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FELIX — FREE ELECTRON LASER FOR INFRARED EXPERIMENTS

Open access user facility
www.ru.nl/felix

undulator
magnets

accelerator @

mirror

User facility

Wavelength tunable 2.8 — 150 um
Pulse energy ~100 mJ per 5 us pulse
FWHM bandwidth >0.4% of A
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MASS SPECTROMETRY IN THE ANALYSIS OF COMPLEX MIXTURES

* High sensitivity A.G. Marshall and coworkers, NHFML, Florida
* High resolution

C3‘IH4E!N1
C.,.H..N,13C
28" "37iN2 1 CE_UH52N1
C4oH36N4 O,
032H23N1
C,eHa,N,S, C25HasN4S,
250 350 450 550 650 750 850 950 42620 . 42630 426.40
miz m/z
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— &/
molecular weight s molecular formula = molecular structure
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COLLISION-INDUCED DISSOCIATION MS/MS FOR SMALL MOLECULE IDENTIFICATION

ion mass ion YEN ion
source selection chemistry analysis detector
*
collisional
activation
E
| |
mfz — mfz —

* Fragment spectrum not predictable from QM first principles
* MS/MS library search

* |dentify only known unknowns
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MS/MS IDENTIFICATION WORKFLOW

MS/MS library
Pub@hem
Collection Live Count Description
; _ Periodic Table of Elements 118 Interactive periodic table wi
in silico MS/MS
Compounds 115,056,553  Unique chemical structures

Heuristic and/or Al

Radboud University § %

&
2
3 $
Yoy



CONFIDENCE LEVELS IN MS-BASED MOLECULAR ID

Metabolite identification confidence

Level 5 B81M+ compounds (PubChem)

+  unitresolution...... 354 £ 1 Da.................. 200k molecules

Unique Feature +  100ppm............. 354.16 £ 0.03 D.............. 44k molecules

Mass measurement accuracy, £ ppm . 10 ppm............. 354.158 £ 0.003 Da......... 11k molecules
. 1ppm............. 354.1579 + 0.0003 Da......10k molecules

. Heuristic Filtering
Level 4

Molecular Formula

Q . .
g Isotope abundance distribution, charge CogHaoNoOy .o ............10k isomeric structures
) state and adduct ion determination
=
':c:: Level 3
; Tentative Structure Orthogonal information
£ MS1 m/z database match . fragmentation data (MS/MS)
2 ' retention time
i Level 2 . collision cross section
2 Putative Identification " spalialitemporal location

MS/MS spectrum match *  optical spectroscopy

. NMR

Validated Identification

HO  s=N_ N=y OH
Reference standard viveieneiieee....1 confirmed identification
confirms structure HO OH

Schrimpe-Rutledge, Codreanu, Sherrod, MclLean, JASMS 2016, 27, 1897
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INTEGRATE IR SPECTROSCOPY WITH MASS SPECTROMETRY

10

THE CHALLENGE
lon density in MS ~10% cm?3
Lambert-Beer requires ~10% cm™3

Martens, Grzetic, Berden, Oomens, Nature Commun. 2016, 7, 11754
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INFRARED ION SPECTROSCOPY (IRIS)

MS

IR spectrum

fragmentation

IR frequency mp

/ IR spectroscopy, but with
* selectivity of MS

e sensitivity of MS

 versatility of MS (LC, MS/MS, IMS)

m/z w=p
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EXPERIMENTAL: MODIFIED BRUKER AMAZON ION TRAP MASS SPECTROMETER

TN
\\‘
. »

| ﬂij "W [ |1 *
2.2 2.3 2'i"i1me(széiondsz).6 2.7

Martens, Berden, Gebhardt, Oomens, Rev. Sci. Instrum. 2016, 87, 103108
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TRANSLATIONAL METABOLIC LABORATORY AT RADBOUD UMC

Karlien Coene Leo Kluijtmans Udo Engelke Ron Wevers Dirk Lefeber

Radb oudu mc

medical center
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PYRIDOXINE DEPENDENT EPILEPSY (PDE)

HZN\/V‘\I)‘\
OH
L-lysine

@

piperidine-6-carboxylic acid (P6C)

N + HO,
_OH
HO R
7 | o \\°
A

N

pyridoxal-5"-phosphate (PLP)

Knoevenagel condensation

<~
S

o]

Z Il

Y OH 0
H
OH
saccharopine
l NH,
(o]

OH

NH
a-aminoadipic semialdehyde (aAASA)

i

dehydrogenase/antiquitin

NH, o
0
OH

a-aminoadipic acid (aAAA)

la—aminoadipi semialdehyde
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controls
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CHROMATOGRAM CID
AT m/z 186 MS/MS
m/z o
128
OH
#‘ML‘-*— /NH+
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IRIS CONFIRMS THAT M/Z 128 CID FRAGMENT IS PROTONATED P6C

m/z 186 C;H0
l cID
- 0
NH*
= OH
m/z 128

patient’s CSF Quantum-chemical
1 prediction (DFT)

: 0
O m/z 186 NH*

1CID N 4 OH
O m/z128
1IRIS

T _I_ L 1

1000 1200 1400 1600 1800
Wavenumbers, cm
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REFERENCE-FREE IDENTIFICATION OF M/Z 186 BIOMARKER

IR spectrum Two structures proposed Alternative ”
unknown m/z 186
i 0
0 ’)k o ° H:
DJ\("j NH HO
n H HO ”
0

J\_J UL LN,L I

1600 1800 1600 1800 1600 1800 1600 1800
Wavenumbers, e’ Wavenumbers, cm’ Wavenumbers, cn’ Wavenumbers, cm”
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FULL IDENTIFICATION INCLUDING STEREOCHEMISTRY

————— PDE patient plasma, LC fraction 1, m/z 186
PDE patient plasma, LC fraction 2, m/z 186

B3LYP

1000 1200 1400 1T 1800 1000 1200 1400 1600 1800

Wavenumbers, cm”’ Wavenumbers, cm”?

Van Outersterp et al. Anal. Chem. 2021, 93, 15340

Radboud University z% Engelke et al. J. Clin. Invest. 2021, 131, e148272
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FULL IDENTIFICATION (LEVEL 1) INCLUDING STEREOCHEMISTRY USING SYNTHESIZED STANDARDS

————— PDE patient plasma, LC fraction 1, m/z 186
PDE patient plasma, LC fraction 2, m/z 186

0 d (o)
Reference A \ Reference B |
\ 2 3 +

+
Y ,, O \\\

OH

Thomas Boltje 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Wavenumbers, cm’ Wavenumbers, cm’

Van Outersterp et al. Anal. Chem. 2021, 93, 15340
Radboud University z%;g Engelke et al. J. Clin. Invest. 2021, 131, e148272



METABOLITE IDENTIFICATION

2-OPP induces epilepsy Pipecolic acid [M + H]*  130.0861 104

Distance moved (mm)

* Inclusion in newborn
screening programs

* Pathophysiology of PDE

* Treatment

Zebrafish larvae
150+
100
50+
0—"5 @ o0—=0 ? i T
15 mM 0 10° 10®° 10* 10°  10%
PTZ
[2-OPP]in M

2-OPP is outstanding biomarker for PDE 2-OPP in DBS

100
Feature m/z RT (min) Fold change,
Biomarker A [M + H]* 186.1123 2.33 200 2 10 %
Biomarker B [M + H]* 186.1123 2.55 145 E
Biomarker C [M + H]* 144.0652 3.05 45 5 1
a-AASA [M - H]- 144.0666 0.86 8 é ®
P6C [M + Hf 128.0706 0.86 9 = 0.1

[M +H] , w
0.01 .

]
Controls PDE

2-OPP is formed from P6C and AcAc

o]
PO

‘ L Acetoacetlc

HO O
9] a
| % |
aCl NH ‘\\\\ I\ / j.I/ NH \\\\\ L
' OH -
—
O 0 ‘LU 2 MU

P6C 2-OPP-COH 2-0PP

v

Engelke et al. J. Clin. Invest. 2021, 131, e148272
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Fragmentation tree

compound
database

[

query

~
ccurate massj

unknown compound

(

uery MS/M
spectrum

)—
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WHY IS THIS IMPORTANT? ... IN SILICO FRAGMENTATION (COMBINATORIAL)
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EXAMPLE: MS/MS FRAGMENT ION OF HOMOCITRULLINE AT M/Z 127

0
H
H,N_ _N
\( OH
O NH,

O m/z 190
1CID

O m/z127
1IRIS

600 800 1000 1200 1400 1600 1800
IR frequency (cm™)
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isomer 1
0 kJ/mol
lowest energy

(0]

HZN*@

isomer 2
+32 ki/mol
best spectral match

NH, NH,*
\B/ \/\

isomer 3
+164 kJ/mol
HMDB annotation




HOMOCITRULLINE FRAGMENTATION TREE

O
Hzm\[rn on
precursor 190
_______---""--------- f’}/.«‘ NH"H.\_H\. H :'-'--__::_';________
0147”H2 127
¥
kﬁ% ““O 5 |G O
127 127
¥ ¥
MS* H%S:iil Hﬁji:]
84 84

Lara van Tetering, Sylvia Spies, Quirine Wildeman
Radboud University %‘é



CONCLUSION: LIBRARY ANNOTATIONS ARE GENERALLY INCORRE

25

[ correct annotation
B incorrect annotation

@) . . (o]
)J\ Arginine J\ Citrulline
/\/W)L HaN N OH
Urocanic acid "
2
S \\ o]
a-aminoadipic acid Homocitrulline
HO
OH
(o} NH, NH;

20

15

10

# MS" ions

0

Lara van Tetering, Sylvia Spies, Quirine Wildeman
Radboud University %i



IRIS SPECTRA IN THE HMDB

Q HMDB Browse =  Search ~ Downloads  About ~  Contact Us

Spectrum Details

HMDB ID: HMDBO0000360
Compound name: Phenylpropionylglycine
Spectrum type: IR lon Spectrum
Adduct: [M+Na]+

The Human Metabolome Database

Spectrum View

www . hmdb.ca
Spectra Viewer Instructions...

- Experimental B /\f\

1
f | |
f\ | k ) \
M L\ ‘\/\/\JV . ./\JL"\rw*»f/ \\,\

1800 1700 1600 1500 1400 1300 1200 1100 1000 900 8h
IR frequency (cm-1)

Experimental Conditions

HMDB ID: HMDEOOD0S60
Spectrum type: IR lon Spectrum
Adduct: [M+Na]+
Instrument Type: Bruker AmaZon Speed Quadrugole lon Trap
Laser Power: 20-150 mJ
Number of Pulses: 1

David Wishart, U of Alberta
Radboud University %E
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unknown IR spectrum
metabolite of MS feature

m/z: 167.0349 m/z: 167.0349

ion: [CH.O-HJ lon: [CHO-HT

I I I l I I . l 800 frequency, cnr’! 1600 800 frequency, cnr! 1600

In silico IR spectral library 75 000

spectra

DFT calculations
and selection

PM6 calculations
and selection

Generate
conformers

Automated
ionisation

Define
structures

Spectral
comparisons

Radboud University § %

&
2

. ¢
>

niNe



AUTOMATIC FINDING OF THE CORRECT ISOMER

[CsHs04 - H]" - m/z 167 (all panels) (a)
DOPAC
HO \ / #1 Sspec =948

o 0 0

HO

DOPAC, CgH904 -
m/z 167 (- ESI) ifs‘j;iyjfafrgymandc—laldehyde

18 isomers in HMDB

16 deprotonatable

Result:

DOPAC returned as #1 :,5-dihydroxyphenylacetic acid (c)
match #3 Sspec = 836

HO

600 800 1000 1200 1400 1600 1800
frequency, cm’
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Spectral similarity

i=1 aib;

lal[b] 1000~ NOIENCHENECHE

For 189 IRIS spectra from 89 metabolites

% of correct structures found

Retrieval of correct structure for isomer search

-

=]

o
1

804

60

40

204

individual adduct id
combined adducts id
random id

15 20
top k

Houthuijs, Berden, Engelke, Gautam, Wishart, Wevers, Martens, Oomens,

Anal. Chem. 2023, 95, 8998



AUTOMATIC FINDING OF THE CORRECT ISOMER

— ; | W
i ) / \ j
HO i W S} . N/
S/ ¥ == N\ 4/ \
0 - > y— w
] HO -

DOPAC, CsH904

m/z 167 (- ESI) #}:\1 . —.r:,.H o
. . 4 \ . "|._ Fi
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S— f— e M
16 deprotonatable - Y
Result: S—\ [ =y
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,r'fb_""-, ‘I
| -"‘:I\:‘- -(:H-:I J"I"_J":.
4 F I"‘.: ."I-':l
1 '_.:r'-I ,|::L."_.'II
' .
Radboud University

N o
E
H % 3
L) S
2 &
miNe <

I‘.-" o HO
=4 o i \
7 % ; =\ —0
Hbt F i ) e 1 Fa F,.-'
—\ / \ A\ #;fr"‘_" | —\
} I'.“ a )
] = < — )
| \ F J ) LAY
" _"' t I:.‘I O I;l.';.- .H:ll /
LY I-II ..'
2 1 W L | I - |
= P —
=X B 4 J = ‘\\ =N
{a Sy e I:" \ o Y e
:". 1':,l'r i —.f. ‘b* ."":*' \
e/ " \ :
Structural similarity plot of deprotonated HMDBO001336
109" g reference metabolite -
® other metabdlites
22 08 .
23
mm
£ 001 .
= " ™
T g 0.4 4 ™ l‘ W
g8 o
E‘E 0.2
0.0
0 200 400 600 800 1000
spectral similarity

Houthuijs, Berden, Engelke, Gautam, Wishart, Wevers, Martens, Oomens,
Anal. Chem. 2023, 95, 8998



COMBINED MS/MS + IRIS IDENTIFICATION

MS + MS/MS

candidate

DFT IR spectra

* DUhrkop, Fleischauer, Ludwig, Aksenov, Melnik, Meusel,
Dorrestein, Rousu, Bocker, Nature Meth. 2019, 16, 299

OMP4, [C,oHyN;O+H]* (all panels) (@)
MS/MS candidate 1 - 845

Radboud University § %i
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MS/MS candidate 9-811 (d)

MS/MS candidate 8 - 816 (©

O

HN=N
-/-h/\-/\_/-'-\

MS/MS candidate 1, (f)
[metamitron-desamino+HJ*

ref. standard - 933

| " 1 " 1 " | " 1 " 1 v |
600 800 1000 1200 1400 1600 1800
frequency, cm’'

1o, U &
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600 800 1000 1200 1400 1600 1800
frequency, cm’

KTWR

Watercycle Research Institute



CONCLUSION AND OUTLOOK

Combine with MS toolbox

* lon mobility & LC separation
e Accurate mass determination
* MALDI imaging

New analytical applications

isolation

* Environmental: water contaminants, air pollutants

* Forensics: novel psychoactive substances

600
* Drug metabolism

* Synthetic/organic chemistry

,4

IRIS
New methodologies

e 2-color

* Strategies for rapid identification
 Benchtop IRIS

L

1000 1200 1400 1600 cm™
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