Hmotnostni spektrometrie....

...CO to umi?
Meérit presnou molekulovou hmotnost
Urcovat izotopové zastoupeni
Napomahat urceni struktury

Provadet kvantitativni méreni



Hmotnostni spektrometrie....

WE ARE
PROGRESSING,
WATSonN !

H'Mw THE
PROTEIN HAS AN
APPROXIMATE MASS OF
é5281 Dq BEARS ONE
CoPPER ATOM, HAS TWO
PHOSPHORNATED RES IDUES)
ONE DISULFIDE BON,
AND BINDS A LIGAN.
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MAKSS OF 4,247 D~
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CANNOT REA
DETERMINE THE

Drawn for IIBS by F. Haraux

...co se s tim dela?

Monitoruje kvalita vzduchu
Zkouma slozeni vesmiru
Sleduji reakce v plynné fazi
Farmakokinetika
Analyza dechu
Stopova analyza
Detekce drog a vybusnin
Analyza ropy, vod, potravin, ...
Identifikace bakterii
Identifikace proteinti a peptidu
Charakterizace modifikaci proteinu
Kvantifikace proteinti
Strukturni zmény proteini i nukleovych kyselin
Konformace proteinti a NK
Neoptické zobrazovani v tkanich
Studium interakci proteint



Hmotnostni spektrometr

Normalni tlak Snizeny tlak

VlozZeni lonizacni Hmotnostni

) Detektor Pocitac
vzorku technika analyzator
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lonizacni techniky.

Prevod z tuhé/kapalné/plynné faze do plynné a tvorba iont(
mékké X tvrdé

vakuum X atmosfericky tlak (ambientni ionizace) — API
Negativni X pozitivni méd

Meékké ionizacni techniky — hlavné pseudomolekularni ionty — pridani/odtrzeni protonu M+H* /
M-H* - také nabiti pomoci kationtl (Na+, K+, ... ¢i aniontl v negativnim iontovém madu)

Tvorba adukti — solvent, matrice, necistoty, sdm se sebou,...



lonizacni techniky.

ESI — Electrospray lonization

MALDI — Matrix Assisted Laser Desorption/lonization



Desorpce laserem za pritomnosti matrice
K. Tanaka / M. Karas, F. Hillenkamp

Photo: R J Cotter 1987

Karas M; Bachmann D; Bahr U; Hillenkamp F: Int. J. Mass Spectrom. lon Proc. 1987, 78, 53.
Tanaka K; Waki H; Ido Y; Akita S; Yoshida Y; Yoshida T: Rapid Commun. Mass Spectrom. 1988, 2, 151.



MALDI lonizacni proces

TO ANALYZER

LASER

& SAMPLE 3 ns 337 nm

@ MATRIX

SAMPLE PROBE




MALDI lonizacni proces

MALDI matrice
dobra absorpce za pouzité vinové délky
stabilita ve vakuu, netekava
prenos protonu

vzorek : matrice =1 : 10%-10°
misitelné se vzorkem v tuhé fazi

HO

2,5-DHB O
=4
A OH

OH

solventy: MeOH, EtOH, MeCN, H,0, THF, aceton ...

UV-MALDI IR-MALDI
337 nm dusikovy laser
355 nm Nd:YAG
266 nm Nd:YAG
193 nm ArF

2.94 mm Er:YAG laser
10.6 mm CO, laser




MALDI matrice
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kys. ferulova (FA)

(kys. 4-hydroxy-3-methoxyskoricova)




MALDI lonizacni proces

Mékka ionizace

Mala nebo zadna fragmentace, jednoducha interpretace
Jednonasobné nabité ionty [M+H+]*; [M-H+]

Rychla a jednoducha priprava

Proteiny, peptidy, oligosacharidy, nukleotidy
syntetické polymery ...

Tolerantni k detergentim, solim...
Kratké laserové pulsy; t ~ ns

Nejcastéji spojeno s TOF analyzatorem



Elektrosprej —J. B. Fenn

1994 — nanoelektrosprej —
M. Mann a M. Wilm

Fenn JB; Mann M; Meng CK; Wong SF; Whitehouse CM: Science 1989, 246, 64.



lonizace elektrospejem

Rozpoustédlo/Pufr

\
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Vstupni

otvor
(0-50 V)

ESI Jehla
(5 kV)

Vyhrivana
kapilara

lontovy
Svazek




Princip ionizace elektrosprejem

Rayleightv Coulombicka

.- limit
Vyparovani explose Vyparovani lonty

Q’*@“’@@e ﬁ“’@ e,




lonizace elektrosprejem

Velmi mékka ionizace
Mnohondasobné nabité ionty -1, 2, 3, ...60x
Mala nebo témér zadna fragmentace

proteiny, peptidy, oligosacharidy, nukleotidy,
syntetické polymery ...

Nekovalentni komplexy (proteinové komplexy,
komplexy protein-ligand, atd.)

Vysoka narocnost na Cistotu

Napojitelné na LC



Nanospray - nESI

<5um
] e
. / \ Vstup do MS
Vodiveé HVPS
pokoveni

Kfemenna kapilara vytazena/zbrousena do spicky (<um)

Velmi malé kapky < 200 nm

‘—‘é o v s .
e Prutoky v fadu 25 nl/min
Mnohem vy$$i uéinnost ionizace |
Miniaturni spotfeby vzorku _——
|

Vétsi tolerance k solim



Analyzatory  statické - dynamické

Typ separace

Magneticky sektor (B) magneticky moment
Elektricky sektor (E) kineticka energie
Kvadrupol (q) m/z stabilita trajektorie
lontova past (IT) m/z rezonanéni frekvence

(kvadrupodlova-sféricka / linearni)

Priletovy (ToF) doba letu
Cyklotronova rezonance (ICR) m/z rezonancni frekvence
Orbitalni past (OT) m/z rezonancni frekvence

.. a hybridy (qTOF, TOFTOF, QqQ, Q-FT-ICR, lIT-OT, etc.)



Relativni Intenzita

Blizsi pohled na MS spektrum

m/z



Atomoveé hmotnosti

Symbol| M,.ov | Miono %

C 12 12.00000{ 98.9300
13 13.00336] 1.0700

H 1 1.00783| 99.9885
2 2.01411] 0.1150]

N 14 14.00307| 99.6320|
15 15.00011] 0.3680|

(o) 16 15.99492| 99.7570|
17 16.99913| 0.0380

18 17.99916| 0.2050

S 32 31.97207| 94.9300
33 32.97146] 0.7600

34 33.96787| 4.2900

36 35.96708| 0.0200

P 31 30.97376| 100.0000




Pritomnost izotopu (13C, °N, 180, ...) se
projevi na tvaru piku.

12C

1H
14N
160
329

2x13C
2% 2H
2x15N
2%x170
2%33S
1%34S
1x180
1x13C + 1x 2H
1x13C + 1x15N
1x13C + 1x170
1x13C + 1x%33S
1x 2H + 1x15N
1x 2H + 1x170
1x 2H + 1%33S
1x15N + 1x170
1x15N + 1%33S
1x170 + 1%33S

14
14 1202 160 1H
N N
1H /H+ |



Theoretical Isotope Peaks for Peptides of
Masses 1000-4000 Da

100

|
| nl AM “.

J MA "AA‘ MJAL AMU”J\A

1000 1002 1004 2000 2002 2004 2006 3000 3002 3004 3006 4000 4002 4004 4006

Figure 4. Theoretical isotope distributions of peptides of 1000, 2000, 3000 and 4000 Da.



Atomoveé hmotnosti

Monoizotopicka a primeérna...

C 12.000 12.011 gz
H 1.0078 1.008 A A
N  14.003 14.007
O  15.995 15.999 | e
P 30974 30.974 Mj

J\f\ MJ\A




Rozliseni
RozliSeni / rozliSovaci schopnost

IUPAC: R=m/Am
(R — resolving power, Am - resolution)

Zalezi jak je definovano Am
— Sirka jednotlivého piku v urcité vysce 50%
(5%, 50% - FWHM) (FWHM)

— 10% udoli mezi dvéma piky

10%
5%

Am



Molecular formula: C30H45N606S Resolution: 20000 at 50%
%Int.

Molecular formula: C60H90N12012S2 Resolution: 20000 at 50%
%int.

617.3 1234.6
100 100
80 80 1235.6
60 60
40 618.3 40 1236.6
20 20
619.3 1237.6
0 ﬂ 620.3 6213 6223 623.3 0 A 1239.6
616 617 618 619 620 621 622 623 624 625 1234 1236 1238 1240
Mass/Charge Mass/Charge
Molecular formula: C270H405N54054S9 Resolution: 20000 at 50% Molecular formula: C900H1350N1800180S30 Resolution: 20000 at 50%
%lnt. %Int.
5559.8 18533.4
100 100
80 5557.8 80
60 60
5556.8
40 40
2
20 5555.8 0
0 5569.8 0
5555 5560 5565 5570 18520 18530 18540
Mass/Charge Mass/Charge




Chyba meéreni

Da — Dalton - 0.1 — 0.0001
Th —Thompson — 0.1 —0.0001

ppm — parts per million —100-0.1

ppm chyba = 1ebx(namérend M-teoretickd M)/teoretickd M
%
1000.0000

100-1000 ppm / [

10-100 ppm 0.1—1ppm



Time Of Flight (TOF) Analyzator

LASER M1 > M2 > M3
E..,= % mv?
3
> LINEAR
DETECTOR
ION
SOURCE FLIGHT TUBE

U accC




Time Of Flight (TOF) - reflektron

R 104
1lppm

LASER

lons 1 and 2 have the same m/z

U daccC

ION

'SOURCE

DETECTOR

REFLECTOR
ION MIRROR




Time Of Flight (TOF) - design

(a) Linear TOF-MS (b) Reflector-TOF-MS
./
()  Multiple-Reflection (d) Multiple-Turn
TOF-MS (closed Path) TOF-MS (closed path)
g @
(e) Multiple-Reflection (f) Multiple-Turn
TOF-MS (open Path) TOF-MS (open path)

1

v N w

Asymmetric lon Mirror
/

Astral Analyzer



Kvadrupolovy analyzator

q

TyCe optimalné hyperbola, realné kruhovy
prirez.

Stejné polarity na protilehlych tycich.

Stejnosmeérné a stridavé vysokofrekvencni
napéti - DC a RF

Rozdilny pohyb ,velkych” a ,,malych” iontd




Kvadrupdlovy analyzator

Vliv stejnosmeérného napéti (plati pro + ionty)

©
@ﬁb":—@ Stabilizace

=

Destabilizace ) % +)

+

L

©

x-z plane

Potencialova plocha — priblizeni - tvar

sedla
y-z plane




A stabilizing
force if
frequency is
high enough
and ion is

heavy enough

Kvadrupdlovy analyzator

R 103
100ppm

Vliv RF slozky — pohyb iontu kvadrupdlem

&
~ s
- . oscillating rod
) -T-J ® polarities
Yy -
@de iy
lon are =
sequentially i ®@9e
attracted and " -
repelled by rod pairs &+

@ (Gray symbols show
. constant potential,
. . . ® black symbols
v o by — Y
Vliv RF slozky — pohyb iontU The quad - ® varying
A .
. becomes a - P potential)
mass filter @ y
in the x-z plane  Light ions ®= & @
are constrained e .
by U, but when V is - D= &
larger than U they become ® B >
unstable and are ejected. (]




lontova past

A B
From chromatograph

Endcap electrode
DC field ||

\- lonising source

.

Helium
N
» L —
Ring electrode G ™ /-\_,r'-il
radiofrequency field )
Helium
/ a Exit
Endcap electrode Multiplier  lons oscillate towards the
DC field centre of the trap

OVERVIEW OF AN ELECTROSPRAY IONIZATION
USING ION TRAP MASS SPECTROMETER

ION TRAPPING

[~——M 4 =M

Mass Spectrum

RECORDED WITH N
SCREENCAST (@ ) MATIC




lontoveé pasti R 103
100ppm

3D (sféricka) iontova past



FT-ICR — lontové cyklotronova rezonance s
Fourierovou transformaci

Pohyb iontli v magnetickém poli - iont s hmotnosti m,
pohybuijici se s rychlosti vv homogennim magnetickém
poli se silou B:

F=qvxB
lont pohybujici se po cyklotronové orbitée s frekvenci
danou vztahem: B
o4 — 4B
m

Polomér bézné cely: 1-3 cm
Pocatecni polomér pohybu iontu: 0.01 - 0.1 mm

BéZna sila magnetického pole: 1-15(21) Tesla



Pohyb iontli v magnetickém poli

FTMS cela Trapping Plates, +1.0 V

7
S
* D

Detekce

Oy




Fourierova transformace
(lontové Cyklotronova Resonance)

gB
27m

f

Koherentni cyklotronovy pohyb indukuje
»proudovy obraz” ktery je amplifikovan

a detekovan.

PFitomnost iontl s riznymi m/z se projevi
Jako superpozice sinusoidalnich signald na
Detektoru.

Detekce

N

®
®OFP

NS S




FT-ICR — lontove cyklotronova rezonance s

Fourierovou transformaci R 105avice
O0.1ppm

W.M. Keck FT-ICR Mass Spectrometry Laboratory



ORBITRAP

R 104 (a vice)
1ppm | —

‘7, J

Alexander A. Makarov
Elektrostaticka past

lonty rotuji kolem centralni elektrody + harmonické oscilace podél této
elektrody

Indukce proudu — FT - MS

ORBITRAP ELITE



Srovnani analyzatoru

Da — Dalton - 0.1 — 0.0001
Th —Thompson — 0.1 —0.0001

ppm — parts per million —100-0.1

ppm chyba = 1ebx(namérend M-teoretickd M)/teoretickd M
%
1000.0000

lontova past / [

100-1000 ppm TOF

FT-MS
10-100 ppm

0.1-1ppm



Srovnani analyzatoru

mass range resolution accuracy dynamic range
quadrupole 4000 4000 100ppm 1.E+05
lon Trap 6000 4000 100ppm 1.E+04
TOF unlimited 50000 Sppm 1.E+04
FT-ICR 10000 >10e7 0.1ppm 1.E+04
Orbitrap 4000 >200000 lppm 1.E+04
Magnetic sector 10000 100000 10ppm 1.E+07

Rozliseni VS rychlost skenu!




lontova mobilita — rozdéeleni dle konformace

RRGPFPSPF* RPPGFSPFR*

GPFRPRFPS*

400 —
0 T T T T T L) L) T T
42 426 432 438 444 450 456 462 468 NW Chem used to
o model 3-D
Drift Time (ms) conformations

conformer A

1L
j}é [ f % e N,/H
,ONFEngCE ’{\ [% LT g\&_ 3;_ AP P e ) TO DETECTOR
) \)

g r\‘i\ N

— Y

\

conformer B E.S. Baker ASMS 2017



lontova mobilita — riizna usporadani

Statické pole [

--------

- Drift Tube IMS (DTIMS) DTIMS
- Differential Mobility Analyzer (DMA)

Dynamické pole
- Field Asymmetric IMS (FAIMS)

FAIMS

- Traveling Wave IMS (TWIMS) QI
- Trapped IMS (TIMS) @«{««g ﬁlﬁﬁh

distance distance

Biochimica et Biophysica Actal811, 935-945 (2011) TWIMS TIMS



Fragmentace — cesta ke strukture / sekvenci

Dochazi k fragmentaci béhem-nasledkem ionizace

El, FAB Prekurzor
ISD, ISF - In-Source Decay/Fragmentation
PSD - Post-Source Decay Fragmenty /

produktove ionty

Fragmentaci cilené indukujeme
- vysoko- VS. nizkoenergeticka

- srazky s plynem (He, Ar, N,) - CID — Collision Induced Dissociation, CAD — Collisionally Activated
Dissociation (SORI - sustained off-resonance irradiation)

- srazky s povrchem — SID — Surface Induced Dissociation

- zachyt / transfer elektronu ECD / ETD / EDD — Electron Capture / Transfer / Detachment
Dissociation

- indukovana laserem - IRMPD - Infrared Multi-Photon Dissociation, UVPD — UltraViolet
PhotoDissociation

Hovofime o MS/MS, MS2, MS? ...pfipadné o MS"



Cilené disociace

1. Krok —izolace daného m/z (tzv. izola¢ni okno — 2 a.m.u., 6 a.m.u).
Pozor na strfed izolace — monoizotop nebo primér!
“orez izotopa“ / prekryvy (ko-fragmentace) / odstup v kvantifikaci

+ - ] +
3333333333333333333

5555555555555555

3333333333333333

ssssssss

2. Krok - fragmentace



CID - collision induced dissociation — kolizné
indukovana disociace

Ht  @H+ w-l_
+
H+ H+~




Fragmentace peptidu

Ry R, R;
NH,-CH-CO{NH-CH-CO{NH-CH-CO;

N-konec

Y3 Y2

'}4
N H-CH-COZH
C-konec
N
Y1



Fragmentace peptidu

S-P-A-F-D-S--M-A-E-T-L-K MH* = 1410.6

b-ions* y-ions*
88.1 S PAFDSIMAETLK 1323.6
185.2 SP AFDSIMAETLK 1226.4
256.3 SPA FDSIMAETLK 1155.4
403.5 SPAF DSIMAETLK 1008.2
518.5 SPAFD SIMAETLK 893.1
605.6 SPAFDS IMAETLK 806.0
718.8 SPAFDSI MAETLK 692.3
850.0 SPAFDSIM AETLK 561.7
921.1 SPAFDSIMA ETLK 490.6
1050.2 SPAFDSIMAE TLK 361.5
1151.3 SPAFDSIMAET LK 260.4
1264.4 SPAFDSIMAETL K 147.2




Prehled aminokyselin v Cislech

AK Hmotnost Bocni fetézec Immoniové ionty

G Gly 57.02 1 30

A Ala 71.08 15 44

S Ser 87.03 31 60

P Pro 97.05 41 70

vV Val 99.07 43 72

T Thr 101.05 45 74

C Cys 103.01 47 76

L Leu 113.08 57 86(72)

I lle 113.08 57 86(72)

N Asn 114.04 58 87(70)

D Asp 115.03 59 88

Q GIn 128.06 72 101(84, 129)

K Lys 128.09 72 101(129, 112, 84, 70)
E Glu 129.04 73 102

M Met 131.04 75 104(61)

H His 137.06 81 110(166, 138, 123, 121, 82)
F Phe 147.07 91 120(91)

R Arg 156.10 100 129(112, 100, 87, 73, 70, 59)
Y Tyr 163.06 107 136

W Trp 186.08 130 159



Trojnasobny kvadrupdl — MS/MS v prostoru

_ :_' '
RF 03
Fokusace Koli I Detektor
iontd o :zm cela
’—”7 - -
®- - .  ® "
@®- ° /
O_ ST >
o
®. P
\\s ~ o -
Prekursorové Fragmentace Produktové
lonty (CAD) lonty




lontova past — MS" v case

~
\/




Dalsi typy fragmentaci a fragmentovych iontu

Interni fragmenty (nemaiji N- ani C-konec)



Infrared Multiphoton Dissociation (IRMPD)

CO, laserovy paprsek

Vibracni excitace funkénich skupin

OH, COOH, NH,...

Podobné CID - fragmentace peptidové patere: b- a y-iontové série, ale
extenzivnéjsSi fragmentace, pritomnost immoniovych a a-iontd a fragmentul s

nizkou m/z

Lze jemné ladit energii laser a délku pulsu

V pripadé FT-ICR vyhoda oproti CID v ICR cele (neni treba napoustét koliznim
plynem a tim narusovat vakuum)

o PlglElEErre

100
o "JA)IRMPD [M+3HJ** -
o 6
§ 80 7.5ms,9=0.1
= . b, M-H H]3*
§ 60 a,’ %2 Y502 [ :.20+3 ] b, 5
b, 2+ ’ Eas - )’7:’ ; 6

P e L R |
2 Ry i i1y TR L a4 Ys';
) 20 i :' ; b,* ], 2 Yo ..". hl»‘\ 1 ).I(' 0
~ f: Pyt 715 1% i [ a, i 4 # l l)& Y7

0 al il ?y A ,l.llA_Lll AL uuL L ' N R |

[M-H,0+3H]*
1) 5 RP’_PGJF:J‘SJ_PFR“
8 wiB) CID [M+3HP
0, -

E . 8%, 30 ms, q=0.25 h‘l P
< y2* | ° -H,0
2 40— e * precursor ion
s i ) b # internal ion
é ¥a* y41' b2 l * YI Vs b. h(‘

0 l I L A A A

R AR LE EEIE G SUAES LD SRR L E L R RS LT R AR AR AR . L
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

m/z



Electron Capture/Transfer Dissociation ECD/ETD(/EDD) = ExD

Zachyt elektronu (E £0.1 eV) - u peptidl preferencné na
S-S mistcich a vazbé N-C,

Neutralizace H*; [M+2H]* Vodikem nabohaceny radikdlovy iont. Stépeni vazby N-C,
Vicenasobneé nabité prekurzorové ionty

C- a z-iontové série

Electron Transfer Dissociation (ETD)
ECD tézko aplikovatelné na analyzatory s Rf polem (pasti, kvadrupdly)

Chemicka ionizace = elektron prendsi anion (antracén, azobenzen, metan, fluoranthen...) ->
neutralizace ndaboje a nasledné také fragmentace.

Vznik iontl ca z

ETD
reagent anions




UltraViolet PhotoDissociation (UVPD)

UV lasery — Nd:YAG a excimer ArF, KrF,..

vinové délky: 157nm, 193nm (peptidova vazba), 213nm, 266nm,...
vinové délky blizké 280nm — fragmentace u aromatickych AK

obecné velmi rychla fragmentace v radu psec
Vysledek podobny ExD, ale nedochazi k redukci naboje — aplikovatelné i na 1+
a/x, c/z, ale i b/y ionty a také fragmentace bocnich retézct

RPPGFSPFR (m/z 530.7)
UVPD [ oll¥[aNrlv]t ISIGIGHTIMIYIPIGIHDIR “1 @o A 30ms
. SEQUEST Xcorr score = 6.78 8‘” 7
60 Ve
220 - v 5
o - : l)l,‘I . bl2 v - I LT Ps . TE Iyﬁ ‘TI L ’ ' lI ]
100 200 300 400 500 600 T00 800 00 1000 1100
100 * Ya
o (b) IRMPD 18ms
200 ; 400 . 5 3 ac|)o 100,:,; w e e | mo | 20w ésu | - a:a
K :
CID D L|v[A[N[T]v]L ISIGIGITITIMIYIPIGIIA i b Wb bsb o o i s
SEQUEST Xcorr score =4.44 »71 | “* s e s ¥s\ y4 4 1 1P [MH - 59]
:l. J'l Ll]l “ | |'|. I...H.l“.\ J.Il yI
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timsTOF

Analyzer 1 Analyzer 2

Intensity
Elelectrical field
—r——>

1
Intensity

{ > TIMS elution time (ms)

LC elutior]: time (min) Ko posion @ B 1 2 O H Z- > 3 OO H VA

lon interface |

TIMS elution time (ms) i »‘”m'ﬁg— E%%uﬁl__ﬂﬁ'

lontova mobilita (2x tims) + qTOF
Akumulace (tims1), separace (tims2), (fragmentace q), analyza TOF



Orbitrap — iontové pasti

Dual-Pressure
Linear lon Trap

Ultra-High Field Orbitrap
Mass Analyzer

\ Z
// @ Low Eree:lssure

Advanced s

Advanced Quadrupole
Active Beam Technology High Pressure
Guide Cell

il #l X /\ |
||| | [ﬁ lon Routing

A

\ Multipole
C-Trap

EASY-ETD/IC I

lon Source E%]*— Electrodynamic

:@ lon Funnel
High Capacity
% Transfer Tube



Orbitrap ASTRAL

Asymmetric lon Mirror

lon Foil

N

= Post- Accelerator
Quadrupole lon Routing \

Mass Filter Multipole
C-Trap | Octupole HDR
| lon Guide Detector ~

ESI lon
Source |

!'! lon Processor = |
lon =
Funnel  Guides /- Injection Optics

\/

Orbitrap

Analyzer

Astral Analyzer

Sbér dat — 200Hz (200 spekter/s)
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