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ABSTRACT: In this work, for the first time, binary metal oxides ((Ti—Sn)O,)
were integrated into one entity on an atomic scale on magnetic graphene as L—
affinity probe for highly selective enrichment of phosphopeptides. The newly },\:S
prepared Fe;O,/graphene/(Ti—Sn)O, (magG/(Ti—Sn)O,) composites gath- =L Incubation F Elution

ered the advantages of large specific surface area of graphene, super- )

= Washing ‘ ==

paramagnetism, and biocompatibility of iron oxide, and enhanced affinity

properties of binary metal oxides. The phosphopeptide enrichment efficiency of

the magG/(Ti—Sn)O, composite was investigated, and the results indicated an ultralow detection limit (1 pg/uL or 4.0 X 107"
M) and an ultrahigh selectivity (weight ratio of -casein and BSA reached up to 1:1500). Compared with magnetic affinity probes
with single metal oxide (magG/TiO,, magG/Sn0O,) or the simple physical mixture of magG/TiO, and magG/SnO,, the magG/
(Ti—Sn)O, composite possessed stronger specificity, higher selectivity and better efficiency; and more importantly, it possessed
the ability to enrich both the mono- and multi- phosophorylated peptides, demonstrating the notable features of the novel binary
metal oxides affinity probe in the specific and selective enrichment of phosphopeptides. Additionally, by utilizing the magG/(Ti—
Sn)O, composites, a total number of 349 phosphorylation sites on 170 phosphopeptides including 66 monophosphopeptides
and 104 multiphosphopeptides were captured and identified from mouse brain, indicating the great potential for their application

in phosphoproteomics analysis in the future.
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B INTRODUCTION

Protein phosphorylation is one of the most common and
crucial post-translational modifications, which regulates a wide
variety of biological processes and cellular activities including
signal transduction, cell division, proliferation, differentiation,
transformation, and metabolism.'~” Owing to the importance
of protein phosphorylation, various mass spectrometry (MS)-
based methods have been developed to characterize protein
phosphorylation.* ** However, this task is still of great
challenge due to the low abundance and poor ionization
efficiency of phosphopeptides, necessitating the enrichment
and concentration of phosphopeptides prior to MS analysis.
Different affinity-based preseparation techniques and methods
have been developed and used for this purpose and metal oxide
affinity chromatography (MOAC) is considered more reliable
and selective’*™"” among many other pretreatment strategies
because of their relatively nonspecific binding to absorbent.

A wide variety of metal oxides (MOs) have been proposed as
afﬁnitz probes (APs), including TiO,,'*™** Z7r0,**?®
Sn0O,, 9,30 A1203,31’32 7Zn0O,* etc,, and some of them show
complementary preference for monophosphopeptides or multi-
phosphopeptides. Therefore, APs integrating binary or multi
MOs on an atomic scale may exhibit superior enrichment
efficiency over APs with single MO (SMOAP).>*** However,
binary or multi-MO APs have been seldom reported so
far.**3® Herein, we attempt to develop a facile and universal
synthetic route for preparation of AP with binary MOs

-4 ACS Publications  © 2014 American Chemical Society

integrated on an atomic scale, and further investigate the
enrichment selectivity and specificity of the binary metal oxide
affinity probe (BMOAP).

Graphene has attracted a great deal of interest recently
because of its outstanding mechanical and physical properties
such as theoretically high specific surface area.’®*' Graphene
decorated with metal materials and metal-oxide nanoparticles
has recently been reported.*””*® Magnetic particles, such as
iron-oxide materials,*” have been extensively used for both in
vitro and in vivo application as affinity probes and substrates
due to their biocompatibility and superparamagnetism proper-
ties resulting in a rapid separation of material-target composites
from sample solution.***’ Considering the advantages brought
by iron-oxide materials and graphene, Fe;O,/graphene/TiO,
composites were prepared in our group for selective enrich-
ment of phosphopeptides in a rapid and convenient way.>’

In this work, magnetic AP with atomic-scale-integrated
binary metal oxides (magG/(Ti—Sn)O,) were synthesized
through a facile and universal synthetic route and applied for
phosphoproteomics analysis. The novel magnetic binary metal
oxides affinity probe (MBMOAP) gathered the advantages of
large specific surface area of graphene, superparamagnetism,
and biocompatibility of iron oxide, and enhanced aflinity
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properties of integrated binary MO. To the best of our
knowledge, this is the first MBMOAP integrating Ti and Sn
into one entity on an atomic scale on magnetic graphene for
enrichment of phosphopeptides. The performances of the
obtained MBMOAP were compared with magnetic single metal
oxide affinity probe (MSMOAPs) (Fe;O,/graphene/TiO, and
Fe;O,/graphene/Sn0O,) and the simple physical mixture of
Fe;0,/graphene/TiO, (magG/TiO,) and Fe;0,/graphene/
SnO, (magG/Sn0,).

B RESULTS AND DISCUSSION

Synthesis of Fe;0,/Graphene/(Ti—Sn)O,. The synthesis
approach for magG/(Ti—Sn)O, composites is shown in
Scheme 1. At first, the magnetic graphene was prepared

Scheme 1. Synthetic Approach of Fe;0,/Graphene/(Ti—
Sn)O, Composites

# = (Ti-sn)o,

¢%- titanium butoxide -g* 9"9 B
SnCl,'5H,0 3 -

according to a previous method.’’™>® Binary metal oxides
((Ti—Sn)O,) were then fabricated on the surface of magnetic
graphene via simultaneous hydrolysis of titanium butoxide
(TBOT) and SnCl,-SH,O followed with a calcination treat-
ment procedure. MagG/TiO, and magG/SnO, were synthe-
sized in a similar way but with hydrolysis of TBOT or SnCl,:
SH,O only.

Characterization. The morphology of prepared magG/
(Ti—Sn)O, composites was obtained by transmission electron
microscope (TEM), high-resolution transmission electron
microscope (HRTEM), and scanning electron microscope
(SEM). As demonstrated in Figure 1a, the vertical boundary of
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0.26nm
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Figure 1. TEM images of (a) magG, (b) magG/(Ti—Sn)O,, (c) (Ti—
Sn)O, microspheres on magG/(Ti—Sn)O,, and (d) HRTEM image of
(Ti—Sn)O,.

graphene is observed and the graphene sheet has a nearly
transparent flake-like shape with characteristic crumpled silk
waves™* and single-layer nature. Microspheres with different
diameter were observed after calcination treatment to magG/
(Ti—Sn)O, (Figure 1b). The larger Fe;O, microspheres (~400
nm) have nearly uniform size and spherical shape and exhibit a
uniform brightness of image. In contrast, the smaller (Ti—
Sn)O, microspheres (~250 nm) are observed with uneven
brightness of image. The clear differences between these two
kinds of microspheres in both diameter and brightness indicate

the successful modification of Fe;O, and (Ti—Sn)O, on the
surface of HNOs-treated graphene. The HRTEM image exhibit
both lattice fringes of 0.25 and 0.26 nm in one single
microsphere with smaller diameter and uneven brightness of
image (Figure 1d), corresponding to the (101) planes of rutile
TiO, and (101) planes of tetragonal SnO, respectively,
indicating that TiO, and SnO, were not synthesized into two
different type of microspheres separately, but formed an
integrated binary-MOAP ((Ti—Sn)O,). Supporting Informa-
tion Figure S2a displays the energy dispersive X-ray (EDX)
spectra of magG/(Ti—Sn)O,, showing the existence of C, O,
Fe, Ti, and Sn elements, further demonstrating the successful
synthesis of Fe;0, and (Ti—Sn)O, on the graphene sheets. It is
worth mentioning that, as shown in Supporting Information
Table S1, the molar ratio of Ti and Sn atoms is determined to
be 0.12:0.11 by EDX spectra, also confirming the structure of
(Ti—Sn)O,,. Similar characterization results of magG/TiO, and
magG/Sn0O, are given in Supporting Information Figure S2.
The BET specific surface area of magG/(Ti—Sn)O, was
calculated to be 361.5 m*g~’, while that of magG/TiO, and
magG/Sn0, was 191.9 m*g™" and 82.6 m>g™!, respectively,
indicating that the magG/(Ti—Sn)O, has a relatively high
specific surface area. All the results above prove that magG/
(Ti—Sn)O, composites were successfully synthesized with a
relatively high specific surface area, superparamagnetism, and
formation of binary metal oxides on an atomic scale, suggesting
it promising for highly selective enrichment of phosphopep-
tides.

Selective Enrichment of Phosphopeptides Using
magG/(Ti—Sn)0,, magG/TiO, and magG/SnO, Compo-
sites. Selective Enrichment of Phosphopeptide from Tryptic
Digests of f-Casein. To assess the selectivity of magG/(Ti—
Sn)O,, the composites were used to isolate phosphopeptides
from tryptic digests of p-casein, a standard phosphorylated
protein. A typical procedure to enrich phosphopeptide from a
tryptic digest of protein is displayed in Supporting Information
Scheme S1. For comparison, two kinds of MSMOAPs (magG/
TiO, and magG/SnO,) were also applied to enrich
phosphopeptides from tryptic digests of f-casein under the
same enrichment condition. When f-casein digest was diluted
to 10 ng/uL, no phosphopeptide is detected before enrichment
(Figure 2a). As shown in Figure 2b and ¢, the both MSMOAPs
show weak ability for enrichment of multiphosphorylated
peptides. Only a weak signal of multiphosphorylated peptide
(m/z 3122) can be detected after enrichment with magG/TiO,,
while no multiphosporylated peptide peaks can be observed
after enrichment with magG/SnO,. Although the both
MSMOAPs exhibit preference to monophosphorylated pep-
tides (m/z 2061, 2556), differences still exist between them.
The signal at m/z 2061 is higher than the signal at m/z 2556
after enrichment with magG/TiO,, while after enrichment with
magG/SnO,, the signal at m/z 2556 is higher. After enrichment
with the simple physical mixture of magG/TiO, and magG/
SnO,, the two monophosphopeptides (m/z 2061, 2556) are
equally enriched (Figure 2d). However, the signal of multi-
phosphorylated peptide (m/z 3122) is still weak, indicating that
the simple physical mixture of MSMOAPs can not change the
enrichment preference and can only slightly improve the
enrichment efficiency. In contrast, after enrichment with the
newly prepared MBMOAP (magG/(Ti—Sn)O,), not only the
monophosphorylated peptides can be detected with strong
intensities but also the signal of multiphosphorylated peptide is
greatly improved, indicating the strong enrichment ability of
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Figure 2. MALDI-TOF mass spectra of tryptic digested f-casein (10 ng/uL): (a) before enrichment and (b—e) after enrichment by (b) magG/
TiO,, (c) magG/Sn0O,, (d) physical mixture of magG/TiO, and magG/SnO,, and (e) magG/(Ti—Sn)O,. Mass spectrometric peaks are marked as
monophosphopeptide (*), dephosphorylated fragment (O), multiphosphopeptide (*), and dephosphorylated fragment (O).

the magG/(Ti—Sn)O, for both mono- and multiphosphory-
lated peptides. It is suggested that the enhanced enrichment
performance of the magG/(Ti—Sn)O, may be attributed to the
integration of Ti and Sn on an atomic scale into one entity on
Fe;0,/graphene.

Limit of Detection. The detection limit of magG/(Ti—
Sn)O, composites was investigated by loading tryptic digests of
P-casein with different concentrations. When f-casein digest
was diluted to 10 pg/uL (4.0 X 107" M), no phosphopeptide
was detected before enrichment (Figure 3a). After enrichment
with magG/TiO, or magG/SnO,, only a weak signal of
monophosphorylated peptide (m/z 2061) with very low signal-
to-noise ratio (S/N) can be observed in the mass spectra
(Figure 3b and c). When the simple mixture of magG/TiO,
and magG/SnO, was applied, three peaks assigned to
monophosophorylated peptides of f-casein can be detected
after enrichment but still with low intensities (Figure 3d). In
contrast, when the further diluted f-casein digest (1 pg/uL or
4.0 X 107" M, 8.0 fmol) was enriched with the newly prepared
magG/(Ti—Sn)O,, 6 peaks belonging to both mono and
multiphosphopeptides and their dephosphorylated fragments

can be observed in the spectrum with high intensities (Figure
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3e), implying a better capability and enrichment efficiency of
the magG/(Ti—Sn)O, over not only MSMOAPs such as
magG/TiO, and magG/SnO, composites but also the physical
mixture of MSMOAPs. In addition, the detection limit of
magG/(Ti—Sn)O, composites was also lower than many other
latestly reported SMOAP and even BMOAPs materials for
enrichment of phosphopeptides,®”****% ultimately proving
that the obtained magG/(Ti—Sn)O, had remarkable properties
and performance in phosphopeptide enrichment.

Recyclability of Phosphopeptides Enrichment. Further, the
recyclability of magG/(Ti—Sn)O, composites was investigated.
The used materials were regenerated by washing with 50 yL of
0.4 M ammonia aqueous solution and 50 xL of 50% acetonitrile
and 0.1% TFA aqueous solution (v/v) one time each. The
regenerated magG/(Ti—Sn)O, composites were reused for
phosphopeptide enrichment from diluted p-casein digest (S
ng/uL). As shown in Supporting Information Figure S3, after S
times’ recycling, MS spectrum stayed almost identical to that of
the first time. The unchanged performance of the magG/(Ti—
Sn)O, composites toward phosphopeptides indicated the
outstanding recyclability of magG/(Ti—Sn)O, composites.

dx.doi.org/10.1021/am502530c | ACS Appl. Mater. Interfaces 2014, 6, 11775—11782
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Figure 3. MALDI-TOF mass spectra of tryptic digested f-casein (10 pg/uL (4.0 X 107 M)): (a) before enrichment and (b—d) after enrichment by
(b) magG/TiO,, (c) magG/SnO,, and (d) physical mixture of magG/TiO, and magG/SnO,, and mass spectra of tryptic digested -casein (1 pg/uL
(40 x 107" M, 8.0 fmol)) (e) after enrichment by magG/(Ti—Sn)O,. Mass spectrometric peaks are marked as monophosphopeptide (*),
dephosphorylated fragment (O), multiphosphopeptide (*), and dephosphorylated fragment (O).

Selective Enrichment of Phosphopeptide from Semi-
complex Sample. To further explore the selectivity of
magG/(Ti—Sn)O, toward phosphopeptides, tryptic digest of
BSA, which is a nonphosphorylated protein, was added into
that of f-casein in a ratio of 1:10 (w/w) initially.
Phosphopeptides could hardly be detected without enrichment
(Figure 4a), while after enrichment with magG/(Ti—Sn)O,,
seven peaks of phosphopeptides from f-casein and their
dephosphorylated fragments were detected in the mass
spectrum with no signals of nonphosphorylated peptides at
all (Figure 4b). It is clear that the magG/(Ti—Sn)O,
composites can specifically and selectively capture phospho-
peptides from the semicomplex sample solution, while most of
the nonphosphopeptides are removed by washing the
composites thoroughly with the help of a magnet. After
increasing the weight ratio of -casein to BSA up to 1:1500, ion
signals of phosphopeptides are still prominent in the spectrum
and 6 peaks of phosphopeptides as well as their dephosphory-
lated fragments can be detected despite the signals of
nonphosphorylated peptides are also observed (Figure 4c).
The results revealed that the magG/(Ti—Sn)O, composites
had strong specificity, high selectivity, and good efliciency in
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capturing phosphopeptides from semicomplex sample, suggest-
ing their great potential to enrich phosphopeptides from a
complex biological sample.

Selective Enrichment of Phosphopeptide from Complex
Biological Sample Mouse Brain. We evaluated the ability of
the magG/(Ti—Sn)O, composites to selectively extract and
enrich phosphopeptides from a real biological sample—mouse
brain. After searching the database, the information for the
enriched phosphopeptides was obtained. A total number of 349
phosphorylation sites (277 on serine (79.37%), 60 on
threonine (17.19%), and 12 on tyrosine (3.44%)) of 170
phosphopeptides including 66 monophosphopeptides and 104
multiphosphopeptides were identified from the mouse brain
tissue. The detailed information for the phosphopeptides is
listed in Supporting Information Table S2.

The experimental results described above demonstrate that
the magG/(Ti—Sn)O, composite not only captures a great
number of phosphopeptides but also efficiently enriches both
the monophosphopeptide and multiphosphopeptide. It has
great efficiency in enrichment of phosphopeptides with high
sensitivity (the limit of detection as low as 1 pg/uL or 4.0 X
107" M) and selectivity toward phosphopeptides in the

dx.doi.org/10.1021/am502530c | ACS Appl. Mater. Interfaces 2014, 6, 11775—11782
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Figure 4. MALDI-TOF mass spectra of peptides derived from peptide mixture of f-casein and BSA (a) before enrichment (in the ratio of 1:10 (w/
w)); (b, c) after enrichment in the ratio of (b) 1:10 and (c) 1:1500 (w/w) by magG/(Ti—Sn)O,. Mass spectrometric peaks are marked as
monophosphopeptide (*), dephosphorylated fragment (O), multiphosphopeptide (*), and dephosphorylated fragment (O).

presence of a 1500-fold excess of BSA over f-casein and the
complex biological sample mouse brain tissue.

B CONCLUSIONS

In summary, a novel magnetic affinity probe magG/(Ti—Sn)O,
with binary metal oxides were facilely synthesized and applied
to selectively enrich phosphopeptides for the first time. To the
best of our knowledge, this is the first MBMOAP integrating Ti
and Sn into one entity on an atomic scale on magnetic
graphene for enrichment of phosphopeptides. The magG/(Ti—
Sn)O, magnetic composites were utilized to isolate and enrich
phosphopeptides from tryptic digest of standard protein f-
casein, a semicomplex sample of tryptic digest of f-casein and
nonphosphoprotein bovine serum albumin (BSA) and a
complex biological sample of mouse brain. The results
demonstrated that magG/(Ti—Sn)O, possessed stronger
specificity, higher selectivity and better efficiency phosphopep-
tides than magG/TiO,, magG/SnO, or the physical mixture of
magG/TiO, and magG/SnO, and, in particular, showed ability
in the enrichment of both the monophosphopeptides and
multiphosphopeptides. The limit of detection of magG/(Ti—
Sn)O, composite was 1 pg/uL (4.0 X 107" M, 8.0 fmol), while
that of magG/TiO,, magG/SnO, and the physical mixture of
magG/TiO, and magG/SnO, was all 10 pg/uL (4.0 X 107'° M,
80.0 fmol). The ratio of the semicomplex mixtures of S-casein
and BSA reached up to 1:1500 (w/w), and 170 phosphopep-
tides were captured and identified from the complex biological
sample mouse brain tissue. The outstanding performance of
magG/(Ti—Sn)O, might be attributed to the integration of
TiO, and SnO, into a single binary-metal-oxides microsphere.
In conclusion, magG/(Ti—Sn)O, composites have notable
features in specific and selective enrichment of phosphopep-
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tides and have a great potential to function as an efficient and
convenient approach to phosphoproteomics analysis.

B METHODS

Materials and Chemicals. Bovine f-casein (from bovine milk),
bovine serum albumin (BSA), trypsin (from bovine pancreas, TPCK
treated), ammonium bicarbonate (NH,HCOj;), phenylmethylsulfonyl
fluoride (PMSF), and 2, S-dihydroxybenzoic acid (DHB) were
purchased from Sigma Chemical (St. Louis, MO). Iodoacetaamide
(IAA) was purchased from Amersham Biosciences (Piscataway, NJ,
US.A.). DTT, ACN, and TFA were purchased from Merck
(Darmstadt, Germany). All aqueous solutions were prepared using
Milli-Q water by Milli-Q system (Millipore, Bedford, MA). All other
chemicals and reagents were of analytical grade and were purchased
from Shanghai Chemical Reagent. Mouse brain tissues were provided
by Zhongshan Hospital of Shanghai.

Synthesis of Fe;0,/Graphene/(Ti—Sn)O,. Magnetic graphene
was synthesized according to previous methods.>" Briefly, 400 mg of
graphene was dispersed into S0 mL of concerntrated nitric acid with
stirring for 6 h, which created carboxylic groups on the outer surface
and made it negatively charged. Then, the graphene was collected by
centrifugation and washed with Milli-Q_water eight times and dried
under vacuum at 50 °C. After that, 300 mg of graphene and 200 mg of
FeCl;-6H,0 were dispersed into 40 mL of ethylene glycol solution
with 0.2 g of trisodium citrate, 2.5 g of sodium acetate, and 1.8 g of
poly(ethylene phosphol) under magnetic stirring. The acquired
homogeneous solution was sealed in a Teflon-lined stainless-steel
autoclave and heated to 200 °C. After 10 h, the autoclave was cooled
to room temperature and the obtained magnetic graphene composites
collected by magnetic-separation techniques were washed with Milli-Q
water and ethanol for three times each.

For the preparation of magG/(Ti—Sn)O,, 0.50 mL of titanium
butoxide (TBOT) and 0.3 g of SnCl,-SH,0 were dissolved in S0 mL
of absolute ethanol under ultrasonication for 0.5 h to obtain a
homogeneous solution. Subsequently, 0.015 g of the obtained magG

dx.doi.org/10.1021/am502530c | ACS Appl. Mater. Interfaces 2014, 6, 11775—11782
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composites was added to the solution with the aid of ultrasonication
for 0.5 h. Then, a mixture of water and ethanol (50 mL/10 mL, v/v)
was added dropwise into the above suspension under vigorous
mechanical stirring within 0.5 h. The mixture was continuously stirred
at room temperature for an additional 8 h. After the hydrolysis process
was accomplished, the obtained composites were collected with help
of a magnet and thoroughly rinsed with water and ethanol. Lastly, the
products obtained were dried at S0 °C and calcined in N, at 400 °C
for 2 h.

Graphene was first treated by HNO;, which would create carboxylic
groups on its outer surface and make it negatively charged. The
activated graphene could easily combine with Fe;O, spheres via a
simple hydrothermal reaction in the following step. In this
hydrothermal reaction, polyethylene phosphol (PEG) was introduced
as the capping agent to accelerate the oriented aggregation and to
hinder the fast crystal growth by steric configuration. Trisodium citrate
was added as a modification in the solution. By these methods, the
graphene along with magnetite spheres were capped with citrate
groups, resulting in good dispersibility and magnetism of the material
in water and ethanol. The magnetic graphene was stable once it had
been prepared, and it can be stored for a long time either in
suspension or dried form.

Synthesis of Fe;0,/Graphene/TiO, and Fe;0,/Graphene/
Sn0,. The procedures for preparation of magG/TiO, composites
were similar to the synthesis of magG/(Ti—Sn)O, except for
increasing the amount of titanium butoxide to 1.00 mL and no
addition of SnCl,-SH,O.

On the contrary, the amount of SnCl,-SH,0 was increased to 0.60 g
and no titanium butoxide was added in the preparation of magG/SnO,
composites.

Characterization. The morphologies of the prepared magG/(Ti—
Sn)O,, magG/TiO, and magG/SnO, were investigated by trans-
mission electron microscopy (JEM-2100F) and scanning electron
microscopy (XL30) respectively. (The SEM images are shown in
Figure S1 in the Supporting Information.) Samples for TEM, SEM,
and EDX analysis were prepared by dropping a drop of composites
dispersion in ethanol on a Cu grid (Lacey Formvar/Carbon #01883-F,
Ted Pella Inc, U.S.A.). The BET specific surface areas were analyzed
using adsorption data in a relative pressure range from 0.18 to 0.35.

Preparation of Standard Protein Digests. Bovine pf-casein
(from bovine milk) and Bovine serum albumin (BSA) were dissolved
in 25 mM NH,HCO, buffer (pH = 8.3) and treated with trypsin
(2.5%, w/w) for 16 h at 37 °C for direct digestion, respectively. The
obtained products were then diluted with 50% acetonitrile and 0.1%
TFA aqueous solution (v/v) to certain peptide concentrations.

Preparation of Mouse Brain Lysates. Mouse brain was placed in
ice-cold homogenization buffer consisting of 7 M urea, 2 M thiourea,
and a mixture of protease inhibitor (1 mM phenylmethanesulphonyl-
fluoride) and phosphatase inhibitors (0.2 mM Na;VO,, 1 mM NaF).
The mouse brain was homogenized in a Pottter—Elvejhem
homogenizer with a Teflon piston after being rinsed to remove
blood and minced with scissors, along with 5 mL of the
homogenization buffer per 1 g of mouse brain. The suspension was
centrifuged at 15000 rpm for 1.5 h after homogenization for 2 min
and vortexed at 0 °C for 0.5 h. The supernatant contained the total
mouse brain proteins.

Appropriate volumes of the obtained sample were precipitated,
Iyophilized to dryness, and redissolved in reducing solution of 6 M
guanidine hydrochloride and 100 mM NH,HCO; (pH = 8.3) to adjust
the protein concentration to 2 ug/uL. After that, 100 uL of the
obtained sample were mixed with 10 L of 0.5 M DTT and then
incubated at 37 °C for 1 h, followed by adding 20 uL of 0.5 M 2-
iodoacetamide and incubating for another 0.5 h at 37 °C in the dark.
The protein mixtures were exchanged into 50 mM NH,HCO; buffer
(pH = 8.5) and digested with trypsin (2.5%, w/w) at 37 °C for 16 h.

Selective Enrichment of Phosphopeptides from Protein
Digest and Mouse Brain Lysate. For the standard proteins, the
tryptic digests of proteins were first diluted to a certain concentration
by binding buffer (50% ACN, 0.1% TFA, (v/v)), and a suspension of
composites (400 pg) was added into 200 uL of the peptide solution.
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The enrichment was performed under gentle agitation at 37 °C for 0.5
h and the pellucid supernatants were removed with the help of
magnet. Next, the composites were washed with binding buffer (50%
ACN, 0.1% TFA, (v/v)) three times. Finally the enriched peptides
were eluted with S 4L of 0.4 M ammonia aqueous solution for 10 min
and analyzed by MALDI-TOF MS.

The tryptic digests of mouse brain were lyophilized and dissolved in
loading buffer. Then, 100 ug of composites were added into 400 L of
diluted mouse brain digests and the mixed solutions were shaken at 25
°C for 0.5 h. After that, the materials capturing phosphopeptides were
collected with the help of magnet and washed with binding buffer
(50% ACN, 0.1% TFEA, (v/v)) for three times. Next, the composites
were eluted with 50 yL of 0.4 M ammonia aqueous solution for 0.5 h.
The eluate was lyophilized, dissolved in 35 L of loading phase, and
submitted for LC-ESI-MS analysis.

Mass Spectrometry and Database Searching. MALDI-TOF MS
Analysis. For MALDI-TOF MS, 0.6 uL of eluted phosphopeptide
solution were deposited on plate using the dried droplet method,
followed by another 0.5 uL of DHB matrix solution (20 mg/mL, in
50% acetonitrile and 1% H;PO, aqueous solution (v/v)). MALDI—
TOF MS analysis spectra of the peptides were obtained by a 5800
Proteomics Analyzer (Applied Biosystems, U.S.A.) in the positive ion
mode with an Nd:YAG laser (383 nm) operated at a repetition rate of
200 Hz and acceleration voltage of 20 kV.

Nano-LC-ESI-MS/MS Analysis. The peptide solution eluted from
microspheres were dried thoroughly by lyophilization and then
redissolved with aqueous solution (5% ACN, 0.1% formic acid),
separated by nano-LC and analyzed by online electrospray tandem
mass spectrometry. The experiments were performed on a Nano
Aquity UPLC system (Waters Corporation, Milford, U.S.A.), which
was connected to an LTQ Orbitrap XL mass spectrometer (Thermo
Electron Corp., Bremen, Germany) and equipped with an online nano
electrospray ion source (Michrom Bioresources, Auburn, U.S.A.). The
separation of the peptides was performed in a SymmetryC18, S um,
180 pim id X 2 cm trap-column and a BEH300 C18, 1.7 ym, 75 pm id
X 1S cm reverse phase column (Waters Corporation, Milford, U.S.A.).
Other conditions and parameters were selected and set up according
to the previous report.”
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Scheme S1, the workflow of phosphopeptides enrichment by
using magG/(Ti—Sn)O, composites. Figure S1, SEM image of
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