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Supplementary Methods

Synthesis of N-phosphorylated Peptides

Potassium phosphoramidate (PPA) was synthesized as Wei and Matthews?. Standard peptides were
dissolved in 10 mM potassium hydroxide aqua solution at final concentration of 2 mg/mL, then, powdered
PPA was added to the solution with final concentration of 100 mg/mL. After incubation at room
temperature for 12 h, obtained protein or peptides were purified by RP-HPLC and identified by MALDI-
TOF MS. According to our previous work? 3, PPA can be used to chemically phosphorylate lysine when

the peptide sequence does not contain histidine.

Peptide Desalting by Liquid Chromatography

The obtained peptides were desalted using a home-made trap column (4.6 mm i.d. <L cm) packed
with 5 pm, 100 A Venusil XBP C18 silica particles (Bonna-Agela Technology, Tianjin, China) with no-
acid mobile phases (A: 2% ACN, B: 98% ACN) at flow rate of 1 mL/min on a Shimadzu DGU-20A5
liquid chromatography with a diode array detector (Shimadzu DGU-20A5, Kyoto, Japan). The collected

peptides were lyophilized dry at room temperature and stored at -80<C for further use.

Peptide Desalting by High pH Reversed Phase Tips

Home-made high pH reversed phase microcolumns (HpH-RP Tips) were prepared by packing 1 mg
5 um 100 A Durashell C18 silica particles (Bonna-Agela Technology, Tianjin, China) into a 20 pL
micropipet tip through centrifugation at 5000 rpm. Then, microcolumns were equilibrated with 10 pL
phase A (10 mM ammonium acetate in 2% ACN, pH 10). After sampling, columns were washed with 10
pL phase A. Finally, samples were eluted with 10 pL phase B (10 mM ammonium acetate in 80% ACN,
pH 10). The eluates were deposited onto a MALDI-MS plate directly or kept in -80<C for further use.

Stability of N-phosphopeptide under Votex and Ultrasonic Treatment

300 pg of standard peptide 1297 (TSHYSIMAR) was dissolved in 50 mM phosphate-buffered saline
(PBS), and divided into 3 equal parts. Each part reacted with different dimethyl labeling reagents: 4%
formaldehyde-H2 with 0.6 M sodium cyanoborohydride, 4% formaldehyde-D, with 0.6 M sodium
cyanoborohydride and 4% formaldehyde-3C-D, with 0.6 M sodium cyanoborodeuteride, to form (CH3)-
TSHYSIMAR (pep-L), (CHD2).-TSHYSIMAR (pep-M), and (*3)CDs)2-TSHYSIMAR (pep-H),
respectively. After labeling at room temperature for 1 h, the reaction was terminated with 0.1% NHz H-0,

and desalted by liquid chromatography. The lyophilized peptides were incubated with PPA to generate



N-phosphopeptides: (CH3)>-TSH,YSIMAR (NPpep-L), (CHD2)2>-TSHpYSIMAR (NPpep-M), and
(13CD3)2-TSH,YSIMAR (NPpep-H), respectively.

The 3 N-phosphopeptides were desalted through HpH-RP Tips, and applied to three operations
respectively: (O 100 ug NPpep-L were kept with no operation, @100 ug NPpep-M were treated with
votex; 3 100 pug NPpep-H were treated with ultrasonic. After incubated at room temperature for 0 min,

2 min, 5 min, 10 min, 20 min, 0.5 puL of each peptide was mixed and measured by MALDI-TOF MS.

Three sets of parallel experiments were performed simultaneously.

Free Solution Enrichment of Phosphopeptides by SiO.@DpaZn

Peptides were dissolved in 200 pL 80% ACN (20 mM HEPES, pH 7.7). After incubation with 1 mg
SiO,@DpaZn at room temperature for 30 min, total volume of 400 puL 50% ACN, 400 pL 0.001%
NH3z H-0, 400 uL 0.005% NHz H20 comprised washing steps, respectively. The total washing time is 30
min. Finally, phosphopeptides were eluted by incubating with 100 uL 0.1% NHz H20 for 15 min and
analyzed by MALDI-TOF MS.

Comparison of Fast On-tip Enrichment and In-solution Enrichment of N-phosphopeptides

30 pg of standard peptide (TSHYSIMAR) was dissolved in 50 mM phosphate-buffered saline (PBS),
and divided into 3 equal parts. Each part reacted with different dimethyl labeling reagents: 4%
formaldehyde-H, with 0.6 M sodium cyanoborohydride, 4% formaldehyde-D, with 0.6 M sodium
cyanoborohydride and 4% formaldehyde-3C-D, with 0.6 M sodium cyanoborodeuteride, to form (CH3)-
TSHYSIMAR (pep-L), (CHD2)2-TSHYSIMAR (pep-M), and (**CDs).-TSHYSIMAR (pep-H),
respectively. After labeling at room temperature for 1 h, the reaction was terminated with 0.1% NHz H-0,
and desalted by liquid chromatography. The lyophilized peptides were incubated with PPA to generate
N-phosphopeptides: (CH3)>-TSH,YSIMAR (NPpep-L), (CHD2)>-TSHpYSIMAR (NPpep-M), and
(*3CD3)2-TSHpYSIMAR (NPpep-H), respectively.

The 3 N-phosphopeptides were desalted through HpH-RP Tips, and applied to three parallel
operations respectively: O 5 ug NPpep-L were kept in -80<C as a control, ) 2.5 ug NPpep-M were quick
enriched by SiO,@DpaZn tip and 3 2.5 pg NPpep-H were enriched by SiO.@DpaZn in free solution
with regular operation.

Elutes from the 3 operations were merged and analyzed by LC-MS. The recovery (R) of NPpep was
described by the area of extract ion chromatography (XIC) as follow:

R (NPpep-X ) = [Area(NPpep-X )atter / Area (NPpep-X )pefore] * [Area (NPpep-L vefore / Area (NPpep-
L )after], where Area (NPpep-X)oefore and Area (NPpep-X )atter Were the XIC area of NPpep-X before and

after enrichment.



High pH-RP Fractionation

Shimadzu DGU-20A5 liquid chromatography carrying a home-packed high-pH C18 column 5 um
100 A Durashell C18 silica particles (2.1 mm i.d. x 150 mm) was used for phosphopeptide separation.
The mobile phases were prepared and adjusted to pH 10 with 28% NH3z H20 as follows. Buffer A: 2%
(v/v) ACN with 10 mM ammonium acetate, buffer B: 80% (v/v) ACN with 10 mM ammonium acetate.
With a flow rate of 0.3 mL/min, 80 min-separation gradient (70 min from 0 to 45% B, 5 min from 45 to
100% B, and maintain at 100% B for 5min) was applied. Peptides were collected from every-minute
elution time window respectively from 10 to 69 min (Windowl: 10min, Window2: 1lmin, ... ,
Window60: 69min), and 6 equal interval windows were merged into total 10 fractions (e.g. Fractionl: 10
min + 20 min + 30 min + 40 min + 50 min + 60 min). Every fraction was lyophilized and resolved in

water for MS analysis. For mammal lysate, 20 fractions were collected for MS analysis.

PSM Manual Selected Roles

For all the PSMs: 1) Controlling the FDR at PSMs level to be <1%; 2) Setting the cut-off value of
ion score to be 20; For all spectra of a peptide, 3) the phosphorylation site was determined if their scores
were the same and point to the same residues; 4) if their scores were different, the site with the highest

score was the phosphorylation site; 5) otherwise, the exact phosphorylation sites were indeterminate.

Comparison of SiO2@Dpazn, SiO.@Dpa and SiO2@NH:

30 pg of standard peptide 1297 (TSHYSIMAR) was dissolved in 50 mM phosphate-buffered saline
(PBS), and divided into 3 equal parts. Each part reacted with different dimethyl labeling reagents: 4%
formaldehyde-H, with 0.6 M sodium cyanoborohydride, 4% formaldehyde-D, with 0.6 M sodium
cyanoborohydride and 4% formaldehyde-t3C-D, with 0.6 M sodium cyanoborodeuteride, to form (CHs)2-
TSHYSIMAR (pep-L), (CHD2)2-TSHYSIMAR (pep-M), and (**CDs).-TSHYSIMAR (pep-H),
respectively. After labeling at room temperature for 1 h, the reaction was terminated with 0.1% NH3 H-0O,
and desalted by liquid chromatography. The lyophilized peptides were incubated with PPA to generate
N-phosphopeptides: (CH3)-TSHpYSIMAR (NPpep-L), (CHD2)2-TSHpYSIMAR (NPpep-M), and
(*3CD3)2-TSHpYSIMAR (NPpep-H), respectively.

The 3 N-phosphopeptides were desalted through HpH-RP Tips, and applied to three parallel
operations respectively: O 10 ug NPpep-L were mixed with 10 ug interference peptide (TGIFKSAR)
and 200 ug SiO,@Dpazn in 55% ACN; @10 ug NPpep-M were mixed with 10 pg interference peptide
(TGIFKSAR) and 200 pg SiO.@Dpa in 55% ACN; & 10 pg NPpep-H were mixed with 10 pg
interference peptide (TGIFKSAR) and 200 pg SiO2@NH:2 in 55% ACN. After incubated at room
temperature for 30 min, 80% ACN and 20 mM HEPES were performed to wash the microspheres. Finally,
the peptides were eluted in 1% NHz H>O and mixed for ESI-MS/MS analysis.



Step Elution of Phosphopeptides

1 mg SiO>@Dpazn in 80% ACN (20 mM HEPES, pH 7.7) was packed into a 20 uL. micropipet tip by
centrifugation at 5000 rpm for 10 min. Dissolved in 80% ACN (20 mM HEPES, pH 7.7), 2.5 pg standard
N-phosphopeptide (TSpHYSIMAR) and 25 pg B-casein digests were load onto the tip by centrifugation
at 5000 rpm for 3 min. 50 uL 50% ACN (20 mM HEPES, pH 7.7), 15 uL 0.005% NHz H0, 15 uL 0.01%
NH3z H20, and 15 pL 0.1% NHz H20 were set as washing-elution steps, respectively. Elutes from every
step were analyzed by MALDI-TOF MS.
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Supplementary Fig. 1 (a) 1H NMR and (b) 31P NMR studies of pHis before and after the addition of
DpaZn. Asterisks indicate the dephosphorylated counterpart of pHis.
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Supplementary Fig. 2 ESI-MS spectra of 1 (a), 2 (b) and 3 (c). Stars and triangles represent [M+Na]*
and [M+K]", respectively.



1018.7

Zn 2p3/2

3500
_ 1041.7
5 3250 Zn 2p1/2
Z
2
g
£ 3000

2750

1010 1020 1030 1040 1050

Binding Energy (eV)

Supplementary Fig. 3 Zoom-in XRD spectrum of SiO.@DpaZn. The two peaks of Zn(ll) were
labelled in red.
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Supplementary Fig. 4 Workflow of the capture and enrichment strategy using the SiO>@DpaZn.
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Supplementary Fig. 7 Mannual-check principle of all the PSMs bearing phosphorylation sites. For all
the PSMs: 1) Controlling the FDR at PSMs level to be <1%); 2) Setting the cut-off value of ion score to
be 20; For all spectra of a peptide, 3) the phosphorylation site was determined if their scores were the
same and point to the same residues; 4) if their scores were different, the site with the highest score was

the phosphorylation site; 5) otherwise, the exact phosphorylation sites were indeterminate.
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Supplementary Fig. 8 Validation of N-pho sites by MS/MS assignments and HPLC elution
experiments. MS/MS spectra and extracted ion chromatograms of the endogenous E. coli pLys peptide
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synthetic peptides are shown in the mirror image. The superscript asterisks, N and O indicate the
dephosphorylated (-79.97 Da), deamination (-17.03Da) and dehydrated (-18.01 Da) ions, respectively.
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Supplementary Fig. 14 The overlap of N-pho sites between the three methods.
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Supplementary Fig. 17 *H NMR spectrum of 2.

ppm (t1)
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