Kvalitativni analyza v
hmotnostni spektrometrii

— zaklady interpretace
,mekkych“ MS a MS/MS




Kroky pri identifikaci iontt (molekul) pomoci MS

« DulezZité je mit kvalitni hmotnostni spektra — dostatecné zprimérovana, spravné odectené
pozadi, znalost historie vzorku (jak byl odebran, pfipraven, s Cim priSel do styku) atd.

1. UrCeni molekulové hmotnosti, pokud mozno vysvétlit vSechny pfitomné ionty (jejich puvod)

2./ UrCeni velikosti naboje (hlavné v pfipadé iontovych slouc€enin, biopolymera).

3. UrcCeni elementarniho slozeni — spravna hmotnost a pfitomnost charakteristickych
izotopickych pikl (izotopicka obalka - charakteristické intenzity izotopl) — hlavné pfi vysokém
hmotnostnim rozliSeni HRMS (Cim vétsi Rq,y tim Iépe).

4. Strukturni informace — na zakladé raznych MS/MS (Ci MS") experimentl (charakteristické
ztraty pro funkéni skupiny, substituenty, ligandy atd.).

5. Vyuziti rdznych identifikaCnich softwart a databazi (knihovny spekter) — ¢asto jako prvni krok
(po vycCisténi spekter, po identifikaci a odstranéni interferujicich iontl)

6. V pripadé kombinace se separacnimi metodami — informace o retencnim Case (LC, GC,
SFC, CZE) — muze pomoci, driftovy Cas (v pfipadé IMS).

- Moznost vyuziti riznych filtrovacich pristupt pro zjednoduseni TICC — rekonstruovany
iontovy chromatogram v MS i MS/MS, filtrovani s ohledem na hmotnostni defekt,
chromatogram neutralnich ztrat u LC/MS/MS meéreni, atd.



Cisténi spekter stopovych latek v LC/MS
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Identifikace iontu po odecteni iontl na pozadi



1. Urceni molekuloveé
hmotnosti



1. Urceni molekulové hmotnosti

* na zakladé [M+H]*, [M-H], M* iontd nebo adukti s molekulou [M+Na]*, [M+K]*,
[M+NH,]*, [M+CH;COOQO], [M+HCOQO] [M+Cl],, nékdy i dimerni ionty typu [2M+H]",
[2M+Na]*.

- typ a relativni intenzita aduktovych iontl velmi vyrazné zavisi na slozeni mobilni
faze (rozpoustédla vzorku) a obsahu soli v eluentu Ci vzorku

— zavislé na pouzité ionizacni technice - nekdy je vhodné kombinovat vice technik
(ESI, APCI, APPI), kombinace oboru médu polarity

L a4

— pokud zcela chybi molekularni ion pouzit SetrngjsSi ionizaci (ESI, MALDI) a snaha
o tvorbu molekularnich aduktu na zakladé pridavku vhodného iontu (NH,*, Na*,
K*, Ag*, Li*, CH;COO, CI, atd.), zména napéti na sprejovaci jehle, vstupni
elektrodé, iontové optice, zména prutoku susSicich a zmlzujicich plynu, zména
teploty iontového zdroje, zména rozpoustédla vzorku



1. Urceni molekulové hmotnosti (API-MS)
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1. Uréeni M - Nejbéznéjsi typy molekularnich aduktu

Singly charged molecular adducts in positive-ion APl mass spectra. ﬁozdil mezi [I\/|+H]+ a konkrétnim lkaduktem
Molecular adduct Nominal mass shift* [ADa] Exact mass shift? [mDa]
[M+Li]* 6 +8.2
[M+NH4]* 17 +26.5
[M+H+H,0[* 18 +10.6
[M+NaJ* 22 ~18.1
[M+H+CH;OHJ* 32 +26.2
[M+K]* 38 _44.1
[M+H+CH3CNJ* 41 +26.5
[M+H+H,0+CH3;OH]* 50 +36.8
[M+Na+CH3CNJ* 63 +8.5
[M+Ag]* 106 1027
Singly charged molecular adducts in negative-ion API mass spectra. Rozdil mezi [I\/I-H]' a konkrétnim aduktem
Molecular adduct Nominal mass shift® [ADa] Exact mass shift® [mDa]
[M—H+H,0]- 18 +10.6
[M+F]- 20 +6.2
[M—H+CH30H]~ 32 +262
[M+Cl]- 36 _233
[M+HCOO0]~ 46 +5.5
[M+NO, |- 47 +0.7
[M+CH3C00]- 60 +21.1
[M+NO3 |- 63 _44
1 [M+Br] 80 ~7338
[M+HSO4] 98 ~326
[M+H,PO4] 98 _23.1
[M+CF3COO0]- 114 —7.1
[M+1]- 128 _877
[2M—H]- - -

M. HolCapek, R. Jirasko, M. Lisa, J Chromatogr A 1217 (2010) 3908.



Filtrovani dat a Cisteni spekter z LC/MS (koeluce)

TICC




Filtrovani dat a cistéeni spekter z LC/MS (koeluce)
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Filtrovani dat a cistéeni spekter z LC/MS (koeluce)

TICC my
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Filtrovani dat a

A4

cisténi spekter z LC/MS (koeluce)
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Adukty s anionty pro stabilizaci
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Adukty s anionty (necistotami), prima infuze
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2. Urceni velikosti naboje



2. Urceni velikosti naboje

urceni naboje S ) . L
My = 180 Char?kterl,stlcke rozdily Ar.T‘l’/Z mezi Jec.lnojtllvyr,nl izotopy
a potrebne Ry, pro rozliseni izotopicke obalky
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2. urceni velikosti naboje a M, proteinu

Napr.: m/z 1696 (rozdil mezi izotopy je 0,1 — naboj je 10)
molekula je 10x protonovana [M+10H]*%* (v m/z se m=M+10 a z=10)

1696 = m/z = (M+10)/10 - M=1696*10 - 10 = 16 950
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2. urceni velikosti naboje a M, proteinu

V pripadé nedostacujiciho rozliSeni nejde naboj urcit na zakladé
izotopickeé obalky
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2. urceni velikosti naboje a M, proteinu
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Priklad vypoc¢tu MW a poctu naboju (feSeni 2 rovnic o 2 neznamych)
Experimentalné uréeno m/z dvou kladné nabitych iontu A (1696) a B (1542)
[Mg+z]**=m/z, =1696 = (Mg +2) / z
[Mg+z+1]@D*=m/zy; = 1542 = (Mg +z2+ 1)/ (z + 1)
- feSenim vyjde z = 10.006 = 10 (naboj musi byt celoCiselna hodnota)
- nyni pfifadime naboje vSech iontum ve spektru (Ize ovéfit vypocltem)
- vypocet My ze vSech identifikovanych iontu, napf.:
A: Mg =1696 * 10 — 10 = 16950
B: Mg = 1542 * 11 — 11 = 16951, atd.
- pak zprumerovani a vypocCet My, (tzv. dekonvoluce), vSe automaticky softwarové



Urceni MW a poctu iontovych skupin
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3. Urceni elementarniho
slozeni



3. Urceni elementarniho slozeni

« 2z kolika a z jakych atomu je molekula sloZena

— porovnani experimentalni a teoretické izotopické distribuce — charakteristické zastoupeni
M a M+2 izotopu - CI (3:1), Br (1:1), polyizotopicka obalka nékterych atomu — Ge, Sn, Hg,
Pd, Pt (organokovové slouc€eniny) atd.

— pro vysokou spravnost urCeni hmoty je nutna spravna kalibrace hmotnostni stupnice - Cim
mensi chyba, tim je mensi po€et moznych kombinaci atomu pro danou m/z, navrhy
pomoci softwaru, které jsou bézné dostupné (¢asto soucasti komercnich softwar()

- nejlépe analyzator s vysokou rozliSovaci schopnosti (FT-ICR, orbitrap, QqTOF)
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3. Urceni elementarniho slozeni

Defekty atomovych hmotnosti Izotopické zastoupeni
Nominalni atomova Hmotnostni Prirodni zastoupeni izotop Typ
Prvek hmotnost [Da] schodek prvku
[mDa] | Moe] | M+1 (%] | M+2 [%]

H 1 7.8 100 | 0.015 "M"
C 12 0 100 1.1 "M+1"
N 14 3.1 100 0.37 "M+1"
O 16 5.1 100 0.04 0.2 |"M+2"

F 19 -1.6 100 "M
Si 28 -23.1 100 5.1 3.4 |"M+2"

P 31 -26.2 100 "M
S 32 -27.9 100 0.79 4.4 |"M+2"
Cl 35 -31.1 100 32 ["M+2"
Br 79 -81.7 100 97.3  |"M+2"

| 127 -95.5 100 "M"
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3. Urceni elementarniho slozeni - izotopy
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3. Urceni elementarniho slozeni - izotopy

s Compass lsotopePattern — [l X
(NaBr), M| Chemical ~ | [M s
A E B m/z Abundance
100- g = . 1 1042070234 0.456

E I = z 1044 0RE247 4.431
=T
= = 3 1046 066207 19.399
i n II_ 4 1048, 064154 50,322
5 1060062107 20,666
o G 1052 060061 100,000
[
(=R ? E 7 1054.058014 a1.065
= g a 1056055968 45062
= 3 1068.0539:21 16.433
40 . 10 106e0.051374 2.563
2 11 1062049328 0346
3
201 o £ T 2 o
= : = 5]
= el 2 =
g ° b U 2 8
|:I_ L L
' 1045 1050 1055 10BD ez

FuHR: | IR tonoizotopic neutral mass: 1042070842
Reszolving power: 2103 Mominal neutral mazs: 1043
|sotope threshold [%] Average neutral mazs: 1051.922751
Hill zorted sum formula: BrygMay
Elemental compogition: Br 75.96% Ma 24 04%

Kdyz v elementarnim slozeni neni prvek, ktery obsahuje M+1 izotop (napr. NaCl, NaBr), tak
se v izotopické distribuci nikdy neobjevi izotopy lichého typu M+1 M+3, M+5 apod.



3. Urceni elementarniho slozeni - izotopy
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3. Urceni elementarniho slozeni - izotopy

100 Cd R Fe '@ 100, Ge . 180% 100, Hf 1
57%
50 43% 45% 8 43% 50
26% B I 21% 21%
2%
0 I ' 1 1 0 - T T T T TI_V
106 108 110 112 114 116 49 50 51 52 53 54 54 55 56 57 58 69 71 73 75 174 176 178 180
100 H g 100% 100 MO 100% 100 OS 100% 100 Pb 100%
62% 66% 89%
50 50 50 46% 430,
0 0 0
196 198 200 202 204 92 94 96 98 100 185 187 189 191 193 204 206 208
100% g7 0 0
100 1 Pd ol 1 100 100 - Se 100% 100 - Sn 100%
50 41% 43% 50 50 8%, 50
|90/ﬂ|5“,.{, 18% 14%, 18%
4% 2% 3% 2% 1%
0 0 0 += T T T T |I_\ 0
102 104 106 108 110 192 194 196 198 96 98 100 102 104 74 76 78 80 82 112 114 116 118 120 122 124
100 Te 930, 100% 100 - T1 1o0% 100 1 seo; W 100% o3 | 100 5 Q0% n 100 /%% 7t
50 50 50 50 139 349%
22%
0 0 0 0
121 123 125 127 129 131 182 184 186 63 65 67 69 90 91 92 93 94 95 96

R. Jirasko & M. HolCapek, Mass Spectrom Rev 30 (2011) 1013-1036.




3. Urceni elementarniho slozeni - izotopy
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3. Urceni elementarniho slozeni
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PocCet moznych elementarnich slozeni vzrista s m/z a chybou uréeni —
je potfeba definovat dalSi pravidla (omezeni) pro snizeni po¢tu navrhu.

T. L. Quenzer a kol., Automated accurate mass analysis using FTICR mass spectrometry. Proceedings
of the 50" Annual Conference on Mass Spectrometry and Allied Topics, , Orlando FL, (2002)



3. Pravidla pri urcovani elementarniho slozeni

Mnozstvi navrhu elementarni slozeni roste s 1m/z a |R — nutha omezeni

 hledani jen oCekavanych (logickych) prvka — C, H, O, N, S, P (u molekularnich
aduktd + Na, K), pokud o¢ekavame, tak pripadné i halogeny

« vétSinou pouze sudy pocet elektronu (radikaly vyhledavany nejsou), N pravidlo.
« charakteristicka izotopicka distribuce - polyizotopickeé prvky - C, H, K, S, Cl, atd.

* H/C pomeér — vybér logickych kombinaci (vétSinou 0.5 < H/C < 2), ale jsou i
extremni pomery, napi. CH;N, (methylhydrazin) nebo CgHN; (tetracyanopyrrol)

pomér N, O, P, S versus C

* Ovéreni R + DB (poCet mist nenasycenosti)=x -2y + 2z + 1 (X je pocCet
Ctyfvaznych atomuU napf. C, Si; y je pocet jednovaznych atomu, napf. H, halogeny;
Z je pocCet trojvaznych atomu, napf. N, P)



3. Pravidla pri urcovani elementarniho slozeni

Element ratios Common range Exter_1ded range Extreme range
(covering 99.7%) (covering 99.99%) (beyond 99.99%)

H/C 0.2-3.1 0.1-6 <0.1 and 6-9
FIC 0-1.5 0-6 >1.5
Cl/IC 0-0.8 0-2 >0.8
Br/C 0-0.8 0-2 >0.8
N/C 0-1.3 04 >1.3
o/C 0-1.2 0-3 >1.2
P/C 0-0.3 0-2 >0.3
S/IC 0-0.8 0-3 > 0.8
Si/C 0-0.5 0-1 > 0.5

|
Pomér H/C pro 42 tisic ruznych
molekul (obsahujicich uvedené
prvky) z Wiley MS knihovny

10000

8000 r

6000 /

4000 \

2000
N
5 /_I_ i Sy

-0,8 -06 -0,4 -02 00 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 32 34
HIC ratio
T. Kind & O. Fiehn, BMC Bioinformatics 8 (2007) 105.

Number of molecular formulas




Dusikove pravidlo

Pro ionty EE*

licha hodnota m/z (napf. H,O+H) znamena sudy pocet dusiku, suda hodnota
m/z (napf. NH;+H) lichy poCet dusiku

plati pro bézné prvky (C,H, N, O, F, Si, P, S, Cl, Br, I)

proc toto pravidlo? dusik je jediny z béZnych organickych prvku, ktery ma sudé
atomove Cislo a lichou vaznost, vSechny ostatni maji oboji bud liché nebo sudeé

| v mékkych ionizacnich technikach mizeme nékdy pozorovat lichy pocet
elektront — tzn. M* (u technik APCI, DART — bézZné), u nitro sloucenin ...

Pocet dusiku m/z licha m/z suda

0, 2, 4, ... (sudy) EE* OE™*:

1, 3, 5, ... (lichy) OE* EE*




Ukazka aplikace softwaru pro identifikaci

elementarniho slozeni iontu

@)
A\Y
C—CH,-OH
OH
@) 0]
OH
NH,

[VALpply nitrogen rule
[7] Filter H/C element ratio

[ Estimate carbon number

Minimum | ()
Electron configs

Minimum H/C | 1

even .0

Maximum H/C | 3

—

sudy pocet
elektronu

Generate Molecular Formula lM | OH
s
Note: for m < 2000 the elements C, H, N, and O are considered implicitly: O (|) O ’
L — >
 Measured m/z 5421677 Tolerance 2 ChargeD C O
Hessuedmz 2 JH,N, C
# Mol Formula msz e [mDa] lenl [ppm] e [ppm] mean e [ppm]} Sigma JSigma Rank b N rule D OXO ru b I CI n
1 C27H28N1011 5421668 -0.95 1.8 1.8 -1.0§ 0.0071 1 145 ok  even C H N O
2 C28H24N507 5421681 0.38 07 07 1.4 00173 2 195 ok even 27" 29 11
3 C25H16N1501 5421668 -0.97 18 1.8 1.6} 0.0199 3 255 ok even _
4 C29H20NS03 542.1695 1.72 32 32 3.7) 0.0289 4 245 ok even M —543
5 C13H20N1708 5421686 0.89 16 16 1.4} 0.0505 5 125 ok even
6 C10H12N2702 5421673 -0.46 09 0.9 -1.5) 0.0519 6 185 ok even
7 C12H24N13012 5421673 -0.45 (K] -0.8 -0.9) 0.0635 7 75 ok even
8 C15H32N3018 5421686 0.90 1.7 1.7 2.0} 0.0635 g8 15 ok even
9 CYHIEN2306 5421659 -1.80 33 3.3 -3.9) 0.0642 9 135 ok  even
10 C11H28N3S016 5421653 -1.79 33 33 -3.3)| 0.0767 10 25 ok even
11 C40H20N 3 5421663 1.47 2.7 2.7 1.5 0.0786 11 325 ok  even 542 . 1677
12 H28N15019 5421691 1.40 26 26 118 01319 12 55 ok even
13 C2H40N1029 5421691 1.4 26 26 3.2) 0.1460 13 -165 ok  even
r 1 4 - - r A 4
| Dusikové pravidlo — lichy pocet N
[ Automatically lo monoisotopic peak  Maximum number of formul 200 6 1 6 . 100 1
[ Check sirfGs plus double bonds Maximum (]

690.0322

400

Save for Reporting

600

700

parametr sigma (Bruker) - spravnost hodnoty m/z a relativni intenzity pro
vSechny izotopy (uzite€né pro vybér spravného elementarniho slozeni)




4. MS/MS pro ziskani
strukturnich informaci



. MS/MS - vliv funkcénich skupin na fragmentaci

stépeni mensiho poctu labilnich vazeb ve srovnani s EIl - minimum nebo
absence fragmentovych ionti v MS? (zalezi i na pouzitych napétich, teploté
v hmotnostnim spektrometru a typu analytu) — pro vice strukturnich informaci
je tedy potfeba fragmentace pomoci MS/MS nebo MS" (odvozeni struktury),

ke stépeni dochazi na termochemicky nejméné stabilnich vazbach

LIV 4

orientacni pravidlo - ¢im polarngjSi je funkCni skupina, tim vétsi vliv na
ionizaCni a fragmentacni chovani Ize oCekavat

misto (de)protonace Casto iniciuje mechanismus fragmentace

vliv funkénich skupin na fragmentaci lze orientacneé seradit:

nitrat > fosfat ~ sulfat >> sulfonova kyselina > karboxylova kyselina > hydroxy
skupina > nitro skupina > halogeny > ostatni funkCni skupiny

polyfunkcéni slou€eniny - konkurencni mechanismy fragmentace




4. MS/MS pro ziskani strukturnich informaci

N OE*—» EE* + R
+
— ™~ OE*+ N

pravidlo parity = ve velké vetSiné vznikaji opéet ionty se sudym
poctem e odStépenim neutralni molekuly - vznik kation-radikalu pfi
fragmentaci iontd se sudym poctem elektron vyZaduje energeticky
nevyhodné rozdeleni elektronového paru

@ existuji vyjimky

EE* —- OE* + OF

Vyjimky: organokovove sloucCeniny, hetrocyklycké sloucCeniny, ztrata relativne
stabilnich radikalu je typicka také pro halogenidy (CI', BrY); nitro (NO,’) a
nitroso (NO') slou€eniny; methyl a methoxy substituci (CH;"a CH;0),
polyaromaticke latky atd.

velmi Casto u aromatickych a konjugovanych systému, které mohou snadno
stabilizovat vznikajici radikal

Casté&jsi vyskyt pro fragmentaci [M-H]



4. MS/MS pro ziskani strukturnich informaci

Fragmentace zavisi na typu aktivace prekurzoru (CID, UVPD, ETD, atd.) a ziskané
kinetické energii

Nejcastéji nizkoenergeticka CID aktivace iontu (E, < 1 keV) — IT (rezonancni excitace

v v

,cut-off efekt® - méné fragmentu), QgQ (pruchod urychleného iontu kolizni celou, energie
fragmentu muze byt dostateéna pro nasledné fragmentace — rozsahlejsi fragmentace)

strukturni €asti molekuly ur€ime na zakladé fragmentovych ionta a neutralnich ztrat

— funkcCni skupiny - vétSinou poskytuji charakteristické ztraty (napf. OH: Am/z=18 (H,0),
COOH: Am/z=44 (CO,), OSO;: Am/z=80 (SO,) atd.)

— vetsi celky molekuly - napf. postranni fetézce, neutralni ztraty mastnych kyselin z

esterl (cholesterolestery), konjugacni substituenty u metabolitt Il faze (glukuronidace —
ztrata 176 C;HgO4 Ci 194 C HgOq, sulfatace (OSO,) — ztrata 80 SO, Ci 98 H,S0O,)

— vyhodou je vysoka rozliSovaci schopnost analyzatoru — rozliSeni podobnych neutralnich
ztrat — napfr.: CO (27.9949) x N, (28.0061) x C,H, (28.0313)

Informace o izomerii
— U polohovych izomeru nékdy rozdilné intenzity fragmentovych iontu

— urCeni polohy dvojné vazby (napf. u lipidu) - vyuziti vysokoenergetickych kolizi (E, > 1
keV), fotodisociace, disociace ozonem, pro nékteré latky (lipidy) specificka fragmentace
[M+Li]* apod.



Charakteristickeé neutralni ztraty a m/z fragmenty

MS/MS spektrum iontu m/z 542.238 [M+H]*

Intens.
4
X']% S Am/z 180 C¢H;,04
ESI* MS/MS : dih
DMF glukosidu 5 Charakteristické neutralni ztraty
) pro konjugaty s gluk6zou
1 Am/z 162 C6H1005
] 305.1177 380.1879 <€
O_J;J_LLA_.J.LLAL_LAL—ML_‘]L ¢. i ‘|\\nl\l|.\\-|\.vvl\|\\vv
250 350 400 450 500 m/z
MS/MS spektrum iontu m/z 670.646 [M+NH,]*
369.355
100 O Typicky fragmentovy ion pro Em/Z 369
| cholesterol a jeho estery
ESI* MS/IMS *
cholesterol esteru ¢
(CE 18:0) ] 370.357
] 371.353
O\ \H‘\H\‘HHHH\H\HHH\\\H

\H\\‘\\\‘H‘\\\
350 400 450 500 550 600 650



RP-UHPLC/ESI-MS: separace izomeru a MS?

© @]
. [
X 100 O/\<\O/ ~
[=) 2 /! (0]
— . _ \\‘: HO \/\NH
2 EIC [PE 34:2-H] N S. :
n
g m/z 714.5079
£ 50
[}
P
e
8
¢ O — S .
2 aeemmTT - N\ 24 Tee-ol . 25
————————————— '.\-..‘. \\\ ﬁ‘-""--..-‘._..-
____ - ~o \) e
....... el R _te—el
18:1 18:2 17:1
= 281 —_ 279 —_ 267
s~ 100 2 100 - 32 100 -
= 2 2
2 I 7]
g g g
£ 50- 2 5. 16:0 £ 50
o 16:1 ® 2 ©
= 253 2 2
< K &
&, 0 T I T T & 0 T L T 1 &, 0 r L T T
100 200 300 400 100 200 300 400 100 200 300 400
m/z m/z m/z
PE 16:1/18:1 PE 16:0/18:2 PE17:1/17:1

A. Triebel et al., J. Chromatogr. B, 1053 (2017) 72-80



Mereni tandemovych hmotnostnich spekter

Intens.
o B soom 435.1188
‘ 437.1054 MSL
5 ] 435.2651
i 436.1131
1434.9808 36 9998 ef2all <l.2090
1 —
=
0_IIII —_— .].'||||’ Illllllldlp.l,ll.l’I‘lIIII S
100 200 300 400 500 miz
Intens. - g
10° C.H.0, C.H..0, interference
] 175.0040 218.0554 | 391.2898
6 C,H.0 interference
119.0513 C..H.;0, 327.2654 345 2778 MS2
4~ | cHO 189.0897
Il 9" %9
] 133 0661 C..H.,0, H 4
2 - 233.0803 CrHnOs
: ‘ 295.0570
0 _: it I....‘A Il.l | | “’ h ” ; ,’. - .l‘..IJ.K.A....’;.A. * |L . I| ol e .‘.. —
100 150 200 250 300 350 400 450 miz

111 Pozor na interferenty blizké hmotnosti



Uhlovodiky (C,H,), alkyl/aryl substituce

« alkany, alkeny, alkiny, aromaty

« pro uhlovodiky bez funkénich skupin nejvhodnéjsi APCI / APPI v kladném madu, v ESI
jen pomoci tvorby aduktu (Li, Ag, Na, apod.)

» pro alkyl substituci na aromatickém nebo obecné cyklickém systému oCekavany ztraty
alkenu (nebo alkanu, zejména u druhé a dalSi ztraty pro pfitomnost vice alkylu); pro
alkyl substituci na aromatickem jadre (obecné vazba aromat a CH,) je typicky ion m/z
91.05

 podobneé pro aryl substituci jsou obvyklé neutralni ztraty C.H, (Am/z 76) nebo C H,
(Am/z 78)

« ztraty alkyl/aryl radikalu jsou méné obvyklé, nékdy se vyskytuji v zaporném maodu
(zejmeéna pro APCI / APPI)

ESI* MS/MS iontu [M+H]* (FT HCD 50 NCE MS? 150.1277)
150.1277 4-Butylaniline
1007 | .
. 94.0651¢
% ©/CH2 -56.0626 (C,Hy)
91.0542
| 107.0730
05 r — N — ? L mlz
50 75 100 125 150 175

Zdroj: mzCloud (https://www.mzcloud.org/)



Halogeny (°F, 3°Cl, ®Br, 1271)

Nartst nominalni hmotnoti Posun za desetinou éarkou MS/MS
(ADa) (mDa) (neutralni ztraty a fragmenty)
Halides +18 (F), +34 (Cl), 9.4 [M+H-X]"*
(RX) +78 (Br), +126 (I) —39.0
895 [M+H-HX]*
—103.4
[M—H-X]-*
[M—H-HX]-
[~
[Br]~
[Cl]~
—_® _
i-Stépeni RoX2H ——= RO + IX—H
[M+H-HX]*




Priklady fragmentaci - Halogeny — ClI, Br

: 100% :
[ ch i+ i : Pomér izotopu
: 1 35C|:3Cl=3:1
H 32%
P : n*Cl=(3a+Db)"
-HCl |
_ (- 36) : 35 36 37T miz: p
4 gr | 100% 98% i pomér izotoptl
. §7gBr:81Br:1:1
H i n*Br=(a+b)
-HBr i |
(- 80) i 79 80 8l m/z:

\_

* pro poly- a perhalogenované slouceniny opakované ztraty HX nebo X
(zejména Br-), pri fragmentaci zména izotopicke distribuce

/




Halogeny (*°F, 3°Cl, ®Br, 1271)

Bromochlorophen ESI*, MS/MS iontu [M-H]- (FT HCD 30 NCE MS?2 422.8195)
204.9061 ¢
100 ,
% [Br] -HCI (36)
386.8428
78.9189
-HBr(80) '\ 422 8195
. | Cl 3428934 |\ % )
| | | | |
50 150 250 350 450 M2

Pokud izolujeme prekurzorovy ion s dostate€nou izolac¢ni Sirkou — izotopické piky:

80.917 206.906 344 891 388.841 424.817

78.919 426.815

342.893

348,886

208.901 392 836




Fosfatova skupina

Phosphate +96 —38.8 [M—H-HPO3]~
(RPO4H3) . ) , . ] .. [M—H-H3PO4]~

Narust nominalni hmotnoti Posun za desetinou ¢arkou [HyPO4]-

(ADa) (mDa) (PO ]
ool A Phosphate ”‘;‘;;“’ neutréini ':"?t/'\"sf )
neutralni ztraty a fragmen
MW = 400 Ve fagmenty
_ Fosfor |e
[PO,] . : . .
. 79 monoizotopicky
S [H,PO,|
97
[M-H-HPO,|
319
[M-H-H,PO,|
3(|)1
100 200 300 400 m/z

ﬁlcl_)H |(|TH |6H ICl_)H
R_:_ﬁf@@—> R—0° + ﬁ:O> Al p 0P— > (R-H) + :| o

N4 [M-H-HPO,J & \/,\O/ [H,PO,] IOH




Priklady MS/MS - fosfatova skupina (ROPO;H,)

» Casté u biomolekul (peptidu, lipidu, cukri)
* |[ze mérit nejlepe v ESI-, nékdy i ESI+ (fosfolipidy), labilni iontova skupina
- diagnostické fragmenty m/z 79 [PO,], 97 [H,PO,]

* Vv pozitivu adukty se sodnym iontem a dalSimi kationty

Standard Diagnostic ion (m/z7)
compounds

Fru 225 [M+HCOO]~
Glc 225 [M +HCOO]~
Tre 387 [M+HCOO]~
Suc 387 [M+HCOO]™
Maltose 387 [M+HCOO]™
GlclP 250 [M —H]~
FrucP 250 [M —H]™
GlcoP 250 M —H]~
Tre6P 421 [M —H]~
Suc6P 421 [M —H]™
PEP 167 [M —H]™

Glukéza-6-fosfat

[H,PO,]
97
100-
%
[M-H-H,0]" [M-H]-
| 259
[PO3] 169 199
79
0 130 16,1‘ ‘ 223 241
T T T T ' T T
50 100 150 200 250 300 M2

C. Antonio et al, J. Chromatogr. A 1172 (2007) 170



pKa kalkulace — Marvin software

https://chemaxon.com/products/marvin/download

G pKa
File Edit View
o
\//0
d-""""P
HO AN
O
HO OH
HO OH

%-1 %-2 %-3
94 35 5,65 0,00
91,34 8,66 0,00
86,93 13,07 0,00
80,76 19.24 0,00
7259 27.41 0,00
62,56 37,44 0,00
51,32 48,68 0,00
3995 60,05 0,00
29,56 70,44 0,00
20,94 79,06 0,00
14,32 85,68 0,00
9,54 90,46 0,01
6,24 93,75 0,01
403 95,95 0,02

< >

pro jedny disocio
formu je optimaln
pkH~4

s

anou




pKa kalkulace — Marvin software

G pka https://chemaxon.com/products/marvin/download .

File Edit View

HO
P H>9 pH <9 — nedisociovana fo
O
HO O
5
HO OH
%-1 %-2 %-3 Nl e
100,00 0,00 0,00
100,00 0,00 0,00
100,00 0,00 0,00 -
100,00 0,00 0,00
100,00 0,00 0,00
100,00 0,00 0,00 :
100,00 0,00 0,00
100,00 0,00 0,00
100,00 0,00 0,00 :
100,00 0,00 0,00
100,00 0,00 0,00
100,00 0,00 0,00 :
100,00 0,00 0,00
100,00 0,00 0,00
100,00 0,00 0,00 v |
< >




MS/MS kyseliny fosfatidove

1007 A PA(16:0/18:1) o7
ESI* o H
PA 16:0/18:1 8 0, on
L]
g C15H31)\0 od bH <
g T -98
%’ 17H33 H;PO,
©
&
[M+H]
‘ 313 675
100 200 300 4%2 500 600 700 800
ESI 1007 B 205 55
PA 16:0/18:1 PA(16:0/18:1)
§ HO\ //0 c,sH:,)LO' [M
. , , N ‘H]
* Intenzita karboxylatoveho g o7 0 a8 T:;E 673
aniontu (sn-1 > sn-2) < H)
* Intenzita produktoveho € 153 391 409
iontu po NL ketenu nebo oA
RCOOH (sn-2 > sn-1) 1 [
100 200 300 40rglz 500 600 700 800

R. C. Murphy, Tandem mass spectrometry of lipids, https://doi.org/10.1039/9781782626350



Sulfatova skupina

Sulfate +96 —48.3 [M—H-S03]~
(RSO4H) Narust nominalni hmotnoti (ADa) Posun za desetinou ¢arkou (mDa) %E';]H]ﬁﬁo‘l]_
A4
-98
100l B) Sulfate ~ (M-H-HSOJ M (32S) = 100%
MW =400 M+1 (338) =0.79%
a0 M+2 (34S) = 4.4%
[SO,I [M-H-SO,|
80 319 _
= : M-H]
= HSO, [
i [97 ] 399
100 200 300 400 m/z
ﬁ/o\ B i O /ﬁ\
1 1 _
R—g—ﬁ—%|@—> R—O° + s o) Rhgtﬁ (o] O »(R-H)+ \f)_?—gle
O [M-H-SO3] \0/ W)\O/ [HSO,]- |OH




Sulfatova skupina (ROSO;H)

[HSO,] 5o,
7 % T
O—ﬁ—OH —_— /N C)% ﬁ O
O — O
H H
“H,S0,
(- 98)

*pro polysulfatované latky rozsahla fragmentace, nizka intenzita [M-H] iontu
(opakovane ztraty H,SO, a/nebo SO,), vicenasobné nabité ionty

 vyborny signal v negativhim modu: idealni pro ESI-, popf. MALDI-



Priklady fragmentaci - sulfatova skupina

Intens. Am/z 71 ESI*- MS/MS (416.1157)

X10° | (CH3),NCH=CH, Am/z 80
6 . . SO,
] 336.1698 <
" ] 273.0912
1 v Am/z 98
247 0754 318.1499 H,SO, [M-+H]*

2 <
- Am/z 45
i (CH3),NH I
0 oo L_n“_uﬁLle ol -

| l T I 1 | I 1 I I 1 1 I l I T l | I I I l

200 250 300 350 400 miz

* typické ztraty Am/z 80 a Am/z 98 jsou vidét i pfi snimani kladnych iontu



Sulfonové kyseliny (RSO;H)

Sulfonic acid (RSO3H) +8 —43.2 [M—H-S0; ]~
Nartast nominalni hmotnoti (ADa) Posun za desetinou éarkou (mDa) {M—l}‘l—SOg]_
SO3]~*
[SO2]~*
T— [M-H]
wel ©) Sulfonic acid o
MW =400
[SO,|"
80
5 [M-H-S0,]
= 335
[M-H-SO,]
319
[SO,|
64
100 200 300 400 m/z
O\ O\ O\ O\
Il y> O . [l \ ] e I _ o
R=s*O"  —— RO + 5=0 RES—OF —>=R + 50
\% [M-H-SO:]” O O O[S0




Sulfonove kyseliny (RSO;H)

ESI-

O
|| (APCI-)
S—OH ——
O

[SO3]™
m/z 80

* vynikajici citlivost v ESI-, |ze | MALDI-, pro mono- a disulfonané sloucCeniny Ize
s horsi citlivosti i APCI- a APPI-

* intenzivni adukty se sodnym iontem
« pro polysulfonované latky série nasobné nabitych iontu a jejich aduktlu s Na*,
ale nikoliv fragmentace v MS?, proto snadné uréeni MW a podtu sulfo skupin

» typické ztraty v MS/MS jsou Am/z 80 = SO, (poskytuje i sulfat) a Am/z 64 =
SO, (naprosto charakteristické) a radikal anion m/z 80 = [SO,]



ESI-MS —= barvivo Reactive Black 5

OH  NH;
HZCHZOZS—Q N= N: i i N= N—QSOZCHZCH
HOsS ' ‘ ~SOsH

Intens

ESI-

x10° —~——

N [M-HSO,-H,S0,] 706))

@fét ) fM-2H-2H,50,* _—
[M-2H-H,S0,-SO,J"

| [M-2H-H,SOJ*

* 2az0 4_%; / [M-2H-SO,2
* 1 hydroxyl ' aor
« 1 amino _ // 110150 M-2H]

» 2 sulfo

361 "
2 ’/
MW=901 1 512
[M-2H]2 = 449.5 | [M-HSO,-H,SO,-SO,]
542
MW = 2x449.5 +2=901| Lt il L

350 400 450 500 550 600 650 700 m/z




Funkéni skupiny obsahujici dusik (**N)

Nitrate +61 —20.0
(RNOs3)
Nitro +45 ~14.9
(RNO;)
Nitroso (RNO) +29 —-938
N-oxide (RN*O~) +29 -9.8

M—H-NOJ*
M—NO,]~
M—H-NO,]*
M—H-ONO; |

|

[

[

[
[M+H-OH]+*
[M-OH]~
[M+H-H>0]+
[M+H-NO]+*
[M+H-NO; ]+*
[M-NOJ~
[M—H-NOJ]~*
[M—H-OH]~*
[M—H-HNO]~-
[M-NO; |~
[M—H-NO;|~*
[M—H-HNO, ]
[NO2 |-

[
[
[
[

M+H-NOJ*

M+H-0J*
M+H-OH]**
M+H-H,0]* _

- Typicky vyskyt radikalovych ionttu



Funkéni skupiny obsahujici dusik (**N)

Nardist nominalni hmotnoti (ADa) Posun za desetinou ¢arkou (mDa)

Azo +28 +6.1¢ [M+H-N, [*
(R'N=NR2) [M+H-RI]*
[M+H-RINH[*
[M+H-RIN |*
Amide, alkylamide (RTCONH,, R'CONHR?, +43 +5.8 [M+H-NH3[* [M+H-R2NH;]*
RICONRZR3) [M+H-RZR3NH]*
Amine (R'"NH;, +15 +10.9 [M+H-NH3|*
R'NHR2, RTNR2R3) [M+H-RZNH; ]*
[M+H-R2ZR3NH[*
[M+H-HCNJ*
Nitrile (RCN) +25 _4.8 [M+H-HCNJ*
/O\ /O\
A o 4 N I A® lo |
R=NH; —> RY + NHj R—C—NH; —> R—C¥ + NH;
[M+H—NH3]+ [M+H-NH3]+
I-Stépeni
M (14N) = 100%

M+1 (5N)  =0.37%




Dusikaté slouceniny

 dusikové pravidlo; dusik je obvykle mistem protonace

Primarni aminy RNH,
« ztrata amoniaku [M+H-NH,]*

Casto je preferovana jina ztrata

[ C7HgN,O ™ - OH
mdz = 136.06312 (+ 0.02) ppm- 17 u

L ch, - NH;
L —#—
e NGQ -17 u

[M+HT"  [CHgMNO5 "

mdz = 153.06585 [+ 0.0) ppm

[ G?HENDE ]+
m/z = 136.03931

Sekundarni a terciarni aminy R,NHR, nebo R;NR,R,

» odstepeni R; nebo R, — vznik iontu typu [R;NH;]* a [R,NH;]* (ha aminoskupiné
dochazi obvykle k protonaci a prenosu vodiku z odstépeného substituentu),
pro terciarni analogicky [R;NH,R,]*, [R;NH,R;]* a [R,NH,R,]*

» vedle toho mohou byt pritomny téz ionty [R;NH]* a [R,NH]*, méné Caste

* neutralni ztraty RNH,, (sekundarni) nebo R;NHR, (terciarni) vedou ke vzniku iontu

[M+H-RNH,]+ nebo [M+H-R;NHR,]*, typicky priklad ztrata methylaminu

(dimethylaminu Ci podobného dialkylaminu) (indukéni stepeni)

Kvartérni aminy (R),N*X-

« velice stabilni ionty [(R),N]* s vysokou ionizaCni uCinnosti (napr.
tetrabutylamoniova ion-parova Cinidla), POZOR: velmi silné pamétove efekty!!!

e zaporny mod neni vhodny



Aminy - ztrata radikalu

« ztraty radikalu R- méné obvyklé, nicméné existuji, napf. [M-H-butyl]

« zalezi na strukture, typické pro N-alkyl substituci

S o
Napr. sekundarni amin, 4-Chlor-N-methylanilin ~ X

MS/MS iontu [M+H]* (FT HCD 60 NCE MS2 142.0418)

ESI* [M+H_CH3]+.
100 — 127.0183<«—
-15
7 (CH3)
[M+H-CIJ™ 142.0418
0 65.0385 02.0493 107'.0730

I I | I : | m/z

o0 75 100 125 150

Zdroj: mzCloud (https://www.mzcloud.org/)



Fieldovo pravidlo

- pfi fragmentaci iontu EE+ dochazi prednostné k odstépeni neutralni molekuly s
nizsi protonovou afinitou (PA), resp. pomér intenzit vznikajicich iontu odpovida
pomeéru PA odstupujicich neutralnich molekul

- fragmentace je ovlivnéna stabilitou vznikajiciho iontu, roli hraji sterické faktory a
intramolekularni H-vazby

Fenylpropanolamin (B-hydroxyamfetamin)
ESI MS? iontu 152,1 [M+H]*

100 OH M =151 Da
4 Zdroj spektra: m/zCloud 134.09643
] CH,

80

so.] Am/z 17,0266 N
E 117.06988

40
) H,0 PA (H,0) = 697 kJ.mol"
= NH3 +—> +

20 . M+ H] PA (NH,) = 854 kJ.mol™"’
] 56.04948

0: I .. 1.

50 60 70 80 90 100 110 120 130 140 150 1



Indukcni stepeni a presmyk B-vodiku

Stépeni EE*: $t&peni sousednich vazeb vzhledem k nabojovému centru,
vysvétleni hlavnich fragmentacnich cest dvéma konkurenénimi procesy

Pr.: sekundarni aminy

2

2

(—

A. Indukéni Stépeni (kladny naboj
si ,pfitahne” elektronovy par

H,C ptvodné tvorici C-N vazbu;
( + . migrace naboje)
NH H,N
1
R R - Neutralni ztrata primarniho aminu
R’ R’
) B. Acyklicky presmyk B-vodiku
Z (pfesun vodiku na dusik doprovazeny
H,C P P y
_\:" stépenim N-C vazby; retence naboje
HN — na dusiku)
I H3N +
. : [R;CH,NH]

- Neutralni ztrata alkenu



Konkurencni fragmentace: L-glutathion

79.048 ESI* MS/MS iontu [M+H]*
e 62.0219 (FT HCD 30 NCE MS? 308.0911)
76.0215

%

(130.0499 233.059
130.049

575 ous 308.0911
0 I : <

| | I I T I
50 100 150 200 250 300 ™

Zdroj: mzCloud (https://www.mzcloud.org/)

HS

O O m/z 179 m/z 233
V4 Hs m/z 308 o4 s .

o)
S NH o \H j/f\/
0 pfesmyk B-vodiku
| NH2 ] o/ NH, ) i-étépeni/‘
I-Stépe / o —
NH» .

C m/z 130

0 O
HO { “S ) m/z 308
1 presmyk
NH I-Stépeni Bvodiku NH,
© m/z 162 OH

OH

OH




Alifaticke nitraty - vybusniny (RONO,)
 bez aditiv uplna absence [M+H]* / [M-H] iontd, intenzivni fragmenty m/z 62 =
[NO;], m/z 46 = [NO,], obtizné intepretovatelné adukty a fragmenty

on » pridavek CCl, (nebo halogenidu,
2 7 . CH20N02 )4 1
octanu, mravencCanu) — velmi
CH;0NO, CHONO, O;NOH,C T—C“z"“’z charakteristicka tvorba aduktu
CH,0NO, CH,ONO, CH,ONO, [M+CI], [M+CH,COQ], atd.
EGDN NG PETN
CH,ONO ; it
LONO, CH,OH CH,0NO, CH,0NO, ™7 NG M+¥cl)”
w-‘
CHOH CHONO, CHONO, CHOH 3
80+
CH,0H CH,OH CH,OH CH,ONO, g 0
1-MNG 2-MNG 1,2-DNG 1,3-DNG "E ®;
5 503
CH,ONO, CH,ONG, 3 40:5
33
CHONO, CHOH % 3] 2;5:‘“ -
3 +
CH, CH, %;
101
CH,0NO, CH,ONO, i b
S T T T P A Y T Y T T
BTTN BTDN e
Fig. 1. Chemical structures of investigated nitrate esters. iitgr;c:l'loﬁga::’;:ﬁg APCI mass spectrum of NG with carbon

X.M. Zhao, J. Yinon, J. Chromatogr. A, 977 (2002) 59




Nitro slouceniny (RNO,)

sl 1€} Nitro Loesl
MW =401
-46
[M+H-NO,|"
356
= 30
L> [M+H-NOJ"
372
17 M
[M+H-QH]" e
385
100 200 300 400 m/z
= -46
= [MNO,|
130
[M-NOJ
371
NO,|
| o )

100 200 300 400 m/z



Nitro slouceniny (RNO,)

* znama vyjimka tvorby molekularniho radikal aniontu M~ v APCI-

 obecné hodné radikalovych ztrat pro nitro latky: Am/z 46 = NO,, Am/z 30 =
NO:, Casto i ztrata Am/z 17 = OH-

- méné obvyklé ztraty Am/z 31 = HNO, Am/z 47 = HNO,
- NO, 4 (}//O\
) 4?/; Do
% l NO'
o (- 30)

Nitroso slouceniny (RNO)
» ztrata Am/z 30 = NO:




Azo slouceniny — organicka barviva (N.)

Y+14 Y-14 /
P (Dem
e
N=N l-Nz
(- 28

x-14Xx+14 \ /

 azo skupina je typicky doprovazena radou dalsSich polarnich funkCnich skupin
(sulfo, sulfat, karboxy, amino, atd.) v molekule barviva, které podléhaji
fragmentaci prednostne

* zajimava a typicka je presmykova ztrata Am/z 28 = N, (analogie El)



Azo slouceniny — organicka barviva (N.)

M+H]
100 (D) Azo [ 401 ]
MW = 400 (R=100, R,=272)
[M+H-R,N,|' [M+H-R,N,]’
] 101 . 273 .
3 [M+H-R,NH] [IM+H-R,NH]
= 114 . 286
[M+H-R,] [M+H-R,]"
129 301 (M+H-N,|"
373
100 200 300 400 m/z

R,-N=N-R,



ESI-MS/MS = barvivo Mordant Black 15

IMw = 389

&1 sulfo g
&1 nitro

1 azo '

* 2 hydroxyl

o MS2 of 388
[M-H] 388 |
6_
. \ 244,143
[M-H-SO,-CH,] 231
() &3
2- [M-H-SO,-NJ |
143
| 217 1.244 2J80
NI O O L =
150 200 250 300 350 m/z




Funkéni skupiny obsahujici kyslik (1°O)

M (160) = 100%

M+1 (3’O) = 0.04% Nardast nominalni hmotnoti  Posun za desetinou &arkou MS/MS
M+2 (180) = 0.2% (Da) (mDa)
Hydroperoxide +32 -10.2 [M+H-H,0]*
(ROOH) [M+H-H,0,]*
Epoxides (RO) +16 -5.1 [M+H-H,0]*
Carboxylic +44 -10.2 [M+H-H,0]*
acid [M+H-CO, ]
(RCOOH) [M+H-H,0-CO]*
[M—H-CO,]"
Alcohol (ROH) +16 _5.1 [M+H-H,0]*
Phenol +16 -5.1 [M+H-H,0]*
(ROH) [M+H-COJ*
[M—H-H,0]"
[M—H-COJ~
Methoxy +30 +10.6 [M+H-CH3]|™*
(ROCHg) [M+H—CH30]+'
[M+H-CH;0HJ*
[M+H-HCOH]*
III lIl H H
@ I |
RCG™-CH; ——= RO + I0—CH R—Q%CHg — > R—0" + 'CHs
= W ew ’ M+H'CH OH * v s y wew ’ +.
i-Stépeni [ sOH] primé Stépeni [M+H-CHj]




Fragmentace methoxyindolu

APCI* MS/MS iontu [M+H]* -31 (CHSO')
2
(FT HCD 50 NCE MS? 148.0757) 133.0522
100
148.07/57
% v
117.0573 15
O .| 1 I(CHS)’
! ! ! ! ! ' m/z
25 50 75 100 125 150
APCI- MS/MS iontu [M-H]
(FT HCD 20 NCE MS? 146.0611) 131.0377
100 i
S5
[ e (CHs)
CHy 15
0 4
T I I I ! ! m/z
25 50 75 100 125 150

Zdroj: mzCloud (https://www.mzcloud.org/)



Funkéni skupiny obsahujici kyslik (1°O)

Narast nominalni hmotnoti (Da)

Posun za desetinou ¢arkou (mDa)

Narist nominalni hmotnoti (Da) Posun za desetinou ¢arkou (mDa)

1001

[“{o]

Carboxylic +44 -10.2 [M+H-H,0]*
acid [M+H-CO5 J*
(RCOOH) [M+H-H,0-COJ*
[M—H-CO5 ]~
Ester +44 —10.2¢ [M+H-R20H]*
(RICOOR2) [M+H-R20H-COJ*
Ketone +28 -5.1¢ [M+H-H,0]*
(RICOR2) [M+H-COJ*
[R'COJ*
Aldehyde +28 -5.1 [M+H-CO]J*
(RCHO) [M—H-CO]-
(G) Carboxylic acid s g0 q0)
MW = Il > _ [
IM-ELCOT [M-H-CO,
O™ H O H
Il Al [ |
R—CCPH —» R—C® 4 I0—H
[M+H-H,0]*
100 200 300 400 m/z




Karboxylove kyseliny (RCOOH)

. APCI- .
c-oH =2, C—O
-CO,
(- 44)

* |ze pouzit zaporny mod vSech API technik i MALDI, v pfripadé dalSich
funkénich skupin mozny i zaznam kladnych iontu

» naprosto charakteristicka ztrata Am/z 44 = CO,, muze byt intenzivni jiz v
MS?, typické pro zaznam zapornych iontd, ¢asto i v kladném modu (H,O+CO),
u alifatickych kyselin ztrata CO, méné vyrazna

» polykarboxylaty (nebo kombinace karboxy + sulfo skupin) tvori aduktové ionty
zameénou kyselych protonu za sodné ionty podobné jako sulfo kyseliny

* falesna interpretace Am/z 44 temér vyloucena, jedina mozna zaména je ztrata radikalu
NH,CO: pro dusikate heterocykly obsahujici karbonylovou skupinu, avsak tato ztrata
nebyva jednotne 44 v obou moédech polarity, ale doprovazena Am/z 43 = NHCO



MS/MS: 2,4-dihydroxybenzoova kyselina

ESI-MS/MS iontu [M-H]-
(FT CID 30 NCE MS? 153.0193)

A m/z 44
% CO,
153.0193
04 | | I135.0090 e |
50 75 100 125 150 175 ™Z
ESI*MS/MS iontu [M+H]* o l.g
2
(FT CID 30 NCE MS? 155.0339) 157 0p33e
1007 A miz 28
CO Am/z 18
) 155.0339
0 109.0285 .
| | I I I :
50 75 100 125 150 175 ™2

Zdroj: mzCloud (https://www.mzcloud.org/)



Spektra PEG

101460 114653

1190.53 / .
Am/z e 44
<>
97047
1234.73
8 O
1278.80
o ’ R Ro
3 1366.73 n
<
> 926.60
2
©
g’ 882.53
1410.73
1454.60
838.53
1498 67
164273
1586.87
167493
MJL‘ 176273 185060 1939.93
1000 1200 1400 1600 1800 2000

m/z

Typicka distribuce iontt liSicich se o monomerni jednotku



Kyslikaté slouceniny

- ztrata vody Am/z 18 - teoreticky mozna témeér pro vsechny kyslikaté
sloucCeniny — diagnosticka hodnota je mala, nutno posuzovat i intenzitu iontu

- alifatické alkoholy — velice intenzivni ztrata vody jiz v MS1, v APCI vétSinou
100% intenzitu jiz v MS! (€asto i v ESI), v MS/MS ion [M+H-H,O]* opét
previada

 fenoly a chinony — ztrata vody muze byt patrna, ale oproti alkoholim nizsi
relativni intenzita, nekdy ztrata radikalu OH- (napf. nitro latky), presmykova
ztrata Am/z 28 = CO

 polyhydroxylované slou€eniny (napf. cukry) — nutné pouzit ESI, opakované
ztraty vody — pokles intenzity [M+H]* / [M-H]

« ketony - analogicky a-stépeni u El vznikaji [R,CO]* a [R,CO]*, nékdy téz
ztrata vody [M+H-H,O]* s velmi malou intenzitou

» aldehydy — ztrata CO pozorovana v obou modech polarity (nespecificke,
bézné napfr. pro karbonyl v cyklické strukture), nékdy ztrata Am/z 30 = HCOH
 estery — pfi absenci dalSich funk€nich skupin vhodnéjSi zaznam kladnych
ionty, typicka ztrata alkoholu R,OH z esterové funkcni skupiny R;,COOR,, (napf.
ztrata methanolu u methylesteru) za vzniku karbonylovych iontu[R,CO]J*,
nasledovana ztratou CO, dale vznik karbonylovych iontd

* obecneé vyrazné analogie s El, zejména pfri pouziti APCI



Indukcni stépeni a presmyk -vodiku (estery)

0O @)
RY !:|+ + /\/R2 R™ I + HCL R
~_~ HO N~ ou N~
i |
L O P
Rl R . R R2
rH ?/\r rH
o H W

Zobecnéni:
S v+ B g2
Y: CH,, C=0, SO,, ... \( >|</\( X: NH, O, S
Ho Py

snimek pfevzat z pfednésky doc. J. Cvaéky (UOCHB, Praha)



Charakteristicka ztrata H,O v pripade OH
skupiny na alifatickém retezci

Relative Abundance

OH
D-Sphingosin
/
HO
NH; trata vody jiz v zakladnim skenu
[M+H-H,0]* ’
282.2791
1004 ES| +
80
] [M+H]*
60—
h 300.2897
40
20- [M+Na]*
- 2922686 | 13222717 4152231
U I'I'|'I'I'I'I'|'I'I'I'I'|'I'I'I'I'|'I'I'I'I'||"I|"I'I'I' -|-|"|-|'|'|-|'|-|-|'T-
o0 100 150 200 250 300 350 400

m/z
Zdroj: mzCloud (https://www.mzcloud.org/)



4. MS/MS - vliv funkcnich skupin na fragmentaci

Funkéni skupina /

Substituent Neutralni ztrata / Produktovy ion (m/z)

Alkyl a aryl alken, alkan (zejména u druhe ztraty), C,H, (76) nebo C,H, (78)
Fosfaty (RPO,H,) HPO, (80) a H,PO, (98), m/z 97 [H,PO,],, m/z 79 [PO,]
Sulfat (RSO,H) SO, (80) a H,SO, (98), m/z 97 [HSO,]
Amid (RICONH,, 17 - N
RLCONHR2, RICONRZR3) [M+H-NH,]*, [M+H-R?NH_]*, [M+H-R?R3NH]
Amin (RINH,, RINHR?, 17 27
RINR?R?) [M+H-NH,]*, [M+H-R2NH,]*, [M+H-R2R3NH]*, [M+H-HCN]*
28
Azo (RIN=NR?) [M+H-N_J*, [M+H-RI]*, [M+H-RINH]*, [M+H-RIN,]*
27

Nitril (RCN) [M+H-HCN]*

Y 30 46 46 62
Nitrat (RNO.,) [M-H-NOJ-, [M-NO,]", [M-H-NO,]", [M-H-ONO,]"

[M+H OH]*, [M-+H- ﬁ%y [M-+H- NO 1 M- OH] M- NO] [M-H-

NOJ-, [M-H- HNO] [M-H- OH] [M- NOZ] [M-H- NOz] [NOZ]

Nitro (RNO,)




Funkéni skupina /

Substituent Neutralni ztrata / Produktovy ion (m/z)

30
Nitroso (RNO) [M+H-NOJ*
16 17 18
N-oxid (RN+O") [M+H-O]J*, [M+H-OH]*, [M+H-H,O]*
19 35 79 127
Halogenid (RX) [M+H-X]*, [M+H-HX]*, [M-H-X]-, [M-H-HX], [F], [CI], [Br], [II
28 46 28
Ester (RICOOR?) [M+H-R?OH]*, [M+H-R?0OH-CQO]J*, (napr. [M-C,H,OH-COJ*)
18 28
Keton (RICOR?) [M+H-H,O]*, [M+H-COJ*, [RICO]*
28 28
Aldehyd (RCHO) [M+H-CQOJ*, [M-H-COJ
18 ] 28 79
Karboxyl (RCOOH) [M+H-H,O]*, [M+H-CO,]*, [M+H-H,0-COJ*, [M-H-CO,]-
18 34 HR-MS rozlisi

Hydroxyperoxid (ROOH) [M+H-H,0O]*, [M+H-H,O,]* (pozn. Am/z 34 je i u SH skupiny)

18
Epoxid/Alkohol (RO/ROH) | [M+H-H,O]*

18 28 18 28
Fenol (ROH) [M+H-H,OJ*, [M+H-COJ*, [M-H-H,O[-, [M-H-COJ

15 31 32 30
Methoxy (ROCH,) [M+H-CH,]*, [M+H-CH,OJ*, [M+H-CH,OHJ*, [M+H-HCOH]*

Nesmysiné (zakazané) neutralni ztraty: 3-13 (14), 21-25, 37-40




radikalové
lonty

Vliv funkcnich skupin na fragmentaci

Table 2. Characterization of functional groups of organic compounds using the collision-induced
neutral losses from their [M 4+ H]™ and/or [M — H]~ ions

MNeutral loss?

Functional Compound
group class [M+ H]*T [M —H]J~-
- CO0OH Carboxylic acids Aromatc H:O COy
Aliphatic - no COy
-CH=0 Aldehydes Aromatic co -
-C=0 Ketones Aromatc co -
-COOCH; Methyl esters Aliphatic/aromatic CH:OH -
—COMH? Amides Aliphatic/aromatic MNH: -
-S04H Sultonic acids Aromatic - 50,(50;)
-CN Nitriles Aliphatic /aromatic HCN -

L _F Fliorides .Q]{Iah’n-h" HE =
~CI Chlorides Aliphatic /aromatic HCI(*Cl) HCL(*Cl)
-Br Bromides Aliphatic/aromatic *Br -

| —INO, Nitroaromatics Aromatic NO/SANO(*OH) *NOSNO,
-OH Alcohols Aliphatic H,O -

Phenols Aromatic no H;O -
—NH> Amines Aliphatic NHa> -
Aromatc HCN, -
no NH;
—-CH; Alkyl derivatives Aromatic no CHy =
—CsHs Aromatc no CaHg -
-NHCH: Methylamines Aromatc *CH;

* bold: neutral loss which is characteristic as well as relatively specific for a given functional group; in

parentheses: neutral losses observed only occasionally.

K. Levsen et al., J. Mass Spectrom.,42 (2007) 1024




A m/z (nomindlni)

A m/z (pfesnd)

Ztrata

A m/z (nominalni)

Typické neutralni ztraty < Am/z 100

A m/z (presna)

Ztrata

15
17
17
26
18
20
27
28
28
28
30
30
30
31
31
32
34
35
36
36
42

15,0235
17,0027
17,0265
26,0157
18,0106
20,0062
27,0109
27,9949
28,0061
28,0313
29,9980
30,0106
30,0470
31,0184
31,0422
32,0262
33,9877
34,9689
35,9767
36,0211
42,0470

CHy
OH
NH,
CZHZ
H,0
HF
HCN
Co

N,
C,H,
NO
HCOH
CZHG
CH,O
CH;NH,
CH,OH
H,S
cl

HCI
2*H,0
C3H,

44
46
46
46
56
58
60
60
62
64
74
76
77
78
79
80
80
80
98
98

43,9898
45,9929
46,0055
46,0419
56,0626
58,0783
60,0211
60,0575
61,9878
63,9619
74,0732
76,0313
77,0391
78,0470
78,9186
79,9262
79,9568
79,9663
97,9668
97,9769

co,

NO,

H,O + CO
C,H;OH
CsHg
CaHio
CH;COOH
C;H,0OH
ONO,’
SO,
C,H,OH
CgH,
CeHs’
C6H6

Br

HBr

SO,

HPO,
H,SO,
H,PO,
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5. Vyuziti ruznych
identifikacnich softwaru a
databazi



5. Databaze a softwary vyuzivane v MS identifikaci

* Prohledavani a porovnavani v databazich (nutné vysoké R) - knihovny
slouCenin (zadavani spravné nameérené presné m/z nebo elementarniho
slozeni) nebo knihovny spekter (spektralni databaze o nékolik fadu mensi nez
databaze sloucCenin) — knihovny slouc¢enin napf. PubChem, ChemSpider,
LipidSearch, KEGG, HMDB, atd.; spektralni knihovny napf. MassBank,
m/zCloud (spektralni stromy), Metlin atd.

« Softwary umoznujici hledani ve strukturnich databazich sloucenin +
pocitacem simulované (in silico) fragmentace

- predikce MS? spektra na zakladé definovanych pravidel fragmentace (napf.
MassFrontier, ACD/MS Fragmenter)

- kombinacni fragmentace — kombinuje, bud vsechny mozné fragmenty
nebo zohlediuje, ze nékteré vazby se Stépi lépe (vazebna disociaCni E),
napr. MetFrag.

« Softwary kombinujici porovnavani se spektralni databazi a generovani in
silico fragmentaci

napr. MetFusion, Metlin.



Spektralni databaze m/zCloud

& robert jirasko@gmail.com ( Viewer ) { & Log out ] [ @ Training ]

CLOUD - : .
= Spectral Libraries - LC/MS Reference [ERetresn |[@ Expanaall | © Collapse al |
Libraries
IDt LegacyID  Compound Name Classes No. of Trees ~ Monoisotopic ... lon Activation lonization MSn Level Polarity
e Spectral Libraries ) . .
{ =N N ¢ = A
LC/MS Autoprocessed ~
+ 51 50 Clomazone 5 239.0713 HCD and 1 more ESI and 1 more MS?and 1more  Positive
LC/MS Reference
. . " 2 o
Q. Library Search + | 52 | 23 Epicatechin 1 290.0790 CID and 1 more NSI MS Positive
+ 53 22 Diosmetin 1 300.0634 HCD ESI Ms2 Positive
+ 54 21 Catechin gallate 1 4420900 HCD ESI MS? Positive
+ 55 20 Apigenin 5 270.0528 CID and 1 more NSI and 1 more MS? and 2 more  Positive
+ 56 19 a-Estradiol 2 2721776 CID and 1 more ESI MS®and 1 more  Positive
+ 57 18 Naringenin 3 272.0685 CID and 1 more ESI MS*and 2more  Negativ
+ 58 17 Naringin 7 580.1792 HCD and 1 more APCland 2 more  MS?and 1more  Negativ
+ 59 16 1,7-Dimethyluric acid 3 196.0596 HCD and 1 more ESI MS? and 2 more  Positive
+ 60 15 1,3-Dimethyluric acid 2 196.0596 HCD and 1 more ESI MS?and 1 more  Negativ
+ 61 14 L-Dopa 2 197.0688 CID and 1 more ESI MS® and Tmore  Positive
+ 62 13 Creatinine 2 113.0589 HCD and 1 more ES MS? Positive
< >
Mo« 172 3 4 5 6 7 8 > M 50 v items per page 51 - 100 of 11275 items

https://www.mzcloud.org/



Nejprve konverze a spravne procesovani MS dat

 Firemni nebo sdileny otevreny software - nahravani surovych
raw dat nebo export do univerzalniho formatu:

-export binarnich dat obsahujicich jednotlivé m/z a intenzity pro kazdy
sken (€as) nebo zpriumérované spektrum

-konverze raw dat - napf. mzML, mzXML, netCDF, ASCII, mgf, mzData, atd.

T 'x"i i iiw' AUt export MS spekter miz, | INT,
:5.:“” i '|,! s i l|| v . . ,
et il “,“' (carové nebo profilové) miz, |INT,
N :illiill ! Illl: !1!!!|
€ .-,.|u-||ll || I:lll :uli; VR T m/23 |NT3
..... el ping HITHE ili!i: -
i,., .n!'!!n; Iiff-""l'” il
pebanaguipty dapgregife n|l|| I l|l| m/Zn INTn

retention time g o T
* Procesovani MS dat - spravny sber MS piku, odecCet pozadi, vyhlazovani
(je tfeba jen opatrné), zarovnani pikid v ramci vSech zaznamu
(synchronizace retenénich ¢asu i m/z), kalibrace hmoty, izotopicka korekce
(lipidy), normalizace (na IS), odstranéni m/z s nulovymi hodnotami intenzity,
odstranéni ,shoulder piku“, atd., ¢asto jsou soucasti i napojeni na databaze
sloucCenin a knihovny spekter



Procesovani dat — prehled softwaru
vyuzivaneho v metabolomice

Table 2 MS-based metabolomics data processing and analysis software/websites

Accepted Pathway  Data
Software/website  data forms  Statistics  analysis visualization =~ Source
MarkerLynx Taw v v Waters
MarkerView d v v AB Sciex
MassHunter all v v Aglient
Mass Profiler all v v v Aglient
MetQuest raw v v Thermo
SIEVE raw v v Thermo
IDEOM all v v https://mzmatch.sourceforge.net/ideom.html
MathDAMP all v v https://mathdamp.iab.keio.ac.jp/
MAVEN all v v v https://maven.princeton.edu
MetAlign all v v https://www.metalign.nl
MetboAnalyst all v v v https://www.metaboanalyst.ca/
MET-COFEA all v v https://bioinfo.noble.org/manuscript-support/metcofea/
MET-XAlign all v v https://bioinfo.noble.org/manuscript-support/metxalign
MS-DIAL all v v https://prime.psc.riken.jp/Metbolomics_Software/MS-DIAL
MsXelerator all v v https://www.msmetrix.com/
MZmine all v v https://mzmine.sourceforge.net/
msCompare all v https://trac.nbic.nl/mscompare
OpenMS all v v https://www.openms.de/
SMART all v v https://www.stat.sinica.edu.tw/hsinchou/metabolomics/SMART.htm
XCMS all v v https://xecmsonline.scripps.edu/

J.-L. Ren, A.-H. Zhang, L. Kong and X.-J. Wang, RSC Advances 8 (2018) 22335-22350.



Hledani a porovnavani v knihovnach spekter

Knihovna sloucenin a namérenych
MS/MS spekter
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* Vyhodou je HRMS - tzn. zname-li elementarni slozeni prekurzoru a fragmenta.

 Porovhame MS/MS spektra méfena stejnym principem fragmentace (napf. IT-

CID, ETD).

« Spektralni knihovny jsou radové mensi nez knihovny sloucenin.

 Bodovani na zakladé podobnosti ¢i odliSnosti spekter (informace, které
spektrum z databaze se nejvice shoduje se zmérenym spektrem) - napf. pocet

sparovanych piku.

« Strukturné podobné latky maji podobnou fragmentaci — stejné neutralni ztraty Ci
produktove ionty, je potfeba interpretovat vSechny piky ve spektru (nejlépe
pokud fragmentujeme pouze jednu latku — kvalitni separace nebo jednoduchy

vzorek — jinak hrozi faleSné pozitivni pfifazeni pikl).



Porovnavani s in silico fragmentaci

Strukturni databaze
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Kombinacni fragmentace - software MetFrag

= | 1= 28

MetFrag - home x \ +
(& % % =

(' ') @ c-ruttkies.github.io/MetFrag EJ] Hledat * E v‘v /ﬁ\ 9 =

..
ms-rag Home Projects ~ Contribute ~ News Contact

MetFrag Web MetFrag2.2 CL

Learn more Learn more

Use MetFrag directly from your bg#fvser which makes it The new MetFrag commandline tool providing
aieity easy for beginne additional scoring terms for scoring candidates with
MS/MS spectra

MetFragR Converter

Learn more Learn more

Users familiar with R can download MetFrag as Tools to convert between MetFraq related file formats v

http://c-ruttkies.github.io/MetFrag/



Software MetFrag — kombinacni fragmentace

Mass: 272.0685 [C15H1205]  Mass: 189.0546 [Cq1HgO3 +H]+ Mass: 179.0339 [CgH704]+
(Criginal Compound) (-18.0 ppm) (-11.7 ppm)
o]

o

°Q
Mass: 153.0182 [C7H504]+ Mass: 147.0441 [CgH70p)+ Mass: 119.0491 [CgH701]+

(-5.2 ppm) (0.7 ppm) (-16.0 ppm)
O, A




Software MetFusion

/naméfené spektrum I I l
spektralni data% ChemSpider

MassBank, Metlin databaze sloucenin

v

porovnani in silico Fragmenter
podobnosti MS/MS (MetFrag) <
l Chemicka podobnost v
Kandidati Kandidati
sloucenin Integrace slou¢enin

J
Integrovany souhrn vysledku
S ohledem na obe cesty

M. Gerlich & S. Neumann, J. Mass Spectrom. 48 (2013) 291.



Prehled MS/MS databazi

- metabolomika

Database Pros Cons

HMDB [31] Public - Mixed collision energies and instrument types
Mass spectral data on ~9500 chemical standards
Spectral data are downloadable

METLIN [53] Public - Only Q-TOF data

LipidSearch [92]

LipidBlast [62]

LipidMaps [60]

mzCloud [93]

Wiley 10th [94]

MaConDa [95]

MassBank [29]

NIST 14 [63]

Curated mass spectral data on >13,000 chemical standards
Over 63,500 high-resolution MS/MS spectra

Over 1.5 million lipid ions and their predicted fragment ions
Includes lipid adduct ions and MS"

fingerprints

Data are stored in XML files

Over 200,000 tandem mass spectra covering 25 lipid classes
Publicly available

Spectral data are downloadable

Over 40,000 unique lipid structures
Spectral data are downloadable

Public

Highly curated MS/MS and MS" spectral information
Spectral peaks are structurally annotated

Largest mass spectral library commercially available

719,000 spectra (>950,000 spectra if combined with NIST 14)

Over 638,000 compounds (>760,000 compounds if combined with NIST 14)

Compatible with most instrument manufacturers

Public database of ~200 contaminants in mass spectrometry
Theoretical and experimental spectral records detected across several MS
platforms

Downloadable

Public

Mass spectra from different MS setups

Approximately 19,000 MS1 and 28,000 MS2 and MS" spectra
Spectral data are downloadable

234,284 ESI MS/MS spectra of 9344 chemical standards
Large number of MS/MS spectra from adducts

MS/MS spectra recorded using multiple high- and low-resolution instruments

- Spectral data are not downloadable

- Commercial license required

- Developed for Orbitrap technology

- In silico generated MS/MS library

- Overlap with LipidBlast is unclear

- In silico generated library using heuristic modeling of
tandem mass spectra

- “One-third rule” limitation: developed with mostly
ion-trap tandem mass spectra

- Does not allow batch search of precursor ions

- Overlap with LipidSearch unclear

- MS/MS spectra only predicted in negative or positive
ionization mode

- MS/MS spectra only available for one adduct per lipid

- Low number of metabolites

- Spectral data are not downloadable

- Only Orbitrap spectra

- Commercial license required

- Only 70 eV El mass spectra

- Beyond metabolomic applications

- Has no MS/MS data

- Not sufficiently curated

- Commercial license
- Lack of additional identifiers to external database
resources

Curated collection of 276,259 EI mass spectra from 242,477 unique compounds

M.Vinaixa a kol., Trends in Analytical Chemistry 78 (2016) 23-35.
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Prehled MS/MS databaze — malé molekuly

Name

NIST14 MS/
MS

MassBank
METLIN
LipidBlast
MoNA
mzCloud
MetaboBASE
GNPS
Spektraris
ReSpect
MSforlD
HMDB
MetaMS
Sumner Library
ChemicalSoft
UNPD-ISDB
Designer drugs

Drugs/poisons

Number of
MS/MS
spectra

193120

22000
72268
212516
194 000
182000
26000
212230
2626
9000
20000
5773
150
1734
1619
170 602
10000
10000

Number of
compounds

9344

2800
14 034
119 200
68 700
2800
13000
12 694
487
4000
1200
3729
150
289
6476
170 602
750
6816

Online
search

Freely
available

Instrument
diversity

e+

e+
++
++

e+

T. Kind a kol.,, Mass Spectrometry Reviews 37 (2018) 513-532.

+/-

+/-
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