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High-performance liquid chromatography-tandem mass
spectrometry for determination of milk fat globule

membrane proteins in raw milk powder
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Abstract: [ Objective] To establish a method for the quantitative detection of milk fat globule membrane proteins in raw milk powder based
on characteristic peptides using liquid chromatography-tandem mass spectrometry. [ Methods] Characteristic peptides are selected from the
proteolytic products of milk fat globule membrane proteins. The quantification of milk fat globule membrane proteins in raw milk powder is
performed using multiple reaction monitoring mode. Isotope-labeled internal standard peptides are synthesized to reduce matrix effects and
compensate for losses during sample preparation. [ Results] The method's quantification limits range from 0.234 to 0.811 mg/g. The
recovery rates at low, medium, and high spiked levels are 82.5% to 105.6%, with relative standard deviations between 2.2% and 10.3%.
[Conclusion] The method demonstrates high accuracy, sensitivity, and specificity, and can meet the requirements for the quantitative
determination of milk fat globule membrane proteins at different levels in raw milk powder.
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XDH-VR(VSLSTTGFYR, 4li [ 4 97.37%, fk & & h
68.26%) .MUCI1-EK (EGTTAEWVK, 4l & }y 95.91%, fik
% 84 74.24%) .ADPN-DR (DSVASTITGVVDR, 4} i
95.48% , Ik &% 4 iy 77.09%) .BTN-TR (TPLPLAGPPR, 4li
BN 97.99%, K & & A 76.16%) . PAS6/7-QR
(QFQFIQVAGR, 4li i }y 96.87%, ik & & Jy 77.30% ) 45 fiF
JRARAE & 2 £ K Biomatik 24 7] 5

XDH-VRH ( ('V) SLSTTGFYR, 4l & Jy 97.17%) .
MUCI-EKH(EGTTAEW ("V)K, 4li & 2}y 96.17%) . ADPN-
DRH(DS('V)ASTITGVVDR, 4li i 4 98.55%) .BTN-TRH
(TP ('L) PLAGPPR, 4l J¥ & 95.73%) . PAS6/7-QRH
(QFQFIQV ("A) GR 4l J¥ Jy 95.73%) P #3 ¥ : Il & K
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Biomatik 2\ A ;

B R OBE (4l RN 99.5%) (B 2 Tk M (4l R
99.0%) : L TR ERHHL A R A

4 JE #R B - W95 =10 000 U/mg & M , 55 [# Sigma
NGB

NG R g el , 1 2R AL ER A R

TRlR A B ARG, 1 2SR AL de A BR A T

A a0 4 oy [ 43 A 4

B FH K B alioK

FLAGERBE AR (A LR  FLAR BRI R 1 & 5 61.2 mg/g,
BV AR B SR PRAF
112 EEUHEE

WA € 3 — — U AT AR 3 T 1Y : AB Triple Quad
55007, 3% [ SCIEX A #l ;

7 I T PR 2% KQ-500DE AU, B 1l M A AL 25 AT BR
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I IEIR 5128 - SK-1 8, M M AR A 2547 PR 7] 5
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B IR KSR 5 % : DKZ-2 5, b3 —1E Bl AL 25 A5 R
NGB

B L Sigma2-16P B, 7 [7] Sigma /A7
1.2 Ak
1.2.1 bR i e

(1) 7 ¥ Aiff 28 T 43 0 Bk OBL3E ke F0F K A E L
0.2% H IR —5% LN 1R A /K WRE 1 5L 500 pg/mL 14 A i
B8R e B IR P, — 20 CIRF7

(2) PN A A 4 < 43 ) Bk UGS & SRR 4, FH 0.2% H
B —5% &5 1R A /K % TG 1A 500 pe/mL Y N b ofE
W BIRE T, —20 CIR 17,

R AT, JH 0.2% W ER—5% 25 1R A K 73 WO B, 4%
590 FE 1 % 100 pg/mL A% VR G o T R AT 10 pg/mL A TR
G AR RN, B 0.2% H R —5% I TR & 7K 75 W s
BC ) ol 9 B 43900 h 0,2.5,5,10, 25,50, 100,250, 500,
1 000 ng/mL A4 1E IR BR 4 M1 4k (5 50 ng/mL M5 ) o
122 KEMATALFE  FRECO.1 gORE#55) 0.000 1 g) FE S,
JILA 30 mL 50 mmol/L i R % 5 VA WL, 163 e VR & 2% IR 5
1 min, 8 7 $2 30 min, % B8 2 50 mL 25 i, HIBR R A
BRI 4K o B 200 wL BEVE, A 50 pL iR A AR K T
(1.0 pg/mL) , il A 100 pL B BRAE B (100 mmol/L) ,
60 “CIH ik )2 B 1 h, ¥ #1, i A 200 pL it 2, Bk ke % W
(100 mmol/L) ,30 “CF ikt )R i 30 min, ¥4, il A 10 pL
Jo 2R B (1.0 mg/mL) , 37 ‘CAK G &, %0, m A
440 pL 5% W 2 % WE , 18 2, 10 000 r/min £ .0> 5 min, if
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0.22 pm 7K & SCPL U ABE , A5 aRE 0 2 VAR

123 @i & @ i% # K Agilent Eclipse XDB-Cyg
(50 mm 2.1 mm, 1.8 pm) . shAH A R 0.1% H R W,
WA B Ry N 5 B B VR R T : 0~3 min, 5% B;3~6 min,
5%~40% B; 6~7 min, 40%~70% B; 7~8 min, 70% B; 8.1~
10 min, 5% B. ¥tk 0.25 mL/min; A& 40 “C;#EFE & 5 pL.
1.2.4 [

(1) & BTG 2k 1B & TR B s R
3kV; B 4E R E 320 °C; AL IR E 350 Cs AR
4.1 MPa; %l B S 1.5 MPa; 4 £ #5501 30 7 Bl m/z
300~2 000; 43 ¥E 35 000,

(2) =3 DU JFF SR IR 0 1S 45 1 ESL & U, IE & 1
2 0 W (MRM) 5 #8525 1, [ (IS) 5 000 V5 A5 /<
(CUR) 0.14 MPa; % 1k < (GS,) 0.34 MPa; i By Jin #4 <
(GS,) 0.38 MPa; fif 18 . (CAD) 0.05 MPa; 2 ¥ J i i
(TEM)450 °C; B B a7 BUA ff [M+2H ], R AiF Ik &
AT I B S UL 3R 1
1.2.5 Er#E A4 ¥ ) Proteome Discover 2.1 & 4 %
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JE e R B AR S R AR R F o T, R 2T R
Wi FLEER R VB FLAR B L B S BEEUAE A AR -1 A

¥R E M R AE O B R 3 4 5 2 QFQFIQVAGR,
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Table 1 Mass  spectrometric ~ parameters of  five

characteristic peptides and internal standards

o BT THET PR/ mafﬁe
(m/z) (m/z) JiAY H/V
MUCI1-EK 510.9 147.1" 130 21
484.0 130 23
MUC1-EKH 513.9 487.0° 130 25
638.5 130 25
BTN-TR 510.1 707.5" 130 27
312.1 130 25
BTN-TRH 513.4 707.5" 130 27
354.5 130 29
XDH-VR 566.3 187.1° 130 25
173.1 130 40
XDH-VRH 569.0 193.2° 130 27
288.2 130 26
ADPN-DR 660.5 284.1" 130 31
245.2 130 32
ADPN-DRH 663.5 646.4" 130 26
290.4 130 32
PAS6/7-QR 597.4 588.4" 130 27
530.3 130 28
PAS6/7-QRH 599.5 590.5" 130 25
534.5 130 27
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K &8 1SN R 28 B R Ak A7 R 5 P K 0, R D g
1.2.2 (97 AT B AL 22, 72 A1 [5] LC-MS/MS L&+ 55 14 T

7500, 45 3 R, UL B R AR AR AE T4, BN 77
6 BT 8 47 AIE IR B, 158 W T 98 JO BB Ay 3L 0 R M TR 1 Y R S
JK B
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N7 LC-MS/MS ¥ X £ i 1) 7l i 7 1) 26 47 46 00 B
it 4t SR 5 W 05 K I Oy FE T RONE , DR, T A N AR A B
AR o ARG P9 (00 32 428 J5 0207 , 3o 28 5 R iE IR BEAH 1

F2 BUREGINEEARHERRER

Table 2 Information of characteristic peptides for each protein obtained through screening
A REAIE K =352 PRI T AL B A
LR PAS6/7-QR QFQFIQVAGR 1193.6425 207~216
REFLIRE A BTN-TR TPLPLAGPPR 1018.604 3 411~420
HEIEE It G XDH-VR VSLSTTGFYR 1130.584 0 1125~1 134
FEH-1 MUCI1-EK EGTTAEWVK 1020.499 6 438~446
EEE ADPN-DR DSVASTITGVVDR 1319.680 1 128~140
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Figure 1

standard solutions

HA T Agilent ZORBAX C,¢#H: . ShimadzuVP-ODS il
Agilent Eclipse XDB-C k[ 3 B &4 3R o 45 3R B8R, £ 4F
fiE K 7E Agilent Eclipse XDB-C o #E 58 5 Yl F ok, H 1%
BUREAF 55 R Y 2 0 RE AR B R AF Y 0 . R 5
T 5 mmol/L LTRNE— LI W BE—IK .0.1% LR— &K
F10.1% W I2— 255 1 il S AR 1 43 B8R 45 R R B,k
F0.1% W R — Z IG5 A 30 S A I, 06 AL, HL B3 g 1y
REERGE . T B TR U IE B R TR
IR DN i i A R (A 51 L O TS B A o
0.1% W B2 — Z I 1 Sy U S AR of 2 R G
242 Ak B AT

(1) 0 D i P8 0 8 A R 13 < AR A S k[ 10,17 — 191, =

Quantitative ion chromatograms of five characteristic peptide standard solutions and isotope-labeled internal

T 7 i B4 A 340 D 301 A s JiE s 7 it B 37,56, 60 “C A
A g 2R A A BE IR S O 37 °C R 2 AT, YA JE
6 E R 60 °C, ik 8 B A 37 “CIE, il fige 52 17 005 e e o

(20) it v Fo 11l i F IV < AR 90 9 25 P i R UG B 1S L A
JBR H 1 5 0 R BV L R 1:20~1:250 (g/mL) , i
fif B 8] DX B AR AL G AN IR BT 22 5. i oE g S
JIE W E VL R R I RD L 43 000 b RS T ORI L R 1 10,
1:20,1:40,1:50,1:100,1:200 (g/mL) , fif§ fif s} 18] 4 4, 8,
12,16 h T WY AR5 o I 3 ml 0, 24 4 g 4R A i 5 K
YURHB L M 1:40 (g/mL) A, il A I 07 3550 SR e 12

(3) & 1l WA ) AR Sk [ 10,17 — 19, — M 2 4%
Tt A7 ¥ 1) pHL {898 2 R 1k (pH 249 9 2) , ol 1B 4K 11 il 45 7
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Figure 2 Effect of temperature on reduction reaction
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T 06 B R R A T O 20k T 3R I AR A R R A TR
e BE 45 B d AR A 1.0 mol/L, % Mk BE R — 7 i 7T LA 4
b SR, 55— T T ORI St YRR T S VA 1
VSR TR T A A 0 3% A 08 5 i A B v AR AR IR I TR
) A e 8 ey o A S 1 S L DA [ N .
S B, R AR R BT 35 W R A 5 52 pHAE SE 9 60T 4K TR
PAS6/7>>BTN>>XDH>ADPN>MUCI,

2.5 FAEFWIE

251 FLERERBEE A& T FLE TGS 19 8045 5
AR JR & 3k 2331 Xguerex Koot »Xanewor ~Xoaser-or ~Xxomve
FHRE K S5 3 (A BEJR Lol 110 DA o, R 40 R i b A
A RAYT ST 4 2L Bk 2 A B W gm0 = Xuvcr ek X
58 091.82/1 020.50, Wiz = Xam1x X 59 276.71/1 018.60,
Wosws =Xaomox X 49 368.08/1 319.680
Xonsorox X 47 410.83/1 193.642 5, Wsmmman =Xxomve X
146 790.47/1 130.584, ZLAR BRI 46 (1 8 & it b 25 &5 0 & 1
Z A,

252 MG B K BR R E R OBR MW 2.5~
1 000.0 ng/mL F 81 ¥k B (%) b5 e T A % W i A7 53 b7, LA
VR B R B A b RREAE K 5 D 2 9 bR 0 TED AR L (R A
A KR AR MR . 2 3 R, A AR e R ARl R
R KRB R==0.998, DIFMEEL N 301 /1 10: 1AG
5 ik BR (LOD) M2 £ B (LOQ) , 4% R 1k Bk 0 4 th
B 9 0.002 mg/g, & MR 0.006 25 mg/g; W I 1 4% K A
K i BR 8 0.075~0.260 mg/g, & it FR 4 0.234~0.811 mg/g.

L, Wangz =

R3 BUERNEHEFRE BXRFURMNEEARHEHRNESR

Table 3 Linear equations, correlation coefficients, and corresponding detection and quantification limits for characteristic

peptides
REAE K Rk R X RE(R) Xof B 28 A 5 EEHBTM/ (mg g™ HEHERR/(mg-g™")
MUCI-EK Y=0.067X+0.041 4 0.999 2 FEH-1 0.114 0.356
BTN-TR ¥=0.093 1.X—0.061 1 0.999 9 EFLIRE A 0.116 0.364
ADPN-DR ¥=0.030 2X—0.007 62 0.999 8 EYiEES 0.075 0.234
PAS6/7-QR Y=0.026 8X—0.018 2 0.999 8 FEER 0.079 0.248
XDH-VR Y=0.013 1X+0.024 7 0.998 6 2 0 0.260 0.811

253 TR KRR E M4 H R P E 3 A
I K By 1R N 82.5%~105.6%, K % i (RSD)
2.2%~10.3% , F B FE AR 1T, AT LA 8000 B B B 44
NI A b B AR S 0 IR SRR 8 R A 56 ik
W T4
2.6 ELBRHEES

ha 6 E T 9 3 A %k 5 VR B A AN ) L Bk M AR
F A EORE 7L i IR 06 B S A ok AT Ak B A T ) L
JI BR RSS2 1 A ik 5 AR S AR R (E ARG (W46 5) , B

7 e T T 0L B b FL R 1 R
3 i

7T — o A 3 — R I R O v O
LR rh LG ER LA 1 0040 HT O ok O i LR g
LG 26 1L G U B -1 R NS 2 A A K
B I R FI 4 IR B30 2 P A A A IR Aok T 2B L E A4
B 2o o AT 55 W 5 2 3 R T [ B 4
BB MR JEOR I 60 C, BEMR IR 37 A4 B 1
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x4 BERFIMPIBREEONRTEYEWREMSEE
Table 4 Average recovery and precision of added milk fat

globule membrane proteins in raw milk powder

EHENN I (mg-g ") I ECR/% K% /%
FEA-1 0.356 85.6 6.8
1.780 93.5 3.5
3.560 96.4 4.8
IR E A 0.364 91.9 2.5
1.820 95.6 4.3
3.640 98.6 22
FIRR 0.234 93.4 4.8
1.170 90.7 2.8
2.340 95.7 3.6
FLEER 0.248 88.8 10.3
1.240 103.1 5.2
2.480 96.2 3.7
w7 W B SRl 0.811 82.5 7.1
4.060 91.9 6.7
8.110 105.6 3.7

£5 FEAMARMANFARKEEALE
Table 5 Content of milk fat globule membrane proteins in

raw milk powder from different batches

(=R bR bRt/ (mg-g ") MEM/ (mgeg™ ")
1 47.8 459425
2 57.6 56.2+1.8
3 53.2 52.3+3.5
4 42.6 43.1+£4.2
5 31.8 30.1£1.3

il 5 TS W) R LE R 1:40 (g/mL) (i 5 1) O 16 h B, il
i 5 B b o A5 R AE K TE 2.5~1 000.0 ng/mL 35 [l P9 26 1
KFR BT A N LA R 0.075~0.260 mg/g, /&
FR & 0.234~0.811 mg/g, & 55 J7 1% (1) =] 4l 38 Ry 82.5%~
105.6% , A Xt H 8 M 22 M 2.2%~10.3% , K5 55 JF A vfE i JiE
DR gl N 2 3 B W s = R C 1 LS TR ARG i e
b A S5 A ME SR o S S X Ry o L IR BRI AR
P2 0 R AT O v AR S
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