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Abstract Identifying proteins and their post-translational modifications are critical to the success of
proteomics. Recent advances in mass spectrometry (MS) instrumentation have made it possible to
generate high-resolution mass spectra of intact proteins. The existing algorithms for identifying
proteins from top-down MS data are able to achieve good performance with respect to protein-
spectrum matching precision and prediction accuracy of PTM locations, but their efficiencies in terms
of running time are still far from satisfactory. Graphics processing unit (GPU) can be applied to
parallelize large-scale replication computations and reduce the running time of serial programs. Based
on compute unified device architecture (CUDA), this paper proposes an algorithm called CUDA-TP
for computing alignment scores between proteins and mass spectra. Firstly, CUDA-TP uses the
optimized MS-Filter algorithm to quickly filter out proteins in the database that cannot possibly attain
high score for a given mass spectrum, thus only a small number of candidate proteins are obtained.
Then, an AVL tree is introduced into the algorithm to speed up the computation of protein-spectrum
matching. Multi-thread technique on GPU is applied to get the previous diagonal points of all nodes in
the spectra grid created from mass spectra and proteins as well as the final array. Meanwhile, this
algorithm utilizes target-decoy approach to control false discovery rate (FDR) of proteins and mass
spectral matching results. Experimental results demonstrate that CUDA-TP can significantly
accelerate protein identification such that its running time is about 10 times and 2 times faster than
that of MS-TopDown and MS-Align+. To our knowledge, there are still no existing methods in the
literature that can perform protein identification from top-down spectra using CUDA architecture.

The source codes of the algorithm are available at https://github. com/dqiong/ CUDA-TP.
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Fig. 1 Comparison between TD and BU for protein identification
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Illustration of protein-spectra matching
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Fig. 3 The flowchart of CUDA-TP algorithm
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Fig. 4 Calculate diag of all nodes in the spectra grid
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Fig. 5 Calculate diag, of all nodes in the spectra grid
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® end if

@  end for

@ end for

@ return g.
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Fig. 6 Execution of CUDA-TP algorithm
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HATH AR H A H LW TR N E TR &
JUR A SEBRE . B2 1 IR AT 284 h i 4 R RE
SEAAT R RS B BT A TS BT, TR B
HOF T AR R 3 S FE 25 ST R L I 3 5 0 4 B
n Kl m YA/ INMEL T TE 1) 4E B L X R AR 8 U T BE M
Wl /b 2s JU R HR 48 THR R AT ROCR. A U
N FRTCEIETI AR R 3R AR FIOCE B TRIA
HHR TR B L/NT G—Dnt (c— Dm.m/h T
Y4 E BIICEANE nm, T L GPU ZR B2 I AT 58 52 5 KX
#BsyoeFR 2 i CPU sk B W0 I&L 7 Jf 7R, %k m T 15
MR eI FE B IU R r =2 Ml c= 2, FF A7 BT 4L
P=3.3 DEBMK K A HEATIBRH . ZH 5 K GPU
iR I 45 CPU 45 53, CPU 4k 25 5% Wi 43 34 Aot
RIMiHA. GPU 4 E AL AL 3 s .

% 3. 7f GPU it 5 54 E.

BN GG aln ] EABFES] 0Lm ] EHIT
KN r Me.diag,diag();

i th s TR B E.

@D idx < Getldx (blockDim. x, blockldx. x,

blockldzx. y);

@ p<min(n/r,m/c);

® for i=0 to r do

@ for j=0 to ¢ do
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© Ceise)<GetElndex(E.p,idxsisg); PRI 538 DT FC B B I 8] 52 2% FE il OCN? + FIND
©) if Ce;ve;)F#) AR 3l
©) E [e;se; ]<GetMax (E, e, ,e;  diag, Nlbd/+&f+¢

diag(®)) s [ * 3K EULEH I 11 78 i 0 » min(ﬁ’g> . (9
ﬁgﬂ E*/ roc
end if 2.5 EARTIE
@  end for X &S Sk ih . B EE (B R 1 A
@ end for AT P15 T 58 H B UG R 50 .
@ return E. P 5T 08 P 38 S AR 2 A B B, Lk A R R

L 3 AT OE IR BUCY AT L B R S 17O
SRIFERIATEL ps AT QDFRRLRBILINT 15 rX ¢
ANITCE AT O BT AL PG 0 A AR, ARz AR AR AR
RIITTEANZ TR WG EH E oo = i 8UE
FOH s B n 94T @R IR E. R B A R
A TCRAE W PR GetMax W (S8 diag N 1
BIZE R  diag delta Bp R 3.2 TR diags s E &
TR D N H AR ™ kg 4 BRE6) A (7 SR A
2.4 HEEREDH

FHAF 1 38 T 5 1 A% T T R N Ok
nm X A2 N, fr A F i K25 PTM 5k Al
PTM WHEHE F.XF, it B F. 3115 diag i3 72
oA B AR A TR S D H A b X I fR] A
ZBE R ON®). Bk 1 5] A AVL W5 AR5 24
A P MRS d (HI R AVL # LR
R MR d AR d N —A 0 F R
W] EBR 9 OCN Ibd™) P30k 1 i i) 52 24 3
O(N1bd").CPU i@t PEI j4k 5 GPU 52 H %4,
AR SC b B B A% B 1) LT AT DL 2B O i Bt R
Xof Az B B ) A2 4% FE AT . TE S AT TR Z
BT diag e WA 22 B 5118 diag 25401, A
1 OCND). BIAFHAT &R Z 5 R 1 GPU i 4k 2
He BT [R BF s AT p AR AR L B 4 I ) A2 2% B K

N?
(iEN o(?).

BT S , AT R P AR UG R E rh i oe
.M F A E BAMITRERZE ONF) . H 2.3 7
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W RH p AR [F I IE 1T B AR R AR BT
AT HAT H T T R AT B R HE 1T 4
FERIERE 20 pl2, GPU $hAT5E ¥ )5 e 2 ) 4 (r—
Dnt+(c—1DmAPIinZE, T2 CUDA-TP H®&E E 1Y
B[] 52 2% B R
o(Nx%xm)+()<<r—1>n+<c—1>mmo(%).
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€))
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e S (B0 2R SV R 2 5 45 5. MS-Filter” J2& H
A EAT 2 (5 8 AR A LAYy vk CRR A 5 o 8 1) A
XA RE RS W31 D v BN A EA RS
TS TF5 2k 4 B8 DAy B0 IR o 2 A i R AR
FI %Y 2. CUDA-TP 38 i & MS-Filter 53 3
AR BRI A5 B 2 of i iR & R g L Ak e
TR R

D) ZEARRS BE R oE 5k (&1 5 25 00 46 BRI A

2) 25 FR0F A 2 A3 T A A ik 3 X3, An 2R
R AT A 1 DX S fie R 30 A5 B/ i A 2 25/ F T
A IR T H R A SN B 75,05, MR IX 2 A X
WA I

3) TEERE B AR YO & 0 5 i A s X5
BB RS BB o AR AR T IR E
V(KL » UK 50 5307 A I 4L e J 10 801 B A 2 1

AT 0 2 g AR A A R 2 e XA
It 38 3 A5 I B N D R U A R 3w A
FUBCZR 9 A5

CUDA-TP BI# L 4~¥i (stream) X 1 3§ H 1) 5
TE AR 05 1% A DT 3 BOF 17115 CUDA B2 4t
(9 I AT 2 HURLEE (9 947, B e B8 i GPU 125819
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Candidate Proteins

Fig. 8 Stream parallelism for calculating the matching

score between the spectrum and candidate proteins

P8 IR 5 e e 2 BT DL T 2 BB B R R AT



Bt B4 .CUDA-TP.JET GPU 1 B Tl F 52488 A R % E I 178wk 1533

3 XBWELER

3.1 HiR&ESR

AR NS4 B 1 p65t L K AT T AR
1% Cescherichia coli, Ecoli). A K .0 HE H
(human core histones) H4"™ F1 B 455 € ¥ 17 [G & 5
(salmonella typhimurium, ST) & 1% %t 5 2 3 17 52
5, BT A R AR BRI PR ok A 36 R ST AR AR B
Hl NCBIP. J5tba 57 3 #ds SC0F ) ReAdw® Al
MS-Deconv™ 5 4k, 2y A F5 8L [R] 437 28 335 0 1) 335 14

i TD J7 i 02 % 58 3 25 1 T 19 48 0 1% 0 440

120 P65
—— Ecoli
100 | — H4
] — ST
2 80
Q
[75]
G
S 60}
(]
E
Z 40 +
20 + i
A MMA&“AMA‘NM”V‘&\;‘ N

60 90 120 150 180 210
Number of Peaks

0 30
(a) Distribution of the number of peaks

Fig. 9

R /D25 B I 4 BOS AR BT DR OR B A4 T
(precursor mass) KT 2500Da H ZE /LA 2& 10 4%
W P i L L B A S 06 U 4R e H A gk 1
9 IR,

Table 1 The Number of Spectra from Four Datasets and the
Number of Proteins in the Corresponding Databases

£1 BRETHEENERMEEREARM

Dataset # Spectra # Proteins
p65 240 349
Ecoli 921 2206
H4 1245 2433
ST 4339 4606
500
p65
400 | —— Ecoli
— H4
£ — ST
2
S 300
o
G
1)
5]
R L
£ 200
3
Z L
100 f ‘k f
I 1 i |

0 8 240 400 560 720
Length of Proteins

(b) Distribution of the length of proteins

Distribution of the number of peaks and the length of proteins

B9 i i R AR B E 0 AR

p65 B AL 240 %Al Ecoli ¥ 40 &
921 k&, HA Fn ST 43514 & 1245,4 339 g,
T P 1 i DA i AR A 9 (a) T . p65 5 Ecoli
BHE AR 04 i e A Ry 1 5 M 43 A HE 20~ 190 Z ] s ST
B S % I K R K 2 AE 20~80 Z 8] i b 57. 2%,
2482 /5T H4 B 4 0915 4 E i 22 B0 A TR
160~200 Z[a], 7 b 57. 8% .28 720 4.

4 A6 H A B 0 2R 1 BRI P 43 0 A 349,
2206,2433,4606 4~ 11 51 . 2 1 5P 81 4 B2 43 A
B 9(h) B 7. p65 2 A B e rh iy B AL K K 2
IYARTE 240~480 Z[a], 5 [t 60. 2%, 4k 211 4~; ST &
I B 2 vh i 2R B AR 40~240 Z I A 2 947
A 5 A EE R ) 64. 1% 5 HA Fil Ecoli 25 11 o 5045
JPErh B H BT B 2 S AR 80~340, H4 47 1989
A Ecoli £ 1883 4,4 H (5 Hehy 81.4%,83.3%.

@ https://www. ncbi. nlm. nih. gov/
@ http://www. ionsource. com/

® http://bix. ucsd. edu/projects/msalign/

3.2 CUDA-TP 4Tt g

CUDA-TP 3T &t it AR . 5 MS-Align+©
3 o U /D4 AR ] A% 2 ) DL 3k B AT A [ AR Y
WG] o BB AT 5 MS-TopDown i) 347 fin 2
VL ARG R AN R S8 F ORISR IS 2 88
F,.tk74s FOF L k% CUDA-TP 5 MS-TopDown
(38 AT B[] AT FL X, SCER AR B W3R 2 i

Table 2 The Running Environment

K2 REIRE

Category Configuration
System Windows 10
CPU Intel Xeon E5607 2. 27 GHz
Memory/GB 12
GPU Quadro 2000
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MS-TopDown %4 & H Fiad 3§26 ¥, ¥EH 2.5
B HE ) MS-Filter 53k #F 17 & 1 0 38, MS-
Align+ B 7 Mk T3, MS-Align+ HR S5 F
MR8 AT I LRy R0 v i BROA S 800 B otk X
LA F S 80F 38 47 i 1)L A B, 552 56 5% % H

[ target-decoy™™ ' 47 FDR & il , Jif 14 52 46 2%
FDR H¥/NF 1%, ASCHE BB EANFR N ARTFRE
KW PTM AN F FEE A i it L. N2 M
FEXF I CUDA-TP 5 MS-TopDown iz 47 i il
4B B SR S5 R E 10 FTR

F=4 F=5 F=6
4
g —— CUDA-TP 2= -+ CUDA-TP 8= —— CUDA-TP
g sl -@- MS-TopDown § -©- MS-TopDown § -©- MS-TopDown
= E E
= ) =
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£ 2 g g
g g g
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4 ~ ~
] 1 1
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L L L
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4
.8 —— CUDA-TP g —— CUDA-TP g —— CUDA-TP
g 3t -©- MS-TopDown § -@- MS-TopDown § -©@- MS-TopDown
E E E
= = =
g 2 z z
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5 o 5 o 5
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5 10 15 20 25 10 15 20 25 10 15 20 25
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(c) H4
F=4 F=5 F=6
4
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g -©- MS-TopDown g -@- MS-TopDown g -@- MS-TopDown
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Fig. 10 Running time of CUDA-TP and MS-TopDown on four datasets with different parameters

B 10

4 ¥R 4 E CUDA-TP 5 MS-TopDown 76 A [f] 251 8938 17 I+ i)
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1 p65 $dE 45 I, CUDA-TP S ¥z 17 i ] H
22 min, MS-TopDown “F 3 iz 17 i} [A] 2y 212 min,
CUDA-TP # J# &2 MS-TopDown HJ 9. 6 1% ; £ Ecoli
B4 L, CUDA-TP ¥z 47 i [A] 2 110 min, MS-
TopDown V332 47 B} [ H 1 212 min, CUDA-TP #
B MS-TopDown ) 11 f%; 78 ST %5 4 L,
CUDA-TP ¥ #3217} [d] & 243 min, MS-TopDown
SERE AT ] R 2 315 min, CUDA-TP 3 Ji# & MS-
TopDown (% 9. 5 f%; ff H4 ¥t ¥ % I, CUDA-TP

4
£ --%-- CUDA-TP
‘g 3t --6-- MS-TopDown
g ~Ac- MS-Align+
B
22
f=1
E=1
=3
~
c':x 1t
S
------- o
T T ek O,.._
3 " - : |
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F ~-©-- MS-TopDown
g --A-- MS-Align+
[
on
E=
g N
3 O
~
21t
S
A 7777777 A
0 e Ss—
3 1 : : |
F
(c) H4
Fig. 11

K11

3PP BB T AR 3 R4 AR 3
AT LA 3] CUDA-TP 42 17 3 & 2 )& MS-Align+
[ 2 A% 31X UE B 3 F 3 ] b AR I AT ik
B S DA 3 e a2 i R I s 48 2R s ) ke in e 5 2ot
TR 11 5 .

Table 3 Average Running Time of Three Methods

R3 IMAEFHETRE min
Dataset CUDA-TP  MS-TopDown  MS-Align+
p65 31 323 64
Ecoli 132 1343 286
Hd 182 1642 351
ST 311 2843 540

SE49 A ) 139 min, MS-TopDown B} 1 405 min,
CUDA-TP # F & MS-TopDown 1§ 10. 1 f%. 0] LA
Bl BARBUIGEE 4L ST &2 Ha Ml 4 5. (B2
FHBT A HUR HA 19 2 A5 302 B T H4 35 1] i gl
5 RO AR 1 B L ST (8, S BUE R
fif 5 I A% ST R 38 2 58 7 s AT IR IE].

MS-Align-+ H Al LI F 19K/, L BRI 5E
20, BRLMAS SCXF LA AT T 3 RO IREEAN TR F 248K
T YA AT I ] SR A5 R A 11 R

4
g --%-- CUDA-TP
E 3r --0-- MS-TopDown
E --A-- MS-Align+
5
2 2
g
g O
L O —
! o-
2

......... ) NCUSUINY.Y
0 % """"""" : D *
3 4 5 6 7
F
(b) Ecoli

4
g
&
E ° (O TR, Q- (o]
=
2 a9l
g ~-%:- CUDA-TP
z --©-- MS-TopDown
o1t --A-- MS-Align+
2 . e .

Hooommmenee Honnmmmneees *
03 i : . )
F
d) ST

Running time of three methods on four datasets with different parameters

4 ARG B 3 RO AR R R B BT W18 47 ) 6]

3.3 CUDA-TP Eix&HFEMZE

AT B T s A7 I ) A B EEn OG0 Has £y
I 75 1k 2. MS-TopDown 5 MS-Align + &2 8 4%
CPU ¥ . At fr 2 LBk, X BT 2 F
535 R FH A2 1) 46 BCRE [ ) 5 W o B A% 38 47 1) gl JL
T3k 30 7R R O o R AR R SR RN
A RAE 90% UL I, 28 CPU Wiz 17 LT &N
AT SE Y. SCRRLL8 I 48 i Fi i MS-Align+ 3817 K
RSN 28 8 1 0T 0T 5 00 B o PR A 7 R & a8 40
GB. 1 CUDA-TP J# 47k LIZE B A7 1 GB 1y
Wi b s A, N AE S A B 4 GBIk AR
TS
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CUDA-TP (I 0] &2 ¢ FE E & AE 2. 4 7 HE 4
g5t 3 MO IR AEOR R BOHE B ey Ak e N 3k 4
AR S I S (= VA [T 7 A 1 A T 3¢
. NF 4 PE[ LB H CUDA-TP Hit X 2% MS-
TopDown Fl MS-Align+ ) 11 5, X 1F Ecoli #il H4
Bl BRI IC S BT, U B A% T R Y £
SEARBE N T A2 47 B 8] AH k389 WA BE A R AR
MS-Align—+ 38 323 Ik 2> 3K B 4% B i o i 20 1 55
S [ {HAF i 5T BEA S 4 T 4 ik, CUDA-TP
R AT R AR g Ak R R 2B B0 T H Ty
MS-TopDown #1 MS-Align—+ J5 .

Table 4 Throughput of Three Methods

K4 IMAENEULE 10 Pcell/s

Dataset CUDA-TP MS-TopDown MS-Align—+
p65 108.5 9.8 9.7
Ecoli 120. 4 10.5 11.3
H4 115.1 11.2 11.7
ST 106. 7 8.9 9.2

MS-TopDown 7 $4f 5 1 (1% P47 I [ 3 5 22
6 B KA I ] (30 MS-TopDown 7 5 KA 4
B ATREEAE 2d 224D IR KEAR T HAEE A
JoE % P S M S T AR SO R T GPU [ 2R
TS5 5 AT S0 s A7 A L 10 4%, 7 4550 i o
T Lk SEARLIE FH T KRR Bl ) W, 5 B
() MS-Align—+ 53 A L HA I L3 it bk 2
FlOR [F] 9 52 86 0 38, 86 9E T CUDA-TP 9t 55 1
fie. CUDA-TP JACHSFEE7E github 2 LR 45 W@

4 BERRE

MR AT R E O AR, &
B A KRR 58 5 B 0 M E 7 PTM Y G4 R
{FL 3k 265 R F) I FH B3 78 38 A7 5 (8] L 3 77 7E 3.
AW T TD ST 1Y 8 1 00 268 7 ) B, 42 iy 1
— BB AL BT GPU (1 58 8 88 (1 i 48 AT BTk
CUDA-TP. 1) %58 3 i i Jf- 47 ML 4k MS-Filter
I AL U 2) 51 A AVL R A E R A%
rh RS 0 FR BT 0 SR R ] 5 3) 7E GPU i i
TR A R M CUDA JRAT 40, 5286 45 R %

@ https://github. com/dqiong/ CUDA-TP.

W] CUDA-TP al LUA & st g S8 Bk F 48 e . 5
3 DA 1 ] 9 R A ] o i BOBCR B9 MS-Allign +
A BA B R

15 TD SEms T % 58 8 8 A Bk 47 %08 . bR 131
SRR 5 T Y D E O S 0B T R — 2P PR A DT
BC &5 R B ge it 25 P, DA fn ey 580 DG IE 53 24 [
A5 21 2 1 50 T BT DT TC A0 4 T R T A 2 R
I HAS B AR I 8] 32 47 2805 20K 2 B AR — 22 9 iF
7 TAE.
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