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Abstract: Blood, which forms part of the systemic circulatory system, contains proteins from
various tissues and organs. Hence, blood samples are ideal vehicles for studying diseases and
physiological states. Plasma is an important component of blood and is essential for clinical pro-
teomics research. Plasma contains rich physiological and pathological information; consequently,
it is an ideal medium for discovering disease-related biomarkers. Protein N-glycosylation is a key
post-translational modification route. This route is widely involved in biological processes such as
intercellular communication, immune regulation, and signal transduction. Changes resulting from
aberrant N-glycosylation are closely associated with various pathological conditions, including
autoimmune and neurodegenerative diseases and tumors. Hence, N-glycosylation proteomics is highly
valuable during biomarker and drug-target development. However, efficiently enriching N-

glycopeptides in biological samples before detection by mass spectrometry (MS) is difficult. This
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is because the highly abundant unmodified peptides result in signal suppression. Consequently,
achieving deep N-glycoproteomic coverage is a key challenge, particularly for trace plasma samples,
for which in-depth studies are currently lacking. In this study, we developed a strategy for com-
prehensively profiling trace N-glycopeptides in plasma. This includes an efficient enrichment method
in combination with highly sensitive MS. The developed approach integrates glycopeptide enrichment
using advanced hydrophilic interaction liquid chromatography (HILIC) with state-of-the-art MS
platforms. This significantly enhances detection depth and sensitivity during N-glycosylation analysis
using minimal plasma volumes. Selectivity and efficiency during N-glycopeptide enrichment were
maximized by systematically optimizing key HILIC-packed stationary-phase parameters. These
parameters include chemical composition, pore size, and surface modification. Additionally, the
elution gradient was fine-tuned to improve glycopeptide recovery. This optimization process delivered
high N-glycopeptide specificity, even in complex plasma matrices. To overcome the limitations of
single-platform MS, we implemented a complementary dual-platform strategy. This strategy combines
the high-speed, high-resolution capabilities of the Tims TOF Pro 2 instrument with the ultra-high
mass accuracy and resolution of the Orbitrap Lumos spectrometer. The former instrument facilitates
the rapid and sensitive identification of glycopeptides, particularly for low-abundance species. It
exploits the trapped ion mobility spectrometry (TIMS) and parallel accumulated sequential frag-
mentation (PASEF) technology. The Orbitrap Lumos provides exceptional mass accuracy and high-
resolution MS/MS spectra that enable confident glycopeptide structural characterization. This
synergistic approach significantly expands the N-glycopeptide identification depth and ensures
comprehensive glycosylation-site and glycan-composition coverage. The developed optimized
workflow successfully identified 2 962 intact N-glycopeptides using only 20 pwg of plasma peptides
(equivalent to 0.5 pL of whole plasma). This set a new benchmark for sensitivity in the micro-volume
plasma glycoproteome field. This achievement addresses a critical gap, where conventional methods
typically require much larger sample volumes. This limits their applicability to clinical and precision
medicine settings where sample availability is restricted. The developed platform provides a robust
and reliable analytical framework for plasma N-glycoproteomics with significant implications for
precision medicine. This method facilitates large-scale clinical studies by enabling highly sensitive
glycopeptide profiling from very small plasma volumes. This included the longitudinal monitoring
of disease progression and therapeutic responses. Furthermore, it offers a powerful tool for dis-
covering novel N-glycosylation-based biomarkers for use in early disease diagnosis, prognosis, and
personalized treatment strategies. In summary, this study advances the technical capabilities of
plasma N-glycoproteomics. Additionally, it facilitates the broader use of plasma N-glycoproteomics
in biomedical research and clinical diagnostics.

Key words: enrichment; mass spectrometry (MS) ; proteome; hydrophilic interaction chroma-

tography (HILIC) ; N-glycopeptide; plasma
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preparation, FASP) & .04 W [ 2 [# Merck 2\ 7 ;
i Jfie 784 (amide type) HILIC HURE { K140 &
IRBHE A BRA W] .

AR (CAA) . = (2-F2 £ H5) J#§ (TCEP) .M
4 F R AL % (TEAB) . = % & 2 (TFA) . Z i

ﬂ/ HILIC filler

| 4= (8 membrane

V

—

a

HILIC enrichment

o — 24

Data analysis

LC-MS/MS

Intact N-glycopeptides

1 mMENEREELERE

Fig.1 Plasma N-glycopeptide enrichment procedure
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(ACN) | JK % (urea, UA) . H iR (FA) ¥l A 3¢ [
Sigma 7 F ; B 2 A B (trypsin) ) | 25 F Promega
O A M N B S (Lys-C) I [ 55 [ PTM A A 5 —
P2 H 3 5 3 B o £8 R £ (Tris-HC) W [ At 5T K 3
B A R ) s Empore disk C8 [& AH A BB H 38
¥ CDS Analytical 2% A ; Axygen® 20 pL # 3 i #
WA WSk (Tip WSk ) 1 H 22 Corning A F .

10 AR A MR FEAR BT 10 24 fi B A R 4R 40E . 5
PLLePEA S 7 5P 5 B NI - D 10 45 fit B A
I REAS v e B 3 44 f E A ME AR TR E R 3 4 R
BB @R EERA KRR T &
REHEB OB AR E R, Bt E A AR
HO 18 B2 BY 4 b L, B AL S 8 20200410-
01HL.

1.2 Ai&EH

8 mol/L UA % : # L 2.88 g UA 600 pL Tris-
HCl 2 3 mL /K i, 88 75 5 i, # 7K 4 72 2 6 mL,
R4, BCA TAEW ¥ BCAIKHI &P ilH A S
AR B IR 50: 1 IR BUILIR & o % BCA 151§
DUAE i B 1 WL BRI, FH K B 100 15 . N-HE
JOK Vo /45 5 28 vh W - ¥ ACN TFA Fl K # BRA TR 1L
80: 1:19 My Lb B BEATIR A o N-H K Uk I 22 i o < K
ACN . TFA F17K 53 il 4% FAK B LE 65:1:34 1 20: 1:
79 WL BE G BRI BEL S sl 1 5 254% TFA FiK
Fie FEARFEL 1:999 1 L TR A T il e 158 22 vh i 3.
1.3 MEEASE BCAETEE

i BCA BEXF 6 ol gt g B A i 3¢ (3 44 2ok, 3
2B HEAT F RN A T ST B A B BSA AR UE S,
e il 7 B AS [6) 5T & vk R (2 000, 1 500, 1 000,750,
500,250 F1 125 wg/mL) & BSA Fr i & A, £ 96
LB A FLH A 200 WL BCA T AR A 10 pL
BSA i i 7 W /005 R DUAE & R BB IR S) L FE 37 C
I 30 min, & 2=, 6 AR AE 562 nm
SEWOGAE G B HNR B 1Y BSA B B Y B S
VR B 22 1 b v ph 2, PR AR A o il 4 i Il K
FEOAE PR AW . RAGRINT 3 4L
I RE A B 1 E f 43 0o 131.03,143.57 1 177.50
pg/pl, 3 2 B PR I 3K B & 4 ol 12070,
94.27 M1 113.13 pg/pL.

1.4 M3 EHQ FASP 1]

B 10 IR G Il 2% FE A B T = 0 W A S
2 wL HlA 200 pL 8 moVL UA B WIR &, FHKIR A
W 2 30 kD MU T, 55 14 000 g, B .0

15 min, Bl A £ % £ 10 mmol/L f§ TCEP 5 40
mmol/L ) CAA(8 mol/L UA E ], ¥ A ) , 7F
R S b B2 R 45 min, K R RS 2 B0 L, B R
14 000 g, & 0> 15 min, 2% B i Ji e B 40 1050, im A
200 pL UA {5 ¥ — K i A B0 L, 533 14 000 g,
B0 20 min, 5% J5 ff ] 50 mmol/L TEAB %% i i
200 pL, %3 14 000 g, 15 min 2.0, B 8 0 E
B R UA R A 2% o7 (55 52 B 4 0 9% 4 0K, B 1k 5%
B DR R S A R T ) | B Je A R %) AT AR A U AR B
DR . FE RS Poin AR AT 2 pg Lys-C B Y
200 pL 100 mmol/L TEAB % ¥ ,37 T/ 4 h,
AN 2 g JEE T Ak 25 SN Aok A T VD45 R R R A
A B OHL L E 14 000 g, 15 min 2.0, [IE R 2
WK e TP I A 200 wLoK, BB IE— K, A
JF 0 U U8 T R AR, VR T & 10~20 pL 5 H
NanoDrop™ One i & UV-Vis 43 %% B I &
JE 4% 5.10.20.40 pg 53 KB, k8L R T, i E
-80 CIRATFH -

1.5 HILIC ##ilE &

T el A 1 mg HILIC A1} ki Ml # 2 C8 Em-
pore 315 Tip W3k, il % HILIC & £ Tip W3k .
BR B FE dn FE VR IR/ G bl h B R JE A
HILIC & 4 W% 3%, 3 000 r/min, 20> 2 min, # & A
BT 3 Ko SRIE M 50 pL SxUE /45 & 9% op
WVE Wk, Lh R BRAER S P45 A ARk . Bl
Jei A 50 L Ve SE vl 1 BRBEZS A N-BEAK,
HE 2, HMH 50 WL ¥ B 22 vh i 2 #E4T BEMG,
I 2 W, B 0 VIR 22 vl 3 X N-RE AR 47 1%
L EA 2 W, WO N-BERK, Uk T R IR A AE-80 T
T, 0.1% FA JK % W i J5 #F 17 LC-MS/MS
DA
1.6 LC-MS/MS 4 #7
1.6.1 Lumos

FE K i Orbitrap Fusion Lumos Ji 3% {47
LC-MS/MS 43t o C, J A & 41 45 #£ (150 mmx150
pm, 1.9 pm) ; i34 A 4 0.1% FA /K&, B #l A
K 80% ACN F1 0.1% FA 114 7K 175 W 5 k6 B vk g i
J# : 0~8.0 min, 5%B~10%B; 8.0~58.0 min, 10%B~
24%B; 58.0~70.0 min, 24%B~32%B; 70.0~71.0 min,
32%B~95%B; 71.0~78.0 min, 95%B; i # & 300
nL/min.

TEIE B BT R BB . — F S R AR
H L E N m/z 600~2 000, 73 B K 120 000, %
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J T 4y HE A 50 000, B B 1 (m/z) N 1.6, 1 E
filf 3 % 25 (HCD) , B 25 38 1 30%.35% F1 40% 1
B Aok =X 4 R R AT AR

1.6.2 Tims TOF Pro 2

FE 5 d B Ultimate3000 ¥ HH (0 1% & 47 & 1k
Tims TOF Pro 2 BT #4730 . R C,, A5
FrAE (250 mmx 75 pm, 1.9 pm) ., WA A K
1% FA KW, B A0 & 80% ACN Fl1 1% FA 1y
KR W5 %8 300 nL/min. A U8 AR P - 0~46
min, 6%B~30%B; 46~58 min, 30%B~40%B; 58~62
min,40%B~99%B .

Jo ik SR FH 54 A0 78 SR 4 (DDA) B0, 76 1E 55
TR BEAT, R4 m/z N 100~1 700 9B T, B
T B RN 1600V, 7817 B % 42 %
%4 (PASEF) #5150 F R 4 MS/MS K i , B & T+ 7
P MS/MS 494, Fii K 25 + 58 B2 B 4 2 500, H bR A
20 000, 3 A HEBR I 18] 24 s, filf 4 AE B BE B T 1E F2 R
2R PR, A 1/K,=0.6 Vs/cm® i 35 eV 4 i 5] 1/K,
=1.6 Vs/cm’ 1) 65 eV, & T Yy 2 B K B i ik 6] Ky
100 ms ; ff B AR 3% - 3 L/min; B 8536 1 180 T
1.7 N-#ERKEIE ST
1.7.1 MSFragger-glyco ) N-4# ik 1% B 7 3%

WK IR 4R B8R SC 4 38 4 Fragpipe F & (ver-
sion21.1) fifi F§ /A JF 3k #f MSFragger-Glyco ', Uni-
Prot Human FASTA % #% ¢ (2024.06.24) & i %
252 A JBE M N-BE B P HEAT b . BRI O
(LR AN A RV €] R7) B - & T\ R s B R
M2 Ak (M) B 3 2 S m AR 1B 4, > JbE 22 R Tk Y 3 £k
(C) ¥ % 2 N E E B . #E Philosopher 43 #7 i 2
H, K3 UG i (PSMs) | K B FlER (1B K OF DL &
PTM-Shepherd H i S0 o8 8 19 58 1% & L (FDR)
Iy dl7E 1% LLF o B 4h, ff ] MSFragger (ver-
sion21.1)FEAT N-BH K %5 7 B, 15 0 B R ™ A% 1 SR A
p E5 54 (<0.01)

1.7.2 Maxquant # 3 N-#F Ik 1% & 7 %

{ff F§ Maxquant (2.2.0.0 it & ) , #2 4§ UniProt
Human FASTA ¥4 & (2024.06.24 ) X 4 K J5 46 %5
AT R EESHE T (1) B A
WA, 2 &A 2 AU A78 5 (2) [ 18 1 18
ot 21 Jik FF Ak (C) 5 (3) AT AR B4, £ Wk Ak (2R 5
N 3t ), 8 2 R A Ak (M) 5 (4) BF B 7 o A8 B A — 4%
R 1 i A BR 4 3R 4.5 107 il 2x107°; (5) ik
BOAER (UK I BB R 35 1%

1.7.3 N-#& & % GO 5 KEGG Pathway 247

i it DAVID 4 2 X BT A7 N-HBl £ 1 2547 2k [
71K i8 (Gene Ontology , GO) 43 Fll 5T 45 3 [H 5 2
A4 4> (Kyoto Encyclopedia of Genes and
Genomes, KEGG) pathway 7347 .
1.7.4 R M A N-#E K 69 2 5 247

T 3 A 55k )RR OGN AR, X N-
WERR AT Geit 2% 20 B o & Se Xt B4 N-#E Ik iy 3= )32
(H AT 7 0 5 AT et # R 5, 7R LA p<0.05 Fifis 4K
AR >1.5 B A o 0 2 ) AF 7 M R S MY 25 % N-
WE K, B 5 X i 58 R N-A R AT 20T, 2 i
A3 ATAS TR PR G 20 N R 3R 3k 7K 9 25 5

2 HR5R

2.1 HILIC ERIpEE

HILIC /& N-Hf Ik & 5 09 CHEH R |, o4 B dUR
i AR # T HILIC 3RE . FEAR Y HILIC 3R N 3
Hom kK R Rae R R4S A e
77, VAo A i SRR A v = B AR AR T4 . SEOK
VB FH 35 TEOR) 9 26 0 X0 B IR s R RO B 1o 3 5
Wi o PB4 SEORE A 4G Hp P S K ORI B R I
BECBH B A G E ) JEORE B B TR (A B ) JE
R BOR A SIEURE BT X B i a2 ORR AR Y R R
K, @ B B HILIC S0k}, DUSE B & 22 B0 19 N-
WEAKE 42 . AT B A0 H ) HILIC JORL b % £
i TR I S R Y (PR MR B AU IEDRL ) K Mk e Y ( Pk
K EURL ) PR Rh EDRLEAT B 28, S5 R A 2 BT .
[F#E 1 mg i HILIC JEORLFH &, B B8 Al S o AL - L 72
12 nm 75 2 /Y N-BE IR 48 2 5200 1253, fiff /iR it =2 i
RI-fLA2 20 nm 9 N-BE K5 55 1 189, 11 ik Jiie 7Y
() N-H R % 52 o 688, N-H K & 48 ok 48 1 43 il
74.4%.73.5% F1 79.3%, = 3 ) N-H BK & 4 vk £
FHZEAR K . G5 R R T B R i =2 620 i N-B IR 4
R T T e 78, VR il R S B R AR R A
ENSRTE +-38
22 HILIC EEFAMEMRBEERENER

1€ HILIC & 4 N-WERK Y o 72 v, e f R B 4 X
N K 10 46 7 AR HAT 3 52 . HILIC & 4E 19
iR 0 K B i S0 T AR BRRE AR i N-BE B A
SRy B B . W 3 PR, 5EE N-FERKAY
e o B A IR RS G UK B P A 1S i B G L 0
N-BERR & E ez S, 5 10 pg 2145
JIK B AR LG, 6 20 g i BKBE (A 24 T 0.5 uL
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FRATTRT N-HE R U 675 W T 2 1 A Ry BOR B B
FAFIAT T 5% TR T N-BH R M B - fil
FH 50 L P60 28 vhl 2 SEAT DR B , A U AL 3R 3
WL A Rk 28 vh R ACN i i

DLAL BB B (AR 1.5 795) Yk JId 2 8 X N K 2R 17
VEME, S5 R ANIE 4 Pros  7E 3 IREZ S Ak )s
A VR 25 17 TP 24 5 SR 4 E B 1 663 B NIk, T
JEL e I 2% 1 B S 24 2 4 D 1329 B N-WE IR 4 E
R 125 A . BARRAL IS B R AR T L
F A1) 7 g ol 20 o AR SRt B R A, 3 2R NGB IR
P PETE R BT B (H A 22 K IR i R L AR ) B0
VEME SR AT S 20T i 5 5
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Fig.4 Levels of obtained N-glycopeptides identification
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2.4 Tims TOF Pro 2 5 Lumos &L i N-#5 ik
LEEHRITLE

TRORE €, 33 - T B AR SR AR 1 2 A T Y 4
b o, AEL A% G2 o 33 430 41 4 0 B R R BOEE A RR L 7E 4y
BT 52 2% A5 0 B i A7 TN R R 1 4 R 0 Bk
o T AT RRUF I 7 HOR 1) Tims TOF Pro
2 AN B R E M AN R R Oy DU 4 2 A 2
1y I FH RN & SR 4 T T TE B0 L A A AR S T i
FRBIBIA B I TOR r E E  R T X R
PR B 15 M b, OF FF R T 438 0117 BEUF 511 A
RV T Wem i R E I B R R
B b RO AT SE 8 NGB (A S R . WA
5 R, & it 3 WEE S8, i | MSFragger #E17
% , Lumos T 3% A HE AT R0, 7 ¥ A5 vk % 5 15 3
1289 4 N-HiJik, 116 4~ N-¥4 5 (1 ;i F Tims TOF
Pro 2 5t i A HEAT R, S ¥ B Ok 4 0 B 1804 A%
N-BE K5 149 A4~ N-BE 2 (1, N-BE K% 2 3 1.4
L N-fE & E 8 1.3 % . X b Lumos 5 Tims
TOF Pro 2 1 N-H ik % & 45 R (&l 6) , Tims TOF
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Pro 2 % E15 5] 1 126 0047 N-FERIK, 71 40A N-
B A, 5 B N-FE K A9 38.01%, & N-BH & A 1
33.65%; Lumos % 2 5 5] 592 & A N-Fiik, 22 4
A N-FEE A, 5 N-BEKE 19.99%, & N-#E &
FI /Y 10.43%, LA | 45 R 32 W] Tims TOF Pro 2 %5
1L 3% N-BEE A SR LT Lumos.

2000 — 200
149
ﬁ 15004 1289 ~150 g
& g
=) 116 §
= 2
g0 8
2 1000 100 >
[ [
5 5]
: g
E 500 -50 =z
(e =0
Lumos Tims TOF Lumos Tims TOF
Pro 2 Pro 2

5 Lumos 5 Tims TOF Pro 2 RiE L EEHN-#ERK S N-#EE
B#E(n=3)

Fig.5 Amount of N-glycopeptide and N-glycoprotein iden-

tified by Lumos and Tims TOF Pro 2 MS (n=3)

A T AEi# 4 Lumos 5 Tims TOF Pro 2 # F{X
LK e H] 2962 4 N-FEKS 211 4> N-FE &
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