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Small molecules … big problems?

E. coli data provided by N. Zamboni, IMSB, ETH Zürich.

o Status quo of small molecules: 
• How many are in compound databases?
• How many could there be?
• How many are in spectral libraries?
• Communicating between libraries

o “Non-target” Identification
• Metadata
• Exchanging Information

o Tackling the “unknowns”
• Exchanging Information on Complex Structures
• …and how Open Science helps!

Cells
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Searching for Small Molecules …

o A subset of current chemical and spectral resources

Peisl, Schymanski & Wilmes, 2018 Anal. Chim. Acta, DOI: 10.1016/j.aca.2017.12.034

https://doi.org/10.1016/j.aca.2017.12.034
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Searching for Small Molecules …

o Compound Databases … isn’t 95 million enough?

Peisl, Schymanski & Wilmes, 2018 Anal. Chim. Acta, DOI: 10.1016/j.aca.2017.12.034

Quick answer … NO!

E. coli data :N. Zamboni, IMSB, ETH Zürich

https://doi.org/10.1016/j.aca.2017.12.034
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Searching for More Small Molecules …

o In silico metabolite prediction – example of MINE
• First generation only … combinatorial explosion!

Jeffryes et al, 2015, MINEs, J. Cheminf, 7:44. DOI: 10.1186/s13321-015-0087-1

KEGG MINE
13,307 => 571,368

EcoCyc MINE
1,832 => 54,719

YMDB MINE
1,978 => 100,755

HMDB [15] MINE
23,035 => 400,414

https://doi.org/10.1186/s13321-015-0087-1
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Searching for More Small Molecules …

http://eawag-bbd.ethz.ch/predict/aboutPPS.html

o In silico prediction and combinatorial explosion [UM-PPS]
↓

Eawag-PPS
↓

[enviPath]

http://eawag-bbd.ethz.ch/predict/aboutPPS.html
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Searching for EVEN MORE Small Molecules …

Source: A. Kerber, R. Laue, M. Meringer, C. Rücker (2005) MATCH 54 (2), 301-312. 

o Structure Generation
• But of course most of these do not exist

Structures:

- elements C, H, N, O

- at least 1 C atom

- standard valencies

- no charges

- no radicals

- no stereoisomers

- only connected
structures
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Searching for Small Molecules …

o And finding what we know … 
• Too many different MS/MS libraries (and they are still too small) 

Peisl, Schymanski & Wilmes, 2018 Anal. Chim. Acta, DOI: 10.1016/j.aca.2017.12.034

https://doi.org/10.1016/j.aca.2017.12.034
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Do we need all these libraries?

o Yes … most libraries still have many unique entries 

Vinaixa, Schymanski, Navarro, Neumann, Salek, Yanes, 2016, TrAC, DOI: 10.1016/j.trac.2015.09.005

=  HMDB,
GNPS,

MassBank,
ReSpect

Compound lists 
provided by: 

S. Stein, R. Mistrik, Agilent
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SPLASH – Communicate between libraries

SPectraL hASH – an identifier for mass spectra

splash10 - 0002    - 0900000000 - b112e4e059e1ecf98c5f
[version]  - [top10] - [histogram]   - [hash of full spectrum]
http://mona.fiehnlab.ucdavis.edu/#/spectra/splash/splash10-0002-0900000000-b112e4e059e1ecf98c5f

https://www.google.ch/search?q=splash10-0002-0900000000-b112e4e059e1ecf98c5f

http://splash.fiehnlab.ucdavis.edu/

Wohlgemuth et al., 2016, Nature Biotechnology 34, 1099-1101, DOI: 10.1038/nbt.3689

http://mona.fiehnlab.ucdavis.edu/#/spectra/splash/splash10-0002-0900000000-b112e4e059e1ecf98c5f
https://www.google.ch/search?q=splash10-0002-0900000000-b112e4e059e1ecf98c5f
http://splash.fiehnlab.ucdavis.edu/
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SPLASH – Communicate between libraries
http://splash.fiehnlab.ucdavis.edu/

Wohlgemuth et al., 2016, Nature Biotechnology 34, 1099-1101, DOI: 10.1038/nbt.3689
Source: www.massbank.eu; http://gnps.ucsd.edu/, www.drugbank.ca; www.mzcloud.org

http://splash.fiehnlab.ucdavis.edu/
http://www.massbank.eu/
http://gnps.ucsd.edu/
http://www.drugbank.ca/
http://www.mzcloud.org/
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SPLASH – Communicate between libraries

Wohlgemuth et al., 2016, Nature Biotechnology 34, 1099-1101, DOI: 10.1038/nbt.3689

splash10 - 0002    - 0900000000 - b112e4e059e1ecf98c5f
[version]  - [top10] - [histogram]   - [hash of full spectrum]
http://mona.fiehnlab.ucdavis.edu/#/spectra/splash/splash10-0002-0900000000-b112e4e059e1ecf98c5f

https://www.google.ch/search?q=splash10-0002-0900000000-b112e4e059e1ecf98c5f

http://mona.fiehnlab.ucdavis.edu/#/spectra/splash/splash10-0002-0900000000-b112e4e059e1ecf98c5f
https://www.google.ch/search?q=splash10-0002-0900000000-b112e4e059e1ecf98c5f
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E. coli data provided by N. Zamboni, IMSB, ETH Zürich.

o Status quo of small molecules: 
• How many are in compound databases?
• How many could there be?
• How many are in spectral libraries?
• Communicating between libraries

o “Non-target” Identification
• Metadata
• Exchanging Information

o Tackling the “unknowns”
• Exchanging Information on Complex Structures
• …and how Open Science helps!

Cells



14

MetFrag2.3: Non-target Identification

Ruttkies, Schymanski, Wolf, Hollender, Neumann (2016) J. Cheminf., 2016, DOI: 10.1186/s13321-016-0115-9

Status: 2010 => 2016

5 ppm
0.001 Da

mz [M-H]-

213.9637
ChemSpider

or
PubChem± 5 ppm

2.3

RT: 4.54 min
355 InChI/RTs

References
External Refs
Data Sources
RSC Count
PubMed Count  

Suspect Lists

MS/MS
134.0054   339689
150.0001    77271
213.9607   632466

Elements: C,N,S

S OO

OH
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The Power of the Metadata (Top 1 ranks)

Schymanski et al, 2017, J Cheminf., DOI: 10.1186/s13321-017-0207-1    www.casmi-contest.org

http://www.casmi-contest.org/
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2015: European Non-target Screening Trial

Schymanski et al. 2015, ABC, DOI: 10.1007/s00216-015-8681-7 

Croatian
Water

RWS
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European (World-)Wide Exchange of Suspects

Schymanski et al. 2015, ABC, DOI: 10.1007/s00216-015-8681-7; Alygizakis et al. 2018 ES&T, DOI: 10.1021/acs.est.8b00365 

NORMAN Suspect List Exchange: 
http://www.norman-network.com/?q=node/236

http://www.norman-network.com/?q=node/236
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NORMAN Lists => CompTox Dashboard

https://comptox.epa.gov/dashboard/chemical_lists/normanews

http://www.norman-network.com/?q=node/236

https://comptox.epa.gov/dashboard/chemical_lists/normanews


19

NORMAN Digital Sample Freezing Platform
“Live” retrospective screening of known and unknown 

chemicals in European samples (various matrices)

Aligizakis et al, in prep.
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Small molecules … big problems?

E. coli data provided by N. Zamboni, IMSB, ETH Zürich.

o Status quo of small molecules: 
• How many are in compound databases?
• How many could there be?
• How many are in spectral libraries?
• Communicating between libraries

o “Non-target” Identification
• Metadata
• Exchanging Information

o Tackling the “unknowns”
• Exchanging Information on Complex Structures
• …and how Open Science helps!

Cells
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We still have many unknowns … 

(l) Data from Schymanski et al 2014, ES&T DOI: 10.1021/es4044374. (r) E. coli data provided by N. Zamboni, IMSB, ETH Zürich.
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https://pubs.acs.org/doi/abs/10.1021/es4044374
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…and many interconnected by mass

Schymanski et al. 2014, ES&T, DOI: 10.1021/es4044374; M. Loos & H Singer, 2017. J. Cheminf. DOI: 10.1186/s13321-017-0197-z 

Homologous Series in environmental and biological samples ….

S OO
OH

CH3
CH3

m

n

C9H19

O
O

S

O

O

OHm

Lipid extract data of Mycobacterium smegmatis provided by N. Zamboni, IMSB, ETHZ
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How to Store and Access these Structures?

Schymanski, Grulke, Williams et al, in prep. & Williams et al. 2017 J. Cheminformatics 9:61 DOI: 10.1186/s13321-017-0247-6

https://comptox.epa.gov/dashboard/dsstoxdb/results?search=DTXSID3020041
https://comptox.epa.gov/dashboard/chemical_lists/eawagsurf 

https://comptox.epa.gov/dashboard/dsstoxdb/results?search=DTXSID3020041
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MS-ready, Dashboard & MetFrag

https://comptox.epa.gov/dashboard/dsstoxdb/batch_search

https://comptox.epa.gov/dashboard/dsstoxdb/batch_search
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MS-ready, Dashboard & MetFrag

https://massbank.eu/MassBank/jsp/RecordDisplay.jsp?id=ETS00012&dsn=Eawag_Addn

https://msbi.ipb-halle.de/MetFragBeta/

https://massbank.eu/MassBank/jsp/RecordDisplay.jsp?id=ETS00012&dsn=Eawag_Addn
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MS-ready, Dashboard & MetFrag

o Plot up candidates and contributing metadata

https://msbi.ipb-halle.de/MetFragBeta/

https://msbi.ipb-halle.de/MetFragBeta/
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MS-ready, Dashboard & MetFrag
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Confidence Levels for Tentative Structures

Schymanski, Jeon, Gulde, Fenner, Ruff, Singer & Hollender (2014) ES&T, 48 (4), 2097-2098. DOI: 10.1021/es5002105

o Annotation is the key to communicating information 

MS,  MS2,  RT,  Reference Std.
Level 1: Confirmed  structure

by reference standard

Level 2: Probable structure
a) by library spectrum match
b) by diagnostic evidence

Identification confidence

N

N

N

NHNH

CH3

CH3

S
CH3

OH

MS,  MS2,  Library MS2

MS,  MS2,  Exp. data

Example Minimum data requirements

Level 4: Unequivocal molecular formula

Level 5: Exact mass of interest

C6H5N3O4

192.0757

MS isotope/adduct

MS

Level 3: Tentative candidate(s)
structure, substituent, class MS,  MS2,  Exp. data
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Automating Confidence Levels

Schymanski et al, 2014, ES&T. DOI: 10.1021/es5002105 & Schymanski et al. 2015, ABC, DOI: 10.1007/s00216-015-8681-7
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RMassBank: More than “just” MassBank

Automatic MS and MS/MS
Recalibration and Clean-up 
Remove interfering peaks

Spectral Annotation with
- Experimental Details

- Compound Information

https://github.com/MassBank/RMassBank/
http://bioconductor.org/packages/RMassBank/

MS/MS for 
further 

processing

https://github.com/MassBank/RMassBank/
http://bioconductor.org/packages/RMassBank/
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Supporting Evidence for Homologues

Stravs et al. (2013), J. Mass Spectrom, 48(1):89-99. DOI: 10.1002/jms.3131

OHSO

O

CH3

O

OH
m n

SPA-9C

m+n=6

Formulas: http://sourceforge.net/projects/genform/
Meringer et al, 2011, MATCH 65, 259-290
Data: Schymanski et al. 2014, ES&T, 48: 
1811-1818. DOI: 10.1021/es4044374

Chromatography and MS/MS Annotation

Literature: LIT00034,35
Sample:    ETS00002
Standard: ETS00016,17,19,20

https://github.com/MassBank/RMassBank/

http://sourceforge.net/projects/genform/
https://github.com/MassBank/RMassBank/
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European (World-)Wide Exchange of Suspects

Schymanski et al. 2015, ABC, DOI: 10.1007/s00216-015-8681-7; Alygizakis et al. 2018 ES&T, DOI: 10.1021/acs.est.8b00365 

NORMAN Suspect List Exchange: 
http://www.norman-network.com/?q=node/236

Tentatively Identified Spectra: 
http://goo.gl/0t7jGp

Hits in GNPS MassIVE datasets:
TPs in skin: http://goo.gl/NmO4tx
Surfactants: http://goo.gl/7sY9Pf

http://www.norman-network.com/?q=node/236
http://goo.gl/0t7jGp
http://goo.gl/NmO4tx
http://goo.gl/7sY9Pf
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Small molecules … big OPPORTUNITIES!

o Identifying small molecules requires information from many sources
• Extensive compound databases available
• Many mass spectral libraries available
• Many excellent workflows available to collate this information
• Community initiatives to improve communication between resources

Peisl, Schymanski & Wilmes, 2018 Anal. Chim. Acta, DOI: 10.1016/j.aca.2017.12.034

http://splash.fiehnlab.ucdavis.edu/

https://doi.org/10.1016/j.aca.2017.12.034
http://splash.fiehnlab.ucdavis.edu/
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Small molecules … big OPPORTUNITIES!

o Identifying small molecules requires information from many sources
• Extensive compound databases available
• Many mass spectral libraries available
• Many excellent workflows available to collate this information
• Community initiatives to improve communication between resources

o “Non-target” Identification
• Metadata & Exchanging Information is critical to success

Schymanski et al. 2015, ABC, DOI: 10.1007/s00216-015-8681-7; Alygizakis et al. 2018 ES&T, DOI: 10.1021/acs.est.8b00365 
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Small molecules … big OPPORTUNITIES!

o Identifying small molecules requires information from many sources
• Extensive compound databases available
• Many mass spectral libraries available
• Many excellent workflows available to collate this information
• Community initiatives to improve communication between resources

o “Non-target” Identification
• Metadata & Exchanging Information is critical to success

o Tackling the “unknowns”
• Huge progress in cheminformatics 

approaches in very short time … 
• Information in the public domain 

helps everyone! 
(you never know when it will help you!)

https://www.researchgate.net/project/Supporting-Mass-Spectrometry-Through-Cheminformatics

https://www.researchgate.net/project/Supporting-Mass-Spectrometry-Through-Cheminformatics
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Small molecules … big OPPORTUNITIES!

o Identifying small molecules requires information from many sources
• Extensive compound databases available
• Many mass spectral libraries available
• Many excellent workflows available to collate this information
• Community initiatives to improve communication between resources

o “Non-target” Identification
• Metadata & Exchanging Information is critical to success

o Tackling the “unknowns”
• Huge progress in cheminformatics 

approaches in very short time … 

• Information in the public domain 
helps everyone! 
(you never know when it will help you!)

https://www.researchgate.net/project/Supporting-Mass-Spectrometry-Through-Cheminformatics

https://www.researchgate.net/project/Supporting-Mass-Spectrometry-Through-Cheminformatics
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We still have many unknowns … 

(l) Data from Schymanski et al 2014, ES&T DOI: 10.1021/es4044374. (r) E. coli data provided by N. Zamboni, IMSB, ETH Zürich.
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https://pubs.acs.org/doi/abs/10.1021/es4044374
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Enter: NORMAN Suspect Exchange
o http://www.norman-network.com/?q=node/236

Schymanski, Aalizadeh et al. in prep.

ReferencesFull Lists InChIKeys

http://www.norman-network.com/?q=node/236
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Metadata & The Chemical Identity Crisis

Schymanski & Williams, 2017, ES&T51 (10), pp 5357–5359. DOI: 10.1021/acs.est.7b01908
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Toolkit compatibility will be vital for us … 

o https://github.com/cdk/depict/issues/7

https://github.com/cdk/depict/issues/7
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…to get high throughput MS screening of UVCBs

o https://github.com/schymane/RChemMass/
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…and a HUGE thanks to you all!

Schymanski, Grulke, Williams et al, in prep. & Williams et al. 2017 J. Cheminformatics 9:61 DOI: 10.1186/s13321-017-0247-6

https://comptox.epa.gov/dashboard/chemical_lists/eawagsurf 
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Background: From Molecule to Mass …and back

o Identification = turning numbers into structures

N

N

N

S
CH3

NHNH

CH3

CH3
CH3

N

N

N

S
CH3

NHNHCH3
CH3

OH

P

O

S

SO

CH3

CH3

CH3

P OHS

S

O

CH3

CH3

OH

CH3

S
O

O
OH

CH3

CH3
S

N
S

O

O

OH

S

O

O

OH

CH3

CH3

S

O

O

OH

CH3

CH3

S

O

O

OH

CH3

CH3

S

O

O

OH

CH3

CH3

S

O

O

OH

CH3

CH3

N

N

N

S

NHNH

CH3

CH3
CH3

NH2

OH

O

massbank.eu



46

Target List Suspect List
(e.g. NORMAN,

LMC, Eawag-PPS,
ReSOLUTION)

Componentization
(nontarget)

TARGET 
ANALYSIS

SUSPECT 
SCREENING

NON-TARGET
SCREENING

(enviMass, 
vendor software)

Gather evidence
(nontarget, 

ReSOLUTION,
RMassBank)

Masses of interest
Molecular formula

determination
(enviPat, GenForm)

Non-target identification 
(MetFrag2.3, ReSOLUTION) 

Sampling                extraction (SPE)              HPLC separation          HR-MS/MS              

Detection of blank/blind/noise/internal standards; time trend analysis (enviMass)

Conversion (Proteowizard) and Peak Picking (enviPick, xcms, MZmine, …)

Prioritization
(enviMass)

MS/MS Extraction
(RMassBank)

Interpretation, confirmation, peak inventory, confidence and reporting
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