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(Nature) Z=:EIRIIA% 3T WA 1 2 5 &
W s IR, & AR RO oT i AR RS . R S
BT A BTSSR AT IR,
B EAFF] 17 294 F118 097 N AL, G T A
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T LDE A2 AR PR — PSR 1, L REAE S B4
ZUrp A RS B 2, A, AR N B 3 A
A AZ AR PR 1 Fe iR A e I AR B
Ui B R R TR TR B 52 8 7 KT B 1 S e 4
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YR G A TS BE VAN A R OGS . RBE W AT A B
SRR TS BEPEN i I RPN LA, SRR N X
TIKBEAY AT {5 BV I e SE B AT R, BT LLAS
SCRE R O BR B TE BE VPN I i A T2

FRBL S G BTN IR I A T 2Rk R, W
WA T BRENTE T, SRR e R
EAT5r9(E . P-value Fll E-value 55, @ 8 2 5|2
FT 5 BB A 7 PR AR A TR T 5 1 T A e
G, AT o TR E BE A A5 A = T 5 4
FEG, TR TREE BB RS R AT (F 4
FE LSS 0 AT SR IR Mascot 51 24T 43
1 30 432 R AT SR A AR B0 XA R E AT A
(S (L 1) 7 YA A, AT 43 B ) 18 A KA
T NT 258, P-value(x) &5 7R 45 E 1 E 1 L
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BTEZ0 15 B AR B L T, BFEFLICRCST 20K
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A, ARARE AT o IR A, JF HA R 5=
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I3, AR IR B -1 A DT FC 2 E A DE AC A3
ST IE AN ] BB SR, AT DLAE DL B A
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T B AR R M E A5 R A AT o Je 2 10 AR ]
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AR B L A7 A A RE 258 T LA 322 2 11 o 4 1R K
BRDA—FRIEMMMERRM R, 20074F, %
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PR A HEL R T EM IS, fifE,
BB T AT AR LA TR A BRI S HOR A R
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SHAG TR . 2008 4F, i A AR H A A Al
Ik B, BB TR, Bt
TRAEAL [FINE, WK% 1Y AT 10 25 i 2 ik Bt
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XS e BRBE I . 2011 4F, A T HEWEFIH £
PRSI RRE, S T8 2 AT T {5 A BR B R 8
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LA b, Z5AHE S EENE L . T EE
oL, EEIEE . HE RS S B RE,
REtE G I Z ARG B MR EE LR, 4
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RAZ I AR Tl A oA 5 S BdE A Y
ARURREE , i H EM J7 ik ] RE T ZAE P 2 I 25
FUR AN ZRBsS ]
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FDR J& X} H AR RSB — R Al 11, 388 FOR FDR
INTEET 1% S E SR ATES L . T TDA
T A IR, B o B A
M 2 vpodie 32 3 1 T s A O v, R 2RI B
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FEGR IR E S REH . R R T

SRR H L BT A I B AR RS E S R EH Ny,

AU AR RS e 25 R b iR & % (FDR) -
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FDR = 3 (1)

TDA i i 5, SEHU 8, T H BEXT 45 25
AR B AR TR, B AR S B,
FDR /N, 3 DR B 4T 40 (B8 ey, 4 45 2R
A& T FDR I Bf A %558 45 54T 43 1 B A
AL, TESCPRSLI AT RSy th B A R AT
53 DXB A FDR 5 TARST 70 X B FDR, X AR5
M MR 45 FDR BE AT b U8 SC PR . Sl T fif ik
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FDR. g-value S35 REIIUE H T 00 R x 1 I3 DT il 45
ST B0 FDR BB e/ ME 97, H24 TXF FDR
P ERAE, TR 2B FDR 445 g-value, A
SCORER F TDA A& 1T FDR 3F T % 45 5 25 047 I o
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KRB ) BCH BR UL B bR R4 e 45 R 8 H .
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FUE LS FDRAGTEASHERG 54 FTLL, T2
X EEF T S e 45 R FDR, B4y At €
X WP “Separate FDR”, %0 JELAH & X
TFUE R G AR el (5 BIAS [RI 2 1) B
PRIG MRS S R IR B T KB, TEH
2 I o fift H TDA KA T4 8 19 FDR I
YT N BG4 Ti 38 . Separate FDR 115 /A 2
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FDR, = -+ )

Ho e CR KBS, FDR AR RS kKB
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T R AP ERB A e B H o XA AT LA o
Al 3 A2 KB FDR, H 2% T 125 Ik BEs
H . SR B, iR
FDR W] EFFAUER
ZEGAE  RIN, R TRAR RR B X A R e
2t 9L PR H Separate FDR 772, tHANREA R
PG AR IRBEF T 20 T A0 X IR SR B iy Tml A (P g 31
I AR IRBCAN AT ), Wi TIA S 24l v 2 3
(IS VR 25 S v e S5 7288 o SRS s 1Y L)
A, T LARRE S 45 R T - 2 5 BRI
1) L 1) T Ak T 2 A5 v ) T S A SR K
H, FEseEAl -t 25880 FDR. T
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HEERRBALH , N, AR BEZ T 5 k55
THEERRBAH , N AAERIT 2 EREE k2K E
PREERR BB H . R HIFPE W], Variant FDR J7
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JINE GO R = FDR, piGSENALFNERE L], 0453 KR E

MFRYE G RN, R R TF
U8, HEHH TDA A XIS 2 A FDR ol BEIFAS
WERf, B AT DA A Transfer FDR 7 Al AT 24k
HFRREE S5 1 FDR ., 120715 AT A4 0 1R
A S T RS - 2R L S 4T 4
[ RREOC R, TR A THT 20 B(EAL 1) 725
e HPRVCACEcE, DAAtit 2880 0 FDR, ik
o T RER AL B B R 1 FDR Ak T AN HEHf
({Ia]L, Transfer FDR A3 AZANF
N(x)
N,(x
Horp ke KBS, FDR, M5 kJSRARELY FDR, x
REIRBAT o3, N (x)ICERAT 38T x 1 A IRBOEL
H, N(x)CEFT /81 x 58 kRREBEH , afll
bARFTLLMERAA HHI, FDRRF A KB4 )R
FDR,

3 DR A AR AT LA H AR b0 T2 1 o
PRI 2 27 5 5 8T K B RN 3 B K B 1) Rl A5 B Ay
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FT, 256 RN B XA R TR, R
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MOE L REFE D, X 0 21 BT o3 M vh 3228 R R R
FRBCFAL IE E R 4 ** 77 Krug 55 Y fF5E 3R
W, XFFRIAF RSB RE RS A, e
(AR R B I B e e 20 43 A1 55 75 L P IR B 1Y) i 3
BRI A JLTARIR], T DASE 11 5T S DR 2 2 % BB IK
B BEAEAT R A o G 2R T K B B A
FDR, W] RE2 DA R RE L4 5 i W rhoB IR BEE
H a1 S B THEA S HER ;1 A B Ak B A
EEB KB G — 61T FDR AT, W) 25 FRAR BT Bk B
(IHERA B . Zhang 55 548 20 I 2o 8 1 FEUARUR FH 1)
HEABEER A, R T E R IR B 1Y
FDR 54 J8 FDRWY K Z, JFUEH] T 2RI

FDR, =

(ax + b)FDR (4)

FDR /T4 J5) FDR /N T RBE FDR ', X WSk
Bt FDR TSN s -
FDR.(x) = 6?%” (5)
FDR(x) + 2: V(1 - FDR(x))
FDR, (x) = FDR(x) (6)

FDR(x)+ff(l — FDR(x))

AKX MAA (6, FDR,, (x)F1FDR,, (x)
o3 MARERAT 23 v T« BT IR B A B TR IR B

B, FEDIZ P R LR R O R DR
KRR R LA, JEBE R e s L iRt
CLERSLIA (5 LR A T s LSRR SE R A K B e
Bl XM, pa] DIE B TEARE], (AR5
PRAYIE, QAR , JOEAH, FrllJoikid
AT A IS IKEL) FDR, ARt w5 0
R (HEXTH, u<0H0>0) 1 LI
N (5) ML (6) T HES: T FDR, (x) > FDR(x) >
FDR,,.(x)"™,

T HEORS M M5 IS AR B FDR, 5k
B SUKf Transfer FDR J5 i v 31 485 1 5t & P 40
serp, Gl AEIA O R R A TR KB )
TRAERH , B TR IR R AR 1 PR R 4 2
B rp %58 B IKBE ) FDR (5 kR A (4)) ., BE
BERTAIRBC T A B s R W, R TR A=,
Transfer FDR J77% [t Separate FDR J7 A 11 (87 ik
B¢ FDR JUERf
222 FFXSCHRRBIR TDA-FDR U %

HEH A GX HARRE T RKSCHR) kgl
i I SR B AR BKBE R A T 1A 2], SRR
B2 27 55 0 IR B A5 SR AR X BV AR EE, ACHR & 1 T
P 2F S A BRI AA B ACHR IR B, BN
N AR X 3 FE L, 1S FDR (1)
T AN
Ny = Ny
TN, (7)
Hrfr, Ny ARRABIKE— 45k B BARE, 10—
Sk BIFMEERNSESEREH, N, CRAEL
AR Bk AR S e 2R H , Ny R
FATHRRBL I S5 IRBEIR A E R R 1 480 45 R 4L
H ool FESLERR Y, X AR 8 2 ]
(inter-protein) #1[A] — %5 1 i Z N (intra-protein)
X S S B ik B o A2 (7) 43 i3 FDR, 3X
B T o3 FF R g A AR et

WEIEACAEN = —FPRRER A, RS 1 BT 2
Hh SE BT LR VR R R B kB, Hi T
WEEE AURFERME , N WRE WS IR VR W BE A1k B ) 28
B, T ARBRE A A s k. R
TR RS 22 G5 05 09 FDR PUACRIME , DR Al LA B
BER S, T LAJCTE LA THBESE Y FDR,
PGE AN TTIKBE ) FDR AT . 20134F, Strum
A L B R AN AR T AR 1 5T B AL 4 DA RORE S
11wl 2 (BN PR I A BE R, X Rl ik

FDR =
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B AR TR R A AR, H RO T, R
X} FDRJEA7HFFE . 2017 4, Liu % ' $& HOR b 22
HERIR Y BB BEALIG I 1~30 u R Ah) i i )
ISR, EE 2 R 8] T RRBIF R
Ja &, RRBOFIEPE AT LI 5 7 90 ) A s
K, AT ReA BGE R, SRS TS IR AL B T
B, BT LMER A i R Th IR Y 255
et AT LGS SR EE S T R RO . B S
(I ERE S TS AR BOZR T & B 2 il Al
WEEEFIIKBE 19 FDR, 88 J5 FH 25 TR BRASG TF H OB K
M FDR .

FDR(x) = FDR(x) + FDR,(x) — FDR, ,,(x)8)
o FDR () BB T OB K 48 2 B R 1Y MR
FDR () B4 S S5 SRR A2, FDR,(x) &
BT KB AR IIBE R, FDR, . (x) &4 T W%
IR BE [F] Ak S 0 R IR AR 32

AR EHAKX )X LT 2R, HE
L FZ AR A AR 2 I0E R . AT s)
AT UKW A2 EE 5 KB 2g ]k, [R]isHfise b
FEFAIKELAS B BO75H R 400 45 50 B SRR e 45
RECH W BRI R), IR LA N, (RN RE
KRB —ANk B BARPE 55—k FEH R
YRR, N, ARFBEEER B B AR I RBOK
AEHENSEE SRR E, N AFMER A1EH
FEMKEOR B BARE RSB R 5 H , N, b
FERUBRBC Yok AR S e 25 5 H , N, AR
WEEEFIRRBIAE A BARE S E 45 R H , "TafA
Nip = N'pp + N oy IBAANK ()T LIAE K -

FDR(x) = FDR(x) + FDR,(x) — FDR, - ,(x) =

Nix , Niv _ Nup _ N = Ny ©
Ny Ny Ny Ny

AR 2] 5 A (7) M E AL
DL, SCHRYE SE BRI S5 52 1 TDA-FDR J5 A
AR
223 EPXTEEAZ I TDA-FDR 7

Tk s M2t B 248 . Mg nT
DLSS e KB, SE e b 2 s, (XS 1) Lk
e FE o B RES WL R o filan, 2
— R AR R A A R R RS T £
PR R B PO, HG T2 J PR 3 A s e R Sl
XTRRBE ) AT AR BE AT T o dss, A N 1 523 T A
FriE i, FERRBCAERr R iR, AR E] TR
200 W T IR 4 1 R BT A ] RE AR Hh 2 A [R]
(AR 0T, AR R M 1 R B WA W] B o A [

R 10T, SRR A T MK BEHE I 1) 28 1 s
R Z R DOR A B, 1 U (2 Y
FDR /%, KB 2T B 8 % (Bl 2a),
FRLA, MKEEAHEWT R (A s, 6 8 52
STI WD o P A VD (s [ A P = DY
AT ) S s ], MR R A 40 T S ) 2 B P SO
S0, AW, B TR B R B i
TIOR8 AR T A B T
WAUFFEIN N “one-hit-wonders” A A {z 8701 &=
B SRR S IKBEHEWT )7, {0 Gupta 55 7 AN
URE S RRBEHEWT R T ORSF o A HE P g -] D) B
B 28 7 5 it U 2 T BEANIE T O AL R K
(R R B KU S R B 50t

MR PR AR AR (BEAE BT T 4%
IKBE) B, %50 200 H bR R A g H ok £,
T IO S Y E AR R AR ORI P 2R AR 1 B LA R
flir, e i B bR R Ok R TR R 1
THPEEE BT R 2, 3 G5 T A 1 i RN 8,
I FDR () Al o 1 B0 46717 1 1 H b 122 A
TR E AR 1 o DC BCAE R A [m) i, 40k 9 H &
J& T MAYU " HilPicked FDR 77 Z575 [ G #EWT M
JE vk ok A SR AR T . SR T 1 g
S A 25 L 1) Picked FDR 7% 7, %7 % H
o T B P50 B EL P 80 s B 4 80 P 7 P I 2 P O A
—4, HAHEARP IR E A AR e, I8
2R T B RS, MBRIT MR A
JEVCHL . AE EARSTET AT LK BT A % R i 26 (A e
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Fig. 3 Stable isotopic labeling validation method
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Abstract Mass spectrometry-based proteomics aims to identify peptides and proteins to give direct proofs of
gene expressions, analyze structures and functions of proteins, study the relationship between proteins and
diseases, and provide targeted treatment options. All these studies are based on the credibility of identified
peptides and proteins. However, it is impossible to manually check all identified peptides because a large number
of identifications can be collected from one mass spectrometry experiment. Thus, target-decoy approach (TDA) is
proposed and always used to control the quality of identified peptides and proteins, and has been expanded to
subclasses of peptides (including ordinary subclasses of peptides, variant peptides, and modified peptides) and
cross-linking peptides. However, TDA still has two limitations: (1) the estimation of false discovery rate (FDR) is
inaccurate and (2) validation of single identification cannot be supported. Thus, the identification results that
passed the TDA-based FDR control need to be further validated and other validation methods which are used after
TDA-FDR filtration (referred to as Beyond-TDA methods) have been developed to enhance peptide validation.
This paper reviews TDA and its extensions as well as Beyond-TDA methods and discusses the advantages and
disadvantages of each method. In the first part of this paper, we introduce the goal of proteomics, the process of
mass spectrometry acquisition and analysis, the validation problem, and the early statistical methods to evaluate
the identification credibility. Then, in the second part of this paper, we describe in detail the ordinary TDA-FDR
method, including the assumption that random matches are equally likely to appear in target and decoy databases,
the construction methods to generate the decoy database, and the computational formula of TDA-FDR. We also
introduce the extensions of TDA-FDR on ordinary subclasses of peptides, variant peptides, modified peptides,
proteogenomics peptides, cross-linking peptides, and glycopeptides. However, TDA cannot model the
homologous incorrect peptides, thus TDA-FDR underestimates the actual false rate. So, after TDA-FDR filtration,
it is necessary to use more strict validation methods, i.e., Beyond-TDA methods, which are reviewed in detail in
the third part of this paper, to control validation credibility. In this part, four kinds of methods are introduced,
including validation methods based on search space (trap database validation and open search validation), spectra
similarity (synthetic peptide validation and theoretical spectra prediction), chemical information (retention time
prediction and stable isotopic labeling validation) and machine learning technology (Percolator, pValid, and
DeepRescore). Lastly, we summarize the content of this paper and discuss the future improvement directions of
validation methods.
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