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�e Critical Assessment of Small Molecule Identi�cation (CASMI) contest was initiated in 2012 to evalu-
ate manual and automated strategies for the identi�cation of small molecules from raw mass spectrometric 
data. �e authors participated in both category 1 (molecular formula determination) and category 2 (mo-
lecular structure determination) of the second annual CASMI contest (CASMI 2013) using slow but e�ec-
tive manual methods. �e provided high resolution mass spectrometric data were interpreted manually 
using a combination of molecular formula calculators, fragment and neutral loss analysis, literature consul-
tation, manual database searches, deductive logic, and experience. �e authors submitted correct formulas 
as lead candidates for 16 of 16 challenges and submitted correct structure solutions as lead candidates for 
14 of 16 challenges. One structure submission (Challenge 3) was very close but not exact (N2-acetylgluta-
minylisoleucinamide instead of the correct N2-acetylglutaminylleucinamide). A solution for one (Challenge 
13) was not submitted due to an inability to reconcile the provided fragmentation pattern with any known 
structures with the provided molecular composition.
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INTRODUCTION

�e Analytical Core of the UIC/NIH Center for Botanical 
Dietary Supplements Research is involved in the structure 
elucidation of natural products from terrestrial sources. 
Rapid identi�cation of known natural products (derepli-
cation) is an essential service provided by the Core. Such 
analyses are invaluable for natural product chemists to 
properly allocate resources to pursue novel and more prom-
ising structures and essential for the identi�cation of active 
compounds within complex extracts screened against bio-
logical targets. Mass spectrometry coupled to a high perfor-
mance separation technique such as ultra-high pressure liq-
uid chromatography is the primary tool used to accomplish 
these tasks. A standard work�ow for sample processing and 
analysis includes the determination of elemental composi-
tion by accurate mass measurement followed by acquisition 
of tandem mass spectra on a high resolution mass spectrom-
eter such as ion trap/time-of-�ight (IT-TOF) or quadrupole/
time-of-�ight (Q-TOF) instruments. Elemental composi-
tions are searched in relevant databases containing known 
natural products such as SciFinder, Reaxys or KEGG as well 
as in tandem mass spectral databases such as MassBank 
and METLIN. �e Core has also built and is constantly 

expanding an in-house database of tandem mass spectra of 
natural products based on the MassBank platform. �e team 
entered the contest with the goal of assessing its interpreta-
tion skills on a set of unknown compounds from chemical 
spaces not normally encountered in routine activities. An-
other bene�t of participation is an opportunity to learn and 
evaluate alternative approaches for identi�cation of small 
molecules from mass spectrometric data. �e team submit-
ted molecular formulas for all challenges (Category 1) and 
structure solutions for 15 of 16 challenges (Category 2).

EXPERIMENTAL

For each challenge, the raw challenge data were copied 
and pasted from the CASMI 2013 website into a Micro-
so� Excel spreadsheet and then converted from tab de-
limited text into two separate columns. �e mass spectra 
and tandem mass spectra were reconstructed using X–Y 
scatterplots. Additional columns for the exact masses of 
neutral losses and possible molecular formula for fragment 
ions and neutral losses were added. All molecular formula 
calculations from exact masses were performed using the 
molecular formula calculator from Shimadzu LCMS Solu-
tions so�ware version 3.6. ChemDraw Ultra 12.0 was used 
for importing chemical structures, structure editing, some 
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fragmentation analysis, and generation of SMILES notation.

Molecular formula determination (Category 1)
Formula candidates were determined on a case by case 

basis using manual methods. �e monoisotopic mass was 
determined from the MS data using adduct patterns such as 
protonated/sodiated molecules or when no obvious evidence 
for adducts was present the base peak was assumed to be 
a protonated/deprotonated molecule. Molecular formulas 
were provided for Challenges 7, 8, 13, and 14. Mass fragment 
ion and neutral loss analysis using a standard molecular for-
mula calculator and a spreadsheet were used to help estab-
lish molecular formula. �e molecular formula calculator 
was applied initially with wide limits for common organic 
elements C (0 to 100), H (0 to 200), O (0 to 100), and N (0 to 
10), double bond equivalents from 0 to 100, application of 
the nitrogen rule, and mass error tolerance from 0 to 10 ppm 
or the measurement error of the instrument when given (e.g. 
LTQ Orbitrap, 3 ppm). In some cases, the formula could be 
determined strictly from the accurate mass and fragment 
ion information.

Formula determination for some cases was more chal-
lenging and required additional work. Since standard mo-
lecular formula calculators return all arithmetically possible 
matches to an exact mass with no �ltration of absurd or un-
reasonable formulas, exact mass values were searched using 
the ChemSpider database within an error tolerance appro-
priate for the instrument performance (e.g. within 10 ppm 
for IT-TOF data) to generate a list of matching molecular 
formulas for real molecules. Most molecular formulas re-
turned from ChemSpider could be ruled out based upon 
isotopic and fragmentation information. In some cases, the 
�nal formula candidate was determined by arriving at the 
Category 2 structure candidate. A single formula candidate 
was submitted for each of the 16 challenges.

Candidate structure determination (Category 2)
When it was speci�ed that the compound was a natural 

product, the Reaxys database (www.reaxys.com) was used 
to search candidate molecular formulas with the constraint 
“isolation from natural product exists.” In some cases 
the in-home database of tandem mass spectra of natural 
products was also used. CAS SciFinder scholar was used 
to search for molecular formula for all challenges. Search 
results were sorted by the number of references. Candidates 
with very few references were regarded with very low prior-
ity for consideration since they are uncommon or unavail-
able compounds. SciFinder was used to retrieve references 
that may contain spectral information for speci�c candidate 

compounds. Once a small number of structural candidates 
was established, various online strategies were employed 
to attempt to locate a reference or literature tandem mass 
spectra for the candidate structures using resources on the 
World Wide Web. Other resources used included MassBank 
searches, PubChem queries, Google scholar searches of the 
literature, and Reaxys or SciFinder substance records con-
taining links to the published mass spectra.

Since a ranking score for all candidate formula and struc-
ture entries is required for CASMI evaluation, a subjective 
and arbitrary con�dence scale from 0.60 to 1.00 was used. 
Structures were placed on the scale based upon how “con�-
dent” we felt about the overall �t of the proposed structure 
to the challenge data. �e con�dence scale ranking brackets 
were de�ned as shown in Fig. 1.

Where several possible structural isomers existed that 
matched the challenge data, isomers that were thought to be 
more likely were placed in a higher ranking bracket. In cases 
where there were many possible structures that could po-
tentially match the challenge data, the con�dence score was 
lowered accordingly. Structures placed in the same ranking 
bracket were regarded as equally likely. Structure candidates 
were submitted for all challenges except for Challenge 13.

RESULTS

Table 1 summarizes the molecular formulas and lead 
structure candidates submitted by the team along with the 
con�dence score assigned to the lead candidate and the to-
tal number of candidates submitted for each challenge. �e 
four challenges where the formula was provided are noted. 
A single molecular formula was submitted per challenge and 
all with high (0.90+) or full (1.00) con�dence. �e chemical 
structures of the team’s leading Category 2 solutions are 
provided in Fig. 2. �e lead candidate submitted was the 
correct solution for 12 of 12 formula submissions and for 
14 of 15 structure submissions with the exception that our 
Challenge 3 candidate had an isoleucine (incorrect) rather 
than a leucine (correct) side chain. �e lead candidate for 
Challenge 13 was correct but was not submitted. Figure 3 
summarizes the resources employed which were of primary 
usefulness in arriving at a solution for each challenge. A de-
tailed description of the various tools and thought processes 
used to arrive at the molecular formula and structure solu-
tions for each challenge are provided herein.

Challenge 1. A search of the tandem mass data for Chal-
lenge 1 in the in-home database of tandem mass spectra 
returned several hits all matching ferulic and isoferulic 
acid amides. When the molecular mass was included in the 

Fig. 1. �e arbitrary “con�dence” scoring scale used to score structure and formula candidates for the contest along with factors which tend to 
increase or decrease con�dence.
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Table 1. Summary of CASMI 2013 submissions (Newsome/Nikolic).

No. Category 1 Score N (cat 1)a Category 2 Score N (cat 2)a

1 C18H19N1O4 1.00 1 N-trans-Feruloyltyramine 0.90 2
2 C14H20N2O3 1.00 1 N-trans-Feruloylputrescine 0.90 2
3 C13H24N4O4 0.90 1 N2-Acetyl-glutaminylisoleucinamideb 0.60 1
4 C15H14O1 0.95 1 Dihydrochalcone 0.75 1
5 C12H18O4S2 0.95 1 Isoprothiolane 0.90 3
6 C49H93O14P1 1.00 1 Phosphatidylglucoside (PtdGlc) 1.00 1
7 C75H62O30

c 1.00 1 (Epi)catechin pentamer: B type 0.90 7
8 C45H38O20

c 1.00 1 (E)GC-(E)GC-(E)C 0.90 3
9 C9H11Cl3N1O3P1S1 0.95 1 Chlorpyrifos 0.95 6

10 C42H71N11O12 0.90 1 Peptide VHLTPVEK 0.90 2
11 C20H18O5 1.00 1 Desmethoxycurcumin 0.95 3
12 C15H10O5 1.00 1 Baicalein 0.91 3
13 C17H30N2O5

c 1.00 1 Aloxistatin — 0
14 C21H24N2O3

c 1.00 1 Almalicine 0.90 1
15 C10H5F17O1 0.90 1 8-2 Fluorotelomer alcohol (FTOH) 0.90 3
16 C18H20N3O4F1 0.90 1 O�oxacine 0.85 1

a. Number of candidates submitted. 
b. �e correct solution was leucinamide rather than isoleucinamide. �e submitted was designated by the organizing team as a “highly com-

mended” structure. 
c. �e formula of the [M+H]+ ion was provided in the challenge.

Fig. 2. Chemical structures of leading solutions (Newsome/Nikolic) for CASMI 2013 Challenges 1 through 16 (Category 2).
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search, hits were obtained for feruloyl and isoferuloyl tyra-
mine. �e elemental composition of these compounds �t the 
provided accurate mass data well. �e only points of ambi-
guity were the identity of the acid moiety (feruloyl or isofer-
uloyl) and the cis or trans con�guration of the double bond. 
Regarding the �rst issue, the provided information that the 
compound was isolated from Solanaceae was evidence in fa-
vor of the ferulic acid analog since this is the analog known 
from Solanaceae. However, it is worth discussing these iso-
mers from a purely mass spectrometric point of view.

Over the years we have extensively worked with this 
compound class and have observed trends that can help 
distinguish ferulic from isoferulic acid amides.1) Ferulic acid 
amides tend to produce a higher abundance of the second-
ary fragment ions of m/z 149, 145, and 117 arising from the 
fragmentation of the primary acylium ion of m/z 177. In ad-
dition, a small but very diagnostic ion of m/z 163 is formed 
only during fragmentation of isoferulic acid amides. �ese 
trends were established for a Q-TOF instrument, but the 
challenge data were obtained using an IT-TOF. �erefore, 
we acquired tandem mass spectra of both feruloyl and 
isoferuloyl tyramine on a Shimadzu IT-TOF instrument. 
�e only di�erence in the tandem mass spectra between the 
two analogs was a slightly higher intensity of the peak at m/z 
145 in the spectrum of feruloyltyramine. �us, a database 
search or computational approaches alone would likely pro-
duce both isomers as matches to the data. �e second issue, 
the cis or trans con�guration of the double bond, cannot 
be resolved by the provided data. Since only a few natural 
cis analogs have been isolated and nearly all of the natural 
analogs are trans, our top ranked submission was trans-N-
feruloyltyramine.

We arrived at the same formula and structure candidates 
for Challenge 1 without consulting the in-house database 
and that e�ort is described here as well. �e molecular 
mass of the neutral molecule was determined as 313 by the 
positive mode protonated/sodiated adduct pattern. Of the 
three molecular formulas (C, H, N, O atoms only) within 
10 ppm, two were reasonable: C13H19N3O6 (5.6 ppm) and 
C18H19NO4 (7.3 ppm). Using the molecular compositions of 
the fragment ions as a �lter, the formula C18H19NO4 was es-
tablished as the better match. �e other formula C13H19N3O6 
could not be conclusively ruled out. Searching the formula 
C13H19N3O6 in SciFinder produced 287 substance records. 

One substance (a peptide) was categorized as naturally oc-
curring but it was not isolated from Solanaceae and the tan-
dem mass spectrum did not match so the formula was elim-
inated. �erefore, the formula was concluded as C18H19NO4.

�e formula C18H19NO4 when searched in SciFinder re-
turned almost 7000 records. �ese records were limited to 
natural products using the “by occurrence” category (56 
records). �e two compounds with the highest number of 
associated references (1500 and 300) were eliminated by 
comparing their predicted fragmentation pattern with the 
provided data. References were retrieved for the remaining 
54 substances (about 1,000 references) and this reference set 
was re�ned using the keyword Solanaceae (12 references). 
Substances were retrieved from these 12 references using the 
“get substances” function (97 substances) and then re�ned 
by the molecular mass range 312 to 314 to give two geo-
metrically isomeric substances: N-cis-Feruloyltyramine and 
N-trans-feruloyltyramine. �e result was con�rmed with 
an orthogonal SciFinder scholar search beginning with the 
literature search “Solanaceae and alkaloids,” retrieval of all 
substances for the references returned, re�nement of the 
substances using “by occurrence,” and re�nement by the 
molecular mass range from 312 to 314 to again give N-cis-
feruloyltyramine and N-trans-feruloyltyramine.

Challenge 2. Challenge 2 was identi�ed using the same 
approach described for Challenge 1. �is compound was 
also in our database, but here we present only the process 
for arrival at solutions using online external databases. 
�e data showed the protonated molecule of m/z 265.1524 
with only two reasonable formula possibilities (C, H, N, 
O atoms only) within 10 ppm. �e most abundant ion in 
the tandem mass spectrum of m/z 177.055 (C10H9O3) was 
in common with Challenge 1. �e only possible formula 
within 100 ppm for the corresponding neutral loss of 88.098 
was C4H12N2 (25.5 ppm). �e established the molecular for-
mula was C14H20N2O3 (8.6 ppm). A similar SciFinder search 
process as described for Challenge 1 was used to �nd mol-
ecules with the formula C14H20N2O3 isolated from the fam-
ily Solanaceae. A SciFinder search of the molecular formula 
led to over 11,000 substance records but only 14 remained 
a�er re�nement by occurrence. Retrieval of all references 
(∼400) for these 14 substances and re�nement of these refer-
ences using the keyword “Solanaceae” led to two references. 
Retrieval of all substances from these two references and 

Fig. 3. �e databases or resources that were of primary use in arriving at the lead candidate for each (Category 2) structure solution.
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re�nement by molecular mass of 263 to 265 provided two 
compounds. One compound, N-feruloylputrescine, was con-
sistent with having an ion of m/z 177 as the major fragment. 
Orthogonal SciFinder searches beginning with “Solanaceae 
and alkaloids” and “Solanaceae and constituents” (similar to 
Challenge 1) did not produce any additional structural pos-
sibilities. As with Challenge 1, both the cis and trans isomers 
were submitted as candidates with the trans isomer given 
the higher rank under the same rationale.

Challenge 3. �e positive ion mode pattern for the pro-
tonated/sodiated molecule established a monoisotopic mass 
for the protonated molecule at m/z 301.1843 within 10 ppm. 
�e provided information that the compound contained one 
or more amide bonds gave formula constraints of at least 
one double bond equivalent, one nitrogen, and one oxygen. 
�e formula C13H24N4O4 (9.10 ppm) was the only match-
ing C, H, N, O formula within 10 ppm. �e major fragment 
ion of m/z 171.0774 (C7H11N2O3, 5.77 ppm) and minor ion 
of m/z 131.1189 (C6H15N2O, 7.76 ppm) further supported 
the formula. �ere was no evidence of other heteroatoms. 
A search of the formula C13H24N4O4 in SciFinder returned 
232 substances. �e tandem mass spectrum of the unknown 
showed a loss of ammonia and one major central cleav-
age site to form a major ion of m/z 171 (C7H11N2O3) with a 
neutral loss of 130 amu (C6H14N2O). One synthetic peptide 
derivative, N2-acetyl-glutaminylisoleucinamide, was found 
that could reasonably be expected to lose ammonia and also 
produce a major y-type ion of m/z 171. �e structure was 
submitted as the candidate but with the lowest con�dence 
score (0.60) because of the limited fragment information, 
the relative obscurity of the compound, and because a large 
number of possible synthetic substances could also cleave 
to provide the two fragments observed in the unknown. 
�e correct structure solution was N2-acetyl-glutaminylleu-
cinamide rather than N2-acetyl-glutaminylisoleucinamide. 
However, a leucine versus an isoleucine side chain could not 
be distinguished from the limited data information pro-
vided. �is was acknowledged by the organizing team and 
the structure submission was given credit as highly com-
mended.

Challenge 4. �e positive ion mode pattern for proton-
ated/sodiated molecule established a monoisotopic mass 
for the protonated molecule of 211.11214 within 3 ppm for 
which there was only one possible C, H, N, O formula: 
C15H14O (1.70 ppm). �e formula was further supported by 
the accurate mass of the fragment ion of m/z 91 represent-
ing a tropylium ion (C7H7, 0.30 ppm) with a neutral loss of 
C8H8O (0.12 ppm), and also the fragment ion of m/z 105, 
C8H9 (1.18 ppm), with a neutral loss of C7H6O (1.76 ppm). 
A SciFinder search of the formula provided over 1500 reg-
istered substances. �e simple fragmentation pattern was 
strongly suggestive of two benzene rings. Many structural 
elements such as acetyl, methoxy, and stilbene functional-
ities were unlikely and could be ruled out. �e compound 
dihydrochalcone was concluded as the structure most con-
sistent with the provided data. However, because of the lim-
ited structural information provided by the fragmentation 
data and large number of formula isomers, the submission 
was given a con�dence score of “fair” (Score= 0.75).

Challenge 5. �e positive ion mode pattern for proton-
ated/sodiated molecule established a monoisotopic mass 
for the protonated molecule at m/z 291.07187 within 3 ppm 

for which there were many formula options. However, ac-
curate mass fragment and neutral loss analysis conclusively 
provided the formula C12H19O4S2 with a key fragment ion 
of m/z 189 having only one reasonable formula option of 
C6H5O3S2 (0.33 ppm). �e formula was further supported 
by the 8% abundance of the m+ 2 peak consistent with two 
sulfur atoms. ChemSpider and SciFinder searches of the 
formula C12H18O4S2 returned 24 and 144 hits, respectively. 
�e fragmentation pattern with losses of C3H6 and C3H8O 
and the loss of C6H14O to form the ion of m/z 189 was analo-
gous to the fragmentation of dipropylphthalate which loses 
C6H14O to form the ion of m/z 149. �e structure candidate 
most consistent with the fragmentation pattern was the 
pesticide isoprothiolane. �is was submitted as the lead 
candidate with high con�dence (Score= 0.90) along with two 
equally consistent but less common alkyl isomers (assigned 
lower scores).

Challenge 6. �e base peak at m/z 935.6224 was assumed 
to be the deprotonated molecule while keeping in mind a 
possibility of an [M+ acetate]− adduct since ammonium ace-
tate was used in the mobile phase. A table of the tandem MS 
fragmentation data was constructed to scrutinize formulas 
of fragment ions and neutral losses. �e analysis along with 
an accurate mass formula calculator revealed the product 
ion formulas of C20H39O2 and C18H35O2 corresponding to 
probable saturated fatty acid chains. Also, the fragment ion 
of m/z 152.9958 yielded few if any sensible formula matches 
with the elements of C, H, O, and N. �e compound hav-
ing been isolated from animal tissue and containing lipid 
chains was suggestive of a phospholipid molecule. Adding 
phosphorus to the formula calculator provided the formula 
of C3H6O5P for the fragment ion of m/z 152.9958. Next, the 
literature was consulted and negative mode tandem mass 
spectra of phospholipids with similar fragmentation pat-
terns and fragment ions in common with the unknown (m/z 
153 and 419) were found. �ese searches established the 
molecule as a probable phospholipid. �e formula calculator 
was constrained to require one phosphorus atom and 5 ppm 
accuracy (a safe assumption of performance for an FT-ICR 
instrument) to give C49H93O14P as the most logical formula. 
Other formula possibilities were not eliminated until the 
structure was solved. �e formula C49H93O14P was searched 
in the SciFinder database which returned only one reference 
describing a neurophospholipid isolated and characterized 
from murine brain tissue. �e tandem mass spectrum of the 
molecule in the reference matched the Challenge 6 data pre-
cisely.2) Normally, other minor isomers of the phospholipid 
molecule would be considered. However, in this case the 
accurate mass of the deprotonated molecule (m/z 935.62239) 
and the abundance of the product ions in the challenge data 
exactly matched the data in the original research article. 
Incidentally, the lone reference could be quickly retrieved 
by searching “935.62239” in Google Scholar. �e compound, 
phosphatidyl-6-acetyl-glucose (18 : 0/20 : 0), was submitted 
with full con�dence (Score= 1.00).

Challenge 7. �e molecular formula C75H63O30 for the 
protonated molecule was provided. Based upon the formula, 
the fragmentation pattern, and wine as the natural source, 
the compound was determined to be a condensed tannin. 
Sixteen condensed tannin entries were returned for the 
formula C75H62O30 and all were pentamers of (epi)-catechin. 
Consultation of the literature on the tandem mass fragmen-
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tation patterns of condensed tannins was very helpful.3–5) 
An A-type condensed tannin could be ruled out based on 
the formula and MS2 fragmentation. Based on the data, the 
tannin does not contain (epi)-gallocatechin units. �e B-
type condensed tannins may consist of both C4–C8 linkag-
es and C4–C6 linkages. �e most common pentamer con-
sists of entirely C4–C8 linkages. However, C4–C6 linkages 
do occur, and tandem mass spectrometry thus far cannot 
distinguish between these two types of linkages. �erefore, 
the fully C4–C8 linked B-type (epi)-catechin pentamer was 
submitted as the lead candidate (Score= 0.90) along with six 
less common B-type pentamers containing one or two C4–
C6 linkages as lower ranked isomer candidates.

Challenge 8. �e formula C45H39O20 for the protonated 
molecule was provided. �e compositional monomers of 
the condensed tannin were determined by comparing the 
provided tandem mass spectrum with published data on 
sequencing of proanthocyanidins using collision induced 
dissociation in positive ion mode.5) �e tandem mass spec-
trum was most consistent with a trimer consisting of one 
(epi)-catechin monomer and two (epi) gallocatechin mono-
mers based on the characteristic fragment ions of m/z 609, 
595, 443, and 317. �e most likely sequence based upon the 
fragmentation data and the isolation from hops was (E) GC-
(E) GC-(E) C and this structure was submitted as the lead 
candidate (Score= 0.90). �e two other sequences (E) C-(E)-
GC-(E) GC and (E) GC-(E) C-(E) GC were submitted with 
much lower con�dence scores.

Challenge 9. In this case the formula of the compound 
was determined simultaneously with the structure. �e 
provided mass spectrum showed a distinct m+2 and m+4 
isotope pattern indicative of the presence of three chlorine 
atoms. Also, the best elemental composition match for the 
neutral loss of 152.0062 Da to give the product ion of m/z 
197.9275 was C5H3NOCl3. Next a table of fragment ions and 
neutral losses was constructed and analyzed for possible 
formula pairs at each major fragment ion. �e analysis pro-
duced a best logical formula of C8H10N3O2S2Cl3. However, 
the search of this formula and other candidates in SciFinder 
did not yield any feasible structural results. With initial 
approach a dead end, the possible presence of heteroatoms 
besides N, O, S, and Cl was suspected. Next, the accurate 
mass (349.9337± 0.0010) Da was searched in ChemSpider. 
�e search resulted in 12 hits. One of the hits, a pesticide 
chlorpyrifos C9H11Cl3NO3PS, was consistent with the tri-
chlorinated isotope pattern and the molecular composition 
of the base peak in the tandem mass spectrum (C5H3NOCl3 
at m/z 197.9275). With the incorporation of a phosphorous 
atom in the accurate mass formula calculations, the product 
ions and corresponding neutral losses were consistent with 
the structure of chlorpyrifos. �e compound was submitted 
as the best matching candidate structure (Score= 0.95) along 
with �ve closely related but unlikely structural isomers.

Challenge 10. An initial ChemSpider search of the 
presumed protonated molecule of m/z 922.53505 (within 
3 ppm) returned three structure results. Two were peptides 
with the formula C42H71N11O12. Since the fragmentation 
data was suggestive of a peptide, this was very likely the cor-
rect formula and was �nalized a�er reference spectrum was 
found for the Category 2 structure. �e molecular formula 
C42H71N11O12 was searched in SciFinder and returned 32 
di�erent peptides. Two of the peptides, VHLTPVEK and 

VHLTPEVK, showed good consistency with the fragmenta-
tion data. �e sequences were searched using the NIST pep-
tide tandem mass spectral library (peptide.nist.gov/). �e 
NIST spectrum for the human peptide VHLTPVEK was a 
very good match with the experimental challenge data. �e 
reference spectrum for VHLTPEVK was not available. Both 
peptides were submitted with VHLTPVEK given the higher 
score (Score= 0.90) because of the greater number of associ-
ated references. �e remaining 30 peptide structures were 
not consistent with the provided tandem MS fragmentation 
data.

Challenge 11. A ChemSpider search of the presumed 
deprotonated molecule of m/z 337.1080 returned over 2000 
results within a 10 ppm mass error tolerance. �e vast 
majority had the formula C20H18O5. �e formula calcula-
tor provided multiple C, H, N, O formula options within 
10 ppm for the monoisotopic mass. Accurate mass analysis 
of the fragment ions and neutral losses eliminated the other 
possibilities to con�rm the formula C20H18O5 (0.43 ppm). A 
SciFinder search of the formula C20H18O5 returned almost 
2000 entries. �e substances were sorted by descending 
number of references. �e most referenced substance was 
the natural product desmethoxycurcumin. �e formula was 
also searched in the Reaxys database. �e Reaxys search led 
to a publication containing the negative ion tandem mass 
spectrum of desmethoxycurcumin.6) �e literature spec-
trum was a very good match to the challenge data, with the 
fragment ions of m/z 217, 187, 173, 143, and 119 present with 
the same overall intensity pattern. Desmethoxycurcumin 
(Score= 0.95) and two tautomeric structures thereof were 
submitted as the candidates. �e assignment was further 
strengthened by comparison of the data with the in-house 
tandem mass spectrum of the analog curcumin. �e sub-
mission was made with the apprehension that well over one 
hundred theoretical isomers could be drawn that would 
produce similar or identical fragmentation spectra from 
permutations of cis–trans isomerism, ring substitution pat-
terns, and tautomeric forms. All three tautomers of desme-
thoxycurcumin were accepted as structure solutions by the 
CASMI organizers.

Challenge 12. Based on pattern recognition from experi-
ence with natural products, the negative mode mass of 269 
and fragmentation pattern resembled that of a �avonoid. 
Formula calculation provided the formula C15H10O5 as the 
best match within 5 ppm. �e formula became certain only 
a�er good agreement was found of the challenge data with 
published tandem mass spectra. A search of the formula in 
Reaxys produced 84 isolated natural product hits. Many of 
them were �avonoids. Literature review on the fragmenta-
tion patterns of di�erent classes of �avonoids (iso�avones, 
chalcones, �avanols, etc.) was helpful in establishing a prob-
able �avone subclass.7,8) A publication comparing fragmen-
tation patterns of �avones with di�erent hydroxyl group 
substitution patterns9) revealed that only �avones contain-
ing both a trihydroxy substituted A ring and unsubstituted 
B ring (baicalein and norwogonin) matched the major frag-
ment ions of m/z 251, 241, 223, and 197. Only 3 such isomers 
are possible. �e tandem mass spectra for the compounds 
was con�rmed in a second reference.10) No other com-
pounds of the �avonoid class were found with matching 
tandem mass spectra. Baicalein (5,6,7-trihydroxy�avone) 
and norwogonin (5,7,8-trihydroxy�avone) were submitted as 
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the lead candidates with high con�dence. �e third isomer 
(5,6,8-trihydroxy�avone), an uncommon and apparently not 
naturally occurring substance, was submitted with a much 
lower score. �e leading candidate, baicalein (Score= 0.91), 
was the correct solution.

Challenge 13. �e team could not conclusively solve 
this challenge. �e molecular formula C17H31N2O5 for the 
protonated molecule was provided. �e SciFinder search of 
this formula returned 364 substances. When the substances 
were sorted based on the number of references, the correct 
solution aloxistatin was the top hit. �is choice was seri-
ously considered as a possible solution, but the team decided 
against submitting it as a solution due to the inability to 
correctly interpret the provided tandem mass spectrum. �e 
most intense peak in the spectrum (m/z 246) corresponded 
to a neutral loss of C6H11N. All possible structures that 
could directly produce such a loss were examined but none 
were consistent with the rest of the fragmentation data. �e 
cleavage at the amide bond in aloxistatin would produce 
a fragment with 5 (not 6) carbon atoms. Since the major 
neutral loss of C6H11N could not be reconciled, aloxistatin 
was not submitted as a solution. Post mortem when solu-
tions were revealed, the team purchased the standard and 
acquired tandem mass spectrum on a Q-TOF instrument. 
�e spectrum contained a fragment ion at m/z 88.1130 with 
the molecular composition of C5H14N corresponding to the 
y type ion formed by cleavage of the terminal amide bond. 
�is was the ion that the team had anticipated. �is chal-
lenge is a good example of well-known problem in identi�-
cation of small molecules using tandem mass spectrometry 
in that di�erent instruments produce di�erent tandem mass 
spectra which in this case provide di�erent informational 
value. �e team was intrigued by the fragmentation pat-
tern of this molecule and are currently working on detailed 
elucidation of the origin of major fragment ions. �e current 
working hypotheses for the origin of ion of m/z 246 is that it 
is formed by addition of water inside the collision chamber 
to the a-type ion of m/z 228 as shown in Fig. 4. �is chal-
lenge also demonstrates a disadvantage of our approach 
and a challenge with tandem mass spectrometry in general. 
�e occurrence of unusual fragmentation pathways such as 

rearrangements or secondary ion-molecule reactions o�en 
makes interpretation di�cult or misleading.

Challenge 14. �e formula C21H25N2O3 for the protonated 
molecule was provided. Since the challenge was described 
as a natural product, the provided formula C21H24N2O3 was 
searched in the Reaxys database. �e ion of m/z 144 was also 
searched against our in-house database of tandem spectra of 
alkaloids. �e presence of this ion suggested an indole type 
alkaloid. �e ion of m/z 321 represents the loss of methanol 
from the precursor ion. With these constraints and based on 
the overall interpretation of the tandem mass spectrum the 
most likely structure was that of ajmalicine. �e provided 
spectrum matched the published spectrum of ajmalicine.11) 
Ajmalicine was submitted with high con�dence (Score= 
0.90) with the constraint that there are numerous epimers 
of this compound available and that in real life no de�ni-
tive conclusion can be made regarding exact stereoisomer/
epimer.

Challenge 15. �e nominal mass for this challenge was 
provided. �e accurate mass for the deprotonated molecule 
of m/z 462.99731 produced many formula possibilities. Al-
though both unit resolution triple quadrupole MS/MS data 
and high resolution Orbitrap data were provided, this chal-
lenge was solved primarily using the accurate mass data. 
�e ion of m/z 68.99463 represents a CF3

− ion indicating that 
the compound contains �uorine. Careful analysis of the ac-
curate mass and tandem mass fragmentation data revealed 
ion formulas and neutral losses consistent with a poly�uo-
rinated substance. Exact mass di�erences between fragment 
ions were analyzed in detail and revealed mass di�erences 
corresponding to F2, HF, and C2F2. �e formula C10H5F17O1 
was concluded only a�er the reference spectra for the lead-
ing structure candidate was found as follows. A ChemSpider 
search of m/z 462.9973± 0.005 with the constraint that the 
molecules contained �uorine but no other halogens pro-
vided 10 compounds. �e results led to the investigation of 
the straight chain per�uorinated alcohols. A reference nega-
tive ion electrospray CID tandem mass spectrum for 8-2 
�uorotelomer alcohol was found that matched the provided 
data very well.12) A�er a SciFinder search of the formula to 
investigate potential isomers, 8-2 �uorotelomer alcohol was 

Fig. 4. Proposed mechanism for formation of major ions in the tandem mass spectrum of aloxistatin. �e ion of m/z 256 representing b-type frag-
ment was not shown in the challenge data and it was a minor fragment in the Q-TOF instrument. �e b-ion is likely held in a protonated 
dimer form with the neutral amine (C5H13N) from which hydrogen transfer can occur to form a y-type of m/z 88. �is diagnostic ion was 
observed in the Q-TOF instrument but was not part of the challenge data. �e a-type ion can be attacked by water present in the collision 
cell to produce ion of m/z 246.
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concluded as the leading structure candidate with high con-
�dence (Score= 0.90) along with two uncommon structural 
isomers score with poor con�dence.

Challenge 16. Similarly to Challenge 15, this challenge 
was solved primarily by using the accurate mass data ob-
tained on the Orbitrap instrument. Accurate masses of all 
fragments were checked to determine what atoms were pres-
ent in the molecule. A particularly diagnostic ion was that of 
m/z 122.04078. �e accurate mass of this ion did not return 
any hits when standard atoms (C, H, N, O, S) were consid-
ered. However, when �uorine was added this ion had the 
best formula �t of C7H5NF. �us, the compound contained 
at least one �uorine, one nitrogen, and also a minimum of 
two oxygen atoms (loss of CO2, m/z 318). When the search 
of the molecular formula was constrained to contain at least 
one �uorine and one nitrogen atom, the best �t to the chal-
lenge data was C18H20N3O4F. ChemSpider searches of the 
accurate mass of the protonated molecule of m/z 362.1525± 
0.002 and of the candidate formula revealed �uoroqui-
nolone antibiotics such as o�oxacin and levo�oxacin as 
hits with the highest number of associated references. �e 
literature was searched for published tandem mass spectra 
of these �uoroquinolones and compared with the provided 
data with the best match to o�oxacin.13–15) �e spectral 
match further supported the proposed molecular formula. 
O�oxacin was submitted as the sole structure candidate 
with good con�dence (Score= 0.85). Isomeric levo�oxacin 
could not be fully di�erentiated based on the provided data.

DISCUSSION

Mass spectrometry has become an indispensable tool for 
identi�cation of small molecules, particularly when sample 
size is limited. �e ever growing list of applications that rely 
almost exclusively on mass spectrometry includes such di-
verse areas as metabolomics, forensic science and archeolog-
ical research. Correct identi�cation of unknown compounds 
is certainly the most desirable result; however, in many ap-
plications even a partial structural characterization may be 
su�cient. For example, in natural products research, phy-
tochemists are o�en interested in quickly obtaining derep-
lication information to determine common compounds and 
compound classes in order to focus further e�orts on the 
most promising compounds. In drug metabolism studies 
researchers sometimes want to quickly identify so� spots in 
a drug candidate without necessarily determining the exact 
position of metabolic transformation. On the other side of 
the spectrum, the correct identi�cation of a compound is 
paramount such as, for example, in forensic sciences. No 
one wants to accuse an athlete of cheating based on the mis-
identi�cation of a prohibited substance.

Unfortunately, for all its power, mass spectrometry is not 
a de novo structure elucidation technique and is thus pri-
marily used for identi�cation of known compounds. �is 
process is an exercise in comparative analysis in which data 
obtained from the unknown are compared with those from 
already identi�ed and characterized compounds. Because 
of this inherent weakness, structural assignments by mass 
spectrometry always come with a degree of uncertainty. �e 
degree of (un) certainty will vary depending on how much 
information obtained for the unknown can be matched to 
the available data for the known compound. Currently, the 

most commonly accepted nomenclature for metabolite an-
notation includes three levels of reporting.16) Identi�cation 
at level 1 is established by comparing the retention time 
and fragmentation pattern of an unknown with those of an 
authentic standard. �is level of evidence provides the high-
est degree of con�dence in the assignment and is a widely 
accepted criterion for positive identi�cation of compounds 
not only in the research domain but also in forensic and 
regulatory areas. Level 2 and level 3 represent putative iden-
ti�cation whereby a compound (level 2) or compound class 
(level 3) is identi�ed based on databases and spectral library 
searches but without having an authentic standard to com-
pare under identical conditions. In a more recent commen-
tary, Schymanski et al. argue for a �ner scale that includes 
�ve levels of con�dence.17) We believe that this �ner scale is 
more appropriate as it better captures the reality in which 
there are many shades of gray as to how well the available 
data can di�erentiate between structural possibilities. We 
also propose that information on the origin of the sample 
should also be taken into account when evaluating uncer-
tainty in the assignment. For example, in natural product 
research many compounds are uniquely present in a certain 
plant, thus even a molecular formula alone may provide very 
strong evidence for the proposed assignment.

When discussing how to best describe strength of ana-
lytical evidence, the terms “level of con�dence” and “con-
�dence” are o�en used interchangeably but there may be 
subtle di�erence between the two. Level of con�dence is 
a speci�c descriptor as to what information is available to 
support the proposed assignment; con�dence is more of a 
qualitative term that includes investigator’s assessment as to 
how well the available data �t the proposed structure. It is 
precisely this aspect that makes the CASMI contest a valu-
able exercise. �e information on which the assignments in 
the contest are made would qualify all submissions as level 
2 annotations. �us, the contest in essence provides assess-
ment as to how di�erent investigators use the data to arrive 
at a conclusion and how reliable those conclusions are. For 
the purpose of this contest we devised an arbitrary scale 
that simply re�ected how con�dent we felt that the proposed 
structure is right. While the scale at this point is more or 
less qualitative, in the future we plan to develop a more 
quantitative scale that will assign point value to each piece 
of information used to arrive at the proposed structure.

As evident from the above discussion, our approach 
takes into account all available information to arrive at the 
proposed structure. �e key aspect of the approach is the in-
vestigator’s experience and skill in interpretation of tandem 
mass spectra. �e overall approach is in essence a method of 
elimination of possibilities that obviously do not �t the data 
until only a handful of probable structures remains that can 
be further scrutinized in more detail. �e approach works 
best when fragmentation pattern contains diagnostic ions 
that can be predicted from a candidate structure. As Chal-
lenge 13 demonstrated, if unusual rearrangements occur 
that are not easy to predict from looking at the structure, 
the method is not always successful. Furthermore, the ap-
proach is labor intensive and slow. Some structure solutions 
here required as little as ten minutes while others required 
hours of dedicated manual e�ort to arrive at a solution. As 
such, it is most suitable for applications that place a pre-
mium on accuracy over speed. Another side bene�t of this 
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approach is possibility to identify novel compounds. Since 
the available data are thoroughly scrutinized through all 
available sources of prior knowledge, it is possible to deter-
mine with great con�dence whether the unknown at hand 
is a new compound and even identify a structure if the frag-
mentation pattern is similar to a known structure.1)

CONCLUSION

�e manual methods described here are very e�ective at 
arriving at a small number of good structural candidates. 
Experienced mass spectrometrists can arrive at a small set 
of candidate structures o�en containing the correct struc-
ture because they are able to employ far more �exibility and 
customization in the overall manual search process than 
the current automated methods. Unlike current computer 
automated platforms, humans are able to employ the full use 
of more subtle contextual information by inference, recogni-
tion, experience, and logic. �e approach is best suited for 
a small problem set because of the manual time and e�ort 
involved. A manual approach could be used in conjunction 
with and a�er application of an automated computerized 
method to greatly eliminate the number of structural candi-
dates o�en generated by these approaches.
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