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The post-mortem interval (PMI)

= What is PMI?

- Estimation of the time elapsed between the discovery of the body
and death

- Issue: determination of the forensic or historical nature of a bone
—> role during judicial expertise

= Methods used on bones?
- 1l4C radiocarbon measurement

- Chemiluminescence and UV fluorescence tests o
} Imprecision caused by what?

- IR spectroscopies...

14C : carbon 14, UV : ultraviolet, IR : infrared

Cappella A, Gibelli D, Muccino E, Scarpulla V, Cerutti E, Caruso V, et al. The comparative performance of IPM estimation in skeletal remains by three methods (C-14, luminol test and OHI): analysis of 20
cases. Int J Legal Med. juill 2018;132(4):1215-24



New methodologies?

Imprecise determination of

the post-mortem interval
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decomposition phenomena,
environmental effects, conservation...
=taphonomic modifications
—> complexity of biochemical processes

dimension?

Few decades

Few minutes

Time markers?
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Object of the study

= The tooth
Durable and very abundant post-mortem

Enamel
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= time biomarkers?
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Sarna-Bos K, Skic K, Boguta P, Adamczuk A, Vodanovic M, Chafas R. Elemental mapping of human teeth enamel, dentine and cementum in view of their microstructure. Micron. 1 sept
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Proteomics of the tooth

= |dentification, quantification and characterisation of...
Sexing

- amelogenin' Y (AMELY)
- amelogenin X (AMELX)

lllll. 5

Global proteome of the tooth
- collagens (COL1A1, COL1A2)

Information about...

Enamel-specific proteins ® O
- ameloblastin (AMBN)
- enamelin (ENAM) "

PTM
phosphorylation, oxidation, hydroxylation, glycosylation, deamidation

Page = 8 Welker F, Ramos-Madrigal J, Gutenbrunner P, Mackie M, Tiwary S, Jersie-Christensen RR, et al. The dental proteome of Homo antecessor. Nature. avr 2020;580(7802):235-8
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Reference samples

= Collaboration with UTML&A in Lille (59), France

. UTMEA

LJﬂItP de Taphonomie

Cohort of 174 male and female canines

‘\"\,\ Medico Legale
/& el dAnatomie
K%@r A \.\4\’

PMI for 11 sites of forensic or archaeological interest:

- DEN: 215t century (PMI 2020) Forensic
- SAN: 21st century (PMI between 1997 and 2009) J§ interest
- SCH: 20" century (PMI 1930/1931)

- CAR: 20" century (PMI 18 March 1918)

- CHA: 19t-20% century (PMI 1870-1920)

- STA: 16%-18™ century

- STJ: 161-18™ century

- COS: 11t century

- ALL: 61-8" century

- AUB: 5™-7 century Archaeological |
- MTH: Neolithic 4250-3800 BC interest
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Protocol

/200 pL 6 pL 200 pL 10 pL 2 uL
/' 5% HCl _ NaOH p AmBic trypsin 37°C AcAc 0.5%
30 min 6M \;9 100 mM (L 18 h under [ -Mesh
‘;‘.‘ | AT " agitation centrifugation (=== -Equilibration
/ | . 5 wg -Loading
‘ L vortex I vortexl o = ’ -Washes
[_r-. \ ’ ) -Elutions
C ) - 96-well plate C18 connected to Evaporation
| Neutralisation Adjustment pH 8.8 | o Supernatant recovery a vacuum manifold 60‘!::3 1h30 |
V . - v . - V -
Extraction Digestion . Purification
HCCA 10mg/mL 2min
10 pL +ACN/ 0.8 uL sample Python program
HS?-Q/FA 7'32?0 0.8 L matrix MetaboAnalyst
A% : XL
FAO1% / MALDI-FTICR 3 \ .
°0 SolariX XR 9.4 T oyl aldy =
ﬁ ) ﬁ @ ﬁ ﬁ 1e ¥ B :
5:“' vortex” vortex i AR
( - N : i MR _TICMS
UV peptide assay Preparation Deposition on ' TIC MS? “0“ Identification,
at 215 nm HCCA matrix MALDI plate % N = “\\e«O quantification and
| characterisation
Dosage for 0.2 pg/pL _ , : — of peptides and
NanoLC-MS/MS Orbitrap Q =~ =™ their PTM
Exactive HPLC microfluidic Spectrum acquisition PeaksX+
HCI: hydrochloric acid, AT: ambient temperature, NaOH: sodium hydroxide, U3000 RSLC | MaxQuant |
AmBic: bicarbonate d’'ammonium, AcAc: acetic acid, H,O: water, . \/ V/
FA: formic acid, HCCA: a-cyano-4-hydroxycinnamic acid, ACN: acetonitrile, . ‘ .
PTM: post-translational modifications Mass spectrometry analysis Data processing
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Impact of using hydrochloric acid

= Enamel appearance of tooth SCH 743 — 43 before and after HCL

Before 30% After 30 min 30x 3h 30%

Low-destructive protocol

Observation with the Nikon
SMZ1000 Japan binocular loupe at
30x magnification

24 h 30%



Identification of peptides by MALDI-FTICR

iﬁ({ensity
_ AMELX et Y
o m/z 1446.7207
_ AMELX
2 m/z 1307.6454
' Deamidation
AMBN
‘1 ' m/z 1083.5355
0-“1-““ |h .‘..'Ll \‘.mu e
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AMELX et Y - 2 M acquisition
m/z 1674.8150 -
- Positive mode

- Mass range 700 — 5 000 Da

- HCCA matrix

AMELX
m/z 1672.7753

trypsin
m/z 2212.1158

2222222222

m/z 15148.8285

1956.90361

2222222222

2222222222

+
88888888888888888888

1750

LA Ll AL sl b LY
ENAM
m/z 1583.6670

= Example of a
MALDI-FTICR spectrum
of sample STA S.522 - 33

Observation of peaks
corresponding to

the peptides of the proteins
of interest:

- AMELX, AMELY

- COL1A1, COL1A2
- AMBN

- ENAM



Distinction between deamidated and non-deamidated peptides

intensity : ——— = MALDI-FTICR
_ zoom .
WYQ(+0.98)SIRPPYP deamidated spectrum of sample
12, Hg N1, 016 . monoisotopic peak STA S 516 - 23
. Deamidated peaN‘ —
' . 1st isotope
WYQSIRPPYP J win
i CeaHggN15015 _ gt e I |dentification of
Native non-deamidated . .
peak WYQSIRPPYP the deamidated peptide
| 13C,12C43HgsN150) 5 AMELX m/z 1307.6472
1stisotope INn high i '
0.019 Dap Isotopic distribution In high intensity

v

1+

1+ 1+
1306.66326 1309.65410
+ 0.98 Da
1310.65818

0_ PN S S L AW Y L. \ i (VY . |
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|

2250222 SAME-5516-23 0_M20_00000Ld: +MS




PC 2 (18.7 %)

Statistical analysis without « preconceptions »
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1 point = 1 mass spectrum
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PC 1 (25 %)

o ALL
o AUB
o CAR
O CHA
o COS

DEN
o MTH
O SAN

SCH

STA
o STJ

= Blind principal components analysis
(PCA)

MALDI-FTICR data of monoisotopic peaks
treated with Snap 0.8

~ MTH, COS separate
-~ ALL, AUB similar

- STJ, STA, CAR detached

- CHA, SCH, SAN, DEN same cluster

Observable differences and similarities
but « due to what »?



Deamidation of several peptides at the same site

Deamidation rates of 8 AMELX peptides within the COS site | ,,/, :ﬁmﬁ sequence protein
(11t century) obtained by MALDI-FTICR
90 T 1306.66| 3 WYQSIRPPYP AMELX
L & A
’\8 -|_ 1393.69 4 WYOQSIRPPYPS AMELX
< o |
= L l 1556.76| 6 WYQSIRPPYPSY AMELX
s 1 I
te 70 J_ 1235.6 1 PHPGHPGYINF AMELX
o
% 1298.67 2 LPPHPGHPGYI AMELX
N 60
1445.74 5 LPPHPGHPGYINF AMELX
50 1673.83 7 MPLPPHPGHPGYINF AMELX
COS1 COSsS2 COS3 COS4 COS5 COS6 COS7 COS8
= Some peptides deamidate more rapidly than others 1689.83) 8  |M(0x)PLPPHPGHPGYINF| AMELX
within the same site

% deamidation: intensity of deamidated peak <100

(intensity of deamidated peak + intensity of non-deamidated peak)

Page = 17



Three-dimensional structure of AMELX

. _ _
VAN = 3D structure of AMEL, isoform X | ,,,, |peptide sequence orotein
/ | . number
(Homo Sapiens)
e via Uniprot (Q99217) and Pymol 1306.66 3 WYOQSIRPPYP AMELX
1393.69 4 WYOQSIRPPYPS AMELX
1556.76 6 WYOSIRPPYPSY AMELX
6 1235.6 1 PHPGHPGYINF AMELX
& 1298.67 2 LPPHPGHPGYI AMELX
4
1445.74 5 LPPHPGHPGYINF AMELX
J =
: ) : . . 1673.83 7 MPLPPHPGHPGYINF AMELX
1 Amino acid differences and colored
5 deamidation positions of 8 peptides
1689.83 8 M PLPPHPGHPGYINF AMELX

= Effect of amino acid sequence and position of N,Q

. = asparagine
or 3D conformation? = oxidation

. } deamidation position
= glutamine



Deamidation of two peptides at different sites

Deamidation rate of AMELX peptides 3 and 5 in 11 sites
obtained by MALDI-FTICR

90

oo
o

Deamidation rate (%)
~J

peptide .
m/z number sequence protein
60 1306.66 3 WYOQSIRPPYP AMELX
I I 1445.74 5 LPPHPGHPGYINF | AMELX
50 Peptide 3 Peptide 5
Recent PMI Old PMI Recent PMI Old PMI
Qo 9 S G G, S I & Y, T Dy On 9 S G G, S S O Y, Y, L
& T TG s A On. Ko O 72 & N, G e On X, "Cpn 2
T % B % TR KO Y e R e e R R

Peptide 3 is more deamidated
as a function of time
- Sequence effect

= Site-dependent variation in peptide deamidation
= Deamidation increases with site age

Van Doorn, N. L., Wilson, J., Hollund, H., Soressi, M., & Collins, M. J. (2012). Site-specific deamidation of glutamine: a new marker of bone collagen deterioration. Rapid communications
Page *19  in mass spectrometry, 26(19), 2319-2327



Comparison of two sites: COS and SAN in LC-MS/MS

PEAKS

!
!
!
!
!
!
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!
MaxQuant !
!
!
« full trypsin » | « unspecific

I trypsin »
!
!
!
!
!
!
!
!
!
!
!

l« full trypsin »

Biased protein
guantification

No protein
differences
between sites
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MaxQuant

Protein and PTM
guantification

Deamidation
guantification




Quantification of AMELX and COL1A1 deamidation

Average N and Q deamidation rate Average N and Q deamidation rate
of all AMELX peptides of all COL1A1 peptides
from COS and SAN sites in LC-MS/MS from COS and SAN sites in LC-MS/MS

T

N Q
AMELX COL1A1
mCOS = SAN mCOS mSAN

=
o
o
=
o
o

I,

o
o O
o 0
o O
"

I
o
N
o

N
o
N
o

COS

o

Average deamidation rate (%)
o

Average deamidation rate (%)

= Few differences between COS (11 century)
and SAN (215t century)
= No differences in N and Q deamidation

= [Few differences between sites
= Difference in deamidation: Q <N

= COL1A1 deamidates less than AMELX in enamel - structure?
Page * 21 = No significant increase in deamidation over time between sites



Detection of sex marker peptides by LC-MS/MS

= Tracking of the 6 AMELX and AMELY peptides by ion calling

RT: 0.00-140.00
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1003 TIC 3401 3625 67 83 9450
50 2271 2328 3042 3733 4188 51.59 533 102.01
1 612 1462 1998 } \ 112.34 12167 12455
100~ — - 5250 =
50 AMELX m/z 540.2794 SIRPPYPSY
o 2540 2934 4634 47.05 4796 60.10 J\9371 7505 7659 8617 9410 10217 10656 11558 127.50 13322
100 7407
| AMELX m/z 478.3130 TALVLTPLK
e 20.70 4213 4835 5102 5857 69.73 M| 7675 8088 8867 9160 10164 10535 11677 121.80 13225
S 100 4569
ERE AMELY m/z 396.7073 M(ox)IRPPY
- Oé 2424 3024 3618 3919 J| 2890 5051 6276 6771 7298 7449 8721 97.01 10179 11134 11685 12753 134.59
o 56.73
2 100
o AMELY m/z 432.2258 SMIRPY
OE;:J_35 2186 2589 3027 5207 52.77 [\ 5859 7075 7343 8242 8854 9181 0665 102.37 117 50 12666 13496
100- 4634
AMELY m/z 440.2234 SM(ox)IRPPY
OE 1088 2282 2931 3845 4243 /| 4388 5053 5615 @756 7421 8316 9021 97.03 111.86 12130 12978
100 46.04
AMELY m/z 483.7393 SM(0x)RPPYS
O§ 2499 2583 3127 4481 J149.30 5070 5615 7434 8588 8962 98.34 11014 125.98 138.93
100 T32.70
.1 MS/MS
3175 970 1837 2257 ?833—30 ??“?253 40.46 44.50 ?hﬁ? 54.48 6291 G?JIQ 70.42 81.83 _ 84.21 9203 9786 10628 11235 117.09 12591 13302
et 20 30 '4' e 50 | ' o oo e T e 130 1

Chromatogram of the COS 1047 7608 sample



Identification of AMELX and AMELY peptides

= Obtaining amino acid sequences from MS/MS spectra

PSC-1047-7608 #17311 RT: 6234 AV:1 NL: 198E6
T: FTMS + p NSId Full ms2 540.2797@hcd28.00 [74.6667-1120.0000]

7143913
oy =1 B Y # (+1)
N MS/MS spectrum of ion m/z 540.2794
E 3 1 88.83935 1079.55206 9
90 ] T 2 201.12341 992.52004 8
E R 3 357.22452  879.43597 7
85— P 4  454.27729  723.33486 6
a0 P 5  551.33605  626.28210 5
] Y 6  714.39338  529.22933 4
i AMELX SIRPPYPSY P 7 811.44614  366.16601 3
E s 8  898.47817  269.11324 2
704 Y 9 1061.54150  182.08121 1
657
g 605 686.3966
= 1 =
3 oo z=1
c p=
3
< 50 366.1650
2 3 z=1
5 457
3 ™ 185.0917
* 407 z1
] 540.4395 724 3337
35 z=? z=1
] 348.1549 |
30 =1
E 136.0755 [
25 z=1 !
] 269.1126
204 z=1
:
153 2511023 =
1 86.0969 —7 :
10 1201.1231) 861'4124
] =/ |75 5142734 ‘ A
54 A = | 7=p | 2013340 670 3958 l 7564089 8294482 9164955 9644877
5 el l | L] Y | Y | | z=? : ik =7 =Z?
T 1 T T T T 1 T 1 T T | LI T L | T T 1 T T T T T T T 7 T T 1 T | T T T T T
150 200 250 300 350 550 650 700 750 850 900 1000

MS/MS spectrum of the COS-1047-7608 sample




Determination of the sex of each individual at the COS and SAN sites

= Sexing table for individuals at COS and SAN sites

Example for 5 samples from COS site

AMELX AMELY
samples Intensity m/z Intensity m/z Intensity m/z Intensity m/z Sex
540.2794;z=2 568.7903;z=2 440.2234;z2=2 483.7393;z=2 (Wou M)
COS-1005-7619 83052445 9356547 14716486 3759956.20 M
COS-1044-7545-2 25766896 30442490 28261150 5371245 M
COS-1044-7545 12571382 15394729 13343898 2429948 M
COS-1046-7603 17951502 17404620 14251777.00 2970574.50 M
COS-1047-7608 35537280 37483172 17250306 3916913.20 M

AMELX/AMELY intensity ratio comparison:

Intensity AMELX and AMELY (XY) = man
Intensity AMELX (XX) = woman

Note: AMELX is represented 4 times more than AMELY
page 24 = All 48 individuals at the COS and SAN sites are men
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Conclusions and perspectives

= Minimally invasive protocol
= Observation of peptides from proteins of interest in enamel e
= |dentification of PTM: oxidations and deamidations \ |

= Different deamidation rate between peptides for the same site

= Deamidation rate increases with the post-mortem interval ﬂ

= Sex determination by mass spectrometry

= LC-MS/MS analysis of the cohort using independent data acquisition (DIA)

= Absolute quantification of proteins of interest and validation of sexing

o uTMEA MSAP @ Lu. g gi\L/i?{é‘,ité

» Optimisation of data processing time
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