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Abstract: Cardiolipin is important for assembly and integrity of mitochondrial electron transfer com-
plex. A sensitive and high throughput method via liquid chromatography = high resolution mass spec-
trometry was developed for the detection of low abundant cardiolipin based on methylation reaction
Unique fragmentation pattern was derived from methylated cardioliping. Therefore, a simulated data-
base including the featured fragments of 780 molecules was established for lipid identification.  After
derivatization, the signal of CL(14 @ 0/14 : 0/14 : 0/14 : 0) was increased by 10 times, and 10 ng/
mL of the limil of quantitation({ LOQ) was achieved in the analysis. This method was applied to study
the cardiolipin regulation in mouse brain during aging. A total of 43 cardiolipin molecules were iden-
tified using Tracefinder coupled with in-house MS/MS database, of which 21 cardiolipin molecules
were differentially changed in aged hrains.  Cardiolipins with polyunsaturated acyl-component e. g.
FA(20 : 4) and FA(22 : 6) were decreased during the aging process. The orbitrap-based platform
with methylation provides a high throughput sereening approach for cardiolipin analysis, which is po-
tentially beneficial to the detection of low abundant lipids .
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TEHL . PEte, R OB A R R BT R DR RS LS, 2 R AR LR
UNITROE S BbEPIE EPR S it S (BE 2 N & 6

AR VE A —FORAEEE Hl 7, 4R ARNREE , AR EER AR SR 1 20780 = H il
Wb O BRNRE R T AT R S R WO AT - BUSECHIE ", RS TR
AE 78 TN BT OBRIR A MR R R W R T e P Rt . DBy 4 FhASF AR s 31ES
G, MAEAE TR SRR . B TR | AR AR RE B Y R R e R
P E TR, SEURFEEY R ERSZH]—Em Y, F, ST CUElE AR AT
AXHLT 2 PP, ST SRR ORI SR SO AT PP . O RS — 57 BETGEIOE R % 7 7 R R B
IRECRIEAL(DDA) il 2R, th TR, — B o) s H 2R 10 ~ 205K 2R
. SEMSIEEOMSY SR IETEL, B2 S Y I THEmR 4 285 .

LR ik O 2 R R TR O R, FLH Bk nT LARH 4R e ARtk S i w550 AR
FEH TR — S BEBOEHH AR, BB A BN R T G NE B RN b, 1R TG BRI RN R
TEORE;  [F)BS fHE H BE AL S b e i ) AR, ) P R O BRSO RRE A R IR T A
B e, 2L T A IR SRR S O BRAR Y S RUE T S R AT, R T ELR i b & BLAYEE R AR
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1 SEIGES

1.1 (XF|5IKH

Ultimate 300 8 & 2GR 1% 25 . O - Exactive HF VU8 FF - 5 v 35 8008 B 5 25 BE %4 ( £
Thermo Fisher Scientific 25 ) ) ; F6/10 — 4G #4024 26 ( F#g b & w4 a1] ) TDZ4 5 i & 2 20 L
(P A 7)) ;5 EYELA MG — 2200 EWC{C_E 2 {LEE 20 ) ) VELP SCIENTIFICA g (G R H
VELPZy 1)) ; ME104 HLF I (iR - JER 22 a R An]) .

CEREFRHEST: CLO14 2 0/14 : 0/14 : 0/14 : 0), CL(16 : 0/16 : 0716 : 0/16 : O)FICL(18 = 1/18 : 1/
18 : 1/18 @ 1) (FE[E Avanti 247]); 7K, RAFE. WEE. 0. &0, BT EE(MTBE) (3420 6
afi, EE Honeywell 20 7)) s ZERER(Epfkal, Fighrdr Tikmaal) s fT4b il = ke ik EE W
BHE(TMS, 2.0 mol/L CAKEIHER) . KM srbrat, EZERbSRARERAE) .,
1.2 BEREDNERENRRK
1.2.1 OEERERIIREY  HUCSTBL/6 N RIGLHZRZY 100 mg T4 mL BB P, H8 100 mg ZHEUMNAEY
1365 LAY B ZLRCT JEEE - HIAY @ 2 mol/LERIBIFHA (200 @ 60 : 13, FRBHEL) ™, FEARTERR T3 K
(FEIRAIHE 10 s, [B]HK 10 ) FFEEE 15 min, 425 min iWIEHRE 30 s. ZJGMIA 250 wL 0. 1 mol/L HC1 2E T
R, FEMMPRIG . 12 000 g FETEC 20 min, FEBEGE EZAU0H, FBEHN 1.5 mLELE R
FHMERSWT &M,
1.2.2 BEERE [ EAsHESS A 400 wL B AT 25 © HEE(20 @ 6, (AEUL)AISO plL
TMS, RAERA), FEEIR PR 20 min BT FAL", 5 min IRBEIRS 30 s. BEEMIA S pLIKZ ELE
AERN, HEARBOAS M, A2 pLK, iR, FFESIZE, T12000 g HifkE 020 min, BE
JEHET _ERE P AR
1.2.3 WHEBE-RESHEME HOHONRIE: Cortees C (1 6 pm x 2. 1 mm % 100 mm, 3£
Bl Waters 25%) ) s FEiR: 40 °C; . 0.22 mL/min; EhHH: A BABEZK(60 : 40, & 10 mmol/L 2.2
)y BRIRNEZEE00: 10) ., RMMEEEIEDE: 0~3 min, 40% B; 3 ~23 min, 40%~98% B; 23~
30 min, 98% B; 30 ~30.5 min, 98%~40% B; 30.5~35min, 40%B; #EEER1 plL.,

B s AR B 2 IR (HESD , & P IR E : 320 °C; RBYSURE: 300 C; ¥
35 arhy HHHEDAT: 10 arb; FAFEBIA. BHE TR A4 AE 0 (Full MS/dd - MS®) , — 2] Wil 47 BER
60 000 FWHM, —Z&Fiiksr#ES 4 15 000 FWHM; 1E. fs RIS E S 243,00, 2.8 kY,
FEEIE - m/z 500 ~ 1 800,
1.2.4 Tracefinder i EMEENSE WL TR AF Tracefinder 3. 3(Thermo Fisher Seientific, CA)
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40, RGO IENER R IE T ORGSR A B . R TR R A TR
FEAFSIBEE R 8. 15 ppm, BT TESRA TG (mdz) F O SR (i, L2515 80 % o7 £ i g i
2 ZFR5FL

2.1 HE4BOHBENSSHESEESTRIE

2.1.1 OBEMEENRNE =F IR B R4 RV A AR IR 0 R L B A kT, Ml
AT NE ALt T, HER R LN | B . BLTMS AT idA], BT A - BEE(20 1 6) A
FLREEER], EEERSE T R 20 min.,
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Fig. 1  Chemical reaction of methylation for cardiolipins

Ry, Ry, Riand R, represent each fatty acid chains
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Fig. 2 High-throughput qualitative and quantitative workflow of methylated cardiolipins

2.1.2 BEAROCEHENEIESRETA LbREMSCLO4: 014 0/14 2 014 2 0)hF], HETHIL
TE R R BRI A TR . AR, OBEIRTEE . S PRI A —EmNmNES, BiET
ARG GBS T IES TR ARG, MFENREE FOBIE {5 TR B b W B RS 7 1015

e S A F A, DR A8 1 32 BRI T 2R B e I aOPC S H gl W Aol g i
FEERZ DR, HEE A Y R O i i A e S RS A A . AR AT RO BN bRE AL CLO14 o/
14 :0/14 : 014 : 0), CL(16:0/16 : 0/16 : 0/16 : 0), CL(18: 1/18 = 1/18 : 1/18 : 1) Hfa, H b
B IEEFRIM + NH, ', 3 8IM + CH,COO - it 2 SR 0 SRS B B IEE
B s, BIERIGEY 14 0 0O B (B 3A) . 16 - 0OTEEIE (B 3C) RS ¢ 1O RS (1 38)LL
e A R L R I S BT 9 R RIEYE B PR R, 43 ik miz 495,439 97, 551,502 62 Fll
603. 533 51, @ PR TSR, HRALGEH 14 0 0.LREAR(E3B) . 16 - 0LBEIR(E 3D)F118:
1N (B 3F) LINESEIE[FAC14 - 0) = H], [FA(16 : 0) =H], [FA(18 : 1) -H]LL FepEFE4[CHO]
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Fig. 3 MS/MS spectra of Me — CL{14 : 0),, Me—CL(16 : 0}, and Me - CL( 18 :
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purple lines displays collision induced fragments generated in positive mode and red lines are fragments in negative mode
2.1.3 HELOBIEAMEIEENET H PO IR R T gk vp X
FEA TR R, b, B ZAE R TN 29 780 NS A A RO BERE 2 F VR IEYE —2REE S, JF
HOL T A EAE . AR S T NS AW mz BOE . R R R .
DM 2R TS ARSI m/z TP ROT IR R VR, Ha, by« Hly 535000 4 SR NEHG R EE A B DA B
m, n, sHeOASEEEEEEER AR 2. FooEMRTRRR SN T C2412.00000; HA1.00783; 04

15.99491; N3414.00307; P#30.973 76; Wi {41.007 28,
Tracefinder 81T RECEE T AMEHE FER L S % E , BT 200 R0 m/z () PCHEL ELP

INANES FIERS 7o [M + NH, I, S8 FA(M + CH,.CO0 . #E M HICRCHERE L, BT =%
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Table 1 Algorithm to caleulate exact precursors and featured fragments of methylated cardiolipins for lipid identification

Cardiolipin Positive adduct miz( + NH,) Negative adduct m/z { + CH,CO0)
Precursors ]'2*{.'1+F;+,r+_1-+]I}+],ﬂ{}?325" ]2*{n+{:+x+_}-+]3]+],{]ﬂ7325*
(2a+2b+2x+2y—2m—-2n—-2s-21422) + (Za+2h+2x+2y—2m—2n—2-2t+21) +
15. 994 915*17 + 30, 973 762* 15, 994 G15%19 + 30, 973 76252
24 14.003 074
Fu,‘.ﬁlm'r,'ulfmgml-nt 1 12%0g + 6+ 31 + 1.007 525+ 12%g + 1. 007 825%(2a = 2m ) + 15.994 91552 = 1, 007 2765 12%h +
(20 +26—2m—2n+3)+ 1. 007 825%(2h— 2} + 15.994 91542 — 1, 007 276; 12%x +
15. 994 G15%4 1. 007 825%(2x = 25} + 15. 994 915+2 - 1. 007 276; 12%y +

1. 007 B25%( 2y — 2} + 15,994 915%2 — 1. 007 276
(4 fatty acid chains )

Featured fragment 2 12#(x + v + 3) + 1. 007 B25* 12#(a+b+4) + 1,007 825%( 20 + 2b-2m=2n+6) +
(24 2y —2s—24 + 3) + 15.994 915%4 30,973 762 + 15. 9904 915%8
Featured [ragment 3 12%(x+y+4)+ 1007 B25% (2 + 2y — 25— 2t + 6) +

30. 973 762 + 15, 994 9]15%8

2.2 BIEFGHNMRL

FiEE e T S P Y 3 18 T € ol OO (O o ol Al 4 L D =
M, ATRECEIENRENEE, DbRiESCL14 : 0/14 : 0/14 : 0/14 = 0) 4, XH T i sH B FHAS
RS VM G B (40% . 50%. 60%)I, IE. fE FH FHEACRIEMERE. diE405, HE
RIS EERE M T w . B A OB HE Y (00 (R R B LR TS . (HERE A . Ol S0 B HURS I IS
EREERLEY . SCEEREL40% MRS ESTRBE RS RV A i il SR i

A 100 5 RT: 19.56 B0 AT 1811 i} ot
Ak 1068EDEAD AA: 173356792 AA: 154680282
50 4 500 - 50
& 0 £ 0 £ 0
=10 RT: 10.57 =100 1 RT: 18.11 = 100 1 RT: 15.79
AA: 32905876 AA: 30269977 AA: 27587412
50 50 1]
0 T 1 0 ; 0 \ "
L8 20 2 16 18 20 14 16 18
#/'min timin tfmin

FEa  AleETmiEE TR CBIEEEC ) . T O YRR 0 Rt
Fig. 4 Intensity of methylated cardiolipin under positive (up) and negativel down } mode at different initial elution gradients
A: 40%; B: 50%; C: 60%

2.3 FHiEFiEH

2.3.1 fTHEARE AHELLWEISHRL LM EE RS, LUFRESCL (14 0 014 1 0/14 2 O/
14 :0) M@, BEHC - 25009 0T Bk BT RTAE AR RCR L, ATk e AR Rk CL (14 o/
14:0/14:0/14 : 0) FESHEMAATCL (14 : 0114 : 0/14 : 0/14 : 0) BAFEEFLECRITEITERSE.
Fer85 R, AFREE FIOfTE AR AE 99% Ll | .

F2  AFEREEFCLO14 0 0714 £ 0/14 : 014 : O AR bE S
Table 2 Derivatization efficiency of CL{U14 @ 0/14 © 0/14 : 0/14 : 0) at different concentralions

Concentration( |.|,.g,l"m L) Abundance ]lrinr to |n1:lh3'|:1li=111 Abundance after m!:lh_vhltinn Derivatization {:f'fi(:innr'y (%)
5 6. 56 % 107 2,51 % 10° 99. 6
10 1.70 % 10° 110 10° 599. 4
20 4.12 = 10° 2.52x% 10° 094
a0 1.05 = 10’ 5.47 % 10" 99.5
100 2.70 = 10° 1.03 x 107 99. 6
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2.3.2 HBEE. EEEEMEREE FEZ2.0 mgi) CL14:0/14:0/14:0/14: 0)brifEdh ., LU 3R
IR IR (20:6) MIER], BCH 2 mg/mL 39 CLO14:/14:0/14:0/14: 0)FrifE S BEHE,  FF0 oG B84 80,
800 ng/mL. &M 1.2.2" ikt T AL L R, AR . BRI MY EE, s TV
3d, 135 80.800 ng/mL &M T A9 H A & off 0 25 (RSD ) 43 51 4 2.2% F1 1.9%,  H [8] RSD 43 514 9.3%
1 15%, ﬁ%ﬁm@lﬁﬁuﬁ%ﬁﬁ REEFN VAR R 10.2% H19.9%. Z5HEM, &L TLAREH
B R

#ﬂﬁllJ"ﬁ% e U S A G B e A A 2s EV BT, B FEbRiEmt CLO14 : 0/14:
0/14 : 0/14 : 0) G, 5B H K 1 ng/mL ~ 20 pe/mL ) 2 90 0 Bl e brife g 2Riaeii, srk2 6. —0r
HA%E LUK, 55 —frfiB “1.2.27 Jiikie i WAL ROV G ORI . LA brifi: i 60 I SR A i A
b, WEEBUMIN A PRIBEFTERIE RN 2007 . SRR WIS 14 © 0.LFEIRTEO. 010 ~ 20 pg/mL 3
BlLEtER IF, BP0 Y =350 731 + 842 203. 5X(~ =0.994 3), fEE T 1/X; EREET T,
(14 0/14 : 0/14 = 0/14 : O)AYE & FER(LOQ, S/IN=10)% 10 ng/mL. A H LTI 14 0 0LEIEM
LRI A 0.2~50 pe/mL, ZRPE TR Y= -3334890+20441.8Y¥(F/=0.99% 1), BEHF X,
LOQ 7200 ng/mL. [WIBF, il ik 0406 R 25 POl % B, F4E b ATL R0 i B 0 280 0T fer i) 1) 30 Ao m Al
1 H R AE RS PR i 2 20 s ol R 0 43 FlE G4 . R, WY b 0 IR B o W A o A R T L AT TR K
T
2.3.3 ER#M. FHEWERMEIRERE R 2.3 2" PhRERRAIT. b B3R
BEATEE R N bR e S . BAIRBER A EE, HHEEFEA . FRHECEMRSD(E3) . 45%
FW], 3P MRAKFE PRV ERAK, 7E1.0~ 1.4 2ZH), ST T A —E R (e
EM. Me = CL(14 1 0) (Pl 4 92, 8% ~ 119%, RSD 6. 0% ~ 14%.

3 Me—CLOI4 ¢ 0), FE/NEUHRMALEURE S P B SE BTN | Pl RO R bR R 22 (n = 3)

Table 3 Matrix effects, average recoveries and relative standard deviations( RSD) of

Me — CLU14 : 0}, in mouse brain tissues(n=3)

(:[J!HLJ(BI.IIHI _'allllll‘li{ IIE}II[IE‘) pf'il[l']'] PETF(‘I .“ Werage ft‘['il\'t‘f!-'[ %.:I Rﬁl](% ]
100 1.3 119 14
Me— CL{14 - 0), 1000 1.0 107 6.0
10000 1.4 92.8 7.0

2.4 EEREARRGE N

gt bR B Al T i 4 0k 24 B 1S ( Young ) Fll 48 JE 8% (O1d) (1955 42 Y CSTBLYG HEVE /S S0 IR 2H 28
BT BRAS IY 25 S tb 0 b, BRAL SR 3 HURRL,  DRCRG S 5 1 W b O N %) AR o 85 408 M ik 4 1
Fo AR AL EE B 43 Pl BEEE - RERTAL ) A 2 R0 21 FhGBERE A F (P < 0.05) #E Tk 4
PriEs), iR, 2 /AR S FERAAREMAL P 0.O0u e 2B EN i, Oligs s
SRR ESR. SO A, AN ERUNG L2 b RN O N R TR B LR Al S b R A
FA(16: 0), FA(16 : 1), FA(I8: 1), FA(20:4), FA(22:6), Hitbnl LA, £/ EETE
W ZH L BRI Bk A T EHE, HFAC20 : 4), FA(22 : 6) KEES ARG S8 FREfads.
3 # it

AT T AT O a0 — 5o BT O B LAk O BN R e, RO B NGRS ke
SR SRR, FFA 1RO RS A Tl R T B E R AT A R I . 1% i B AR Y
RERE | RMEFEE . WS, A TR ELOEEIEEE S ORI B AR R R T 24 1 48 M1 Y
C5TBLI6 /N T AP i) 22 ﬁimﬁii%ﬂliﬁhm?éﬂ'}? £ 48 J&l /N IR ZH 2 %A%‘Fx
(20 : 4), FA(22: 6) ZAMBRINEHAER HEA O RNS 70 T S BRI T 24 /AR, BIRFA(20: 4),
(n:m%T@ﬂﬁW@Mﬁﬁﬁﬁ%d&*&irﬁ#ﬁﬁFﬁﬂﬁu
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Fig. 3 Heatmap of cardiolipin in mouse brain at 24 and 48 weeks
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