the metal
ions with the phosphate groups can result in a different chelating
way. It is well known that the layer structure of metal phosphate
can be obtained by MO6 octahedra, and each Zr4+ ion sharing six
oxygen atoms with different monohydrogen phosphate groups. So
each metal ion coordinates to more than one phosphate molecule.

Compared with the traditional IMAC chelator, such as IDA and NTA,
the phosphate groups used as chelator for metal ions immobiliza-
tion can provide superior metal chelating strength. Zou et al. and
Qian et al. reported that the unique coordination specificity of Zr4+

ions immobilized on the phosphate functionalized magnetic silica

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:chdeng@fudan.edu.cn
mailto:xmzhang@fudan.edu.cn
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icroparticles may also greatly improve the selectivity of phos-
hopeptides binding, which prevents from acidic peptides binding
20,21]. However, as we know, in their method [18–21], it takes
hree steps to implement phosphate modification on various sub-
trates such as mesoporous silica and magnetic silica microspheres,
o the modification process is time-consuming. And the reagents,
uch as phosphorus oxychloride, used in the chemical modification
eaction were very poisonous. Therefore, development of a simple,
ast and safe method to modify phosphate group on substrate is
ery important and interesting.

In our previous studies [22–24], functionalized magnetic
icrospheres were successfully applied to selective enrichment

f phosphopetides. More recently, we synthesized biological-
ompatible C8-functionalized magnetic carbonaceous polysaccha-
ide (Fe3O4@C) microspheres through a facile synthesis approach
or peptides and proteins enrichment [25]. Herein, we devel-
ped a new method for the immobilization of Zr4+ onto Fe3O4@C
icrospheres for selective extraction and concentration of phos-

hopeptides. Briefly, the as-synthesized biological-compatible
e3O4 magnetic microspheres were coated with a thin layer of
arbon [25]. Then the Fe3O4@C magnetic microspheres were mod-
fied with 3-(trihydroxysilyl)propyl methylphosphate, and Zr4+

ons were located by chelating with phosphate groups. Finally,
nrichment efficiency and selectivity of the Zr4+-phosphate func-
ionalized magnetic Fe3O4@C microspheres were demonstrated.

. Experimental

.1. Materials and chemicals

Bovine �-casein, bovine serum albumin (BSA), l-1-tosylamido-
-phenylethyl chloromethyl ketone (TPCK) treated trypsin (from
ovine pancreas), ammonium hydrogen carbonate (NH4HCO3), tri-
uoroacetic acid (TFA) and 3-(trihydroxysilyl)propyl methylphos-
hate were purchased from Sigma USA (St. Louis, MO). Acetonitrile
as purchased from Merck (Darmstadt, Germany). All aqueous

olutions were prepared using Milli-Q water by Milli-Q system
Millipore, Bedford, MA, USA). All other chemicals and reagents
ere of the highest grade commercially available.

.2. Synthesis of Zr4+-phosphate functionalized magnetic
icrospheres

The Fe3O4@C magnetic microspheres were synthesized through
wo-step hydrothermal reactions as described in our previous work
25]. Then, the obtained 80 mg Fe3O4@C magnetic microspheres
nd 0.5 mL 3-(trihydroxysilyl)propyl methylphosphate were dis-
ersed into 20 mL toluene and refluxed at 80 ◦C for 12 h. Next, the
icrospheres were washed with anhydrous ethanol and deionized
ater for five times. The resultant phosphate-functionalized mag-
etic microspheres were incubated in a 0.2 M ZrOCl2 solution with
entle stirring overnight for the loading of Zr4+ cations. Finally, the
repared Zr4+-phosphate functionalized magnetic microspheres
ere rinsed with deionized water to remove the nonspecifically

dsorbed Zr4+ cations, and dried in vacuum at 50 ◦C for 12 h.

.3. Sample preparation

Bovine �-casein and BSA were each dissolved in 25 mM
H4HCO3 buffer at pH 8.3 and treated with trypsin (2%, w/w) for

6 h at 37 ◦C, respectively. Nonfat milk was purchased from Nestle
ompany. Thirty microliters of nonfat milk was diluted in 900 �L of
H4HCO3 aqueous solution at 25 mM. This solution was then cen-

rifuged at 16 000 rpm for 15 min, and the supernatant was saved
or tryptic digestion. After denaturation at 100 ◦C for 5 min, the
217 (2010) 2606–2617 2607

supernatant was incubated for 12 h at 37 ◦C with 30 �g of trypsin
for proteolysis.

2.4. Preparation of the lysate of rat brain

Rats were killed and their brains were promptly removed and
placed in ice-cold homogenization buffer consisting of 7 M urea,
2 M thiourea and a mixture of protease inhibitor (1 mM phenyl-
methanesulphonylfluoride) and phosphatase inhibitors (0.2 mM
Na3VO4, 1 mM NaF). After mincing with scissors and washing to
remove blood, the brains were homogenized in a Potter-Elvejhem
homogenizer with a Teflon piston, using 5 mL of the homogeniza-
tion buffer per 1 g of tissue. The suspension was homogenized for
approximately 2 min, vortexed at 0 ◦C for 30 min, and centrifuged
at 22 000 × g for 1.5 h. The supernatant contained the total brain
proteins.

Appropriate volumes of protein sample were precipitated as
above, lyophilized to dryness, and redissolved in reducing solu-
tion (6 M guanidine hydrochloride, 100 mM NH4HCO3, pH 8.3) with
the protein concentration adjusted to 2 �g/�L. Then, 200 �g of this
protein sample (100 �L volume) was mixed with 10 �L of 0.5 M
DTT. The mixture was incubated at 37 ◦C for 1 h, and then 20 �L of
0.5 M 2-iodoacetamide was added and incubated for an additional
30 min at 37 ◦C in the dark. The protein mixtures were exchanged
into 50 mM NH4HCO3 buffer, pH 8.5, and incubated with trypsin
(40:1) at 37 ◦C overnight.

2.5. Selectively enrichment of phosphopeptides from tryptic
digestion using Zr4+-phosphate functionalized magnetic
microspheres

To optimize the performance of the phosphopeptides enrich-
ment, different loading buffers with different TFA concentration
were tested. And the final enrichment protocol uses 50% (v/v) ace-
tonitrile and 1.5% (v/v) TFA aqueous solution as loading buffer. If
not otherwise stated, the phosphopeptides enrichment was con-
ducted using 50% (v/v) acetonitrile and 1.5% (v/v) TFA aqueous
solution as loading buffer. The peptide mixtures originating from
tryptic digestions were diluted by loading buffer first, suspension
of Zr4+-phosphate functionalized magnetic microspheres (200 �L
of 2 �g/�L) was added into 200 �L of diluted peptide mixture. Then
the mixed solutions were vibrated at 25 ◦C for 30 min. After that,
with the help of magnet, the phosphopeptides adsorbed to Zr4+-
phosphate functionalized magnetic microspheres were collected
and washed with loading buffer for three times. Then the obtained
phosphopeptides were eluted with 5 �L of 0.4 M ammonia aqueous
solution.

The tryptic digests of rat brain were lyophilized and then
dissolved in loading buffer. 2 mg Zr4+-phosphate functionalized
magnetic microspheres were added into 400 �L of diluted rat brain
digests. Then the mixed solutions were vibrated at 25 ◦C for 30 min.
After that, with the help of magnet, the phosphopeptides adsorbed
to Zr4+-phosphate functionalized magnetic microspheres were col-
lected and washed with loading buffer for three times. Then the
obtained phosphopeptides were eluted with 50 �L of 0.4 M ammo-
nia aqueous solution. The eluate was lyophilized and then dissolved
in 40 �L loading phase. Finally, the solution was submitted for
LC–ESI-MS analysis.

2.6. Quantitative recovery of
phosphopeptides/nonphosphopeptides
In order to estimate the recovery of phosphopep-
tides/nonphosphopeptides, two phosphopeptides were mixed
up with two standard nonphosphopeptides. Then, the peptide
mixture was submitted to RPLC analysis using a completely
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Fig. 1. The synthesis procedure of the Zr4+-p

utomated Shimadzu LC-2010A system (Shimadzu Corp., Japan)
nd RP-HPLC column (Zorbax 300SB-C18, 4.6 mm × 250 mm,
-Micron, Agilent Technologies, Waldbronn, Germany). 20 �L
eptide mixture was loaded onto the reversed phase column. A
ow rate of 1 mL/min was used for separation. Gradient elution
as performed with mobile phase A: 5% acetonitrile (v/v) + 0.05%

FA (v/v) and mobile phase B: 95% acetonitrile (v/v) + 0.05% TFA
v/v). The gradient was as follows: firstly, an isocratic elution with
% B lasted for 5 min, followed by a linear increase to 60% B at
5 min and an abrupt increase to 100% B within 5 min. The 100%
was maintained for 3 min, and then ramped down to 0% for

olumn equilibrium. According to the different retention time,
our fractions were collected and analyzed by MLADI-TOF MS. The
quivalent peptide mixture was diluted with 180 �L loading buffer,
nd 400 �g Zr4+-phosphate functionalized magnetic microspheres
ere used to enrich the phosphopeptides. The peptides adsorbed

o the microspheres were eluted with 20 �L 0.4 M ammonia
queous solution. The eluate was submitted to the RPLC analysis.
he supernatant was lyophilized and dissolved in 20 �L mobile
hase A, and was analyzed by RPLC. Finally, the recovery was
stimated by analyzing the peak area of parallel RPLC runs.

.7. MALDI MS analysis

The above phosphopeptides eluted from Zr4+-phosphate func-
ionalized magnetic microspheres were deposited on the MALDI
arget using dried droplet method. 0.5 �L of the washing buffer
as deposited on the plate and then another 0.5 �L of a mixture

f 20 mg/mL 2,5-dihydroxybenzoic acid in 50% acetonitrile and 1%
3PO4 aqueous solution (v/v) was introduced as a matrix. MALDI-
OF MS experiments were performed in positive ion mode on a
700 Proteomics Analyzer (Applied Biosystems, USA) with the Nd-
AG laser at 355 nm, a repetition rate of 200 Hz and an acceleration
oltage of 20 kV.
.8. Nano-flow LC–ESI-MS

Nano-LC MS/MS experiment was performed on an HPLC sys-
em composed by 2 LC-20AD nano-flow LC pumps and 1 LC-20AB

icro-flow LC pump (all from Shimadzu Corporation, Tokyo, Japan)
ate functionalized magnetic microspheres.

connected to an LTQ mass spectrometer (Thermo Electron Cor-
poration, San Jose, CA). Sample injection was done via an SIL-20
AC auto-sampler (Shimadzu Corporation, Tokyo, Japan) and loaded
onto a CAPTRAP column (0.5 mm × 2 mm, MICHROM Bioresources
Inc., Auburn, CA) for 5 min at a flow rate of 60 �L/min. The sample
was subsequently separated by a PICOFRIT C18 reverse-phase col-
umn (0.075 mm × 100 mm, New Objective Inc., Woburn, MA) at a
flow rate of 300 nL/min. The mobile phases consisted of 5% ace-
tonitrile with 0.1% formic acid (phase A and the loading phase)
and 95% acetonitrile with 0.1% formic acid (phase B). To achieve
proper separation, a 120-min linear gradient from 5% to 45% phase B
was employed. The separated sample was introduced into the mass
spectrometer via a 15 �m silica tip (New Objective Inc., Woburn,
MA) adapted to a DYNAMIC nano-electrospray source (Thermo
Electron Corporation, San Jose, CA). The spray voltage was set at
2.0 kV and the heated capillary at 210 ◦C. The mass spectrometer
was operated in data-dependent mode and each cycle of duty con-
sisted one MS survey scan at the mass range 400–2000 Da, followed
by MS2 experiments for 8 strongest peaks and MS3 experiment
for the peak corresponding to the neutral loss of 97.97, 48.99, and
32.67 Da among the three most intense fragment ions using the
LTQ section. Peptides were fragmented in the LTQ section using
collision-induced dissociation with helium and the normalized col-
lision energy value set at 35%. Previously fragmented peptides were
excluded for 30 s.

2.9. Peptide sequencing and data interpretation

The peak lists for MS2 and MS3 spectra were generated from
the raw data by Bioworks version 3.3 (Thermo Electron) with the
following parameters: mass range was 600–3500, intensity thresh-
old was 1400, and minimum ion count was 10. The generated peak
lists were searched by the Sequest program included in Bioworks
against International Protein Index (IPI) database (IPI rat v3.45 fasta
with 40 189 entries). The MS/MS spectra were searched with a pre-

cursor ion mass tolerance of 2 Da and fragment ion mass tolerance
of 1 Da, full tryptic specificity was applied, two missed cleavages
were allowed, and fixed modification, carboxyamidomethylation
(C); variable modifications, phosphorylation (S, T, Y) and oxidation
(M). For the searching with MS/MS/MS data, besides the above set-
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ig. 2. TEM image of (a) Fe3O4 magnetic microspheres, (b) core–shell Fe3O4@C ma
btained Zr4+-phosphate functionalized magnetic microspheres.

ings, dynamic modifications were also set for water loss on Ser and
hr (−18 Da). For the identification of phosphopeptides based only
n MS/MS or MS/MS/MS spectra, the following criteria were used

or filtering the database searching results: cross-correlation value
Xcorr) > 2.0, 2.9, and 3.73 for singly, doubly, and triply charged ions,
espectively; delta Cn value (�Cn) > 0.1. For the phosphopeptide
dentifications derived from MS/MS/MS spectra used to validate the

ig. 3. The FTIR spectra of the phosphate-functionalized magnetic microspheres.
c microspheres, and (c) the energy-dispersive X-ray analysis spectrum data of the

MS/MS identifications, the following criteria were used: Xcorr > 1.5,
2.4, and 2.96; �Cn > 0.1. Manual validation was further carried out
for peptides passing the above criteria. Criteria used for manual val-
idation included the following. (a) The phosphoric acid neutral loss
peak to phosphoserine and phosphothreonine must be the domi-
nant peak. (b) The spectrum must be of good quality with fragment
ion clearly above the base-line noise. (c) Sequential members of
the b- or y-ion series were observable in the mass spectra. (d) For
multiple phosphorylated peptides, the peptides derived from MS2
must be confirmed by MS3 spectra in the same MS cycle.

3. Results and discussions

3.1. Synthesis and characterization of Zr4+-phosphate
functionalized magnetic microspheres

The synthesis strategy of Zr4+-phosphate functionalized mag-
netic microspheres is shown in Fig. 1. The morphology of
as-prepared Fe3O4 and Fe3O4@C magnetic microspheres was

obtained by transmission electron microscope (TEM). The Fe3O4
magnetic microspheres were synthesized by a solvothermal reduc-
tion method [26]. Fig. 2a reveals that the obtained Fe3O4 magnetic
microspheres were monodispersed with a mean diameter of
∼250 nm. In order to enhance their dispersibility in aqueous solu-
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ig. 4. Effect of the pH value on the selective binding of phosphopeptides to Zr4+-p
nd BSA (ratio of 1:25). (a) Without enrichment, enriched by Zr4+-phosphate functio
FA, and (d) 2.0% (v/v) TFA. *, phosphopeptides; #, dephosphorylated fragment.
ion and prevent them from aggregating in liquid media, the Fe3O4
agnetic microspheres were coated with carbon shell as our pre-

ious work reported [23]. As seen in Fig. 2b, an obvious carbon shell
∼10 nm) was observed, and it indicates that the microspheres have
mean diameter of ∼300 nm with narrow size distribution. Fourier
ate functionalized magnetic microspheres. The peptide mixture contains �-casein
ed magnetic microspheres using a loading buffer of (b) 1.0% (v/v) TFA, (c) 1.5% (v/v)
transform infrared (FTIR) was employed to investigate the func-
tional groups modified on the Fe3O4@C magnetic microspheres.
The solid line in Fig. 3 represents the infrared spectra of Fe3O4@C
magnetic microspheres. The bands at 1700 and 1620 cm−1 can
be attributed to the C O and C C vibrations, respectively, which
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ig. 5. MALDI mass spectra of phosphopeptides enriched form �-casein with dif
r4+-IDA modified magnetic microspheres. *, phosphopeptides.

eflect the carbonization of glucose. The bands at 1000–1300 cm−1

orresponding to the C–OH stretching and O–H bending vibra-
ions reveal the presence of numerous hydrophilic groups and the
ncomplete carbonization of glucose. The presence of hydrophilic
roups not only enhances the dispersity of Fe3O4@C magnetic
icrospheres, but also provides sufficient chemical groups for the

ext chemical modification. Finally, the Fe3O4@C magnetic micro-
pheres were modified with phosphate groups. From the dashed
ine in Fig. 3, obvious absorption peaks were observed at 1050
nd 1275 cm−1, and can be attributed to the P–O–C and P O
ibrations, respectively. It indicates that the phosphate groups

ave been successfully modified on the surface of the Fe3O4@C
agnetic microspheres. The obtained phosphate-functionalized
agnetic microspheres were dispersed in ZrOCl2 solution for

r4+ cations immobilization. The energy-dispersive X-ray analysis
EDXA) (Fig. 2c) of the illuminating electron beams on the obtained
concentrations using Zr4+-phosphate functionalized magnetic microspheres and

Zr4+-phosphate functionalized magnetic microspheres reveals the
existence of Fe, Zr, C and O elements. It confirms that the strategy
we reported here is feasible for phosphate-functionalized mag-
netic microspheres synthesis, and also suggests that the obtained
phosphate-functionalized magnetic microspheres were efficient
for ions immobilization. In our method, the phosphate group was
modified on the magnetic microspheres through a hydrolysis reac-
tion. Compared with the method reported by Zou and Qian [20,21],
the new approach is simple, fast and safe.

3.2. Effect of the pH value on the selective binding of

phosphopeptides to Zr4+-phosphate functionalized magnetic
microspheres

Next, we employed the Zr4+-phosphate functionalized mag-
netic microspheres to implement phosphopeptides enrichment.
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Fig. 6. (a) RPLC spectrum of the peptide mixture. (b) MALDI MS spectrum of the original peptide mixture. (c) MALDI MS/MS spectrum of fractions 1#. (d) MALDI MS/MS
spectrum of fractions 2#. (e) MALDI MS/MS spectrum of fractions 3#. (f) MALDI MS/MS spectrum of fractions 4#.
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Fig. 6. (Continued).
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Fig. 7. MALDI mass spectrum of (a) tryptic digests of nonfat milk and (b) phosphopeptides derived from nonfat milk enriched by Zr4+-phosphate functionalized magnetic
microspheres. (c) MS/MS spectra of the phosphopeptide at m/z 1660.92. (d) MS/MS spectra of the phosphopeptides at m/z 2556.20. *, phosphopeptides; #, dephosphorylated
fragment.



D. Qi et al. / J. Chromatogr. A 1217 (2010) 2606–2617 2615

Fig. 8. (a) MS2 spectrum of the doubly charged form of a singly phosphorylated peptide identified from the tryptic digest of rat brain. The identified phosphopeptide was
NLLEDDpSDEEEDFFLR. (b) MS3 spectrum of the doubly charged neutral loss peak at m/z 984.7.
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Table 1
Phosphopeptides enriched form tryptic digests of nonfat milk using Zr4+-phosphate functionalized magnetic microspheres.

No. Peptide sequence (M+H)+ Accession number

1 TVDMES#TEVFTK(�-S2-(153–164)) 1466.73 IPI00698843
2 VPQLEIVPNS#AEER(�-S1-(121–134)) 1660.92 IPI00706094
3 DIGS#ES#TEDQAMEDIK(�-S1-(58–73)) 1927.83 IPI00706094
4 YKVPQLEIVPNS#AEER(�-S1-(119–134)) 1952.09 IPI00706094
5 FQS#EEQQQTEDELQDK(�-c-(33–48)) 2061.96 IPI00697085
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6 FQS#EEQQQTEDELQDKIHPF(�-c-(33–52))
7 RELEELNVPGEIVES#LS#S#S#EESITR(�-c-(14–40))

, phosphorylation site.

lthough the IMAC is the most widely used protocols for the
hosphopeptides enrichment, the major disadvantage of IMAC is
he nonspecific binding of unphosphorylated peptides, which con-
ained carboxyl residues. The pH value of the loading buffer for
he phosphopeptides enrichment has been considered to be the

ost important factors for the enrichment selectivity. In the most
tudies, 0.1–0.25 M acetic acid (pH 2.7) has been used for IMAC;
owever, Saha et al. showed that the pKa value of phosphoric acid
ecreased to 1.1 upon methylation [27]. The pKa values of phos-
hopeptides would therefore be expected to be significantly lower
han that of phosphoric acid due to the organic environment pro-
ided by the surrounding amino acid residues. In this work, we
nvestigated the effect of different pH value on the selective bind-
ng of phosphopeptides to Zr4+-phosphate functionalized magnetic

icrospheres. A complex peptide mixture was employed to imple-
ent the investigation. The peptide mixture (ratio of 1:25) refers to
mixture of peptides from tryptic digests 0.04 pmol of �-casein and
pmol of BSA. The MALDI MS spectra of the peptides eluted from
r4+-phosphate functionalized magnetic microspheres with differ-
nt loading buffer are shown in Fig. 4. The direct analysis of the
eptide mixture is shown in Fig. 4a, numerous unphosphorylated
eptides were detected and no phosphopeptide was observed.
lthough all the theoretical phosphopeptides were observed with
.0% TFA as loading buffer, the MS spectra were still dominated
y unphosphorylated peptides (Fig. 4b). The top five unphosphory-

ated peptides were assigned to peptides derived from BSA, and
he peptide sequence has been listed in the figure. All the five
nphosphorylated peptides contain at least one carboxyl residues
hich has been considered to be the main reason of nonspecific

inding. With the concentration of TFA increasing to 1.5%, phos-
hopeptides derived from �-casein dominated the MS spectrum,
nd no unphosphorylated peptides can be perceived (Fig. 4c). Nev-
rtheless, the higher pH value did not enhance the enrichment
fficiency as shown in Fig. 3d. Although no unphosphorylated pep-
ides were detected, the intensity of the phosphopeptides signal
as also decreased. We supposed that the phosphate groups were
rotonated when the pH value of the loading buffer decreased to
.68, and the enrichment efficiency was dramatically reduced. The
ext experiment was conducted using 50% (v/v) acetonitrile and
.5% (v/v) TFA aqueous solution as loading buffer.

.3. Selective enrichment of phosphopeptides using
r4+-phosphate functionalized magnetic microspheres

As mentioned above, the phosphopeptides usually has low sto-
chiometry. We investigated the sensitivity of the new method

e reported here. The mass spectra of phosphopeptides enriched
orm �-casein digest with different concentration are shown in
ig. 5. It can be seen that when the concentration of �-casein digest

s 4 × 10−9 M, the signals from the phosphopeptides can still be
etected, which indicates that the high detection sensitivity of Zr4+-
hosphate functionalized magnetic microspheres. In our previous
ork, we have reported a method that synthesizing IDA modified
agnetic microspheres for ions immobilization. And the IDA mod-
2556.20 IPI00697085
3122.40 IPI00697085

ified microspheres were used for the phosphopeptides enrichment
[11]. Herein, the IDA modified microspheres were immobilized
with Zr4+ ions and used to compare the enrich sensitivity of the
two different methods. As shown in Fig. 5, when the concentra-
tion of �-casein digest is 4 × 10−9 M, no phosphopeptides can be
observed. It demonstrated that the new method we reported here
provide a superior enrichment sensitivity.

RPLC was employed to investigate the quantitative recovery
of phosphopeptides/nonphosphopeptides of the Zr4+-phosphate
functionalized magnetic microspheres. Firstly, two phosphopep-
tides were mixed up with two standard nonphosphopeptides
and analyzed by RPLC. According to the different retention time,
four fractions were collected and analyzed by MLADI-TOF MS.
The RPLC spectrum and MS/MS spectra of the four factions are
shown in Fig. 6. As shown in MS/MS spectra, the fraction 2# and
4# was identified to be phosphopeptides. The equivalent peptide
mixture was enriched by Zr4+-phosphate functionalized magnetic
microspheres, and then the peptides eluted from the microspheres
were analyzed by RPLC. As shown in LC spectrum, the eluate
contains two phosphopeptides and one nonphosphopeptide.
Notably, the MS/MS spectrum of the fraction 3# reveals that the
nonphosphopeptide contains four carboxyl residues, which have
been considered to be the main reason of nonspecific binding. By
analyzing the peak area of parallel RPLC runs, the recovery of two
phosphopeptides was estimated to be 86.3% and 93.4%, respec-
tively. The recovery of the fraction 3# nonphosphopeptides was
calculated to be 0.6%. Compared with the original peptide mixture,
no phosphopeptide peaks were observed in the supernatant. All
the results demonstrated the efficiency of the method we reported
here.

In order to evaluate the performance of the Zr4+-phosphate
functionalized magnetic microspheres for the real sample, we
employed nonfat milk as a real sample. Nonfat bovine milk con-
tains two main phosphorylated proteins, �-casein and �-casein,
which have been widely used as standard proteins for phospho-
peptides enrichment. Researchers have employed the nonfat milk
as real sample to demonstrate the new phosphopeptides enrich-
ment technique [28]. The mass spectrum of the peptides eluted
from the Zr4+-phosphate functionalized magnetic microspheres is
shown in Fig. 7b. The MS/MS spectra of the two strongest phos-
phopeptide peaks are also shown in Fig. 7c and d. Compared
with Fig. 7a, the phosphopeptides dominated the mass spectrum
and no unphosphorylated peptides were detected. It indicates
that Zr4+-phosphate functionalized magnetic microspheres show
great capability of specific phosphopeptides enrichment. The detail
information of the phosphopeptides enriched by Zr4+-phosphate
functionalized magnetic microspheres is listed in Table 1.

To further evaluate the performance of Zr4+-phosphate func-
tionalized magnetic microspheres for phosphopeptides enrich-

ment, the microspheres were employed to enrich phosphopeptides
from tryptic digest of rat brain. 4 mg Zr4+-phosphate functionalized
magnetic microspheres were used to enrich the phosphopeptides
derived from 100 �g of rat brain protein digest. The peptides eluted
form Zr4+-phosphate functionalized magnetic microspheres were
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nalyzed by LC–ESI-MS. Four technical replicate runs were con-
ucted. The acquired MS/MS and MS/MS/MS spectra were searched
eparately by Sequest program as described in Section 2. The
earching results were filtered with Xcorr values obtained by statis-
ical calculation of reverse database searching results. For p < 0.05,
he Xcorr > 2.0, 2.9, and 3.73 for singly, doubly, and triply charged
ons, respectively, and �Cn > 0.1 were used to filter the MS/MS
atabase searching results. Due to the poor quality of the spec-
ra for the phosphopeptides, the MS/MS/MS spectra were used to
alidate the phosphopeptides identified form the MS/MS. For the
S/MS/MS spectra, Xcorr > 1.5, 2.4, and 2.96 and �Cn > 0.1 were

sed as criteria. Comparing the phosphopeptides identified from
S/MS and MSMS/MS/MS spectra, it was found that the sequences

f 84 unique phosphopeptides were the same in both cases. Fig. 8
s an example for the identification of doubly charged phospho-
eptide NLLEDDpSDEEEDFFLR. From the spectra it can be seen
hat b- and y-ions series are consistent with the theoretically pre-
icted peaks in both MS/MS and MS/MS/MS spectra, and in MS/MS
pectrum that peak at m/z 984.7 represents the doubly charged
orm of the selected precursor ion at m/z 2065.8 by losing H3PO4
roup. Besides the above 84 phosphopeptides, more phospho-
eptides, including multiple phosphorylated peptides, have been

dentified by the MS/MS spectra, which could not be validated by
S/MS/MS spectra. However, until now, strictly universal valida-

ion criteria have not been established and defined; it has too many
ubjective factors for interpretation of the spectra of multiple phos-
horylated peptides. Therefore, only singly phosphorylated peptide

dentifications were validated manually in this work. After manual
alidation, an additional 109 singly phosphorylated peptides were
nally identified from MS/MS spectra. Totally, 192 phosphorylation
ites – 164 on serine (85.42%), 27 on threonine (14.06%) and 1 on
yrosine (0.52%) – were identified. The peptide sequence and Xcorr
alue of the obtained phosphopeptides are listed in Table S1.

. Conclusions

In the work, we successfully modified phosphate group on mag-
etic carbon microspheres by simple hydrolysis reaction using
-(trihydroxysilyl)propyl methylphosphate, and immobilized Zr4+

ons for phosphopeptides enrichment. Comparisons to the pre-
ious method for the modification of phosphate on substrates,
he proposed method is simple, safe and fast. In the work, we

4+
lso demonstrate the enrichment efficiency of the Zr -phosphate
unctionalized magnetic microspheres. Finally, the Zr4+-phosphate
unctionalized magnetic microspheres were used to isolate the
hosphopeptides from the tryptic digests of rat brain, resulting in
he identification of 192 phosphopeptides.
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