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Methods of building the NIST tandem mass spectral library

* Quality Control
o Peak annotation
o Noise Removal
o Chemical information consistency

* Major types of mass spectra

* Major types of compounds
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NIST Tandem Mass Spectral Library

Rationale and Objectives:

* Chemical identification through Electrospray ionization (ESI) tandem
mass spectrometry (MS/MS) is becoming a routine technique in
metabolomics, proteomics and other fields.

* The identification can be aided by matching the acquired tandem mass
spectra against reference library spectra.

* We are developing a comprehensive library of high quality reference ESI
tandem mass spectra for the identification of compounds through the
ion fragmentations.

Goals:
* Develop a tandem mass spectral library of all biologically relevant metabolite ions.

* Provide the library in a form that is easily searchable using software tools.



Steps of Building the NIST Tandem Mass Spectral Library

Authentic samples
metabolites, drugs, ﬂ lipids, pesticides, surfactants,

peptides glycans, sugars
LC/MS/MS
lon Trap (LTQ, IT/FTMS) ﬂ Collision Cell (HCD, QQQ, QTOF)
First 5 .
clustering Cluster MS? spectra using precursor m/z
count-based cluster spectra of the similar
clustering algorithm precursor m/z values
Second

clustering ~ Create consensus spectra of MS?, MS? and MS*

adjusted dot product-based cluster spectra of the similar
clustering algorithm fragmentations

. N . .pe .
Chemical structure, Precursor type identification Manual
formula, name, . )
\_ areconsistent ) ° mass accuracy * noise removal
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MSMS library with multiple precursor types



Count-based Algorithm for Clustering Precursors

Steps: 1. Count the number of precursors (m/z count) within 0.1 m/z;
2. Sort the precursors by the m/z count in descending order;
3. Group similar precursors into the same cluster by using the precursor
with the highest m/z count as the cluster center;
4. Repeat step 3 until all the precursors are clustered.

intensity

m/z count
100,000,000 40
® |[ntensity vs m/z
10,000,000 - ® m/zcountvsm/z |3,
|
a5 1,000,000 ~+20
spectra [ intiei | “
|
100,000 - -10
B-Dihydroequilin
[M+H]+
HCD 10eV 10,000 |
0 400 500 600 m/z



Clustering Algorithm for Generating Consensus Spectra

Steps: 1. Group similar spectra into the same cluster;
2. Generate one consensus spectrum from each cluster;
3. Pick the best consensus spectrum for the library.

Dot Product (DP) =

Z\/ll*lz/\/2|1*2|2

0 @ @ @ 6 | — peak intensity
MS/MS spectra
1. Calculate adjusted dot \ j / Consensus spectrum:
product (DP) Median peak intensit
2. Find a cluster center with ~ cluster1 1 cluster 2 Medi P / y
the highest average DP (>0.7) edian m/z

o@@mu \_LJ 06

Cluster the v v ] -
same ion at P -1
consensus consensus ° ° I
the same spectrum 1 spectrum 2 ! bl n size !
collision ,
bin =700 x 10ppm x 10® =

energy

0.0070 m/z when m/z=700

best consensus
spectrum



Using Consensus Spectrum in the Library

Eliminated low quality spectra by spectral clustering.

Improved the spectrum quality by using the median of the m/z and
intensity values.

Realistically represented the characteristic fragmentations.

Same compound

Same precursor type

Same instrument

Same energy (cone, collision)

Same mode (+/-)

Same spectrum type (MS?, MS3, MS?)

10-20 spectra / consensus spectrum
10-20 energy levels



What Precursor Types are in the NIST MSMS Library?

Compound . .
lonic Species
Type

Neutral
Molecule

Organic

Salt

Cations

Positive lons

(129,662; 84%)

Negative lons

(23,638; 15%)
Positive lons

(1,751; 1%)
Negative lons

(40; <0.1%)

[M+H]*, [M+2H]%*, [2M+H]*, [M+H-H20]*,
[M+H-NH,]*, [M+H-OH]*, [M+H+H,0]*,
[M+NH,]*, [M+Na]*, [M-H+2Na]*, [M-
2H+3Na]*, [M+K]*, [M-H+2K]*, [M-2H+3K]*,
[M+Li]*, [M-H+2Li]*, [M-2H+3Li]*

[M-H]", [M-2H]?, [2M-H]", [M-H-H,O0];, [M-H-
NH,]-, [M-H+H,0]", [M-H+NH,]-

[Cat]*, [Cat+H]?*, [Cat-H,0]*, [Cat-NH,]*,
[Cat+H,0]*

[Cat-2H], [Cat-2H-H,0], [Cat-2H-NH,], [Cat-
2H+H,0], [Cat-2H+NH,]



Relative Intensity

Multiple Precursor lons for

More Flexible Identification
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100 200 300 400 500 100 200 300 400 500
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inosine 5'-diphosphate acquired on Orbitrap HCD
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What Precursor Types are in the NIST MSMS Library?

Structure dependent losses:

2H,0, 3H,0, NH,+H,0,
H,S, HCI, H,PO,, HCN, H,,
CO, CO,, HCOOH,

CH,, CH,, CH,OH, CH,SH,
C,H.OH,

11



In Source Fragmentation Confirms Metabolite Identification
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253.1078

100+
Orbitrap ion trap MS?
157.0055
183.0251
132.9984
ol 8soas 1110402 % | I | ??46
l e e ll |‘ —— |‘|||'T|'|||||T|‘ ?‘l‘lll R e
80 90 100 110 120 130 140 150 160 180 19 0 210 220 230 240 250 260 270 280

Estra-1,3,5(10),7-tetraene-3,17B3-diol [M+H]*
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253.1078

100+
Estra-1,3,5(10),7-tetraene-3,17B-diol [M+H]*
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(. [81.0493 950700 111.0402 132.9984 |\ 18301 2250846 2430
LN L L L L L A L L L B LI WL I B L AL O BN L BN L L L LD il G B
80 90 100 110 120 130 140 150 160\ 170 180 Q0 200 210 220 230 240 /250 260 270 280

1004 128.9827

50-| m

0 LN I B i L L I B L B B B L BN RN | L L B B B
80 90 100 110 120 130 140 150 160 170 180 190) 200 210 220 230 240 250 260 270 280

1004 165.0046

501 Orbit ap 1o t ap 152.9989

0 T T T T T T \I ‘l T T T T T T T T T T T T T
80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280

100 156.9924

50-

211.0308
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Noise Removal

1. Satellite peaks in Orbitrap HCD spectra:
due to the Fourier transform ringing artifacts

359.0117 thiencarbazone

A
g 100- 130.0612 -methyl
"2 \N’{?\Iﬂ [M+H]+
= 504 o 218.9783
E i}%:o\?o
0
g 0 T A

70| 140 210 280 350

<1% intensity of
the main peak
within + 2 m/z

d

_)l

2m/z

>

2m/z
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Noise Removal

2. Tailing peaks in QTOF spectra:

due to the imperfect centroiding

—
o
D

1-Eicosatrienoyl-sn-

Relative Intensity
Ul
T

o

<20% intensity
of the main peak
after 0.3 m/z

20-

glycero-3-
A 84.04 phosphoethanolamine
102.05 [M+H]*
/ 172.07
'i..."l.l .'.l."...Hl"...l.l
60 90 120 150 180
20
101
0 ‘II||... | ||||v. |
< 03 > < 03
107
16




Noise Removal

3. Random noise peaks: in all mass spectra
due to unstable instrument, impurity...

100+

5}' The occurrence <25%
N |l “ 1.

L T
60 80 100 120 140 160

100+

| occurrence=1/3
1 ﬂ =33.3%
11 “ T .

L | R LR Y
60 80 100 120 140 160

100+

] occurrence=2/3
% ! ‘| j ! =66.7%
N i

L L R LR i
60 80 100 120 140 160
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Noise Removal — an Example of Voting Algorithm

100H
50 p-CH,0,
A p-C3H,0, 115.0545 o
] z 100 115.0545 )k
60 20 100 120 140 16D § | p-C4HgO2 H/ %r = OH
: £ 50+ 75.0229 p-CoHs0, ///
° g 102. 0466
100 ) £ | (e
4 &J 0_ — ——
5H 100 120 140 160" "7
o m/z
60 20 100 120 140 160
m/z intensity occurrence | m/z intensity occurrence
57.6951  3.10 2/12 91.0543  803.20 12/12 2
58.2664  2.30 2/12 91.1262  2.10 1/12 1 after
60.8356  2.10 1/12 91.6671  2.10 1/12 .
66.5419  2.00 1/12 91.9893  43.16 12/12
66.8604  2.00 1/12 95.6621  2.00 1/12 '
72.1006  2.10 1/12 100.4113  3.40 2/12 —y T T
72.1606  3.10 2/12 102.0466 20330  12/12 -
74.0151  298.60  12/12 105.0454  12.89 6/12 - before
75.0229  355.04  12/12 105.4044  2.00 1/12
76.0307  77.12 12/12 110.2882  2.00 1/12 T
77.0386  11.69 5/12 115.0430  4.20 2/12 2
78.0464  34.27 10/12 115.0545 999.00  12/12 m/z
79.2907  2.00 1/12 115.9932  2.00 1/12
80.5368  2.00 1/12 116.0622  8.49 4/12
81.0335  13.09 6/12 116.2749  2.00 1/12 . . . +
81.3809  2.00 1/12 118.1334  2.00 1/12 4-methylcmnam|c acid [M+H]
83.4835  3.30 2/12 129.0451  2.00 1/12 HCD 18
86.0151 15.98 7/12 134.7912  2.00 1/12




Peak Annotation — Peptide

(for low and high resolution MS/MS spectra)

53 &3 Z_3 52 !2 32 X1 y‘l Z1
ADGK/1 =r- == —| H+
_____ - O : R, O : R4
e UL :
H2N+=(l: .'I HQNY “. 1:"N/ W’N\T :'N/ OH
H '\\ J['H I'H
% RJ‘,/ E O Rj E @)
N : |
a1 b1= C1 aZ b2 CZ a3 |b3 C3
o= INt-DG =mmmmn- !

* p,Y, b, a, internal fragments, neutral losses(-H,0, -NH;, -CO)
e y+10(CO-H,0), a2-45(CONH,)
* 52 immonium ions (e.g. IHA: C,H,N,;O + H - CO --> C.HgN;)
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Peak Annotation - Small Molecule

(for high resolution MS/MS spectra)

* Peaks were annotated with the most probable chemical
formula consistent with the precursor formula

formula valence=3 Count*(valence-2) + 2 + charge

|

count of each element

formula valence<=i# of H; H:C ratio>=0.125

|(Observed m/z - Theoretical m/z)]

A = 106
curacy (ppm) Observed m/z X 10 ppm
Sum of intensities of unassigned peaks
Unassigned (%) = el x 100

Sum of intensities of all peaks

T. Kind and O. Fiehn, Seven Golden Rules for heuristic filtering of molecular formulas obtained by

accurate mass spectrometry. BMC Bioinformatics 2007, 8:105 do0i:10.1186/1471-2105-8-105 20



Peak Annotation - Small Molecule

(for high resolution MS/MS spectra)

HsCs.. . C,,H,,0 H*

H+

Cuminaldehyde [M+H]*

theoretical precursor m/z= 149.0961
HCD energy=19eV

H3C b, 2 &

1004 P-C4H60 79.0539 /-4.2ppm

Unassighed=0.9%

50+
P-C3H6 107.8490 /-1.3ppm
P 149.0960/-0.6ppm
P-CH3 134.0726/-0.1ppm
. ' | 121.0285 \
0 e L s S B L S B Sy L L S B P HE N L
60 70 80 90 100 110 120 130 140 150 160
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Anal. Chem. 2014, 86: 6393-6400
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Quality Control for Building Libraries from Electrospray lonization
Tandem Mass Spectra
Xiaoyu Yang,* Pedatsur Neta, and Stephen E. Stein

Mass Spectrometry Data Center, National Institute of Standards and Technology, Mail Stop 8362, Gaithersburg, Maryland 20899,
United States

© Supporting Information

ABSTRACT: Electrospray ionization (ESI) tandem mass .~ metabolltes, drugs,
specrometry coupled with liquid chromatogaphy s 2 outine (9 T AmmemSly T BanE
t ique for identifying and quantifying compounds in comp symomyms, molecular ; = 1\ ides, surfactants, /'
mixtures. The identification step can be aided by matching m‘;" “d.""" ‘_J:,EJLB‘_.—I‘E_-. “Hk_ff-r-_"nfu -

acquired tandem mass spectra (MS?) against reference library | _ssmeesnd sl ibrares )
spectra as is routine for electron ionization (EI) spectra from gas

Ion Trap | | Linear Collision Cell

ur) cnroc QQQ, HCD)
chromatography/mass spectrometry (GC/MS). However, unlike R
the latter spectra, ESI MS” spectra are likely to originate from = m] mumm
various precursor jons for a given target molecule and may be f horert oot
acquired at varying energies and resolutions and have character- q::ﬂvgwrd baca peck Mtanch;
istic noise signatures, requiring processing methods very different i] e
from EI to obtain complete and high quality reference spectra for number of repiicates |

individual analytes. This paper presents developed

for creating a tandem mass spectral library that addresses these

factors. Library building begins by acquiring MS” spectra for all major MS' peaks in an infusion run, followed by assigning MS*
spectra to clusters and creating a consensus spectrum for each. Intensity-based constraints for cluster membership were
developed, as well as peak testing to recognize and eliminate suspect peaks and reduce noise. Consensus spectra were then
examined by a human evaluator using a number of criteria, including a fraction of annotated peaks and consistency of spectra for
a given ion at different energies. These methods have been developed and used to build a library from >9000 compounds,
yielding 230,000 spectra.

ass spectral reference libraries of electron ionization (EI)

spectra are used extensively and routinely to identify
compounds separated by gas chromatography.' For example,
the current NIST/EPA/NIH Mass Spectral EI Library contains
spectra for over 200,000 compounds and is a common, tightly
integrated component in many g chromatography/mass
spectrometry (GC/MS) data systems.™ Such use of reference
libraries for the identification of electrospray ionization (ESI)
tandem mass spectra (MS®) has, however, been far more
limited. While certain MS? reference libraries are available for
specific applications, such as METLIN® for metabolomics, they
are often limited to specific flatf or not integrated with an

instrument data system. Also unlike EI libraries,”

NIST has undertaken the production of a comprehensive ESI
MS? library for a wide range of molecules,'""'? intended for use
on a variety of platforms and in a range of applications.
Different methods are required for development of an ESI MS?
library in comparison to those used for the odd-electron,
positive ion, unit mass resolution MS' EI library. EST MS*
spectra are the result of even-electron transfer of ionic charge to
neutral molecules in solutions at atmospheric pressure,
frequently resulting in simple spectra with sparse fragmentation.
The presence of multiple precursor ions and charge states for a
single analyte is a necessary consequence of the ESI experiment
in which protons or other cations or anions impart charge and

[ AU i R I L RO S U S B B EPT | EL
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What Types of Mass Spectra are in the NIST MSMS Library?

m MS2
m MS3
H MS4

Instruments:

Micromass Quattro Micro: Triple Quadrupole
Thermo Finnigan LTQ: IT/ion trap

Agilent QTOF 6530: Q-TOF

Thermo Finnigan Elite Orbitrap: HCD

IT-FT/ion trap with FTMS
IT/ion trap 23



What Types of Compounds are in the NIST MSMS Library?

Metabolites ~50%

Ureidosuccinic acid

[M+H]+
100- P-C2H3NO3 88.0391 HCD 14eV
@)
P-CHNO 134.0448 HO ‘ ‘
P-C3H5NO3 74.0234 OH
501 |
O HN O
P-CH3NO2 116.0342 ﬁ/
NH2
| | p-cHB02N2 99.0075 | 149-9234 | 177.9910
0 | | | L AL L T T T L~ LA

L B L L L R A I
60 70 80 90 100 110 120 130 140 150 160 170 180 196



What Types of Compounds are in the NIST MSMS Library?

T Drugs ~20%
Nosse (@) qablets
Acetaminophen
[M+H]+
QQQ 24V
100- 93 110

65

\\ // >

43
82
67
28 | 55 63 | 80 90 i 134 152
0 e e B L e B e e e L P

20 30 40 50 60 70 80 20 100 110 120 130 140 150 760



What Types of Compounds are in the NIST MSMS Library?

Bioactive peptides

~10%
hte[xtensml,;
Biogctivg Milk
Y 63156 eptides
1001 ARLDVASEFRKKWNKWALSR '
[M+4H]% Y, 4455
QQQ 27V
>07 IKD 129.4
b2i .
s Y, 3745 b?B 673.1 e
2° S 916.5
0 LJ-L‘AL—‘—‘M‘—L# " by 989.5Y 10609

70 140 210 280 350 420

490

560

630 700 770

840 910 980 1050
26



What Types of Compounds are in the NIST MSMS Library?

All amino acids (20)
All dipeptides (400)
All tryptic tripeptides (800)

1004 P-17 407.2
YNK -
[M+H]+ b, 278.1 ;
0] o O
lon Trap 35% y, 261.1 | |
Yy 1471 2 H/%NNH N oH
o L L 0
y;-18 129.1 NHo
226.1
318.2 371.2
‘ ‘ 2081 Yp-17244.2 b,+18 296.1
S IR (R KPS W N N YO W O | 3102 52 e
120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420



What Types of Compounds are in the NIST MSMS Library?

Lipids ~ 5%

Cholesterol
[M+H-H20]+
QTOF 20V
147.10
100
109.08
81.06 135.10 | 161.11
50+ 71.07
121.08
175.13 369.33
215.16
273.24
299 25
0 I..'|||“J.'..|.'|.|.. ||||| |.|.||.|.||‘|."'.!lll..|.|.||.||..|||'...|.||.'..'|...|....|...|. _
60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 . 380



What Types of Compounds are in the NIST MSMS Library?

Mans GOF GIF G2F
~ 90
Glycans ~ 2% .‘i' :g xg ig
Glycan A1F-MiIX
+ 2+
[M+2Na] 916.3130
1007 HCD 78eV o
OB @ a3 B4mmpd 1809.631:
388.1216 ® . O'R
O Il @ o6 o6
14445035
843.2845
50
1663.5757
314.0846 1298.4480
1077.3583
226.0685 550.1743 ‘ \
0 | |||....||....|..|..||..'..I|||.|...l|.||..'.|...'&|....|.|..|.|'....|....|...|.|.I...||
240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800
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What Types of Compounds are in the NIST MSMS Library?

HO
How much sugar is in your drink?
HO,, o ; S
Sugars ~ 2% | P SR
‘,.\\\\ 11 > — A - =8
o . T3
a B K g g |
Like sugar? So does diabetes...
91.0
100
D-(+)-Galactose o
[M+H]* /
QQQ1i2v OH
71 5 145.0
50- OH
510 84.9 o
731 127.0 163.2
HO 181.2
‘ | 104.0 115.0 ‘
0 ||||||||||||| A

L L L L I ” T
60 70 80 80 100 110 120 130 140 150 160 170 180 1%8
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NIST Tandem Mass Spectral Library 2014
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Conclusions

* Two level clustering algorithms (counter-based and distance-based) were developed
and provide a robust means of generating consensus spectra of multiple precursor
types for the NIST Tandem Mass Spectral Library.

e Quality control programs such as peak annotation and noise removal methods were
developed and are used in building the reference quality NIST Tandem Mass Spectral
Library.

* NIST Tandem Mass Spectral Library 2014 can be applied in chemical identification in
Metabolomics, Proteomics and other fields.

Plans for the future:

* Improve peak annotation program by using compound’s structure and physical
chemical properties.

* Develop more quality control methods to eliminate low quality spectra for the library.

34



Acknowledgements

35



