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Mass Spectrometry is indirect structure elucidation method

From mass to shape

From mass to arrangement
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Fragmentation Processes
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“A mass spectrum of an organic molecule exhibits a peak for almost each
mass which can conceivably be constructed from any number of the atoms
present in the molecule”

Klaus Biemann, Mass Spectrometry: Organic Chemical Applications, McGraw-Hill, New York, 1962, pp 72
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Fragmentation Processes
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Mass Spectra Classification

The primary goal of spectra classification is to find correlation between the
properties of compounds and their mass spectra: common substructures, point of
origin, toxicity, smell, color, taste etc.
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Mass Spectra Classification
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Accurate mass search against structural libraries

Mass distribution of 7408 endogenous metabolites
(curated KEGG Ligand Database structures)

Unit resolution A(m/z) =0.00001
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Immense Number of Structural Isomers
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Consistency checking between library structure and
mass spectrum

Database of known human metabolites
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Metabolite ID using Predictive Fragmentation
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Precursor lon Fingerprinting (PIF)

A new concept for the interpretation of mass spectra

Efficient structure characterization of small molecules remains a huge
bottleneck in an array of disciplines.

Principle of the structure elucidation using PIF

Mass Spectrum Substructures >

Structure
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Precursor lon Fingerprinting (PIF)
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Precursor lon Fingerprinting (PIF)
Theory

Quasi-equilibrium theory: The probabilities of the various possible decomposition products of an ion
depend upon its structure, internal energy, and the energy deposited
during ion activation, but are independent of the structure of the precursor
ion and the formation mechanism of the ion undergoing decomposition.
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Precursor lon Fingerprinting (PIF)

Quasi-equilibrium theory:

“The probabilities of the various possible decomposition products of an ion depend upon its structure,
internal energy, and the energy deposited during ion activation, but are independent of the ionization
method, the structure of the precursor ion, and the formation mechanism of the ion undergoing

decomposition.”
F. McLafferty, F. Turecek, Interpretation of Mass Spectra, 1993, 4t Edition, USB
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Precursor lon Fingerprinting (PIF)

ESI (+), Finnigan LCQ
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Precursor lon Fingerprinting (PIF)

ESI (-), Finnigan LCQ
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Prediction of Fragm
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Mass Frontier Fragmentation Library™

Total number of

Mass Frontier 5.0

Mass Frontier 6.0

Fragmentation Schemes 20.003 30.936
Individual Reactions 87.966 129.229
Chemical Structures 101.850 151.762
Decoded Mechanisms 81.389 120.029

HioghChem




Fragmentation Library™

Source Volume | Year

1. JASMS (Journal of the American Society for Mass | 1-17 1990-2006
Spectrometry)

2, IIMSIP (International Journal of Mass 1-53 1968-1983
Spectrometry and lon Physics)

IIMSIP (International Journal of Mass 54-175 1983-1993
Spectrometry and lon Processes)

IIMS [ International Journal of Mass 176-255 1998-2006
Spectrometry)

3. RCM (Rapid Communications in Mass 1-20 1987-2006
Spectrometry)

4, IMS (Journal of Mass Spectrometry) 30-41 1995-2006

5. OMS [Organic Mass Spectrometry ) 1-29 1968-1994
IMSS] ([ Journal of the Mass Spectrometry Society | 11-27 1964-1979
of Japan) 29-30 i98i-1982

37-48 1989-2000
50-53 =2002-2005

7. MSR [ Mass Spectrometry Reviews) 1-25 1981-2006

2. EIMSBMER [ European Journal of Mass
Spectrometry in Biochemical, Medicine, and 1-2 1980-1982
Environmental. Research)

9, BMS (Biomedical Mass Spectrometry) 1-12 1974-1985
BEMS (Biomedical and Environmental Mass 14-19 1987-1990
Spectrometry)

BMS (Biclogical Mass Spectrometry ) 20-23 1991-1994

10, | IC (Journal of Chromatography) 121-536 1980-1991

i11. | EIMS (Eurcpean Journal of Mass Spectrometry) 4 1993

}\ir\- Specm;mttn_-'
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User provided fragmentation mechanism can improve fragment prediction for
metabolites

i HighChem Mass Frontier 5.0
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Automated Interpretation of Mass Spectra

Product-ion spectra
of unknown

Library Search

Matching product-ion
spectra in PIF Library

Consistency Checking
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Patent pending
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1 Product-ion spectra of unknown 2 Library search results L.
ESI (+), Finnigan LCQ
)
Matching product-ion spectra in PIF library Original structures
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Automated Interpretation of Mass Spectra

Product-ion spectra Matching product-ion Patent pending
of unknown spectra in PIF Library
o IE Library Search | N IE
SN Ol ]
[ 1] Ol 1]
A
v
21 Identified
é fragments/substructures
0 O
5
: Structural N
; constraints "
v v
Structural proposal Structure generator
i
Bad news: Success rate of ion identification depends on the comprehensiveness

of the reference library of ion spectra (PIF Library).

Good news: Metabolite ID operates in a structurally finite space!
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Metabolite ID using PIF
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Fragment structure assignment

Parent drug
(Library)

Metabolite
(Prediction)

Ha HighChem Mass Frontier 4.0
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Metabolite ID using PIF
Talinolol
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(o)) 100 191 209 100 f
Q 380->226>MS® 380>308>MS8 n
O 75 75 2 Intensity differences
) H NH _N ;
= I due to different
S N o o 50 17 50 hydroxyl group position
8 On 25 25 226
2 100
s o120 147 391
100 120 140 160 180 200 22( 100 150 200 250




Metabolite ID using PIF
Talinolol

2.8e9 4
2.6e9 A
2.4e9 4
2.2e9 A
2.0e9 4
1.8e9 A
1.6e9 4
1.4e9 4
1.2e9
1.0e9 4
8.0e8
6.0e8 4
4.0e8 +

2.088;

0.0

8.2

oo L

T

‘\
OH OH | r

U \ ‘\/104

/ JN/\

W@Nm

1 2 3 4 5 6 7 8 9 11 12
Tlme min

PIF concept allows high throughput, semi-automated qualitative analysis
of structurally related compounds (xenobiotic or endogenous metabolites)

Data provided by G. Hopfgartner, University of Geneva, Switzerland
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Metabolite ID using PIF
Naltrexone

40e10{ TIC full scan

3.0e10-
2.0e10

1.0e10

0.0

110

2.0e9

1.5e9-

1.0e9+

5.0e8

0.0

13 14
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Prediction of fragmentation pathways of Naltrexone using HighChem Mass

Frontier and Fragmentation Library™

A

Naltrexone

BBy

miz 324 A%

A

HighChem Fragmentation Library™
ID: 6.735 of 89.326

5 " 5
o
+H*, -H20
o — " 0O — 0
OH " T F Y
0~ o 0~ o
m/z 316 m/z 298 m/z 256

Pennanen, K.; Kotiaho, T.; Huikko, K.; Kostiainen, R.;
Identification of ozone-oxidation products of oxycodone by

electrospray ion trap mass spectrometry. Journal of Mass
Qpectrometry 2001, 36, 795. /
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Metabolite ID using PIF

Metabolite Il

Naltrexone
HO 100
HO 3 282
MS
75
-H20 Y
' 50
- N g 254
N N + 25 240
A o~ 2 19 I IWE
m/z 324 m/z 282 200 220 240 260 280 300
Identlcal Matchmg
ions production
spectra
100
3 282
75 MS -
_fr, -HQ ) ”
240
O N/A 25 " ZTC
) MLAH
m/z 342 m/z 324 m/z 282 0200 220 240 260 280 300

Structurally identical ions yield matching product ion spectra

Site of glucoronization can be determined using fragmentation prediction and PIF

:Zﬁfi
HO N0 O// N A\
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m/z 267 m/z 270 m/z 282 m/z 326 m/z 344
H T+e +
Metabolite Oj\KQ HO HO
Structure I y q Y
| SQWA P g
Assignment NH §
o~
HO 3 282
) O MS
c
1ec
]| s 1]
©
z 0% Tigons | | |
200 220 240 260 280 300
HO 100 208 1100
- O MSs3 MS?2 326
Q 75 75
© (0] O 50 50
g 0 254
| P et L, s
= HO oba Z?Bl L 293 . 280 293302314 334
260 280 300 32 280 300 320 34
— HO o - 212 279
Q 75
©
2 Q @ %0
| YRal
= HO . 153 185 1226|252
OH 100 150 200 250
— H 1oy 3 270 3 282
= | HO ¢ MS MS
2 O s 254
o | Ho © 50 228
2 < O ¥ 212 240
< 4
= HO" M0 0 N \/A 25 [ 212 264
= o~ 111 136 164185 | 226,252 | ol
Q00 150 200 250 200 220 240 260 280 300
H 100 100
> 308 326/326
= 3 3
HO O
o O 75 s 75 MS
S o}
)
_% HO g @ 50 - 50
© HO N0 ) 257 2o 25
]
= HO ‘ A B LL 293, la15 )| | 280 p90 308 :
260 280 300 32 280 300 320 34




Metabolite ID using PIF
Naltrexone

20010/ TIC full scan
3.0e10+
2.0e101

1.0e10

0.0

11.0

2.0e9

1.5e9-

1.0e9-

5.0e8

0.0




Metabolite ID using PIF
Venlafaxine

RT:0.00-16.98
11.16

10.98

4 092161 294 389 489 503 535 668 7.39 9.24 951 9383 1163 1376 13.96

15.19 16.91

12.50

40 “ ‘

Relative Abundance
|

J 098 174 248 311 413 535 6.68 7.28 823 8.97 976 1058 12.04 J K\lﬂl 13.35

15.06 15.87

12.61

B 0.98 221 342 452 496 6.31

|
I
791 829 910 1004 1058 1197 | 1283 1349 1488

A\
)\

Venlafaxine m/z 278 «-

40.27 148 2,05 3.00 336 4.65 5.35 6.05 7.28 7.91 8.62 9.57 10.17 11.04 11.84

16.22

1342 1422 14.94

L L B B O A B

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (min)

15 16

LC-MS of 5 uM Venlafaxine + Metabolite Standards
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Metabolite ID using PIF
Venlafaxine

Parent drug
Venlafaxine
m/z 278

Metabolite |
m/z 264

Metabolite Il
m/z 264

Metabolite I
m/z 250

e
|
N\
OH
e
N|
OH
H
|
N\
OH
H
NE(
OH

MS?t MS2 MS3 MS4 MS5
7 e e
uf | 13 18
+H" -H,0 rHR B o B
- - T — 5 — 5
I I
AN AN NS N 15 | |17 25 T m B | m
OHj * * 100 120 140 160 180 200 220 20 110 120 130 140 150 160 170
+
miz 278 m/z 260 m/z 215 )
Matching product
- - - ion spectra
Ui 13 18
+H' -H.0 rHR L =
—_— —_— —_ > 5 > 5
N NY, N N | | | 25 A B W | 13
OH, + + 100 120 140 160 180 200 220 240 200 110 120 130 140 150 160 170
+
m/z 264 m/z 246 m/z 215
H H H
133
_+H' | -H0_ | _tHR 5 Y513
s
N\ N\ N 197 ‘ ‘l‘B 201
OHy + + 10 120 40 1/ 180 20
m/z 264 m/z 246 m/z 201
H H H
133
+H -H,0 rHR A
" " | — 4 1451 Patent
NH NH N P 107 1, ‘ ‘ l\B il
+ + | 4 .
OH, 10 20 140 10 180 20 Pendlng
m/z 250 m/z 232 m/z 201
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Highthem Venlafaxine Metabolite | Metabolite Il Metabolite Il Metabolite IV
e
Precursor - H H —CgHyOs
lon
Fingerprinting | | |
(PIF) N N AN NH N
OH OH OH OH OH
precursor ion m/z 201 precurso r ion m/z 201 precursor ion m/z 201
13 13 13
n I MS*| | & MS*| | & wim MS?
5 145199 56 145159 56
p.s 173 p.s ‘ 173 s 173
. H\ 7. Win| | | o iy |
100 120 [140 160 180 20 100 120 140 160 180 20 100 120 [140 160 180 200
N +
~ - MS® Ll 15 MS®
5 0
m/z 201 A 5 ls 15 2 15
1, 10 15 12 106 110 115 12
precursor ion m/z 215 precursor ion m/z 215
-
- u ) 1B VS - 147 19 VS
vl =
5 5 o
5107‘15 187 2579 5107‘3%‘5 W 25
100 120 140 160 {180 200 220 240 100 120 140 160 J180 200 220 240
AN
+
H MS® » B MS® =
5 5
miz 215 T m B | Y m B | 1m
110 120 130 140 150 160 10 100 110 120 130 140 150 160 170
precursor ion m/z 246 precursor ion m/z 246
200 164 2
H H A MS3 A Ms4 20
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P3| 13 ps
8 | L 26 33\1\07‘ ‘ 1\47 Gl
| W 1D 0 1 JEOHE 0
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Metabolite ID using PIF
Venlafaxine

OH

ON 11.16 |
OH OH

RT:0.00 - 16.98
100

80 10.98

60

I
N~
40 OH

N
o

092 161 294 3.89 4.89 503 535 6.68 7.39 9.24 9.51 983 11.63 1376 13.96 1519 1691
12.50 |

H !
Oé/ NI§| |
OH

0.98 1.74 2.48 3.11 4.13 5.35 6.68 7.28 8.23 8.97 9.76 1058 12.04 | 12.71 1335 1506 15.87

lore v bbb

=
o
o o

N A OO @
o O O o

cer e e b b

Relative Abundance

0
|
100 - ] 12.|61 P |
| | .
80— :
_ |
- \ 6.00
40 - N || N \
20 - OH 1 o i
7 | I
o L 098 221 342 452496 631  7.91 829 9.10 10.04 10.58 11.97 | 1283 1349 1488 | |
. |
100 — P 16.22 |
80 - :
60 — |
40 | N
20 4 OH
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Flavonoid Metabolite Identification by PIF
40
\v4
Plant extract
30) Satsuma Orange (Citrus reticulata)
201
101 J
) . o Wi
0 200 400 G.I 800 1000 12.00 1400 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00
ESI (+), Finnigan LCQ

10
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Wil | = W o] ﬂ
300 400 500 500
1‘\3&;} 5326474 i“'o"g‘“:““"”““"”“ 1“6(]& N53396.72 13% V8342388 ;BVG 83 426,02 ;E;f&umm/u 20703 va0¢ Isg&nfsz w501 b %QCL V3 303.11 ;»Org»umnn-mm T
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Gelsemine Metabolite Identification by PIF

100
323.17581 1 .
+
Plant extract — Full scan MS ESI (+), LTQ Orbitrap
757 . .
Yellow qumlne . 329.18607 -> ?
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200 220 240 260 280 300 320 380 400
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Determination of lon Structures in Structurally Related Compounds Using Precursor lon Fingerprinting
J Am Soc Mass Spectrom. 2009 March;20(3): 370-376
Michelle T. Sheldon, Robert Mistrik, Timothy R. Croley

Determination of lon Structures in
Structurally Related Compounds Using
Precursor lon Fingerprinting

Michelle T. Sheldon, Robert Mistrik ¥ and Timothy R. Croley®

* Commonwealth of Virginia, Department of Ganaral Services, Division of Comalidated Labarstory Service,
Richmord, Viginia, SR |

* HighChuss, L, Brabislares, Slovakia

Structurally-relaied alkakoids wem analyzed by cledrospray lonlzation/ multiph stage mass
spectrometry (ESI/MS™) at varying collision encrgies to demaonstrate a conaeptual algorithm,
Em:umlnm Angmrprinting (FIFL PIF 1s a new approach for interpreting and Nbrary-searching
=l mass spectra predicated on the precursor jons of structurally-related compounds and thelr
matching product jon spectra. Multiple-stage mass spectra were complled and constructed
Into “spectral troes” that Westrated the compounds’ prodisct lon spectra in thelr respective
mass s I stages. The procursar kons of those alkaloids were characterized and thoir
spectral trees Incorporated inte an MS® library. These dam will be used o constreat a
wriversal, scarchable, and transferable brary of MS® spoctra. [n addiman, PIF will generae a
strusctural arrangement utilizing previously dharscterized lon structures, which will

proposed
assist In the dentification of unknown compounds. ] Am Soc Mass Spectrom 209, 20,
meiry

IT0-376) & 2009 American Soclety for Mass

am spoctrometry (MS] 1= 2 wallcssablished

and powerful analytical technique. Analytical

laboratories throughout the woedd rely on M5
to kdontify unknown compounds, quantitate kons, and
determing pertinent strisctural information. Currently
g chromatography/mass spectrometry [GC/MS) 1=
the most commonly used method for ldeniification of
urkrown compounds [1]. GC/MS employs hard lan-
Izatian technigues [eg. clecron lonlzation (E}], which
are Indapendent of modol or manufacturor, largely
reproducible from Instrument o Instrument, and con-
scquently Incorporates standard mass spoctral libraries
to relably confirm and/or identify compounds [Z].
Accordingly, there are a large number of GC/MS in-
struments avallable on the market and a comparable
number of commerdal spedral Bbrarks o go along
with them; yet the technique is lmited [3] in that many
compounds require derivatization to be analyzed by
GC/MS [4]. In instanies where there are a large number
of samples, this can be signifiantly Gme-consuming
and labor Inenstve. Mare impartandy, this means that
while El speciral libraries are undoubtedly rellable and
effective, thay are only appliabk io a restricied number
of compowunds [3].

Recently, liquid chromatography/mass spectrame-
try (LC/MS) employing electrospray kankzation (ES[)
has ganed more use as an effactve analytical toal. By
Aidra r.pn: e oD T Gd-r.uclmm!:'-hk?:lbpx.h.
Service, S0 N Sth Sose, Richmand VA& E218, USA. Eoaik tmorcheyis
dgn g g

2000 Amerizan Socety for Moo Spectrometry. Published by Bl Inc
fATL00

04000 /9,
i DOL VL6, e DO, 100017

comparison, ESIAMS can be used @ analyzo moro
classes of compounds (e Indude polar compounds),
requires less sample preparation (no dedvatization step
before analysis), Is more sensitive, demonstratoes in-
creased specifidty, and s quaniiiatively more accuraie
[3, 5. €} In addition, collision Indused disscdation
(CID) or tandem mass spectrometry (MS/MS) tech-
nigues can be incorporated to provoke fragmentation o
elucidate considerable sinuctural Information pertain-
ing to a compaund [5]. Despiie all these advantages,
to-date there 15 no universal, searchable fragmeniation
spoctral bbrary that 1s not confined o a cortain ype of
Instrument andfor a specific class of compounds [7].
Achieving reproducible BS1/MS® data o anchive in a
spectral library from different Instrumental platforms is
no aasy sk Many have made adiempis io wbillze
already commerclally awallable resourmes, while even
mone have tried to develop their awn ES1/MS" spectral
bibrarics. Fl databascs, such as the Mational [nstnne
and Standards and Technology (WIST) and Wiley librar-
ks, are fully evelved and rotain an abundant number of
compounds. [n ierms of relations, this would seem like
the most reascaable place to start. H spectra, however
In most cases, ane very different than those of ESI and
fall short of a usble reference database [8]. Fradenha-
gen et al. attempted © wtilize only the NIST algorithm
to scarch through thotr own in-house ESI-MS /MS spoc-
tra [9] The software used for data acquisition In this
study could not expert the precarsar lon along with the
product lonis) into the NIST databaso [9]. As a result,
only the product lan{s) was/were searchable. Marny




Spectral Libraries - Fingerprint

2 2
C,eH, N, O,F CID MS“ Precursor lon m/z 321 CID MS“ Precursor lon m/z 321 C,H,006

3032 100+ 3030

HN /\ K ~ N \/\) " e

k/N N__N 50+ 50 HO I > {

|~ \H 3211 o 0
Fj/\;ill/\/OH 25~ 25 321.0 (I)

0O O o 2292 2513 A ol 1729 2070 2750 |
1000 150 200 250 300 T1000 150 200 250 300
ENOXACIN MYCOPHENOLIC ACID
Theoretical Isotopic Pattern
100- 100-
320 m/z  Abundance 320 m/z  Abundance
- 320 100.0 - 320 100.0
321 18.13 321 18.98
50~ 322 2.169 501 322 2934
323 0.194 323 0.329
257 321 324 0.012 25 321 324 0.030
a5 30 3% 330 3% 355 30 35 30 3%

Ildentical molecular mass (unit), virtually identical isotopic pattern

For Confident Compound Identification MS3 is Needed !!!

e |

Thermo Electron Finnigan LCQ Deca ESI+
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Spectral Libraries - Specificity

Identical Molecular Formula = Identical Exact Mass, Identical MS?

CID MS2 Precursor lon m/z 245

1001
2271
ClOHlfSN2()3S
H 75
N
o B s
O\\é/
°N 25
(1070 1331 177.7 1970 2168| 240
AMIDEPHRINE 100 120 140 160 180 200 220 240

100

757

50

257

100

757

50

257

MS?2  Wide band activation

P227.1
[M+H-Hz0]*

m/z 227.08487

[M+H]*
m/z 244.08816

™ .1

L S s e e A B B A e e A A e
80 100 120 140 160 180 200 220 240

CID MS3 Precursor lon m/z 227

148.0

107.1 2271

905 | 191 1632 1860

"100 120 140 160 180 200 220

CID MS2 Precursor lon m/z 245

1007 2271
75
50
] 2415.1

MS2  Wide band activation

100 271
757
50
245.0
25
070 1151 1380 'PEiss1 289 | |

"100 120 140 160 180 200 220 240

CID MS3 Precursor lon m/z 227

100 209.0

75

167.0
50

227.1

199.1

|-|.|-I‘| |-
T

L
80 100 120 140 160 180 200 220

25 97.0

1230 1500

ClOH16N203S

)
NN il
HN OH
S

BIOTIN
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New MS" spectra representation

The logical data structure that best reflects spectra dependencies is a tree.

500

MS?

300

Parallel product spectra

: : from any precursor ion can
200 500 be stored and searched

(various collision energies,

average and composite,

e B SCID, wide-band activation,

\ isolation width)
[ [

50 200
L

Total composite spectra — lost of the most valuable information

100

MS3

100
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Product lon Spectra Representation

ATENOLOL
100
" 267.24
757 ﬂ okN&r
Full Scan 50| ..
25,
50 100 150 300
100
| H TH
5 75 O\;1¢N
MS2 s BT
HaN
25) 116.08 145,12
‘ \ [ ‘
MS3 100 120 140 160 180 [200] 22 240 260
100 14512 © 100 L 705 © 100 O19007  [208.06
| | | H
5 /‘O‘\/©/O\¢\+ 5 Jo\/©/o\i+ s 0 O\LNHS
50] 17305 FeN 0 190.01 o
25, 251 25

116.94 | | 117.17 14512 | “ | ‘ 13066 16211 | | 22311

100 120 140 160 180 200 220 240 260

80 100 120 140 160 180 200 220 240 260

80 100 120 140 160 180 200‘ 220 240 260
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