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Fig. 1 Overall framework of the SAPTyper software

The workflow of SAPTyper consists of three main modules: module A is automated search engine invocation; module B is construction of the SAP

sequence database; module C is SAP identification and annotation.
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Fig. 2 Logic diagram of SAP screening and genotype annotation for search results
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Fig.3 Fragment mass spectrogram of peptides including SAP using pFind search engine

(a, b) The reference peptides containing Cys for M2 and M1. (¢, d) The variant peptides containing Trp for M2 and M1.
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Table 2 Statistics of SAP typing results in test samples

Search engine Sample SAP genotype
0/0 0/1 1/1 Total

pFind MI-A 103 7 19 129
MI-B 105 8 16 129

M2-A 131 11 18 160

M2-B 118 8 17 143

Maxquant MI-A 93 4 19 116
MI-B 94 4 20 118

M2-A 115 8 16 139

M2-B 107 6 21 137

Table 3 Statistics of imputed nsSNP from SAP comparing

with nsSNP genotyping from exome sequencing in test

samples
Search ~ Sample Match Half- Mismatch Total
engine 0/0  0/1 171 match
pFind MI-A 78 4 8 26 7 123
M1-B 70 3 9 30 6 118
Ml 97 4 10 37 10 158
M2-A 98 6 7 29 6 146
M2-B 94 5 7 28 4 138
M2 134 8 10 35 7 194
Maxquant M1-A 65 2 8 31 6 112
MI1-B 56 2 11 35 6 110
Ml 73 2 12 45 7 139
M2-A 78 6 4 34 5 127
M2-B 68 4 38 6 122
M2 95 6 7 41 5 154

Three types of comparison results between SAP and nsSNP: match/
half match/mismatch. Match means that SAP and nsSNP are
completely consistent. Half match means that nsSNP is heterozygous
and SAP only detects one of the types. Mismatch means that SAP
detects a type that does not exist in the nsSNP.

#1104, o1 & 153204, 1/1 B4 14 5] 19
™ (FR4).

B IBRASAKS H SAP X ) imputed nsSNP 43
T Sk A A A S I 25 SR Ee Xl T Sck AR
PR ATRAN B T AR ZE AL, R 237 4> nsSNP 37 55 11
SyYRIZEIR . R, 54N 4L VS AY A7 o5 A
22 3334, B A SCER AR S HE Y nsSNP {7
89 #1361 (F5). CHkH HAH T Ak
A5 T K HY SAP X I () 40 T 2 45 5
I, SAPTyperkiih | ¥ 219 SAP i . (H2M T

WA AN TR, Tok WX L SAP [ HERTE

4R SCHR Y SAP SEiE 45 R, 4 e R ILit
VLD (R 6) . TESTHR T4 58 & VLI iy AL s
SAPTyper K tH BUFR A sSB L S EN (R6). X
TAVCEA 25, Bl nsSNP A2 & 43, SAPTyper
55 SR AR AEAE TR ) U o

Table 4 Statistics of SAP typing results of European and
African samples with pFind

Sample SAP imputed nsSNP genotype

0/0 0/1 1/1 Total
El-1 126 15 16 157
El1-2 131 18 18 167
E1-3 134 23 18 175
A2-1 95 20 17 132
A2-2 110 19 19 148
A2-3 91 15 14 120

Table 5 Statistics of SAP typing results of European and
African samples from the literature with SAPTyper
(pFind) compared with the nsSNP genotype

Sample  Match Half- Mismatch Total Not detected*
0/0 0/1 1/1 match 0/0 0/1 1/1 Total
El-1 19 3 7 7 1 37 102 10 8 120
El-2 21 4 8 4 1 38 106 13 10 129
El-3 23 7 9 4 2 39 111 16 9 136
A2-1 12 5 5 5 3 31 79 12 10 101
A2-2 13 5 7 7 4 37 91 11 9 111
A2-3 12 6 6 4 2 31 75 7 7 89

*It is the number of nsSNP imputed from SAP but not listed the DNA
sequence in the article (PMID: 32505640).

Table 6 Parker’s result™? of imputed nsSNPs compared

with nsSNPs from exome sequencing

Sample Matched Half-matched  Total
0/0 and 1/1 0/1
El-1 59 (22)* 3(2) 10 72
E1-2 60 (22) 2(1) 1 73
El1-3 62 (20) 3(2) 9 74
A2-1 47 (12) 7(4) 13 67
A2-2 42 (13) 6(3) 13 61
A2-3 37 (12) 5(3) 13 50

*The first number is Parker’ s result and that with brackets is the
number of SAP also detected by SAPTyper.



20255 52 (9) g, % EEEARASEEBESES B ARHUIMTREOT L "2413-
3 i PN bt ag o) = W B L IPE fp s A [ I |
\ b

AR SEIL T B T8 124 DDA S 58
£ SAP &5 ki th 1y A sh Aoy b, AU 9 A
SRR R BT, i E R R AR T T Ak B AL
K, SAPTyper Nk &8 H SAP b s #2431 T —
AMESEA R T, AT T e & S Z 008
YA niE, HA BRI AT . AR
PRI — Rl AR W AR, AR AR
UL nsSNP i 5 (MAF>0.1%) , B T R AR
UL SAP AR, iR 43 AT 45 A A I O
Bt IR FIRHEGIS % 55 R SAP, AL
BRI h R sE 2 8 ME B . )& SAP
FPANEHE P A T Rt . S5 A RS I
JF- 45 SR T AT BT () nsSNP VS e, B A BhE
BRI 4 SAP AR S 8 1 51 I Jn 2248 AN
H, FHTFRE T, PR L TILEE T SAP
BHFTE . BATARMCAE B THA T T TR
WE. MHERS Bk, -t ml i A T A 2 70
AGHT, GRS . EESEE T BB, (AR T
JE ¥R L2 REAR 2R (1 SEEAF 5T LA gk — 2 A A Hod
Yo TR ESLPR RN a. BE R TR,
ARBN S A R A IIA BT 1 2R T 88
SR, IS Z A AR AN B T PR TS —
2 Foo - A5 R, S SR AT e 4 Ak A 1
HFo

M SAP (K B ok B, pFind (4 H R
i 2 F MaxQuant, X5 W Ir R 938 R A LAF
FEZERA K. A HIRNFIE RG] 4E SAP K 245 1 1)
IREE, ATDIFE— 2 RE R LT SAP By SRS %L
i, (HFEES TR MR T R, #7H
PR 25 R, A T BE S FRAIK SAP i
AR, (HRBYEA AR =5 SAP UM 45 R 1y ml {5 B
e B, FESEBRR T, R AREE BRI
H AU U SR v, RS EMN S RS
g

T ARBAAE A S ZAFE P AE M, A
X SCHk ok H BRI CEE SR RE R 45 3 B
TR HE ST T 5 50 E . K SAPTyper )43
BT 45 50 55 S ik Hh G A SAP RSN 45 SR AT L X &
B, H 4 SCHR 5 7 R H SAPTyper & i th (1)
imputed nsSNP i i, HAEAR AR MAF LT
0.1%, PR B g0 A A FRAE G HE 10 75 S AR5 D
nsSNP HHE R . ARFA: iR TAE FE g2 B TR

WA B SRR WA AL, BT
PUNX L NHES R W AREIEA 1 SAP i, B,
SAPTyper H Hij 32 &3 ] T A48 W A B Y 22 (1 5t 21
SAP /3T ARATEAT G AAEM . BRI AE N FE A
PR S nsSNP B4l F4 AR N 1Y SAP 25 11 4
BARPE, JFESMSuEE, SCET 2R AR 1S
., Wah, XFFZ4A % (heterozygous) nsSNP
£ s, SAPTyper 5 SCHR 5 i 4 AE7E — 22 1 T A6 21
%o I REJE R 7E T DDA B0 R 42 SR mg A< B HAT —
FERIBERLE , BUis RS AL B A TR L ]
e ] T JE— S5 7 JE R R BRI IR, AT 2L
T3P BRI , 5200 SAP A7 o5 A 2T

ARFRAN S AR [R]— Az 0 R B A A XS AR 1Y
TEOCHE T A, PR T R 2 SAP 25 A, Hy
T3 o B AR B R B A B — A 6~40 2 3
fig, e LR IKBE [R5 IS SAP RO HE 34
%, PIHAZHR o3 58 A8 A ARG Hh X B A 3 B 225 SR )5
Wil A PR o Parker 5246 %t Y SAP Bl A — >3
HEP IS T A28 S, #he E A RT3
WGRAZ BRI, 245 W JCF o i & B U ) —
JREBE L AEFERUSAP BYAE O o PRI AT RAHEN ,  H i
W AN AL AR P H X BT 585 N, SR
M, AGAR KBRS 3232 B 2 R B, AN
A5 B AL S SR M A U AR DG (4 SNP A3 a5 Y 3
PRECE MO E ), 82 B TSR R . A
AT S R A AL R 24, A iR A
FEFIFEAR R 4R T, Ak S AE - 2 225878
IREE A i A e, X80 RO S 1A
PUNERHE TN 6 st e (5 8 . SR By
G T35 R 4 () A% 8 (micro-haplotype)
AH B — SAP AT PR AT B A5 8 B it . AR A B
5 AT 2 LEA R R s DB T X X 22 5 A8 1 U3 fig
F1o MRS, BIZE & MARRY S B 4%
R, EBAEE P I A LS AR R SR B 2 9878
SAPJFH, IR AIRERE . 5285 mE, R
T WL SAP 2H A5 48 1A 5 22 5 A8 e 1B 2R 1 BT
HIE, BeaisEICEL AT, REREAREfEENZ
FRATIREL -

B, FAEESEbR N s R ek, A
A DA T8 LTS Qe o R B (55 I s il . 241,
RESHETHATIEE, VIARERIEsE 4 LRI
RS . Ak, FTLLGESBIEA R, itk
BCH AT CK K5 A SR IR T REAR TR Y 2 1 5T



<2414 EMUEEEYIEER

Prog. Biochem. Biophys.

2025; 52 (9)

HPE5, RAPRSRAEEEN T, FEPd
LR SRR TS R (I WA e
HEAR . HIXPEREE A RA) , R
Beah B UE TS QA5 BIE, SEBR R W is e A
JoME A

4 & &

FEXS AR AREIT K& T —F A 31k SAP 73 5
W, IR AR SAPTyper. AR ki B2 2 11 o
4 SAPWFFE 5 N R BE T —MEHE | ALY A
TR, fE3T SAP HEAT MR 5 R AW 5T
T EL A A A

2 % x W

(1] WREL, Bikh, 207K, % 9% B % BT DNA f STR 2} LA
58 JAZEH AR, 2011, 36(5): 3-7
TuZ,ChenS,LiW S, etal. Forensic Sci Technol, 2011,36(5): 3-7

(2] R L, R AR BT T H SR A AT ROR Y
AL SRR AL S TR, 2019, 46(1): 81-88
Feng L, Jiang L, Li S F, et al. Prog Biochem Biophys, 2019, 46(1):
81-88

[3]  Parker GJ,McKiernan HE, Legg K M, et al. Forensic proteomics.
Forensic Sci Int Genet, 2021,54: 102529

[4]  SalzR,Bouwmeester R, Gabriels R, ez al. Personalized proteome:
comparing proteogenomics and open variant search approaches
for single amino acid variant detection. J Proteome Res, 2021,
20(6):3353-3364

[3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

Parker G J, Leppert T, Anex D S, et al. Demonstration of protein-
based human identification using the hair shaft proteome. PLoS
One,2016,11(9): 0160653

Raj A, Aggarwal S, Singh P, e al. PgxSAVy: a tool for
comprehensive evaluation of variant peptide quality in
proteogenomics-catching the (un)usual suspects. Comput Struct
Biotechnol J,2024,23:711-722

Tyanova S, Temu T, Cox J. The MaxQuant computational platform
for mass spectrometry-based shotgun proteomics. Nat Protoc,
2016,11(12):2301-2319

Chi H, Liu C, Yang H, et al. Comprehensive identification of
peptides in tandem mass spectra using an efficient open search
engine. Nat Biotechnol, 2018,36(11):1059-1061

Tang M, Huang P, Wu L, ef al. Comprehensive evaluation and
optimization of the data-dependent LC-MS/MS workflow for
deep proteome profiling. Anal Chem, 2023, 95(20): 7897-7905
Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation
of genetic variants from high-throughput sequencing data. Nucleic
AcidsRes,2010,38(16): el164

SR, A, TAT & RS TR PR L
ASTERTIN 7 vk S AR BT . A A2 5 A g Bk
Ji€,2022,49(9): 1774-1784

Wul L, Ji AQ, Ding D S, et al. Prog Biochem Biophys, 2022,
49(9): 1774-1784

Goecker Z C, Salemi M R, Karim N, ef al. Optimal processing for
proteomic genotyping of single human hairs. Forensic Sci Int
Genet,2020,47:102314

Wu J, Liu J, Ji A, et al. Deep coverage proteome analysis of hair
shaft for forensic individual identification. Forensic Sci Int Genet,
2022, 60: 102742



2025; 52 (9) g, % FEEARELSERSTUSBBEIUSTRERNTHE -2415-

Development of an Analytical Software for Forensic Proteomic SAP Typing”

HU Feng"”, WANG Meng-Jiao”", WU Jia-Lei?, DING Dong-Sheng”, YANG Zhi-Yuan?,
JI An-Quan®, FENG Lei”, YE Jian"™"

("Graduate School, People’ s Public Security University of China, Beijing 100038, China;
INational Engineering Laboratory for Forensic Science, Institute of Forensic Science, Ministry of Public Security, Beijing 100038, China;
9School of Basic Medical Sciences, Henan University, Kaifeng 475000, China;
DPublic Security Bureau of Jiangyin, Jiangyin 214431, China)

Graphical abstract
Input files SAPTyper software | | Output files ‘
Hair shaft MS-raw data .
Mo§ule A: seaicg SAP results

N\ remsmsy ‘ engln:ai;ﬁtri)gma ¢ Module C: “- e - 2 Ffreq-
st ref>var] ref>var] of var
=4 %}; I SAP search ENST..095 126C>S  ch2l 4.711G>C 0,052
- reSUI't > ENST.095 158V>M chr21 4..806G>A 0.664

screening ENST.286  970A>V  chrll 6.213C>T 0315

and
Module B: SAP annotation
Exome sequencing _ | sequence database

results construction

Abstract Objective The proteome of biological evidence contains rich genetic information, namely single
amino acid polymorphisms (SAPs) in protein sequences. However, due to the lack of efficient and convenient
analysis tools, the application of SAP in public security still faces many challenges. This paper aims to meet the
application requirements of SAP analysis for forensic biological evidence’s proteome data. Methods The
software is divided into three modules. First, based on a built-in database of common non-synonymous single
nucleotide polymorphisms (nsSNPs) and SAPs in East Asian populations, the software integrates and annotates
newly identified exonic nsSNPs as SAPs, thereby constructing a customized SAP protein sequence database. It
then utilizes a pre-installed search engine—either pFind or MaxQuant—to perform analysis and output SAP
typing results, identifying both reference and variant types, along with their corresponding imputed nsSNPs.
Finally, SAPTyper compares the proteome-based typing results with the individual’s exome-derived nsSNP
profile and outputs the comparison report. Results SAPTyper accepts proteomic DDA mass spectrometry raw
data (DDA acquisition mode) and exome sequencing results of nsSNPs as input and outputs the report of SAPs
result. The pFind and Maxquant search engines were used to test the proteome data of 2 hair shafts of

2 individuals, and both obtained SAP results. It was found that the results of the Maxquant search engine were
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slightly less than those of pFind. This result shows that SAPTyper can achieve SAP fingding function. Moreover,
the pFind search engine was used to test the proteome data of 3 hair shafts from 1 European person and 1 African
person in the literature. Among the sites fully matched by the literature method, sites detected by SAPTyper are
also included; for semi-matching sites, that is, nsSSNPs are heterozygous, both literature method and SAPTyper
method had the risk of missing detection for one type of the allele. Comparing the analysis results of SAPTyper
with the SAP test results reported in the literature, it was found that some imputed nsSNP sites identified by the
literature method but not detected by SAPTyper had a MAF of less than 0.1% in East Asian populations, and
therefore they were not included in the common nsSNP database of East Asian populations constructed by this
software. Since the database construction of this software is based on the genetic variation information of East
Asian populations, it is currently unable to effectively identify representative unique common variation sites in
European or African populations, but it can still identify SAP sites shared by these populations and East Asian
populations. Conclusion An automated SAP analysis algorithm was developed for East Asian populations, and
the software named SAPTyper was developed. This software provides a convenient and efficient analysis tool for
the research and application of forensic proteomic SAP and has important application prospects in individual

identification and phenotypic inference based on SAP.
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