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MetFrag: Annotating “Unknowns”
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Plan for Today

o Background

o Non-target Screening & Identification Confidence

o Compound Databases and Spectral Libraries

o Introduction to MetFrag: MS/MS and Metadata

o MetFrag + CompTox + MassBank + Nicotine

o MS-ready groupings … or not

o MetFrag + PubChem + MassBank + Isobars

o The relevance of spectral matching!

o Future: MetFrag for High Throughput Exposomics

o Build your own databases … PubChemLite
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Overview: Identification with HR-MS

Helmus et al. submitted; preprint available from https://www.researchsquare.com/article/rs-36675/v1 DOI: 10.21203/rs.3.rs-36675/v1

https://www.researchsquare.com/article/rs-36675/v1
https://dx.doi.org/10.21203/rs.3.rs-36675/v1
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1 10 100 1000 10000  100000 1 million 1 billion chemicals …. …. ….

Our (Community) Challenge: Identifying Chemicals

Data: Schymanski et al 2014, Environ. Sci. Technol. DOI: 10.1021/es4044374; Hollender et al 2017 DOI: 10.1021/acs.est.7b02184

Sample

High resolution 

mass spectrometry

http://pubs.acs.org/doi/abs/10.1021/es4044374
http://pubs.acs.org/doi/abs/10.1021/acs.est.7b02184
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1 10 100 1000 10000  100000 1 million 1 billion chemicals …. …. ….

Our (Community) Challenge: Identifying Chemicals

Schymanski et al, DOI: 10.1021/es4044374; Schymanski & Williams, DOI: 10.5281/zenodo.3242674; Vermeulen et al DOI: 10.1126/science.aay3164

Sample

High resolution 

mass spectrometry

Chemicals

AND connecting

chemical knowledge

~882,000

http://pubs.acs.org/doi/abs/10.1021/es4044374
http://doi.org/10.5281/zenodo.3242674
http://science.sciencemag.org/content/367/6476/392
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Identification Strategies and Confidence

Schymanski et al, 2014, ES&T. DOI: 10.1021/es5002105 & Schymanski et al. 2015, ABC, DOI: 10.1007/s00216-015-8681-7

Peak 
picking

Non-target HR-MS(/MS) Acquisition

Target
Screening

Suspect
Screening

Non-target
Screening

Start
Level 1 Confirmed Structure

by reference standard

Level 2 Probable Structure
by library/diagnostic evidence

Start
Level 3 Tentative Candidate(s)

suspect, substructure, class

Level 4 Unequivocal Molecular Formula
insufficient structural evidence 

Start
Level 5 Mass of Interest

multiple detection, trends, …

“downgrading” with 
contradictory evidence

Increasing identification
confidence

Target list Suspect list, library

Peak picking or XICs

https://doi.org/10.1021/es5002105
https://doi.org/10.1007/s00216-015-8681-7


7

Key Resources for Identification / Annotation

o Compound Databases

• A collection of structures, their properties and associated information

• Generally little or no spectral data, rather structures & links

• Largest have >100 million structures in them

• But don’t assume that everything is in there – it isn’t!!!!

o Key examples mentioned today:

• PubChem: https://pubchem.ncbi.nlm.nih.gov/

• CompTox: https://comptox.epa.gov/dashboard/

https://pubchem.ncbi.nlm.nih.gov/
https://comptox.epa.gov/dashboard/
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Key Resources for Identification / Annotation

o Mass Spectral Databases or Libraries

• A collection of structures, mass spectra and associated information

• NIST and Wiley are widely accepted for GC-EI/MS

• Together >1.2 million spectra of 707,000 compounds

• MS/MS databases are growing, none are yet “established”

• Together > 2 million spectra, but only approx. 40-80,000 compounds

• MS/MS available for only ~0.1-4 % of relevant exposomics resources

(see next slide)

o Key resource(s) mentioned today:

• MassBank EU: http://massbank.eu/MassBank

• MoNA: https://mona.fiehnlab.ucdavis.edu/

http://massbank.eu/MassBank
https://mona.fiehnlab.ucdavis.edu/
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Scarcity of MS/MS Spectra

H. Oberacher et al. (2020) Environmental Sciences Europe 32: 43. DOI: 10.1186/s12302-020-00314-9

o MS/MS avail. for ~0.1-4 % of relevant exposomics resources

https://doi.org/10.1186/s12302-020-00314-9
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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

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

>0.9 sim

https://pubs.acs.org/doi/abs/10.1021/es5002105
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Plan for Today

o Background

o Non-target Screening & Identification Confidence

o Compound Databases and Spectral Libraries

o Introduction to MetFrag: MS/MS and Metadata

o MetFrag + CompTox + MassBank + Nicotine

o MS-ready groupings … or not

o MetFrag + PubChem + MassBank + Isobars

o The relevance of spectral matching!

o Future: MetFrag for High Throughput Exposomics

o Build your own databases … PubChemLite
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MetFrag: In silico non-target identification

Wolf et al, 2010, BMC Bioinf. 11:148, DOI: 10.1186/1471-2105-11-148 

Status: 2010

5 ppm

0.001 Da

mz [M-H]-

213.9637

± 5 ppm

MS/MS

134.0054   339689.4

150.0001    77271.2

213.9607   632466.8135 Candidates
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MetFrag 2010 vs MetFrag Relaunched

Ruttkies, Schymanski, Wolf, Hollender, Neumann, J. Chem. Inf., 2016, http://jcheminf.com/content/8/1/3 

Test set of 473 Eawag Target Substances

1www.chemspider.com; ~34 million entries
2https://pubchem.ncbi.nlm.nih.gov/; ~74 million entries

http://ipb-halle.github.io/MetFrag/

MetFrag

2010

New MetFrag

Fragments 

only

ChemSpider1

Top 1 Ranks 73 105

% Top 1 Ranks 15 % 22 %

PubChem2

Top 1 Ranks - 30

% Top 1 Ranks - 6 %
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Connecting multiple lines of evidence for identification

Data: Schymanski et al 2014, DOI: 10.1021/es4044374; https://www.slideshare.net/EmmaSchymanski/small-molecules-in-big-data-analytica-munich

http://pubs.acs.org/doi/abs/10.1021/es4044374
https://www.slideshare.net/EmmaSchymanski/small-molecules-in-big-data-analytica-munich
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MetFrag – MS/MS and MORE!

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

5 ppm

0.001 Da

mz [M-H]-

213.9637 or

PubChem± 5 ppm

RT: 4.54 min

355 InChI/RTs

References

Tox. Data

Data Sources

Exposure Info

MS-ready links  

Suspect Lists

MS/MS

134.0054   339689

150.0001    77271

213.9607   632466

Elements: C,N,S

S OO

OH

https://doi.org/10.1186/s13321-016-0115-9
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MetFrag2.2 & Non-target Identification

Ruttkies, Schymanski, Wolf, Hollender, Neumann, J. Chem. Inf., 2016, http://jcheminf.com/content/8/1/3

MetFrag

2010

New MetFrag

Fragments 

only

New MetFrag

+References

+Retention time

ChemSpider1

Top 1 Ranks 73 105 420

% Top 1 Ranks 15 % 22 % 89 %

PubChem2

Top 1 Ranks - 30 336

% Top 1 Ranks - 6 % 71 %

Test set of 473 Eawag Target Substances

1www.chemspider.com; ~34 million entries
2https://pubchem.ncbi.nlm.nih.gov/; ~74 million entries

http://ipb-halle.github.io/MetFrag/

Similar results with 3 independent datasets of 310, 289 and 225 substances 

from Eawag and UFZ (www.massbank.eu) 

http://jcheminf.com/content/8/1/3
http://www.massbank.eu/
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State of the Art in Small Molecule Identification

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

Metadata is critical to improving annotation of known unknowns!

https://link.springer.com/article/10.1186/s13321-017-0207-1
http://www.casmi-contest.org/
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Plan for Today

o Background

o Non-target Screening & Identification Confidence

o Compound Databases and Spectral Libraries

o Introduction to MetFrag: MS/MS and Metadata

o MetFrag + CompTox + MassBank + Nicotine

o MS-ready groupings … or not

o MetFrag + PubChem + MassBank + Isobars

o The relevance of spectral matching!

o Future: MetFrag for High Throughput Exposomics

o Build your own databases … PubChemLite
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MetFrag + CompTox + MassBank + Nicotine

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

https://msbi.ipb-halle.de/MetFrag/
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MetFrag + CompTox + MassBank + Nicotine

https://comptox.epa.gov/dashboard/dsstoxdb/results?search=nicotine

https://comptox.epa.gov/dashboard/dsstoxdb/results?search=nicotine
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MetFrag + CompTox + MassBank + Nicotine

https://massbank.eu/MassBank/RecordDisplay.jsp?id=EQ300801&dsn=Eawag

https://massbank.eu/MassBank/RecordDisplay.jsp?id=EQ300801&dsn=Eawag
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MetFrag + CompTox + MassBank + Nicotine

o https://msbi.ipb-halle.de/MetFrag/

o CompTox is integrated as a “Local Database”

https://msbi.ipb-halle.de/MetFrag/
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MetaData is included in CompTox
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Include MS/MS and mode from MassBank Record
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Check Spectrum
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Process Candidates (Grouped)
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Process Candidates (Grouped)
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Process Candidates (Grouped) – Zoomed In
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Results Overview (Grouped)

Experimental evidence / values
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Fragments View
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Scores View

Nicotine: Spectral Match= 1.0

Level 2a
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Download Results
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Download Results

You can try this entire example offline – see Example 1 in documentation
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McEachran et al. 2018, DOI: 10.1186/s13321-018-0299-2; Schymanski & Williams, 2017 ES&T DOI: 10.1021/acs.est.7b01908

“MS-ready” Form: Grouped vs Ungrouped…

https://doi.org/10.1186/s13321-018-0299-2
https://pubs.acs.org/doi/abs/10.1021/acs.est.7b01908
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Process Candidates (Ungrouped)
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Process Candidates (Ungrouped)
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o Background

o Non-target Screening & Identification Confidence

o Compound Databases and Spectral Libraries

o Introduction to MetFrag: MS/MS and Metadata

o MetFrag + CompTox + MassBank + Nicotine

o MS-ready groupings … or not

o MetFrag + PubChem + MassBank + Isobars

o The relevance of spectral matching!

o Future: MetFrag for High Throughput Exposomics

o Build your own databases … PubChemLite
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Isobars: The tricky cases!

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

Terbutylazine
Detects: 12; # Refs: 220

Sebutylazine
Detects: 3; # Refs: 51

Propazine
Detects: 3; # Refs: 201C
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Detects: 4; # Refs: 518

Terbutylazine-desethyl
Detects: 9; # Refs: 92

Sebutylazine-desethyl
Detects: 1; # Refs: 14
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Detects: 2; # Refs: 57
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Detects: 0; # Refs: 3
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Detects: 2; # Refs: 66
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https://doi.org/10.1007/s00216-015-8681-7
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NORMAN Digital Sample Freezing Platform

Image provided by Nikiforos Alygizakis. DSFP: Alygizakis et al, 2019, TrAC, DOI: 10.1016/j.trac.2019.04.008

Joint Black Sea Survey 2016

https://doi.org/10.1016/j.trac.2019.04.008
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MetFrag + PubChem + MS/MS + Metadata

Schymanski (2019). ChemInChIformatics: IUPAC's Role in the Environmental Monitoring Revolution. DOI: 10.5281/zenodo.3270900

http://doi.org/10.5281/zenodo.3270900
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MetFrag Web Interface – Add MS/MS Details

https://massbank.eu/MassBank/RecordDisplay.jsp?id=EA067112&dsn=Eawag

https://massbank.eu/MassBank/RecordDisplay.jsp?id=EA067112&dsn=Eawag
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MetFrag + PubChem: add MS Library + Metadata
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MetFrag Results
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MetFrag Results – Metadata is good … but … 

Schymanski (2019). ChemInChIformatics: IUPAC's Role in the Environmental Monitoring Revolution. DOI: 10.5281/zenodo.3270900

http://doi.org/10.5281/zenodo.3270900
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MetFrag Results - Consider Experimental Evidence!

Schymanski (2019). ChemInChIformatics: IUPAC's Role in the Environmental Monitoring Revolution. DOI: 10.5281/zenodo.3270900

Spectral Match: 0.2976

Spectral Match: 0.9999

Level 2a

http://doi.org/10.5281/zenodo.3270900
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Connecting multiple lines of evidence for identification

Data: Schymanski et al 2014, DOI: 10.1021/es4044374; https://www.slideshare.net/EmmaSchymanski/small-molecules-in-big-data-analytica-munich

Challenge: the growing number of candidates …

High throughput exposomics needs both 

wide coverage and high efficiency!

Candidates with high information content

Candidates with low information content

http://pubs.acs.org/doi/abs/10.1021/es4044374
https://www.slideshare.net/EmmaSchymanski/small-molecules-in-big-data-analytica-munich
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The 103 million Challenge … 

500 masses ≈ 2-3 hrs with CompTox or 2-3 DAYS with PubChem

Bolton & Schymanski (2020). PubChemLite tier0 and tier1 

(Version PubChemLite.0.2.0) DOI: 10.5281/zenodo.3611238

PubChemLite tier0: 316 K

PubChemLite tier1: 360 K

103 million … OR …

the most relevant / annotated?

https://doi.org/10.5281/zenodo.3611238
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The 103 million Challenge … 
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Evaluating PubChemLite

o 103 M => 300 K … how does this influence performance?

MetFragRL, PubChem 2016

MS/MS only (n=473)

MetFragRL, PubChem 2016

MS/MS + Metadata (n=1298)

MetFragRL, PubChemLite tier0

MS/MS, Ref, Patents, FPSum (n=1298)

MetFragRL, PubChemLite tier1

MS/MS, Ref, Patents, FPSum (n=1298)

70=>80 %

MetFragRL: Ruttkies et al. (2016) DOI: 10.1186/s13321-016-0115-9

Bolton, Schymanski et al., in prep. + 

Bolton & Schymanski (2020). PubChemLite tier0 and tier1, DOI: 10.5281/zenodo.3611238

https://link.springer.com/article/10.1186/s13321-016-0115-9
https://doi.org/10.5281/zenodo.3611238
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Transformation Products: Filling the Data Gaps!
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Take Home Messages

o Over 60 % of 

HR-MS peaks 

are potentially 

relevant but 

unknown
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Take Home Messages

o Over 60 % of HR-MS peaks are potentially relevant but unknown

o Annotating unknowns requires data and evidence from many different sources

o Many excellent workflows available to collate this information

o Incorporation of all available metadata is critical to success => 70-80 %!
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Take Home Messages

o Over 60 % of HR-MS peaks are potentially relevant but unknown

o Annotating unknowns requires data and evidence from many different sources

o Annotating exposomics “known unknowns” with MetFrag is “Ready to go”!

o Community efforts contribute greatly to improved cross-annotation

o Information in the public domain helps everyone!

o You never know when it will help you 
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Further Information:

https://massbank.eu/MassBank/

https://ipb-halle.github.io/MetFrag/

https://www.norman-network.com/nds/SLE/

https://wwwen.uni.lu/lcsb/research/

environmental_cheminformatics

https://doi.org/10.5281/zenodo.3953683
mailto:emma.schymanski@uni.lu
https://massbank.eu/MassBank/
https://ipb-halle.github.io/MetFrag/
https://www.norman-network.com/nds/SLE/
https://wwwen.uni.lu/lcsb/research/environmental_cheminformatics
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PubChem: https://pubchem.ncbi.nlm.nih.gov/

https://pubchem.ncbi.nlm.nih.gov/
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CompTox:    https://comptox.epa.gov/dashboard/

https://comptox.epa.gov/dashboard/
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MassBank EU

http://massbank.eu/MassBank and https://github.com/MassBank/

>80,000 spectra

~16,000 chemicals 

>46 contributors

http://massbank.eu/MassBank
https://github.com/MassBank/

