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ABSTRACT: Tandem mass spectrometry based structural elucidation is currently hampered by our limited 

understanding of fragmentation chemistry. Here we present the Universal Fragmentation Model (UFM) 

that is based on gas-phase ion chemistry and modelling and is capable of predicting high-quality frag-

mentation pathways, structures and energetics for general molecules. We demonstrate that UFM can in-

terpret fragmentation chemistries dominated by complex rearrangements.  

Modern “omics” technologies like proteomics,1 

metabolomics,2 lipidomics,3 and glycomics,4 rely 

heavily on the identification of various molecular 

species in complex mixtures by mass spectrometry 

(MS). Information used for structural elucidation 

is obtained as accurate masses of intact (single 

stage MS) and fragmented species (generated in 

tandem mass spectrometry (MS/MS)), and molec-

ular and fragment collision cross-sections (CCS) 

if MS is coupled to ion mobility spectrometry 

(IMS). Modern MS&MS/MS&IMS experiments 

hyphenated to liquid/gas chromatography produce 

large datasets which can be processed only by us-

ing automated tools implementing chemoinfor-

matics5 strategies.  

To decipher the structural information encoded in 

MS&MS/MS&IMS datasets the MS community 

has devoted substantial efforts to understanding 

fine details of the chemical processes happening in 

mass spectrometers. Generations of chemists have 

studied the dissociations of energized ions to de-

velop fragmentation rules/laws which could be 

used to explain, and subsequently predict, the 

chemistries involved. Typically, these studies in-

volve detailed characterization of the energetics 

and kinetics of dissociation for carefully selected 

sets of model compounds, with the aim of devel-

oping concise fragmentation models – a well-de-

fined set of fragmentation laws and rules - which 

could then be used to explain data recorded for un-

known compounds to elucidate their molecular 

structures.  

For some molecular classes and fragmentation 

techniques these efforts have been largely success-

ful in terms of linking fragmentation chemistry to 

structures, but accurate prediction of dissociation 

chemistry remains elusive for arbitrary molecules. 

For example, in electron impact (EI) MS6 struc-

tural information can be deduced in a straightfor-

ward fashion if fragments are formed by direct 

bond cleavages6. However, it also became evident 

early on that the formation of numerous fragments 

cannot be explained by considering only bond fis-

sion; instead, rather complex rearrangements6 can 

take place. These rearrangement pathways alter 

primary molecular connectivity and can lead to 

fragments with structures not directly deducible 

from the original analyte. These are notoriously 

difficult to predict; consequently, EI-MS spectra 

are undercharacterised despite long years of dedi-

cated research to assign structure without referring 

to spectral libraries. 

Due to the relatively uniform chemical space 

(amino acid residues connected by fragile amide 

bonds) peptide fragmentation chemistry is well 

understood, and existing peptide fragmentation 

models7 can explain basic fragmentation charac-

teristics for protonated peptides. In metabolomics, 

however, the targeted chemical space is vastly 

more complex. While the dissociations of some 

metabolites can be described by straightforward 

bond cleavages, it is often the case that rearrange-

ments dominate the fragmentation patterns of even 

simple molecules.8 As a consequence of the chem-

ical complexity involved, no fully predictive (i.e. 

accurately predicting the fragments based on the 

structure) fragmentation model has been proposed 

for metabolomics so far.9 Consequently, metabo-

lite identification is currently a major bottleneck 

hindering further development and applications of 

metabolomics technologies. Recent attempts to 

address this problem range from simple bond-cut-

ting approaches to sophisticated machine learning 

based technologies.10 
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To generate accurate and robust fragmentation 

patterns we introduce here a comprehensive frag-

mentation model for mass spectrometry-based 

metabolomics, referred to as the Universal Frag-

mentation Model (UFM). The UFM flow chart is 

demonstrated for general molecules (M) being 

charged by protonation ([M+H]+) in Scheme 1.  

Scheme 1. UFM flow chart for protonated mole-

cules.  

Typical metabolites have a number of protonation 

sites; the corresponding protomers ([M+H]1
+, … 

[M+H]n
+,… [M+H]m

+) are all individually consid-

ered by UFM for a variety of reactions (indicated 

by blue arrows in Scheme 1). First, likely frag-

mentation channels incorporating heterolytic bond 

fission for each protomer ([M+H]n
+) are predicted, 

which primarily result in a charged [F1+H]+ and a 

neutral F2 fragment. Typically, each protomer 

could be broken down via several fragmentation 

channels. The charged fragments from these chan-

nels are either observed in the mass spectrometer 

leading to build up the MS/MS spectrum, or - un-

der low energy collision conditions – the ion-mol-

ecule complex formed by F1, F2 and the ionizing 

proton might undergo intermolecular proton trans-

fer to form charged [F2+H]+ fragments, as well as 

recombination reactions to form isomers of 

[M+H]n
+. In some cases, the charged [F1+H]+ frag-

ment becomes unstable and further dissociates to 

form another [F’1+H]+ charged fragment and an-

other neutral F3. 

Formation of radical fragments11 from [M+H]n
+ 

via homolytic bond cleavage is also considered. 

Under typical CID conditions, the fragmentation 

chemistry of the majority of metabolites is domi-

nated by heterolytic bond cleavages, leading to 

closed shell ions and neutrals. However, in some 

cases (for example some aromatic systems), ho-

molytic bond cleavage and radical fragment for-

mation might be significant. This occurs typically 

if no low-energy heterolytic fragmentation path-

way is available and/or a particularly stable radical 

fragment is formed. Currently, UFM considers the 

formation of radical fragments if no low-energy 

heterolytic bond cleavage is available for 

[M+H]n
+.  

Beyond fragment recombination, a number of ad-

ditional rearrangement chemistries are considered 

by UFM to explain complex fragmentation pat-

terns. For each [M+H]n
+ protomer, various hy-

dride transfer (HT), ring opening, ring closure, and 

functional group isomerization pathways are pre-

dicted, leading to rearranged [M+H]n
+ species - 

these are then deprotonated (often via a number of 

deprotonation pathways, leading to a number of 

neutral tautomers) to generate isomers (Misom) of 

the original neutral M.  

The blue-background area of the UFM flow chart 

in Scheme 1 summarizes all the chemistries con-

sidered for a given neutral M, while the area out-

side depicts reactions adopted to generate rear-

rangements and isomers of M. Iterative regenera-

tion of the blue background area for each rear-

ranged isomer (Misom) of the original neutral M 

guarantees treatment of even multi-step complex 

rearrangement chemistries in the UFM frame-

work. Furthermore, by executing the flow chart for 

neutrals derived from fragmentation products (like 

F1 or F2), one can generate not only primary but 

also higher order fragments, and can compute the-

oretical MSn spectra as determined by actual ex-

perimental conditions.  

Due to the complex structural manipulations in-

volved, manual implementation of the UFM can 

be error-prone and time consuming, even for small 

molecules. To make the model generally applica-

ble to various practical problems, we developed a 

software implementation termed deFrag of the 

UFM flow chart. deFrag generates all UFM chem-

istries described in Scheme 1 and produces provi-

sional 3D structures for all species involved. 

These structures can then be optimized using any 

quantum chemistry software capable of reporting 

back optimized geometries, energies, and elec-
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tronic properties. The latter are used to guide pre-

diction of reactivity (bond cleavage and for-

mation) for the investigated species, practically 

automatizing reaction mechanism generation for 

UFM. The optimized energetics are used to decide 

which fragmentation/rearrangement channels are 

most favoured, essentially implementing a simple 

kinetic model in deFrag.  

Currently, deFrag reads 2D structures as .mol 

files, uses PM6-D3H412 as implemented in Mo-

pac12 for quantum chemical calculations, and per-

forms a limited potential energy search using dis-

tance geometry13 and geometry optimizations for 

all investigated species. Charge-directed pathways 

are predicted using Mayer’s method14, while 

charge-remote reactions (e.g. H2-losses) are gen-

erated from a pre-stored library. Geometry optimi-

zation of numerous charged systems (like –OH 

protonated species) leads to other (dissociated or 

rearranged) species; deFrag considers the last in-

tact geometries of such systems from the optimi-

zations. F1/F2 fragment ratios in dissociating post-

reaction complexes are approximated based on 

computed proton affinity values. deFrag can be 

conveniently tailored to specific MS conditions by 

setting thresholds for ring formation/opening, 

HT&PT, etc. It also provides energetic and mech-

anistic information on multistep reactions in a con-

cise manner. Feasibility of a particular reaction 

step is decided by the energetics of the reactant 

and product and the type (PT vs. HT vs. dissocia-

tion vs. etc) of the transition, and the presence and 

characteristics of competing pathways. 

Figure 1 presents experimental and theoretical 

UFM data for protonated phenylalanine (1), a typ-

ical metabolite with aromatic and aliphatic parts 

featuring common functional groups. Panels A 

and B depict the low-energy CID spectra and en-

ergy-dependent break-down graphs of [1+H]+ 

with main fragments at m/z 120 and 103, and fur-

ther fragments at m/z 149, 131, and 77 as observed 

in a Waters Xevo G2-S qTOF instrument. UFM 

calculations (Panels C and D) indicate that for-

mation of fragment m/z 149.060 (NH3 loss, 

cleaved bond indicated by dotted line, EP and ED 

stand for the corresponding protomer and dissoci-

ated energetics (kcal/mol)) is initiated from the en-

ergetically most favored [1+H]+ structure (1_166, 

Panel D), while formation of fragment 1_120 re-

quires PT to the carboxyl OH, loss of water&CO. 

This multi-step pathway is still more favored than 

loss of NH3 due to the high reactivity of the OH-

protonated species and the high energy of the 

NH3-loss product (1_149). Elimination of benzene 

from a C-protonated species is clearly disfavored 

as compared to loss of water or ammonia. The pri-

mary fragment 1_120 undergoes PT, eliminating 

ammonia to form 1_103, which in turn eliminates 

ethyne to form 1_77 while 1_149 undergoes wa-

ter-loss to form 1_131. The fragmentation chem-

istry of [1+H]+ can be completely explained by 

PTs and direct bond cleavages, and the UFM re-

sults obtained in cca. 20 min on a laptop computer 

are in full agreement with earlier literature data.15 

 

Figure 1. MS/MS (QqToF CID spectrum in panel 

A, and energy-resolved breakdown curves and as-

sociated fragmentation tree in panel B) and UFM 

predicted fragmentation data for protonated phe-

nylalanine (1). For further details, see text. 

To further demonstrate the power of UFM, Figure 

2 presents experimental and UFM data for proto-

nated 2-(hydroxymethyl)-N-methyl benzamide 

(2), a phenylalanine isomer. Panels A and B depict 

the low-energy CID spectra and energy-dependent 

break-down graphs of [2+H]+ dominated by frag-

ments at m/z 148, 119, and 91. Chemical intuition 

suggests that [1+H]+ fragments primarily via the 

amide nitrogen protonated structure, leading to 

loss of methyl-amine (cleavage of an amide bond) 

and formation of m/z 135. This fragment, how-

ever, is not observed in the spectra; rather, [2+H]+ 

fragments primarily through [2+H-H2O]+ at m/z 

148 (Panel B), which is rather unexpected since 

this dissociation involves rupture of an aliphatic 

C(sp3)-OH bond that is, for peptides (e.g. in Ser 
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side chains), less preferred than amide bond cleav-

age. UFM explains the prevalence of m/z 148 over 

m/z 135 by acknowledging that the ionizing pro-

ton can be easily mobilized to the hydroxymethyl 

group from the global minimum amide O proto-

nated species (2_166, panel D), while its mobili-

zation to the amide N happens through a high-en-

ergy 4-center PT. After elimination of water, the 

resulting CH2
+ can be stabilized by the adjacent 

phenyl group via conjugation in 1_148a (Panel D). 

Furthermore, the nearby amide oxygen can initiate 

formation of a new five-membered ring, providing 

extra stabilization as in 1_148b. The energy-de-

pendent breakdown graph (Panel B) indicates 

[M+H-H2O]+ fragments further to m/z 119 by 

elimination of CH3N as an imine (CH2=NH); this 

actually happens after hydride transfer from the 

methyl group to the charged carbon in 2_148b. 

The resulting bicyclic 2_119 first undergoes ring-

opening and then elimination of protonated CO, 

which loses its charging proton back to the C7H6 

fragment under typical low-energy collision con-

ditions. It is important to stress here that the frag-

mentation of even a simple molecule like 2 can 

defy expectations: all of its fragments are formed 
via rearrangements. 

 

Figure 2. MS/MS and UFM predicted fragmenta-

tion data for protonated 2-(hydroxymethyl)-N-me-

thyl benzamide (2). For further details, see text. 

UFM predicts that the only relatively low-energy 

direct fragmentation channel for protonated 2-(4-

methoxyphenyl) acetamide – another phenylala-

nine isomer - [3+H]+ is loss of ammonia after PT; 

however, the resulting m/z 149.060 fragment is 

not observed in the experimental spectra. On the 

other hand, fragmentation of [3+H]+ is dominated 

by loss of 45.0226 (CH3NO), while also display-

ing a minor water-loss peak at m/z 148.078 - both 

of these fragments can be formed only via rear-

rangement pathways. UFM predicts that protona-

tion of the aromatic ring is energetically feasible 

(< 10 kcal/mol), and the resulting 3_166b structure 

can undergo a number of ring formation reactions, 

including a pathway leading to 3_166c where the 

amide N attacks a ring carbon adjacent to the pro-

tonation site. Further proton and hydride transfers 

lead to 3_166f, which is energetically more fa-

vored than the original amide oxygen protonated 

2-(4-methoxyphenyl) acetamide. 3_166f can un-

dergo PT and opening up of the five-membered 

ring to form 3_166g, which can eliminate forma-

mide after PT to generate fragment 3_121. Note 

that all 3_166a…3_166g isomers are energetically 

more favored than the products on the ammonia-

loss channel. Furthermore, the 3_166b -> 3_166c 

cyclization eliminates the NH2 group that could 

potentially be eliminated as ammonia to form m/z 

149.060. This definitively explains the dominant 

formamide loss observed for of [3+H]+. The minor 

water-loss fragment can also be conveniently ex-

plained from 3_166f. While for [2+H]+ rearrange-

ments happened to the primary and further frag-

ments, for [3+H]+ the parent structure undergoes a 

main structural rearrangement.  

 

Figure 3. MS/MS and UFM predicted fragmenta-

tion data for protonated 2-(4-methoxyphenyl) ac-

etamide (3). 

The SI showcases MS/MS data and corresponding 

UFM-based analysis for four additional phenylal-

anine isomers, demonstrating a remarkable range 

of chemistries and great potential of this technol-

ogy for structure elucidation in MS/MS. We are 

currently testing UFM for compounds included in 

the CASMI contests16 and for a number of ioniza-

tion modes.  
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ASSOCIATED CONTENT  

Supporting Information. MS/MS and UFM pre-

dicted fragmentation data for four additional phe-

nylalanine isomers along with Cartesian coordi-

nates and energies of species depicted on Figures 

1-3 are available as Supporting Information. This 

material is available free of charge via the Internet 

at http://pubs.acs.org. 
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ABBREVIATIONS 

HT, Hydride transfer; PT, Proton transfer, QqToF, 

quadrupole/Time of Flight. 
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