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Experimental

Materials

Bovine serum albumin (BSA), P-casein (=90%), trypsin (bovine pancreas),
trifluoroacetic acid (TFA), urea, 1,4-dithio-D,L-threitol (DTT), iodoacetamide (IAA),
formic acid (FA), 2,5-dihydroxybenzoic acid (2,5-DHB), and glutaraldehyde solution
(50% in H,O, m/m) were purchased from Sigma Aldrich (St. Louis, MO, USA).
Acetonitrile (HPLC grade) was ordered from Merck (Darmstadt, Germany).
Adenosine-5'-triphosphate disodium salt (ATP-Na;) (>99.9%) was obtained from
AMRESO (Solon, OH, USA). Ti(SO4), was from Sinopharm (Shanghai, China).
Conventional IMAC beads (POROS 20 MC beads, 5 um) were purchased from
Applied Biosystems (Foster, CA, USA). TiO; beads (5 um) were purchased from GL
Sciences (Tokyo, Japan). The phosphopeptide STSSDQPS[pY]SLE (Mw 1380.31)

was purchased from ChinaPeptides (Shanghai, China). Water used in all experiment
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was purified by Milli-Q system (Millipore Inc. Milford, MA). All other chemical

reagents were analytical grade and used without further purification unless otherwise

described.

Apparatus

The scanning electron microscopy (SEM) images were obtained with JSM-6360 LV

(JEOL, Tokyo, Japan). Transmission electron microscopy (TEM) was performed

using an FEI Tecnai G spirit microscope (FEI, Eindhoven, Holland). ATR-FTIR

spectra were recorded in the region 4000-400 cm' by a Bruker EQUINOX 55

spectrometer, using an attenuated total reflectance accessory with the scanning speed

as 32 cm ' min ' and the spectral width as 2.0 cm . The internal reflection element

was a ZnSe ATR plate (50 x 20 x 2 mm) with an aperture angle of 45°. A total of 64

scans were accumulated for each spectrum. Spectra were recorded at a nominal

resolution of 4 cm ™.

The ATP-MNPs (20 mg) were dissolved in acid solution (5% HNO3/4% HCI, v/v) and
the phosphate concentration was determined by ICP-AES (ICPS-8100, Shimadzu,
Kyoto, Japan).

The binding capacity, recovery and reusability investigation were performed on an

HPLC system equipped with LC-20AD pump and SPD-M20A diode array detector

(Shimadzu, Kyoto, Japan). The HPLC column was self-packed (Kromasil C18, 5 um,

100 A, 0.3 x 150 mm). The UV wavelength was set at 214 nm.

MALDI-TOF MS experiments were performed in reflector positive mode on Ultraflex

[T MALDI-TOF/TOF MS (Bruker Daltonics, Bremen, Germany) with a Smartbeam

Nd-YAG laser at 355 nm, a repetition rate of 200 Hz, and an acceleration voltage of

20 kV.

Nano-RPLC-ESI-MS/MS system was consisted of a quaternary surveyor MS pump

and an LTQ linear ion trap XL mass spectrometer (Thermo Fisher Scientific, San Jose,

CA, USA). The peptide mixture was loaded on a RP trap column and then separated

using a C18 capillary column (75 pm x 140 mm). The trap column and the analytical

column were both packed in-house with C18 silica particles (5 um, 200 A). Mobile
phase A (2% ACN/0.1% FA) and mobile phase B (98% ACN/0.1% FA) were used to
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establish a 90-min linear gradient. The gradient elution was performed from 10 to
40% B with flow rate ~200 nL min™'. The spray voltage for ESI-MS/MS was set at 2.8
kV, and the capillary was heated at 200 °C. The collision energy for MS/MS scanning
was 35%. The mass spectrometer was operated in a data-dependent mode, and each
cycle of duty consisted of one full MS scan from 400 to 2000 m/z, followed by three
pairs of MS*MS? scans. MS® was automatically triggered when the neutral loss peak
of 98, 49 or 32.67 Da was detected from the precursor ion with 1+, 2+, or 3+ charge
states, respectively. The dynamic exclusion was as follows: repeat count, 2; repeat
duration, 30 s; exclusion duration, 60 s.

Tandem mass spectra were searched by MASCOT Daemon (Version 2.3.2) search
engine against the ipi.RAT (Version 3.75) containing both original and reversed
protein sequences. The following search criteria were employed. Full tryptic
specificity was required, and two missed cleavages were allowed. Initial maximum
precursor and fragment mass tolerances were set to 2 and 1 Da, respectively. The
search included static modifications for cysteine alkylation by iodoacetamide and
variable phosphorylation for serine/threonine/tyrosine and methionine oxidation.
Peptides with at least six amino acids were considered for identification. The false
discovery rates (FDR) for peptides were set at 0.01.

Preparation of Ti*"-~ATP-MNPs

The fabrication of Ti*'-ATP-MNPs is illustrated in Scheme 1, which involved two
steps, the preparation of amine-functionalized MNPs and the surface modification.
Amine-functionalized MNPs were synthesized in our laboratory according to the
reported protocol' but with some modifications. Briefly, magnetic nanoparticles were
synthesized through solvothermal reaction using FeCl;*6H,O (1.0 g) as single iron
source and 1,6-hexadiamine (3.6 g) as the ligand. A transparent solution of
1,6-hexadiamine, anhydrous sodium (4.0 g) and FeCl;*6H,0 in ethylene glycol (50
mL) was obtained by vigorously stirring. Then, the mixed reagents were heated at 200
°C for 6 h in a Teflon-lined stainless steel autoclave, and the obtained products were
washed thoroughly with water and ethanol by using magnetic force. For surface

modification, amine groups on nanoparticles (10 mg) were activated under gentle
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rotation by adding 1 mL of glutaraldehyde solution (25%, m/m) in citrate buffer (100
mM, pH 5.0) for 2 h. The product was washed with citrate buffer to remove the excess
glutaraldehyde. Subsequently, MNPs were functionalized by adding 1 mL of ATP
solution (0.2 g/mL) in citrate buffer (100 mM, pH 5.0) for 2 h, and then washed
thoroughly with citrate buffer to remove the excess ATP. The resultant
ATP-functionalized MNPs were incubated in an 100 mM Ti(SO4), solution for 2 h to
immobilize Ti*" cations. Finally, the prepared Ti'**-ATP-MNPs were washed
thoroughly with 0.1% (v/v) FA and storage in 0.1% (v/v) FA. All of the modification

processes were performed at room temperature.

Sample Preparation

1 mg BSA was dissolved and denatured in 0.1 mL of 8 M urea at 56 °C for 10 min,
reduced with 20 pL of 100 mM DTT at 56 °C for 30 min, and alkylated with 20 pL of
200 mM TAA at 37 °C for 30 min in the dark. The mixture was further diluted to 1 mL
with 25 mM ammonium bicarbonate, and incubated at 37 °C for 12 h with an
protein-to-enzyme ratio of 50: 1 (m/m). B-Casein (1 mg) was dissolved in 1 mL of
ammonium bicarbonate (25 mM, pH 8.0), and digested at 37 °C for 12 h with an
enzyme-to-protein ratio of 1:50 (m/m).

Subcellular fractionation of rat liver was performed according to our previously
developed protocol.” Briefly, rat liver tissue was sliced into small pieces and frozen in
liquid nitrogen, then grinded into powder. Afterward, the tissue powder was washed
with PBS and resuspended in lysis buffer (40 mM Tris-HCI, 250 mM sucrose, 5 mM
DTT, pH 7.4) with a mixture of phosphatase inhibitors (1 mM EDTA, 0.2 mM
NaVO4, 1 mM NaF and protease inhibitor cocktail set I). The suspension was
homogenized on ice for 1 min, ultrasonicated for 30 s and centrifuged at 800 g for 10
min to remove nuclei and undissolved components. Subsequently, the supernatant was
further centrifuged at 10000 g for 15 min, and at 100000 g for 1 h to separate
cytosolic and microsomal proteins. The pellet containing mitochondrial proteins was
collected and suspended in sample buffer consisting 40 mM Tris-HCI (pH 7.4), 7 M
urea, 2 M thiourea, 10 mM DTT, 1 mM EDTA, and 1% (v/v) protease inhibitor
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cocktail set I, and centrifuged at 150000 g for 45 min to obtain the soluble fraction.
The protein concentration of rat liver mitochondria was measured with a Bradford
assay kit. The tryptic digestion protocol was almost the same as that of BSA, except
that digestion was performed in 24-h.

After digestion, the solutions were acidified to pH lower than 3 by formic acid and

stored at -80 °C before use.

Enrichment of Phosphopeptide by Ti*"-ATP-MNPs

The procedure for the selective enrichment of phosphopeptide is illustrated in Scheme
1. The loading, washing and eluting buffers for Ti**-ATP-MNPs in phosphopeptides
enrichment were conducted according to the reported protocol.” Tryptic digest
mixtures of BSA and B-casein at different molar ratio (10 uL, with the concentration
of B-casein kept at 4 x 107 mol/L) were incubated with 2 pL of Ti*"-ATP-MNPs (5
pg/uLl) in loading buffer (50%ACN/5%TFA) with vibration of 30 min. The
supernatant was removed by a magnet. To remove nonphosphopeptides, three washing
steps were performed respectively with 200 pL of solution 1 (50% ACN/5%
TFA/200mM NaCl), solution 2 (80% ACN/5% TFA) and solution 3 (30% ACN/0.1%
TFA). Finally, the bound phosphopeptides were eluted with 50 uL of 15% ammonia
aqueous solution under vibration for 30 min. The supernatant was collected,
lyophilized and reconstituted in DHB solution (25 mg/mL, containing 50% ACN and
1% H3PO4) for MALDI-TOF MS analysis.

For further comparison, phosphopeptides were also enriched with conventional
Ti*-IMAC and TiO, beads. The loading, washing, and eluting solution for
conventional Ti*’-IMAC and TiO, beads were the same as those used for
Ti*"-ATP-MNPs, except that 100 pg beads were used, respectively.

Slurries of Ti*"-IMAC beads were activated according to the manufacture’s
instructions, with minor modifications. Briefly, IMAC beads (20 mg) were added in a
1.5-mL microcentrifuge tube. To the beads were added 1 mL of a solution containing
50 mM EDTA (pH 8.0, adjusted with 10 M NaOH), and 1 M NaCl. The suspension

was vortexed for 5 min, and centrifuged at 16000 x g for 3 min. After the supernatant
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was discarded, the beads were washed with EDTA-NaCl solution twice more,
followed by 1 mL water for 4 times. The beads were then loaded with 1 mL 100 mM
Ti(SO4)2 (0.1% FA) and vortexed for 10 min. After the beads were pelleted by
centrifugation at 16000 x g for 3 min, the supernatant was discarded. The loading
procedure was repeated once more, followed by washing with 1 mL 0.1% FA, prior
storage in 1 mL 0.1% FA at 4°C.

For the phosphoproteome analysis of rat liver mitochondria, the same enrichment
protocol was used, except that peptides (500 pg) were loaded on 2 mg of
Ti*"-ATP-MNPs and TiO, beads, respectively, by 200 uL loading buffer according to
the optimization results of reference.”

All of the percentages refer to volume ratios unless otherwise specified.

On-target Enrichment of Phosphopeptides

Ti*-ATP-MNPs, was deposited on MALDI steel plate by direct dropping 0.1 pL
suspension(10 pg/puL) with a spot diameter of ca. I mm. A 0.1 puL of sample solution
(B-casein digest, diluted with 0.1% FA) was loaded onto Ti*"-ATP-MNPs spot, and
dried at room temperature, followed by washing twice with 2 pL. DHB buffer (20
mg/mL in 50% ACN/5% TFA). Then 0.1 pL of a DHB matrix solution (25 mg/mL in
50% ACN/5% Hs;POs;) was added onto the spot to release the binding
phosphopeptides. After the target was dried, enriched phosphopeptides on the
Ti*"-ATP-MNPs spot was directly analyzed by MALDI-TOF MS.

Binding capacity, recovery and reusability measurement of Ti*"-~ATP-MNPs

With the synthetic phosphopeptide, STSSDQPS[pY]SLE, as the sample, the binding
capacity, recovery and reusability for phosphopeptide enrichment by Ti*"-ATP-MNPs
were investigated.

For the determination of binding capacity, 0.5 mg Ti*"-ATP-MNPs was suspended in
200 pL of a 0.5 mg/mL phosphopeptide solution. After certain intervals, samples (2
uL) were taken out for HPLC analysis. The amount of adsorbed phosphopeptide was
calculated from the decreased peak areas in HPLC chromatograms.

The recovery of phosphopeptide after enrichment with Ti*"-ATP-MNPs was evaluated

by the ratio of peak areas in HPLC chromatograms specifically eluted from
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Ti*"-ATP-MNPs and before enrichment.

The reusability of Ti*-ATP-MNPs was investigated with the recoveries of
phosphopeptide after enrichment by the same Ti*"-ATP-MNPs (300 pg). Each time, 1
pg phosphopeptide was employed. The phosphopeptide recoveries obtained by three
times consecutive enrichment by Ti*"-ATP-MNPs were 88.8%, 73.0% and 74.2%,

respectively. The reproducibility of these recoveries was 11.2%.

Results

Fig.S1 The separation of Ti*"-ATP-MNPs by external magnetic field.

Fig. S2. Overlap of identified phosphopeptides (a) and phosphoprotein groups (b)
from the tryptic digest of rat liver mitochondria enriched by conventional TiO, beads

and Ti*"-ATP-MNPs.

(@ (b)

TiO; beads TiO, beads

Ti**-ATP-MNPs Ti**-ATP-MNPs
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