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Abstract

We report a mass spectra database of underivatized short-chain peptides by using ion-pair liquid chromatography

with electrospray ionization-mass spectrometry (LC/ESI-MS). The ion-pairing chromatographic separation by a

porous graphitic carbon stationary column with nonafluoropentanoic acid solution and acetonitrile solvent gradient

revealed a positive correlation between the retention time and the degree of molecular hydrophobicity. The addition

of a proton donor of 0.1% formic acid for the inverse gradient program induces an efficient stabilized ionization on

the ESI positive mode. We compiled the summary of retention time and those of some typical mass fragmentation

patterns on underivatized short-chain peptides and related-molecule groups. The present method will be applied to

other multi-dimensional chromatographies for further detailed description of short-chain peptide chemistry.
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Figurel (a) Molecular structure of alanylvaline within the electron cloud and (b) the
electrostatic potential in the ground state. The Javascript was used with GLmol &

WebGL viewer.
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Table1

P R - R BEDL - G

The representative separation of the underivatized short-chain peptides and other N-containing reference molecules showing
abbreviation, chemical formula, retention time (min) on the hypercarb stationary column, exact mass, parent ions [M+H] ",
molecular weight, observed by the ion-pair liquid chromatography / electrospray ionization mass spectrometry (LC/ESI-MS;
LC 1260 infinity and 6460 Triple Quadrupole MS system by Agilent Technologies Inc.). The A¢ value was defined as the
difference in retention time (min) between the two cross-combinations of the dipeptides (i.e., the time difference for X-Y

versus Y-X with the same chemical formula and exact mass). Compiled after the literatures (Takano et al., 2015, 2021).

Short-chain peptides Abbreviation Formula tl}nit:'(];:?:) %,f:scst P?'I;ZTI_;']]PS szeizl;lltar Remarks time  Ar

Glycyl-series

Glycylglycine (GG) Gly-Gly C:H:N;O; 26.9 132.05 133.05 132.12

Glycylserine (GS) Gly-Ser CsHiNO, 26.9 162.06 163.06 162.15

Glycylalanine (GA) Gly-Ala CsHoN,O; 30.2 146.07 147.07 146.15 cf. Ala-Gly 29.2 1.0

Glycylaspartic acid (GD) Gly-Asp C:HoN:Os 324 190.06 191.06 190.16 cf. Asp-Gly 323 0.1

Glycylglutamic acid (GE) Gly-Glu C:HN,O5 352 204.07 205.07 204.18 cf. Glu-Gly 33.8 1.4

Glycylvaline (GV) Gly-Val CHN:O; 38.2 174.10 175.10 17420 cf. Val-Gly 359 23
Alanyl-series

Alanylserine (AS) Ala-Ser CHi:N:O, 284 176.08 177.08 176.17 cf. Ser-Ala 29.5 -1.1

Alanylglycine (AG) Ala-Gly CsH,NOs 29.2 146.07 147.07 146.15 cf. Gly-Ala 30.2 -1.0

Alanylalanine (AA) Ala-Ala CeH:N;O; 30.7 160.08 161.08 160.17

Alanylaspartic acid (AD) Ala-Asp C:HiuNO; 333 204.07 205.07 204.18 cf. Asp-Ala 32.6 0.7

Alanylglutamic acid (AE) Ala-Glu CsHuNOs 35.7 218.09 219.09 218.21 cf. Glu-Ala 343 1.4

Alanylvaline (AV) Ala-Val CiHiN:O; 384 188.12 189.12 188.23 cf. Val-Ala 35.7 2.7
Aspartyl-series

Aspartylserine (DS) Asp-Ser C;Hi:N:O¢ 31.9 220.07 221.07 220.18 cf. Ser-Asp 329 -1.0

Aspartylglycine (DG) Asp-Gly C:H oN-Os 323 190.06 191.06 190.16 cf. Gly-Asp 324 -0.1

Aspartylalanine (DA) Asp-Ala C:HiN;O5 32.6 204.07 205.07 204.18 cf. Ala-Asp 333 -0.7

Aspartylaspartic acid (DD) Asp-Asp CsHuN O, 339 248.06 249.06 248.19

Aspartylvaline (DV) Asp-Val CoH (N0 39.4 232.11 233.11 232.24 cf. Val-Asp 379 1.5
Glutamyl-series

Glutamylserine (ES) Glu-Ser CsHuN,O4 32.8 234.09 235.09 23421 cf. Ser-Glu 34.8 -2.0

Glutamylglycine (EG) Glu-Gly C-H 2N, O 33.8 204.07 205.07 204.18 cf. Gly-Glu 352 -1.4

Glutamylalanine (EA) Glu-Ala CsHuN,Os 343 218.09 219.09 218.21 cf. Ala-Glu 35.7 -1.4

Glutamylaspartic acid (ED) Glu-Asp CyH.N;O, 36.4 262.08 263.08 262.22

Glutamylglutamic acid (EE) Glu-Glu CioHieN:O, 38.1 276.10 277.10 276.25

Glutamylvaline (EV) Glu-Val CioHisN,Os 40.7 246.12 247.12 246.26 cf. Val-Glu 394 1.3
Serinyl-series

Serinylserine (SS) Ser-Ser C¢H:N,Os 26.7 192.07 193.07 192.17

Serinylalanine (SA) Ser-Ala CH.2NO, 29.5 176.08 177.08 176.17 cf. Ala-Ser 28.4 1.1

Serinylaspartic acid (SD) Ser-Asp C:H2N.Oq 329 220.07 221.07 220.18 cf. Asp-Ser 319 1.0

Serinylglutamic acid (SE) Ser-Glu CsHuN,O4 348 234.09 235.09 23421 cf. Glu-Ser 32.8 2.0

Serinylvaline (SV) Ser-Val CsHigN,O, 37.6 204.11 205.11 204.23 cf. Val-Ser 342 34
Varinyl-series

Valinylserine (VS) Val-Ser CsHieN,O, 34.2 204.11 205.11 204.23 cf. Ser-Val 37.6  -34

Valinylalanine (VA) Val-Ala CsHioN,O; 35.7 188.12 189.12 188.23 cf. Ala-Val 384 27

Valinylglycine (VG) Val-Gly C:HuNO; 359 174.10 175.10 174.20 cf. Gly-Val 382 -23

Valinylaspartic acid (VD) ~ Val-Asp CyHieN,Os 37.9 232.11 233.11 232.24 cf. Asp-Val 394  -15

Valinylglutamic acid (VE) ~ Val-Glu CioHisN2Os 39.4 246.12 247.12 246.26 cf. Glu-Val 40.7 -1.3
Nonprotein series

Sarcosylglycine Sar-Gly CsHoN,O; 29.4 146.07 147.07 146.14 cf. Gly-Sar 29.8 0.4

Glycylsarcosine Gly-Sar C;HioN,O, 29.8 146.07 147.07 146.14 cf. Sar-Gly 294 04

Glycyl-B-alanine Gly-BALA C:H,NO; 30.0 146.07 147.07 146.14 cf. BALA-Gly 312 -1.2

B-alaninylglycine BALA-Gly C:H,NO; 31.2 146.07 147.07 146.14 cf. Gly-BALA  30.0 1.2

Alanyl-B-alanine Ala-BALA CHp:N,O; 31.7 160.08 161.08 160.17

Alanylsarcosine Ala-Sar C.HiN,O; 31.9 160.08 161.08 160.17  cf. Sar-Ala 325 -0.6

Sarcosinylalanine Sar-Ala C.Hi.N,O, 325 160.08 161.08 160.17 cf. Ala-Sar 319 0.6
Other references

Glycine Gly C,H:NO, 18.6 75.03 76.03 75.07

a-Alanine Ala C;H,NO, 252 89.05 90.05 89.09

a-Aminobutyric acid ABA C.HNO, 30.4 103.06 104.06 103.12

Norvaline Nval C:H;NO, 35.7 117.08 118.08 117.15

Norleucine Nleu CsHisNO, 40.4 131.09 132.09 131.18

Glutamic acid Glu C;H,NO, 319 147.05 148.05 147.13

Pyroglutamic acid pGlu C;H,NO; 26.1 129.04 130.04 129.12

Glycine anhydride DKP C.HN,O, 27.7 114.04 115.04 114.10

Glycylglycylglycine (GGG) C.HiN;O,4 29.8 189.07 190.07 189.17

Gly-4mer (GGGG) CsHiN,Os 31.4 246.10 247.10 246.22

Gly-5mer (GGGGG) CHiN;Oq 324 303.12 304.12 303.27

Alanine anhydride CHN,O, 30.6 142.07 143.07 142.16

Alanylalanylalanine (AAA) CoH N0, 329 231.12 232.12 231.25

Methionylmethionine CioHuN-OsS, 49.8 280.09 281.09 280.40

18



AF XTI TG T4 = BFATL—AF ALEESHEE (LC/ESIMS) 12X BEETF FEO~ A AT M VRN

Table 2 The monoisotopic mass comparison between theoretical parent ions (including the proton mass as [M+H] ") and the measured
accurate mass [M+H] ", and theA m/z value for short-chain peptides and representative isotopomers. The definition ofA m/z
was expressed as the mass differences between parent ions and measured accurate mass. The stable isotope probing (SIP) of *
H (D)-, " C-, " N-isotopologue references are compiled from the literatures (e.g., Oba et al., 2016, 2017, 2019; Takano et al.,

2021).

Short-chain peptides Formula Monoisotopic mass Pa[;?[l:_tl_:;),ns Mezl[s]\l/l[lfg]{nass Am/z
Glycylglycine (GG) C.H:N,O; 132.0535 133.0608 133.0607 0.0001
Glycylserine (GS) CsHiN,O, 162.0641 163.0713 163.0715 -0.0002
Glycylalanine (GA) C;HiN,O; 146.0691 147.0764 147.0765 -0.0001
Glycylaspartic acid (GD) CsHioN,Os 190.0590 191.0662 191.0661 0.0001
Glycylglutamic acid (GE) C:H.2N,Os 204.0746 205.0819 205.0818 0.0001
Glycylvaline (GV) CH..N,O; 174.1004 175.1077 175.1079 -0.0002
Alanylserine (AS) CsHi:N,O,4 176.0797 177.0870 177.0871 -0.0001
Alanylglycine (AG) CsHiN,O; 146.0691 147.0764 147.0764 0.0000
Alanylalanine (AA) CH.NO; 160.0848 161.0921 161.0922 -0.0001
Alanylaspartic acid (AD) C:H:2N,Os 204.0746 205.0819 205.0819 0.0000
Alanylglutamic acid (AE) CsHiN,Os 218.0903 219.0975 219.0976 -0.0001
Alanylvaline (AV) CsHiN,O; 188.1161 189.1234 189.1234 0.0000
Isotopologue references

Amino acids
Glycine C.H;NO, 75.0320 76.0393 76.0393 0.0000
di-Glycine C,H.DNO, 76.0383 77.0456 77.0456 0.0000
d»-Glycine C.H;D,NO, 77.0446 78.0518 78.0518 0.0000
"C,-Glycine C"”CH,NO, 76.0354 77.0426 77.0427 -0.0001
Sarcosine C;H/NO, 89.0477 90.0549 90.0550 -0.0001
d-Sarcosine C;H:DNO, 90.0540 91.0612 91.0611 0.0001
d,-Sarcosine C;H;D,NO, 91.0602 92.0675 92.0673 0.0002
d;-Sarcosine C;H.D;NO, 92.0665 93.0738 93.0737 0.0001
"C,-Sarcosine C,"CH;NO, 90.0510 91.0583 91.0582 0.0001

Nucleobase
Adenine CsH:N; 135.0545 136.0618 136.0618 0.0000
"N-Adenine CsH5"Ns 140.0397 141.0470 141.0470 0.0000
Cytosine C.HsN;O 111.0433 112.0506 112.0505 0.0001
"N-Cytosine C,Hs"N;O 114.0344 115.0417 115.0417 0.0000
Thymine C:HiN 0, 126.0429 127.0502 127.0503 -0.0001
"N-Thymine C;Hi"N;0, 128.0370 129.0443 129.0441 0.0002
Uracil C.H:NO, 112.0273 113.0346 113.0346 0.0000
"N-Uracil C.H."N,O, 114.0213 115.0286 115.0287 -0.0001
Purine CH.N, 120.0436 121.0509 121.0509 0.0000
Pyrimidine CH.N, 80.0375 81.0447 81.0447 0.0000
Hypoxanthine CsH.NLO 136.0385 137.0458 137.0458 0.0000
Xanthine CsHNLO, 152.0334 153.0407 153.0407 0.0000

Hexamethylenetetramine
HMT CeHiN, 140.1062 141.1135 141.1136 -0.0001
di-HMT C,DH.N, 141.1125 142.1198 142.1201 -0.0003
d-HMT CsD,HoN, 142.1187 143.1260 143.1260 0.0000
d;-HMT C:D;H,N, 143.1250 144.1323 144.1320 0.0003
d-HMT CsD.H;N, 144.1313 145.1386 145.1384 0.0002
ds-HMT CsDsH:N, 145.1376 146.1449 146.1447 0.0002
de-HMT CoDcHN, 146.1439 147.1512 147.1511 0.0001
HMT-OH CH.N,O 156.1011 157.1084 157.1083 0.0001
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Figure2 Scheme of inverse-gradient program to sustain a stable chromatographic separation and a stable electrospray ionization within
a process time on LC/ESI-MS. We confirmed that the constant flow of 0.1% formic acid promoted an efficient stabilized

ionization on the positive mode.
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[M+H]*, ESI, positive
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Figure3 Chromatographic separation of the representative dipeptides on extracted ion chromatograms (EIC) of the corresponding m/z
([M+H] " = parent ion) are shown. The retention time, exact mass, and parent ions for each underivatized dipeptide are
summarized in Table 1. Abbreviations for Alanyl-X, Alanylserine (AS), Alanylglycine (AG), Alanylalanine (AA),
Alanylaspartic acid (AD), Alanylglutamic acid (AE), Alanylvaline (AV); Glycyl-X, Glycylglycine (GG), Glycylserine (GS),
Glycylalanine (GA), Glycylaspartic acid (GD), Glycylglutamic acid (GE), Glycylvaline (GV); Glutamyl-X, Glutamylserine
(ES), Glutamylglycine (EG), Glutamylalanine (EA), Glutamylaspartic acid (ED), Glutamylglutamic acid (EE),
Glutamylvaline (EV); Serinyl-X, Serinylserine (SS), Serinylalanine (SA), Serinylaspartic acid (SD), Serinylglutamic acid
(SE), Serinylvaline (SV); Valinyl-X, Valinylserine (VS), Valinylalanine (VA), Valinylglycine (VG), Valinylaspartic acid (VD),
Valinylglutamic acid (VE); Aspartyl-X, Aspartylserine (DS), Aspartylglycine (DG), Aspartylalanine (DA), Aspartylaspartic
acid (DD), Aspartylvaline (DV). The preliminary chromatographic separations were reported in Takano et al. (2021).

The asterisk ( * ) stands for an impurity.
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[M+H]*, ESI, positive

+ESI EIC (235.09) 32[3 Glu-Ser

+ESI EIC (205.07) 33.8 Glu-Gly

+ESI EIC (219.09) 343 Glu-Ala

J *

+ESI EIC (263.08) 364 Glu-Asp

+ESI EIC (277.10) 38[ Glu-Glu
+ESI EIC (247.12) 417 Glu-Val
+ESI EIC (193.07) Z‘ii Ser-Ser
+ESI EIC (177.09) 2r Ser-Ala
+ESI EIC (221.07) 32.9 Ser-Asp
+ESI EIC (235.09) 34.8 Ser-Glu
+ESI EIC (205.11) 316 Ser-Val

5 10 15 20 25 30 35 40 45 50 55 60
Time (min)
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[M+H]*, ESI, positive

+ESI EIC (205.11) 34.2 Val-Ser
+ESI EIC (189.12) 35.7 Val-Ala
+ESI EIC (175.10) 35.9 Val-Gly
+ESI EIC (233.11) 37.9 Val-Asp
|
+ESI EIC (247.12) 39.4 Val-Glu
l
+ESI EIC (221.07) 31.9 Asp-Ser
L
+ESI EIC (191.06) 32.3 Asp-Gly
|
+ESI EIC (205.07) 32.6 Asp-Ala
+ESI EIC (249.06) 33.9 Asp-Asp
Jl (o=, B-)
+ESI EIC (233.11) 39.4 Asp-Val
|
5 10 15 20 25 30 35 40 45 50 55 60

Time (min)
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~— LRFFER] (Rine) DBIRIZB T,
Rine = 19.9 log (Gly-n) +13.6 (R*=0.96) ;
the glycyl-series (1 <5)
Rine=16.4 log (Ala-n) +17.5 (R*=0.99) ;
the alanyl-series (n <5)
DAL L T\ A (Takano et al., 2021) . HEKY B
LUsSERFT) I —FTOHEEIZONVT,
Table 1 1278 L7,

3.2, EHENRTFREOIRATST AL Mg —2

FIEHAR T F FHONREN L~ AT T 7 2 v hoX
% — % Figure 4 IZ7" 3, 7R MY FF =L LT
DO1%FEERIMIL DAV N—=ATF VT b
X, IM+HI"'O7 0527 bAF EREFRT
bo WZIZ, ESIMSOARTY T4 7E— FTiE, M
+HI'O7ay s v+ (7a s A+ A4
T V) BERELR D G EONY 7750 F
ICHIRT 5 b L —ABBEEO N DFFEIZL - T,
F MU AFIA A Y M+ Nal 234 L5 —H D
GTHELH D, TERZPIU LR RAY ) —VHD
BIAROYA, ESIRY T4 74+ v E—FIZB
FATAARYZ MLk, 7a b oAt s
LfFMTH B EHE L, M+ Nal OB,
A3V —=AWNTONa A+~ EFAF > M
LOFL— MERREIKGF LT VeSS (eg,
Leitner et al., 2007 ; Kruve et al., 2013) ¥ 72, 43
Wo A v DARERA F vV — ADWEIRIC X B 7R
bEZOLNDL (BESH, 2015),

F3°, AR TF FEO~ AANRY MV, B
FTALT7IBOBEICEYERLIAF DRSNS
VRN B Lo FIZIE, ) =N (Ser-Val) &
N Z)vk1) v (Val-Ser) DA 4 21, [M+HI
=205THY, K4N) FEHE (Val) BIOERY) V%
¥ (Ser) ONi#EIZLS [Val+HI" & [Ser + HI A8
WMENTD, MLTT7 AL NEETOERMGRDS,
NY =TT = (Val-Ala) XY =V 7 &
> (Val-Gly) 2"AET 57 7= V53 (-Ala) <
7)Y VR (Gly) 7T 7 Ay MEiE, BE
W2 WEIDSH b o

Wiz, FEARTTF FEO< A ARY M VIZIE,
HNAKRF T VHE ((COOH) DFLHEEIZ X 2 AR L
724 % [M+H-HCOOH] = [M+ H-46] i
ENDLGTHED L, BlZIX, &) =Ny~

24

(Ser-val) Tix, IM+H-461" 16 d 5757
AV MUY ENS, —J7, FEREO/N)
Z kY ¥ (Val-Ser) DT AARY FIVrbIE,
TIT A M F Y [M+H-461 DS 2N,
F72, K (HO) OBHEC X o TERLAA 4
¥ [M+H-HOl'=[M+H- 181" RSN 24
&\, FWNICe Fax ok ((OH) %4 < %
HEILH7VE I VEBEYRTFF (Glutamyl-X) @
e, IM+H] X0 IM+H-HOl" D757
AV I FYOFDPELR TV, 2D LX) BRI
X, IM+H]I" X 2EENEHIZ1TO B, EA
;IS T A E AR TRERICE (BT
bho TTZIWT ANTFUEE (Ala-Asp) X7 7
VTNV E IV (Ala-Glu) 4, BLBEL 72
T AT X VRS (Asp) RT3 VR
(-Glu) 205, BlKZ [M+H-46]"% [M+H-
HOl "Bl S CTwb, T2, Z Vs Ity
> (Glu-Ser) R 7 NV% INT ANTF U (Glu-
Asp) DL HIZ, IM+H-2H.0] D757 4> bk
PEHMSNEHELH 5.

3.3. WENTF FEOHEEE CEEEM

Bk X 9 1A TF FEO S b, YRS F
F(X-Y) 12, WU EEXpOREEDOX-Y &
Y-X DM EEDHAET Ho BIZIE, 7V INT T
T Iy o, AR (CHWNO),
[ 'E & (Exact Mass 146.0691), 7>, 4 1k
AEMLTBY, W7 u~ b7 I74—=TO
SHERAITD R VIRY, WEOSFREIETE 4
Vo T2, REETHLIEY VS o T I I ERE
DOMAEDLEEEEBTILELH L BIzIE, 7
VUWP-TITZ L EB-TITZNTY) ¥ ORM
RERZ &) BERTIE, AT (XY, Y-X) &
Z ORFERF 2 (A, min) (2DWTHEIT L, BT
LR—AT A4 Vo EEOEB ZHERE L T\ 4 (Takano
etal,2021), BlziX, 77 V7 5= (Gly-Ala)
ET IV ) v (Ala-Gly) ORFEERTZE (Ar)
1Z, 1.0minTH Y, 1) =31~ (Ser-Val) &
N =)k v (Val-Ser) OFRFRFIIZE (A) 1,
34min TH V), KA N—AF A V43K L T
W5 (Table 1) HEEEMEDIE L TV 25461,
5 — 7y N3O co-injection i (] 2 IX, Oba et
al, 2019) 12 & AT 5 OFEEE D G5
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Alanylserine (AS) [M+H]*
+ESI Scan (27.85 min) 177.0 0 OH
Frag=150.0V
OH
\ N
‘ H
[Ser+H]* NH, O
[M+H-H,0]*
106.0 [M+Na]*
[Ser+H-H,0]" | 158.9 199.0 Chemical Formula: CgH,;,N,O,
87.9 ‘ | ’ Exact Mass: 176.08
) h 1 Molecular Weight: 176.17
80 100 120 140 160 180 200 220 240 260 280 300
m/z
) IM+H]*
Alanylglycine (AG) 146.9 NH o
+ESI Scan (28.66 min) 2 H
Frag=150.0V N \)J\
| OH
| o)
[M+Na]*
168.9 Chemical Formula: C5H;(N,O4
1 Exact Mass: 146.07
. JL Molecular Weight: 146.15
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Alanylalanine (AA) [M+H]*
+ESI Scan (30.19 min) 161.0 NH2 0]
Frag=150.0V ‘ H
N
OH
O
[M+Na]*
. . 182.9 ) .
[Ala+H]*  [M+H-46] [ Chemical Formula: CgH;,N,04
Exact Mass: 160.08
0.0 1150 I j\ Molecular Weight: 160.17
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Alanylaspartic acid (AD) [M+H]* @) OH
+ESI Scan (32.83 min) 205.0 o O
Frag=150.0V
N OH
H
NH,
s s |
Asp+H-H,0[* " "
[AsprH-HOT 1339 [M+H-H,0] [M+Na] Chemical Formula: C;H;,N,O5
[Asp*H-46]" Exact Mass: 204.07
115.9 i 186.9 226.9 Xacl ass: -03.
88.0 59 5. i Molecular Weight: 204.18
80 100 120 140 160 180 y 200 220 240 260 280 300
m/z

Figure4 Summary for parent ions and the observed product ions by the ESI-MS for identifying underivatized short-chain peptides and
anhydride references at the fragmentor voltage of 150 V. The preliminary mass fragmentation (e.g., glycylaspartic acid,
alanylalanine, methionylmethionine, and serinylglutamic acid) were reported in Takano et al. (2021).
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Alanylglutamic acid (AE) [M+H]* HO O
+ESI Scan (35.24 min) 219.0 O
Frag=150.0V
9 OH
- | &
[Glu+H]*
[Glu+H-H,0]* \ NH; O
147.9
[Glu+H-46]* f
[Glu+H-H,0-46]* ‘ [M+H-46]" [M+H-H,O]* [M+Na]* Chemical Formula: CgH,4N,O5
841 1019 129.8 ‘ 2410 Exact Mass: 218.09
N IS I I} 172.9 2009 ) i Molecular Weight: 218.21
80 100 120 140 160 180 200 220 240 260 280 300
m/z
H
Alanylvaline (AV) (M+H]
189.0
+ESI Scan (37.98 min) (0]
Frag=150.0V
OH
N
K | H
NH @]
[Val+H]* 2
[Val+H-46]* e [M+Na]*
11"7'9 (M+H-46] [M+H-H,0]* 211.0 Chemical Formula: CgH;sN,O4
721 I 142.9 . Exact Mass: 188.12
Il I I 1710 | | Molecular Weight: 188.23
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Aspartylserine (DS) [M+H]* e} NH2 o)
+ESI Scan (31.07 min) 221.0 H
Frag=150.0V N
HO OH
(e}
[Ser+H]+ OH
[M+H-H,0]*
202.9 [Nl
+ ‘ [M Ser]* [M+H-60]* Chemical Formula: C;H;,N,O¢
[Se'*gfg"] 1388 .00 1859 ﬂ 243.0 Exact Mass: 220.07
| 115.9 I g \ J\ Molecular Weight: 220.18
80 100 120 140 160 180 200 220 240 260 260 800
m/z
Aspartylalanine (DA) [M+H]*
+ESI Scan (32.61 min) 205.0 o) NH, ’ o)
Frag=150.0V
9 N
‘ HO OH
O
" [M+H-H,0]* [M+Na]*
1239 M*H-60] Chemical Formula: C;H,,N,04
98.9 7 449 1699 187.0 226.9 Exact Mass: 204.07
o n Lo [ ﬂ Molecular Weight: 204.18
80 100 120 140 160 180 ) 200 220 240 260 280 300
m/z
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Aspartylglycine (DG) [M+H]*
+ESI Scan (32.17 min) 191.0 (o) NH2 (o)
Frag=150.0V H
N
O OH
109.9 [VHH-H,O]" o
‘) [M+Na]*
172.9
M+H-60]* 212.9
650 [ 130.9 : 155 9 w “ ghemi'\cﬁal For{gglg:s CeH1oN,05
8 I xact Mass: .
o J‘K J‘m I Molecular Weight: 190.16
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Aspartylaspartic acid (DD) [M+H]*
+ESI Scan (34.69 min) 249.0
Frag=150.0V
H
. NH
[ASp+H] [M+H-60]* [M+H-H,0]* 2
Asp+H-H,0* .
[+sp ] 133 9 [M+Na] Chemical Formula: CgH;,N,0,
[Asp+FL48T 1459 189.0 230.0 ‘h 270.9 Exact Mass: 248.06
i A LA i | I Molecular Weight: 248.19
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Aspartylvaline (DV) [M+H]*
+ESI Scan (39.51 min) 233.0 o NH; H o
Frag=150.0V N
O OH
[Val+H]* [M+H-46]* [M+Na]*
[Val+H-46]* 17.9 [M+H-60]* 186.9 [M+H-H,0] 255.0 Chemical Formula: CqH;4N,O5
721 | 2151 | | Exact Mass: 232.11
1 172.9 o | Molecular Weight: 232.24
80 100 120 140 160 180 200 220 240 260 280 300
m/z
8 ©) NH, O
HO a HO
B
o
@) NH, (0]
o-Aspartylaspartic acid B-Aspartylaspartic acid
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Glutamylserine (ES) [M+H-H,0T" OH
+ESI Scan (32.89 min) 217.0 o] o)
Frag=150.0V OH
HO N
H
L [M+H] NH,
[Glu+H-46]* /
235.0
[Glu+H -H,0 -46]* ”
840 102.0 [M+H-2H,0]* | [M+NaJ” Chemical Formula: CgH,,N,Op
| Exact Mass: 234.09
LA M 1990 JN ‘L i Molecular Weight: 234.21
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Glutamylglycine (EG) [M+H-H,0J*
+ESI Scan (33.82 min) 186.9 0 o)
Frag=150.0V OH
HO N
H
NH, o)
[Glu+H-46]* / [M+H]*
[Glu+H -H,0 -46]* N
Gly+H]* 840 101.9 [M+H-2H,0]* 2050 [M+Na] Chemical Formula: C;H,;,N,O
[Gly+H] . . ‘ f 2970 Exact Mass: 204.07
76.0 169.0 Jn L I Molecular Weight: 204.18
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Glutamylalanine (EA) [M+H-H,0]*
+ESI Scan (34.41 min) 201.0
Frag=150.0V 0 0
OH
HO N
H
M+H]* NH,
[Glu+H-46]* ﬂ‘
[Glu+H -H,0 -46]* 219.0 .
84.0 101.9 [M+H-2H,0]* [ MeNa] Chemical Formula: CgH4N,O5
T : 182.9 L 241.0 Exact Mass: 218.09
- A . Molecular Weight: 218.21
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Glutamylaspartic acid (ED) [M+H-H,O]*
+ESI Scan (36.44 min) 245.0
Frag=150.0V [M+H]* ) OH
(0] (0]
263.0
/
HO N OH
[Asp+H]+ ‘ H
[GIu+H 46]* NH,
[Glu+H -H,0 -46]* [Asp+H- H,0]* N
840 101.9 133.9 [M"H'zHZO] [M+Na]* Chemical Formula: CoHquN,O,
115.9 ] 226.9 | | 284.9 Exact Mass: 262.08
W A ] n Molecular Weight: 262.22
80 100 120 140 160 180 y 200 220 240 260 280 300
m/z
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Glutamylglutamic acid (EE)
+ESI Scan (38.09 min)

<

M (LC/BSI-MS) 12 KB HEHART T FEOY A AR M VRIT

(M+H-H0p MHHTI

259.0 277.0
= O._ _OH
Frag=150.0V o o
|
o
HO N
H
\ NH, o)
[Glu+H-46]* [Glu+H]*
. M+H-2H,0]*
[Glu+H -H,0 -46] 147.9 [ ] Chemical Formula: CyH;N,0,
84.0 101.9 129.9 240.9 Exact Mass: 276.10
1L L | | Molecular Weight: 276.25
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Glutamylvaline (EV) [M+H-H,0]
+ESI Scan (40.74 min) 229.0
Frag=150.0vV A 0 0
(M+HI" OH
HO N
247.0 H
NH;
N [M+H-46]*
[Glu+H -H,0 -46]*  [Val+H] 1830 [M+Na]* Chemical Formula: C;oH;N,O5
84.0 117.9 : I Exact Mass: 246.12
b | 2010 ] 2690 Molecular Weight: 246.26
80 100 120 140 160 180 200 220 240 260 280 300
m/z
[M+H]* Glycylglycine (GG)
133.0 +ESI Scan (25.70 min) o
Frag=150.0V H
PN
HoN OH
[Gly+H]*
76.0 o
[M+Na]*
| [M+H-46]* [M-H,0T* 154.8 Chemical Formula: C,HgN,0;4
I Exact Mass: 132.05
J 87.0 nas I\ ) Molecular Weight: 132.12
80 100 120 140 160 180 200 220 240 260 280 300
m/z
e
[Ser+H]* Glycylserine (GS)
105.9 163.0 +ES| Scan (26.30 min) OH
Frag=150.0V o)
[M+H-H,0]*
144.9 HoN OH
N
H
O
-H,0]* M+Na]*
[Ser+H -H,0] (M+Nal Chemical Formula: CsH;,N,0,
88.0 | 185.0 Exact Mass: 162.06
\ | 132.9 L L Molecular Weight: 162.15
80 100 120 140 160 180 200 220 240 260 280 300
m/z
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[M+H]* Glycylalanine (GA)
147.0 +ESI Scan (29.59 min) 0O
Frag=150.0V H
N
| N o
[Ala+H]* O
900 (MH-H,O [M+Nal*
[M+H-46]* Chemical Formula: C5H;(N,O4
‘W 101.0 128.9 168.9 Exact Mass: 146.07
M_J\ I ) 1L i Molecular Weight: 146.15
80 100 120 140 160 180 200 220 240 260 280 300
m/z
[M+H]* Glycylaspartic acid (GD)
/ 191.0 +ESI Scan (31.79 min)
_ 6) OH
[Asp+H]* Frag=150.0V o o
133.9
/ HoN
N OH
" H
[Asp+H-H,0]
[Asp+H-46]* | [0
- 115.9 M+Nal* Chemical Formula: CgH,(N,Og
88.0 P L 172.9 J (M+Nal Exact Mass: 190.06
. Jl p 2130 Molecular Weight: 190.16
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Glycylglutamic acid (GE) [M+H]*
O OH
+ESI Scan (34.69 min) 205.0 O
Frag=150.0V
H,N OH
N
[Glu+H]* H
[Glu+H-H,0]* 0]
. 147.9
[GlusH46]" o o [M+H-H, O] \
[Glu+H -H,0 -46]* ‘ " Chemical Formula: C;H,,N,Os
‘ 186.9 [M+Na] Exact Mass: 204.07
840 1010 | e Molecular Weight: 204.18
I ‘ | 227.0 olecular Weight: 204.
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Glycylvaline (GV) [M+H]*
+ESI Scan (37.81 min) 175.0
Frag=150.0V 1‘ ®)
HoN \)k OH
N
+ [M+H-46]"
[Val+Hae  [Val*H] 'e)
117. 9 129 0 [M+H-H,OF MNa]*
Chemical Formula: C;H;4,N,04
156.9 197.0 Exact Mass: 174.10
u ; iL Molecular Weight: 174.20
100 120 140 160 180 / 200 220 240 260 280 300

m/z
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Serinylserine (SS) M+H]" OH
+ESI Scan (26.90 min) 193.0 (@]
Frag=150.0V
OH
| HO N
[M+Na]* H
. NH
( [Ser+H] | 149 2
105.9 [M+H-H,0]*
[Ser+H-H,0]* [ [M+H-46]* 175.0 Chemical Formula: CgH;,N,05
r ’ Exact Mass: 192.07
88.0 | 14?.9 JL L | Molecular Weight: 192.17
RN | W J I\ A
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Serinylalanine (SA) [M+H]*
+ESI Scan (29.64 min
( ) 177.0 NH, 0
Frag=150.0V H
HO N
OH
| [M+NaJ* 0
[M+H-H,0T*
[M+H-46]* 198.9 Chemical Formula: C¢H;,N,O,
158.9 Exact Mass: 176.08
13?-9 3 | Molecular Weight: 176.17
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Serinylaspartic acid (SD) [M+H]* o) OH
+ESI Scan (32.28 min) 221.0 O o)
Frag=150.0V
| HO N OH
H
/ NH,
[Asp+H]* [M+H-H,O*
[Asp+H-H,0] 133.9 N z [M+Na]* Chemical Formula: C,H,;,N,O¢
[Asp+H-46]" ' [M+H-46] 02.9 242.9 Exact Mass: 220.07
87.9 11?.9 I 174.9 Jll b ‘P‘L- Molecular Weight: 220.18
L J
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Serinylglutamic acid (SE) [M+H]*
+ESI Scan (34.85 min) 235.0 o @) OH
Frag=150.0V
OH
| HO N
/ Gl +H ) ‘ H
[Glu+H] NH, 0
[Glu+H-46]* 147.9 [M+H-H,0]*
lu+H -H.O -46]* Glu+H-H,01* [M+H-46]* [M+Na]* Chemical Formula: CgH;4,N,O¢
[Glu 20 -46] [ 129.9 ] 1 216.9 Exact Mass: 234.09
840 1019 1 X 189.0 ) 251.0 Molecular Weight: 234.21
80 100 120 140 160 180 y 200 220 240 260 280 300
m/z
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IR0

o)
/\HL OH
o N
H
NH, o

Chemical Formula: CgH;N,O,
Exact Mass: 204.11
Molecular Weight: 204.23

OH
o)
OH
N
H
NH, o)

Chemical Formula: CgH;¢N,O,
Exact Mass: 204.11
Molecular Weight: 204.23

NH, (0]
H
N
W W)J\OH
(0]

Chemical Formula: CgH;gN,O5
Exact Mass: 188.12
Molecular Weight: 188.23

(@]
)\)( o
N/\[(
H
NH, (@]

Chemical Formula: C;H,N,O4
Exact Mass: 174.10
Molecular Weight: 174.20

Serinylvaline (SV) [M+H]*
+ESI Scan (37.70 min) 205.0
Frag=150.0V
. Val+H]* [M+Na]*
[Val+H-46] [val+H] (M+H-46]° \
117.9 158.9 [M-H,0] 2270
721 I 187.0 |
[ | ) [ |
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Valinylserine (VS) [M+H]*
+ESI Scan (34.14 min) 205.0
Frag=150.0V / (
Val+H-46]* + +
[Val 1" [Ser+H] [M+H-H,0] [M+Na]*
721
105.9 187.0 | 227.0
Y I Iy
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Valinylalanine (VA) [M+H]*
+ESI Scan (35.67 min) 189.0
Frag=150.0V
[Val+H-46]*
[M+NaJ*
721
I 175.0 211.0
il | f
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Valinylglycine (VG) [M+H]*
+ESI Scan (36.00 min) 175.0
Frag=150.0V
/ |
[Val+H-46]*
721 N -
| MHH-HOI" | 4590
|
JL 157.0 LL L
80 100 120 140 160 180 y 200 220 240 260 280 300
m/z
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Valinylaspartic acid (VD) [M+H]*
+ESI Scan (37.92 min) 233.0

O OH

I U

Frag=150.0V

|
H

K NH

[Val+H-46]* [Asp+H]* | [M+Na]” ghemi't:/lal For2n:13;Ia11:1C9H16NZO5
72.1 255, xact Mass: .
2] 133.9 I °5.0 Molecular Weight: 232.24
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Valinylglutamic acid (VE) [M+H]*

+ESI Scan (39.40 min)

@) OH
247.0 0
Frag=150.0vV
N
H
/ NH, o)

[Glu+H]*
[Glu+H-H,0]* [M+NaJ* Chemical Formula: C;oH,gN,O5
47.9 Exact Mass: 246.12
1209 | 2691 Molecular Weight: 246.26
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Methionylmethionine (MM) [M+H]*
+ESI Scan (49.76 min) 281.0
(0] OH
Frag=150.0V 0]
S
- N s~
| H
NH;
[Met+H-46]* [Met+H]* |
[M+H-H,0]* Chemical Formula: C43H,oN,0,S,
104.0 149.9 233.0 J Exact Mass: 280.09
L . 2640 i |, Molecular Weight: 280.40
80 100 120 140 160 180 y 200 220 240 260 280 300
m/z
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Glycyl-beta-alanine (G-BALA)

34

[M+H]*
147.0 +ESI Scan (30.35 min)
Frag=150.0V O O
HzN\)J\ /\)L
[M+H-H,0] [M+Na]* N OH
1290 | H
| 1690
l
‘ Chemical Formula: CgHoN,O5
| Exact Mass: 146.07
84.0 120 | Molecular Weight: 146.14
80 100 120 140 160 180 200 220 240 260 280 300
m/z
[M+H]* Beta-alanylglycine (BALA-G)
147.0 +ESI Scan (31.07 min)
Frag=150.0V O
H
H,N N
W OH
[Gly+H]* O
[M+Na]* Chemical Formula: CgH;(N,O4
76.1 Exact Mass: 146.07
117.9 169.0 Molecular Weight: 146.14
_ TS| \
80 100 120 140 160 180 200 220 240 260 280 300
m/z
[M+H]* Glycylsarcosine (G-Sar)
147.0 +ESI Scan (30.03 min) o
Frag=150.0V
H,N OH
N /ﬁ(
S
[Sar+H]*
90.0 [M+H-H,0]* [M+Na]* Chemical Formula: C5H;oN,O54
‘W Exact Mass: 146.07
I 128.9 168.9 Molecular Weight: 146.14
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Sarcosylglycine (Sar-G) [M+H]*
+ESI Scan (29.42 min) 147.0 O
Frag=150.0V H
~ N
N OH
| H
0]
[M+Na]* Chemical Formula: C5H;(N,O4
Exact Mass: 146.07
16"8.9 Molecular Weight: 146.14
80 100 120 140 160 180 y 200 220 240 260 280 300
m/z



AF Y RT7oUx N FT4— B ATV —AF ACEESIHE (LCESIMS) (2X AR TF PO A AT MV

L-Alanyl-beta-alanine (A-BALA) [M+H]*
+ESI Scan (31.84 min) 161.0 0] O
Frag=150.0V /\)I\
N OH
H
NH,
[M+H-H,OJ* [M+NaJ*
[B-Ala+H]* 143.0 18?-0 Chemical Formula: CgH;,N,05
90.0 Exact Mass: 160.08
) I ) Molecular Weight: 160.17
80 100 120 140 160 180 200 220 240 260 280 300
m/z
D-Alanyl-D-alanine (AA) [M+H]*
+ESI Scan (30.57 min) 161.0
Frag=150.0V NH H o
N
OH
O
[M+H-H,0]* [M+Na]*
[Ala+H]* 183.0 Chemical Formula: CgH;,N,0,
143.0 ‘ : Exact Mass: 160.08
90.0 , | Molecular Weight: 160.17
80 100 120 140 160 180 200 220 240 260 280 300
m/z
DL-Alanyl-DL-alanine (AA) [M+H]
+ESI Scan (30.69 min) 161.0 NH, O
Frag=150.0V H
N
OH
(e}
[M+Na]*
M+H-H,0]*
[Ala+H]* [ e T X Chemical Formula: CgH,N,05
‘ Exact Mass: 160.08
90.0 1429 | J Molecular Weight: 160.17
80 100 120 140 160 180 200 220 240 260 280 300
m/z
Alanylsarcosine (A-Sar) [M+H]*
+ESI Scan (31.94 min) 161.0 o
Frag=150.0V OH
N/\H/
NH, | O
[Sar+H]*
90.0 [M+Na]* Chemical Formula: CgH;,N,04
“ Exact Mass: 160.08
I | 182.9 Molecular Weight: 160.17
80 100 120 140 160 180 ) 200 220 240 260 280 300
m/z
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Sarcosylalanine (Sar-A) [M+H]*
+ESI Scan (32.55 min) 161.0 o)
Frag=150.0V H
~ N
N OH
H
O
[Ala+H]* | + Chemical Formula: CgH;,N,O5
500 (M+Na] Exact Mass: 160.08
n . 182.9 Molecular Weight: 160.17
80 100 120 140 160 180 200 220 240 260 280 300
m/z
[M+H]* 2,5-Diketopiperazine
114.9 (Glycine Anhydride) H
+ESI Scan (27.66 min) N O
Frag=150.0V
e} N
H
Chemical Formula: C,HgN,O,
| Exact Mass: 114.04
5 N Molecular Weight: 114.10
80 100 120 140 160 180 200 220 240 260 280 300
m/z
[M+H]* 3,6-Dimethyl-2,5-piperazinedione
143.0 (Alanine Anhydride) H
+ESI Scan (30.56 min) N )
Frag=150.0V
0] N
| H
Chemical Formula: CgH;(N,O,
Exact Mass: 142.07
114.9 ) Molecular Weight: 142.16
80 100 120 140 160 180 200 220 240 260 280 300
m/z
[M+H] Pyroglutamic acid
129.9 +ESI Scan (26.14 min) o)
Frag=150.0V H
N
o OH
[M+NaJ* Chemical Formula: CgH,NO,
84.0 152.0 Exact Mass: 129.04
I i Molecular Weight: 129.12
80 100 120 140 160 180 ) 200 220 240 260 280 300
m/z
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Glycylglycylglycine (G-3mer) [M+H]*
+ESI Scan (29.81 min) 190.0
0] (0]
Frag=150.0V -H,0 H
114 9 H/\[( OH
(0]
[G -2mer+H]*
[Gly+H]*
132.9 [M+H-H,0]*
Chemical Formula: CgH;,N3O,
76.1 ‘ Exact Mass: 189.07
N L) 1450 1720 Molecular Weight: 189.17

80 100 120 140 160 180 ) 200 220 240 260 280 300
m/z

Glycylglycylglycylglycine (G-4mer) [M+H]*

Frag=150.0V [G-2mer+H]*
132.9

(0] (@]
+ESI Scan (31.71 min) // 247.0 H\)J\ H\)k
HoN N OH
X /ﬁ( H/\[(
O O

H,0 ¢
114 9 [G-3mer+H]* ‘

[Gly+HI* -H,0 _ 1900 [M+H-H,0[*
Chemical Formula: CgH4,N,O5

76.1 ‘
229.0
285.0 Exact Mass: 246.10

172.0
JLJLJ ﬂL J JL | ‘LW Molecular Weighi: 246.22
120 7 7 ‘ 7 ‘ :

160 180 200 220 240 260 280 300

[M+Na]*
269.0

m/z
Alanylalanylalanine (A-3mer) [M+H]*
+ESI Scan (32.94 min) 232.0
Frag=150.0V / 0 0
H
-H,0 V/ N N on
142.9 (M+Na]* N H
[A-2mer+H]* 2 o
\ [M+H-H,0] \ 240
161.0 -H,0J
115.0 ‘ ) [ Chemical Formula: CgH,;N;0,
‘} ‘ 270.0 Exact Mass: 231.12
) | 2140 | N Molecular Weight: 231.25

80 100 120 140 160 180 ) 200 220 240 260 280 300
m/z
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Thbo

Figure 4 |2/R T L 912, L-7T AT F U=
& (Aspartylaspartic acid) 2°57% % Y RTF KD
R BRI, o B EB-BID D B, RIKHA
Kl 51%, 7 ANT A (Asparagus officinalis)
P5a-, B-ORAEPKIEEN2BDH 5 (Kasai
etal, 1981)c F7z, 7LD E 7 IVERRE Y
ELTCha, B-OREFHEENTVDS (eg,
Saetia et al., 1993). [AIEEIZ, T HICHIVRF
V2O FHL-7 VY I VR ER
(Glutamylglutamic acid) (2 b #ERMEDTFAET 5o
a-TZINz, TANRTFUVEBRLY) AF L U
(-CH») 7%, —2% O Ty-MOEEREZ FFo
ZEPHISNG, MM - MERTOT I/ ERE
RIFENRTF FIHORIEIL, 27 2 585 (eg.,
Oba et al., 2016, 2019) X2 555HE— F (eg.,
Ozawa et al., 2020) TOMEMFEIZ LV, Wk
JEARRIE T X b,

3.4, MENTF FBESSIVE/ -7 I/BO
K

TI/BOZEKTH LIRS F RGTIE, 5T
WOT 3 73D NVREFDNVIEERFAGES L, BIR
NTFE (@ARY) 2T DD L, I,
7)) V7)) ¥ v (Glyeylglycine © CH:N,Os, Exact
Mass 132.0535) @ ¥; &, ¥ 7 b E X T T ¥
(Diketopiperazine, DKP : C;H(N,O,, Exact Mass
114.0429) OHEKWAHS, ZHUTHYT 5, BRIRRT
F R, KEER %A & THERYT A (Figure
5)o HEAKYOIEE LT, T VFIVEEE/ YD
SFABAKTELAZYT S VY I UEEO S EED
Table 1 (IR L720 7 VE I VBRICK T A58 4%
186, U, s FRBKICE 27 Ly 3
YRR ORI UL R 2 3R (eg, ILES,
2009 ; Hugek, 1991) 255D T, FEFLETH S,
N-¥'NOA VAV TaE NI AT VLR LR
N-YNOA )4 TF NI AT VIR LTI,
ZOLEHBEIIER T =747 727 MIELT, 7
MTRERE ORFE A # 5 LT\ 5 (e.g, Chikaraishi et al.,
2009, 2010 ; Takano et al., 2009, 2010),
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3.5.EREEMMNESLUSIPEADGH

KHELEE K Y — 7y M FORFHRER &~ 2
AR MVERETHZ L2, FHEATTF R
B L UOMES T ORBEEESITENSHTE
bo MERTIX, A—Y FT v THESIMEIZLS
FHEEAR T F FOMGRMEB L OO THE o HEEE
(Am/z) %R L7: (Table2)o 72, ZT—%
& LT, BEFRD SIP{E (Stable Isotope Probing) (2
£ 5°H(D)-, "C-, "N-Z 7 FHIZE LT IV RX
MR &, BFRGFL 77 LY ADT AV b
RY—OFEAEL I TR Lz, 970 — Dk
#AbEs L OREHBRO IR - Hik~ b)) v 7 2%
RA&PrZ - H4H (e.g., Oba et al., 2019 ; Takano et
al, 2021) L722EdH0), WINRBIFFIZRN
IHTHERE (Am/z< 0.0003) DMRFES N TV Do A
A= v 7L L TOMALDI#EE (Matrix Assisted
Laser Desorption/Ionization) <° DEST#: (Desorption
ElectroSpray Ionization) 72 & & DAy 7)) ¥ 7%
WFFs b (e.g., Cornett et al., 2007 ; Naraoka and
Hashiguchi, 2019) .

4. SHRORE

FSHATF FEHOZuR M7 4 =BT,
TR BB LD TN TV AHE, EROETOMR
bz, Iz, aurmELR T % (Corona
Charged Aerosol Detector, CAD : cf. Takano et al., 2015,
2021), & B\ ik, ZAFICHELF L EE (Evaporative
Light Scattering Detector, ELSD : Takano et al., 2015)
12X B mE~O#EHD T HETd %, Corona
CAD I, EEMICEN, BESMER 7+ M5
A4 = F7 LAtk e 2 mhiEs LT
H % TdH A (eg., Ishikawa et al., 2018a, 2018b ;
Furota et al., 2018 ; Sun et al., 2020), ¥ — %7 v b
FIgH T FE % 1 IRITCLC T BE - L, &
ZHEIG L TLCRGC A E, 2RILHD 7 1~
NS T4 —~NDORETE S (cf Takano et al.,
20210 & 512, ¥ =7y MEENRTF FHEIZO
W, LNV O R E S AT I g
BOMNELR ENOISHT 52 L HTRETH %0

HEH AT F PEOBEREEN, Ay dE
FUBRESND b OTIE AL, MIEKILFHH 5 v
AR IS EELIREE 52T 5
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(a) Intermolecular reaction

COOH

Glycine + Glycine

NH»

COOH
\( a-Alanine + o-Alanine

NH,

(b) Intramolecular reaction

HOOC COOH
\/\( Glutamic acid

NH,

-H,0

H

Lr
O N
H

Glycine anhydride

H
IN:iO
0] N

H

a-Alanine anhydride

+H,0

-H,0

+ H,0

- H,0

ZT

+H,0

Pyroglutamic acid

Figure5 Typical dehydration and hydrolysis processes for the cyclic molecular formation on short-chain peptides and amino acids. (a)
Intermolecular reaction showing two glycine molecules and glycine anhydride (2,5-Diketopiperazine, DKP), twoa-alanine
molecules and a-alanine anhydride (3,6-Dimethyl-2,5-piperazinedione). (b) Intramolecular reaction showing single glutamic

acid and pyroglutamic acid (pGlu).

(e.g., Nichols et al., 2008 ; Mulholland and Lee,
2009 : Farrell et al., 2011)s 797 A YT — 3>
NG =V DT = I R=AFFTHEL LI, +
IA VERGMEDAR LSS, 774 VEED
Mg (B 21, i ik © MALDI, DESI& % \» &
DART : Direct Analysis in Real Time 7 &) X =%
A A=Y Y TEBEGITEOL 7 7 LY AT =S
ELTHHEMATH %,

# OB

AL, 2 HOEAEGE DO BEE R ERLORE
RTEE, WERICILS 72, WEEMNLT 5o
KGR O —#IL, HAGHEMIKILFRICL 5 H
Ik - BREARS FHESN ~ = 2 T VLEED—
B (VY FNVF—FARZ MVITATF) —)
ELT, BHTHERL TR WHIEME & T

FLwr, Tz, FTEECEMRE Co#RS
TSNS Z & DL WGH EOFEHIZOW
THNRL e KD —#F1E, CHR 24
(MEXT) OFHERFZEE B4 (No. 20H02019 ;
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Abbreviations.

LC/MS, Liquid Chromatography / Mass Spectrometry;
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EIC, Extracted Ion Chromatogram; MRM, Multiple
Reaction Monitoring; NFPA, Nonafluoropentanoic
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ELSD, Evaporative Light Scattering Detector;
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Direct Analysis in Real Time; SIP, stable isotope
probing; DKP, 2,5-Diketopiperazine.

NH,

L-Alanyl-D-valine

o N
\)L ' _OH
: Nﬁ(

iH
NH, 0

D-Alanyl-D-valine

Chemical Formula: CgH,gN,04
Exact Mass: 188.12
Molecular Weight: 188.23

Appendix-1 Structure of underivatized alanylvaline for LL-, LD-, DL-, DD- diastereomers.
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NH,

N
Purine Adenine Hypoxanthine Xanthine
NH, 0 o
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Pyrimidine Cytosine Thymine Uracil
N N §H N OH
(O (I (0
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LN/ LN/ LN/
HMT d-HMT Hydroxy-HMT

Appendix-2  Structure of underivatized N-heterocyclic molecules discussed in the isotopologue references in Table 2.
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