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Abstract

In this work, chemical dynamics simulations were optimized and used to predict fragmentation mass
spectra for DNA adduct structural determination. °0-methyl-guanine (°0-Me-G) was used as a simple
model adduct to calculate theoretical spectra for comparison with measured high-resolution
fragmentation data. An automatic protocol was established to consider the different tautomers
accessible at a given energy and obtain final theoretical spectra by insertion of an initial tautomer. In
the work reported here, the most stable tautomer was chosen as the initial structure, but in general any
structure could be considered. Allowing for the formation of the various possible tautomers during
simulation calculations was found to be important to getting a more complete fragmentation spectrum.
The calculated theoretical results reproduce the experimental peaks such that it was possible to
determine reaction pathways and product structures. The calculated tautomerization network was
crucial to correctly identifying all the observed ion peaks, showing that a mobile proton model holds
not only for peptide fragmentation but also for nucleobases. Finally, first-principles results were
compared to simple machine learning fragmentation models.

Keywords: Adductomics; Collision Induced Dissociation; Fragmentation Prediction; Mobile Proton
Model.
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1. Introduction

In the era of genome-wide association studies and data-rich -omics analyses, complementary new
technologies are needed to investigate the genotoxic effects resulting from complex exposures.[1] In
this context, DNA adductomics is emerging as a powerful new tool for the characterization of DNA
damage. This method allows the simultaneous detection of all covalently modified nucleosides (DNA
adducts) in hydrolyzed DNA samples. The approach is based on the observation that collisional
induced dissociation (CID) of protonated nucleosides leads to the fragmentation of the glycosidic
bonds, resulting in the constant neutral loss (CNL) of the 2’-deoxyribose moieties and the formation
of the corresponding protonated modified nucleobase ions. Our adductomic approach differs from
conventional DNA adductomic approaches, and other data dependent methodologies, by the inclusion
the triggering of high resolution/accurate mass (HRAM)-MS? fragmentation upon the observation of
the exact CNL (5 ppm). The presence of an MS® event indicates detection of a DNA adduct with the
corresponding fragmentation spectrum providing structural information regarding the detected
adduct.[2]

DNA adductomics is still in its infancy and consequently, unlike other —omic techniques, it is not
supported by automated data analysis tools or databases for structural identification of the observed
DNA adducts. Fragmentation data is available for only a very limited number of DNA adducts and
often only at the MS? level for nucleoside adducts, which is dominated by the loss of the deoxyribose
moiety, and therefore not useful for adduct identification.[3] There are likely countless DNA adducts
resulting from xenobiotic exposures and probably many endogenous adducts that have yet to be
observed. The lack of DNA fragmentation data limits the ability of adductomic methodologies to
confirm or determine the identity of the DNA adducts that have been reported.

In this work, direct chemical dynamics simulations were used to understand fragmentation pathways,
corresponding to MS® of DNA adducts. This method predicts products and fragmentation pathways
independently from experiments and without pre-imposing any reaction channel. In this way, it is
possible to obtain a theoretical CID fragmentation spectrum for any given structure resulting from the
physical evolution of an activated system.[4] This approach was pioneered by Hase and co-
workers,[5,6,7,8] and applied to many systems from small organic molecules[9] to peptides[10,11]
and sugars.[12,13] Recently, two investigations of protonated[14] and cationized[15] uracil have been
performed using the same direct dynamics approach and are the only two studies reported for
nucleobases. Most chemical dynamic studies are aimed at analysis of data collected using triple-
guadrupole instrumentation with conditions close to the single collision limit, and therefore consider
explicit collisions between the molecular ion and an inert gas atom. Recently, the approach was
extended to multiple collision activation (which is more appropriate for ion trap-type fragmentation)
by activating the ion at a given internal energy that is randomly distributed among the different
vibrational normal modes following a microcanonical statistical distribution, and used to study the
fragmentation of small peptides.[16,17,18,19] Chemical dynamics is growing in popularity for the
reproduction of mass spectrometric data, as indicated by its extension to surface induced dissociation
of peptides [20,21,22] and electron ionization mass spectra of organic and inorganic
molecules.[23,24,25]

In the present work, the fragmentation of the aglycone ion (O°-methyl-guanine, O°-Me-G) of O°-Me-
dG , one of the most relevant DNA adducts, was modeled by means of chemical dynamics simulation
with internal energy activation. This DNA adduct derives from guanine methylation, resulting from
exposure of DNA to methylating agents, including those deriving from the metabolism, via
cytochrome P450 oxidation of the tobacco specific nitrosamine and potent lung carcinogen: 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK).[26] It is a well-established marker for NNK-
derived DNA damage and plays a key role in the NNK-mediated lung carcinogenesis process.[27]



In the present work, a computational approach is proposed based on a coupled exploration of proton
transfer (linking together the possible tautomers of O°-Me-G) and fragmentation, allowing the
creation of a tautomerization network which is strictly related to the fragmentation processes. More
generally, this semi-automated approach could be extended to all the systems in which CID reactivity
is related to proton mobility, which is especially suited to DNA adductomic analysis due to the
multiple tautomers of the nucleobases, and is the first step to building in silico fragmentation libraries.

2. Materials and Methods

2.1 Fragmentation Spectra Acquisition

The fragmentation spectra acquisition was performed by direct infusion with a syringe pump at
5-uL-min™ of 0%Me-dG (1 pmol-uL™) in H,0:CH;OH (1:1) with 0.01%,,, formic acid into the
electrospray ion source of an Orbitrap Fusion mass analyzer (Thermo Scientific). lonization was
performed in positive ion mode with a spray voltage of 3 kV, ion transfer tube temperature of 250 °C,
and an S-Lens voltage of 60 V with the spectra acquired at a resolution of 60,000. The overall MS
data acquisition consisted of three events: 1) the precursor ion (m/z 282) was isolated by the front
guadrupole (isolation width of 1.5 m/z), 2) fragmented of the precursor ion was performed in the ion
trap (CID level of 50%), 3) and the resulting fragment ion, O%-Me-G (m/z 166), formed upon cleavage
of the glyosidic bond (MS? fragmentation), was further fragmented in the HCD cell at different
energy levels (from 0 % to 100 %). The molecular formulas of the MS® spectra ions were calculated
using the Xcalibur software package (ver. 3.0.63 Thermo Scientific).

2.2 Electronic Structure Calculations

Geometries of the reactant ion (and some product ions) were determined by geometry optimization at
different levels of theory. For O°-Me-G, six tautomers, corresponding to the protonation of the six
heteroatoms (N*, N2 N3 O° N’ and N°), as shown in Figure 1 were considered. For each possible
protonation site, 40 conformations of O°-Me-G with six tautomers (N*, N% N° 0° N’ and N°) were
used as the starting points. The optimized geometry and energy (corrected by zero-point energy) of
the minimum energy structure of each tautomer are then reported for comparison and used in
subsequent calculations. Density functional theory (DFT) was used with the B3LYP functional
[28,29] and the 6-311+G(d,p) basis set. This was considered as the reference calculation to evaluate
the best semi-empirical Hamiltonian (SEH) for use in the reaction dynamics calculations. Several
SEHs were considered, in particular: AM1,[30] AM1-D,[31] RM1,[32] RM1-D, PM3,[33] PM3-D,
PM6 [34] and PM6-D, where D stands for dispersion correction with the method of Grimme [35]. For
each minimum, the vibrational frequencies were calculated to verify that the calculated geometry is a
real energetic minimum and to correct the electronic energy by the zero-point energy (ZPE). The
optimized structures were used as initial structures for the chemical dynamic simulations (see section
2.3).

To determine the best SEH for use in the reaction dynamic calculations, the different SEHs were
benchmarked with respect to B3LYP calculations. First, the relative energies of the different
tautomers and their geometries were considered. The calculated root mean square deviation of atomic
positions (RMSD) was used to quantify the geometric distortion induced by the use of different
computational approaches. Secondly, the formation energies of some fragmentation products (chosen
based upon examination of the experimental data) were calculated. The comparison between SEH and
B3LYP calculations was done by considering the mean absolute errors (MAE) for the energies and
the root mean square deviations of atomic positions (RMSD) for the geometries. In both cases B3LYP
results were considered as reference values. DFT calculations were done with the Gaussian09



package,[36] while SEH calculations were performed with the MOPAC-version 5.022mn
software.[37]

2.3 Chemical Dynamics Simulations

Direct dynamics simulations were performed using the VENUS package [38] coupled with MOPAC-
version 5.022mn software. Energies and forces were calculated on-the-fly at PM6-D and AM1 levels
of theory, which were determined to be the best performing semi-empirical methods (see Results
Section 3.2). The unrestricted formalism was used in the quantum chemistry calculations. Note that
given the number of atoms (and electrons) of the system and the number of trajectories, chemical
dynamics simulations at the DFT level are currently computationally too expensive and the best
performing SEHs were used for simulations. Note that the use of these SEHs was reported to be in
agreement with experimental mass spectra in several systems.[4]
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Figure 1. O°-Me-G structure with numbering indicating different protonation sites.

The minimum energy geometry of each tautomer was used as the initial structure and activated at
given internal energies (E;,) using a classical microcanonical normal mode sampling.[39] The initial
rotational energy was sampled from a 300 K Boltzmann distribution. Two sets of simulations were
performed: (i) Ejx = 1254 kJ/mol given to the energetic minimum of each tautomer such that they all
have the same amount of internal energy and different total energies, (ii) Eix = Er + A, where E7 =
1254 + A kd/mol for the energetically most stable tautomer (N’) and A is the energy difference
between N’ and the other tautomers. The energy value was chosen in order to have enough reactive
trajectories on timescales available for chemical dynamics simulations.

For each internal energy and each initial tautomer, 1000 trajectories were run, each 10 ps long.
Newton’s equations of motion were numerically integrated using a sixth-order symplectic
algorithm,[40,41] with a step size of 0.2 fs which assures good internal energy conservation. In total,
six tautomers per energy and method were investigated for a total of approximately 18000 trajectories
and 1800 ns of simulated reaction time. From a computational point of view, each trajectory needed
approximately 2.5 hours on a single processor of the local cluster for a total computational time of
45000 hours.

2.4 Automatic determination of tautomerization network and fragmentations

Fragmentation trajectory calculations were done in Cartesian coordinates, and thus the outputs are
pure xyz files without any chemical information. By using an in-house code based on graph



theory,[16,42] product ion or tautomer formation from a given trajectory could be automatically
determined as could charge position and Lewis structure from Natural Bond Orbital (NBO)
analysis[43]. For each trajectory, there are three simulated outcomes: fragmentation, tautomerization,
or the unchanged parent ion and tautomer. A four-stage simulation procedure was developed and is
shown in Figure 2, with the first step being determination of the starting point as the most stable
tautomer of the precursor ion at a given internal energy (see Section 2.3). Next, the trajectory
simulation was performed at a given internal energy (see Section 2.3), followed by the analysis of
simulation result by in-house software to automatically determine the final fragment ion structure or
the tautomer formed. Upon formation of a tautomer, a new trajectory is initiated, keeping track of
which tautomers resulting in which fragment ions. The final theoretical mass spectrum of a given
energy and SEH is obtained by summing up the results of the 1000 trajectories run for each initial
protonation site.
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Figure 2. Schematic representation of the procedure used to automatically build the tautomerization
network and fragmentation products.

3. Results and discussion

3.1 Experimental Spectrum

MS? spectra recorded at increasing collision energies showed different fragmentation profiles. The
largest number of fragment ions was observed at an HCD level of 50 % (Figure 3A). Collision
energies of higher and lower values provided no or low intensity ions in the high and low mass
regions, respectively (Figure 3B and C).
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Figure 3. Fragmentation of O°-Me-G at different HCD collision levels. Panels A, B and C show
fragmentation spectra recorded at HCD level of 30 %, 50 % and 70 %, respectively.

The MS® fragmentations, observed with the HCD level of 30%, were dominated by the neutral losses
of NH; and CH;OH (m/z 149.0461 and 134.0464, respectively). On the other hand, the low mass
region of the 70% HCD spectrum is dominated by the combined neutral losses of HCN, NH; and CO.

3.2 Benchmark of Semi-Empirical Methods.

The results of the SEH benchmark calculations on the energies and geometries of the six tautomers of
the precursor ion are shown in Table 1. The results show that PM6-D provides the smallest MAE and
RMSD, and therefore is deemed to be the most accurate SEH for reproducing the relative energies and
geometries of the precursor ion tautomer. This is important for providing a reliable tautomerization
network.

Table 1. Comparison of performances of the SEHs for calculations of both tautomers and reactions, where
B3LYP/6-311++G(d,p) calculations are used as references.

Tautomers Reactions
Method MAE RMSD MAE
(kJ/mol) (A) (kJ/mol)
PM6-D 14.9 0.076 66
PM6 15.1 0.081 65
PM3-D 32.3 0.101 148
PM3 24.2 0.087 65
RM1-D 29.0 0.079 88
RM1 23.9 0.079 75
AM1-D 28.6 0.113 81
AM1 24.4 0.119 57

The relative energies of the different tautomers using B3LYP are shown in Figure 4A, and all the
relative energies obtained from SEHSs are reported in Table S1. The same stability order among the
tautomers was observed independent of the level of theory used with N’ being the lowest in energy.
Based on a Boltzmann population, tautomer N is the only populated protonation state before
activation at the experimental conditions (= 300 K). The geometries of the minima are reported in
Table S2 of the supporting information.



The performance of the SEHs were evaluated using several experimentally observed fragment ions,
i.e. by simple qualitative consideration of suspected ion structures. The reactions considered are:

C5H80N5+ > NH3 + C5H5ON4+ (m/Z 1490459) (a)
CeHsONs" > CHyOH + CsHoNs* (m/z 134.0461) (b)
CeHsONs* = NH, + CO + CsHsN,* (m/z 121.0503) ©)
CeHsONs* > NHy + CO + HCN + C,H,Ns  (m/z 94.0400) (d)

The MAEs of the fragment processes obtained from the different methods (B3LYP is also considered
here as the reference) are reported in Table 1 and the details of the energies are reported in Table S3.
Of note, AM1 provides the best agreement, but PM6-D (as well as PM6) provides very similar values.
All the SEHs overestimate the reaction energies for reactions (a)-(c) while they underestimate the
energetics for reaction (d). While such MAEs (57 and 66 kJ/mol for AM1 and PM6-D, respectively)
are relatively large with regards to the quantitative calculation of reaction barriers and related kinetics,
they could be reasonable for the qualitative description of the fragmentation processes, in particular
when a much larger activation energy is used in simulations. These values are in fact about 5% of the
activation energy and differences of this scale have been shown to be useful in understanding other
systems such as the reactivity of deprotonated diproline [18] and L-cysteine sulfate anion [19].

Overall, based on the results on tautomers (relative energy and geometry) and reaction products, the
PM6-D and AM1 Hamiltonians were used in the chemical dynamics simulations. Note that PM6-D
was recently used with success to study other gas phase reactions.[19,42,44]

3.3 Tautomerization network

The activation energy must be defined in chemical dynamics simulations. Since it cannot be
determined from experimental parameters in the present case (e.g. the HCD value does not directly
relate to the amount of energy that the ion gets), the activation energy was set empirically based on
the results of the preliminary fragmentation runs. Energy values in a reasonable range (800-1460
kJ/mol) were tested and it was determined that a value of 1254 kJ/mol provides enough reactivity to
have statistically converged results in the computationally allowed simulation time-length. Two sets
of energies were then considered: the same E;,; (= 1254 kJ/mol) for all tautomers or a different value
as a function of their relative energy (Ei + A, as described in Section 2.3). However, tautomerization
and fragmentation results are relatively unaffected by these energy differences and therefore only the
last case (i.e. Ejx + A) is discussed for simplicity. Note that these values are much higher than the
fragmentation barriers, being about 5% of the activation energy, so that errors in the SEHs should
have a little effect on the fragmentation processes.

Simulations indicated the interconnectedness of all six tautomers, as graphically described in Figure
4, with the lowest energy tautomer (N) isomerizing directly to N* and N°, which further isomerize to
N? (or 0% and N, respectively. This tautomerization is consistent with the well-known mobile proton
model which is relevant for peptide fragmentation,” with proton transfer occurring most likely
between protonation sites close in space. In this sense, the N* tautomer plays a key role because it is
very low energetically and spatially close to the N’ position, thus it can easily receive the proton.
Moreover, it is geometrically close to the energetic N* and O° positions. Thus, the presence of
protonation sites with low relative energy, like N* (+10 kJ/mol) and N® (+30 kJ/mol), facilitates the
transfer of the proton, making accessible the higher energy tautomers which are spatially distant (or
sterically hindered) from the minimum energy proton position.
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Figure 4. Proton transfer steps and schematic isomerization network observed in O°-Me-G chemical dynamics
simulations. Panel A: proton motions observed from simulations with relative energy of different tautomers.
Panel B: schematic isomerization network.

3.4 Fragmentation products

Once the tautomerization connectivity was clarified, which basically shows that all the tautomers are
accessible at the energy (and time-length) of the simulation conditions, the fragmentation products
could be determined. The product ions (as m/z) resulting from PM6-D simulations are summarized in
Figure 5 (similar results are obtained from AM1 simulations and are reported in Figure S1). The
fragmentation spectra of the tautomers N*, N? N2 O° N7 and N° are shown in panels A, B, C, D, E
and F, respectively, each plotted opposite the experimental fragmentation spectrum of O°-Me-G at an
HCD level of 50%. A visual inspection of all fragmentation profiles reveals varying amounts of
agreement between the different tautomers and the experimental spectrum. As can be seen from
fragmentation spectra simulations, the experimentally abundant fragment ions m/z 149.0459 and
134.0461, open chain fragments deriving from the neutral loss of NH; and CH;OH, were
preferentially formed from the protonated N” and O° sites, strengthening the importance of proton
mobility in opening up the fragmentation pathways.
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Figure 5. Comparison between computational (using PM6-D and activation energies corresponding to 1254 +
A kd/mol from the most stable structure) and experimental (HCD 50%) fragmentation spectra of O%-Me-G. The
experimental spectrum is reported with negative intensities whereas the computational spectra are reported
with positive intensities. Panels A, B, C, D, E and F correspond to the fragmentation of N*, N?, N3, 0%, N’ and
N° tautomeric precursors, respectively.

3.5 Fragmentation mechanisms

Using chemical dynamics simulations, both final product ions and the corresponding fragmentation
mechanisms can be determined. As discussed previously, a critical first step is the transfer of the
proton between different tautomer positions. Unfortunately, there is no experimental evidence as to
the populated tautomer in the gas phase, and thus the relative energies were determined using DFT
calculations. Protonation of the N’ position was found to be the most stable tautomer and therefore
used as the starting point for the simulations; however, all the tautomers are connected when the ion



gets sufficiently energetic (as reported in previous section), such that the overall simulated
fragmentation is not strongly dependent upon the first tautomer used in the iterative procedure
described in Figure 2. The mechanisms corresponding to the formation of the six most abundant ions
observed in the experimental spectra, i.e.. m/z 149.0459, 134.0461, 94.0400, 67.0291, 107.0357 and
57.0452, are discussed below.

The neutral loss of NH; results in the production of m/z 149.0459 and the simulations indicated that
the production of the ion requires the migration of the proton to the N? site prior to fragmentation. The
most direct way (i.e. least number of proton transfers from the most stable tautomer, N) consists first
of a proton transfer to the N* position followed by a second transfer to the N? position and then neutral
loss of ammonia. Note, the N? tautomer can also be formed from the N*® and O° tautomers. This
fragmentation pathway is summarized in Scheme 1.

m/z 166.0723 l

H N \)\ *
PN
m/z 149.0459

Scheme 1. Formation mechanism of ion m/z 149.0459 from the tautomer N? as obtained from
chemical dynamics simulations.

Fragment ion m/z 134.0461 results from the neutral loss of CH;OH, and the fragmentation mechanism
as observed in simulations is reported in Scheme 2. The mechanism involves a proton transfer to the
lone pairs of electrons of the O° position and the subsequent heterolytic cleavage of the o bond
between C° and O°. The positive charge then localized on the C° induces the opening of the purinic
ring between N* and C?. Finally, the positive charge is localized on C? and a nitrile group is formed
with the N* terminal atom. The resulting ion is also obtained from simulations starting from different
tautomers, but in every case the proton has to migrate to oxygen atoms. Of course, when starting from
the O° tautomer, the loss of CH;OH happens immediately.

10
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Scheme 2. Formation mechanism of ion m/z 134.0461 from the tautomer O° as obtained from
chemical dynamics simulations.

lon m/z 94.0400 is only obtained directly from tautomer N’, mainly with the mechanism shown in
Scheme 3 (another less abundant mechanism is reported in Scheme S1 of the supporting
information). The fragmentation is triggered by the transfer of the methyl group to the adjacent N*
atom, forming an unstable species with cleavage of C-O and N-C bonds forming unstable
intermediate which then loses neutral CO. The formed ion is also unstable and it sequentially loses
NH; and CHN resulting in the final product ion m/z 94.0400. Note that the intermediates shown in
Scheme 3 (and all schemes issued from chemical dynamic simulations) are not stationary points but
just structures observed in trajectories. Thus, the surviving structures could further react on longer
time-scales.

O

o 0 + .
H HN

H W H CHs + N . . /CHa \
*N Xy /N v~ -co Vi N /

/
P Z N
H N NH, N N NH, H N NH, —R N
2
m/z 166.0723 m/z 138.0774 CH,

X .
C\C )k HN \
N CHN + k
N N |r\|1 NH; \N N
i
. H HoN T
N
m/z 94.0400 m/z 121.0503

Scheme 3. Formation mechanism leading to ion m/z 94.0400 from tautomer N’ as obtained from
chemical dynamics simulations.

lon m/z 67.0291 is obtained from tautomers N*, N%, N* O° and N°. The most probable pathway is the
one shown in Scheme 4. The first step consists of forming the tautomer N* (directly from the most
stable tautomer N’, but also from N? and O°) and then the opening of the 5-membered ring occurs
followed by the opening of the 6-membered ring. The resulting species rearranges and the N'-C bond
breaks, forming an intermediate ion m/z 98.0475 which then loses CH3;O forming the final species m/z
67.0291.
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Scheme 4. Formation mechanism leading to ion m/z 67.02961 starting from N* tautomer as obtained
from PM6-D chemical dynamics simulations. Charges, bonds and unpaired electrons are shown as
resulting from NBO calculations.

To obtain fragment ion m/z 107.0357, tautomer O° must first be generated, followed by the transfer of
the proton to the adjacent carbon atom, inducing the breaking of the C-O bond. The leaving OCH;
group is highly reactive: it first loses H, followed by the transfer of an H atom from the ring, resulting
in the formation of H, and CO molecules. The ring is now highly unstable, and the breaking of two C-
N bonds leads to the formation of an intermediate metastable ion. This metastable ion loses HNC
forming the final m/z 107.0357 ion. The mechanism is shown in Scheme 5. Note that, as detailed in
section 3.2, the proton transfer step is crucial: the O° tautomer, in fact, can be generated from the
following sequence (assuming the initial tautomer being the most stable one): N’ > N* > 0% or N’ >
N°> N°> N°> N'-> 0°

+/CH5

N CO XN 2HZCO Ny\N
LA <i <IA_’ AP

N
m/z 166.0723 m/z 134.0461

-HNC

\N
N:g/ N«th

m/z 107.03570
Scheme 5. Formation mechanism leading to ion m/z 107.0357 from tautomer O° as obtained from
chemical dynamics simulations.
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Finally, ion m/z 57.0452 can occur from tautomers N’, N® and N°. The mechanism obtained from the
most stable tautomer is shown in Scheme 6. It is initiated by the migration of CH; to N* which
induces the cleavage of the N*-C° bond (opening of 6-membered ring), followed by breakage of the
N°-C* bond (opening of 5-membered ring). The N*-C? bond of the resulting ion breaks leading to the
formation of the m/z 57.0452 ion. Simulations generated product ions with masses of m/z 57.0452,
corresponding to the C,HsN," stoichiometry, but other trajectories generated ion m/z 57.0214, with
less abundance, corresponding to C,H;ON™ stoichiometry. The experimentally measured mass
indicates that the C,HsN," stoichiometry is the one formed, illustrating the value of accurate mass
measurements for use in efforts to develop in silico approaches to simulate mass spectra as well as for
use in fragmentation database searching.

CHj

o/> o
cH
CHg e
* / NT - CuNgOH, |N
N |
+NH,
m/z 57.0452

m/z 166.0723
Scheme 6. Formation mechanism leading to ion m/z 57.0452 from tautomer N’ as obtained from
chemical dynamics simulations.

3.6 Comparison with in silico CFM-ID results

The chemical dynamic simulation results and experimental spectra are compared here with the MS?
spectra predicted with the competitive fragmentation model by Allen et al. [46] using the CFM-ID
web interface [47]. Note that in this approach the spectra are provided by using a probabilistic
generative model for the fragmentation process, while in chemical dynamics simulations
fragmentation products are directly obtained from dynamical evolution of a molecular system to
which excess energy is injected. The CFM-ID results using three energies (10, 20 and 40 V) are
shown in Figure 6 along with the 50% HCD experimental spectrum for comparison.
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Figure 6. Comparison of the CFM-ID prediction with experimental data (50% HCD) for three energy
values.

An overall quantitative comparison between CFM-ID, chemical dynamics simulations and
experimental spectra was done by means of a similarity (S) function, defined as:

A-B Yo AB;
IA[IBI /37 A2/ T B?

where A; and B; are two vectors composed by the logarithm of the signal of each m/z value. Note that,
similarly to what is done in spectroscopy,[48,49] the logarithm of the intensity is considered in order
to enhance the weight of the peak position and reduce the role of differences in intensity. Results
using the different tautomers as initial structure and summing up all the chemical dynamics products
are shown in Table 2 along with the CFM-ID results. First, it should be noted that CFM-ID provides a
similarity value of 45.5% at 20 and 40 V and 6.2% at 10 V. PM6-D simulations starting from the most
stable tautomer, N’, provide a similar value (42.5%) and a slightly better value (46.1%) when starting
from N Less similarity is observed when starting from other tautomers. Summing up all the MS?
spectra obtained by chemical dynamics simulations results in a similarity of 46.6% which is similar to
CFM-ID values at 20 and 40 V. The two activation energies provide globally the same results (see
Table 2). AM1 simulations provide similarity values which are much less in agreement. This is
probably due to the poorer performances of AM1 in reproducing proton transfer which is a key step in
fragmentation mechanisms as shown in previous section.

S =
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Table 2. Similarity between calculated and experimental spectra. Values shown for N*, N?, N°, Q° N’
and N° are the results for the chemical dynamic simulations of the corresponding individual
tautomers. The value for “Total simulations” is the result corresponding to all the chemical dynamics
simulations products. CFM-ID results are also shown for the three energies.

System Similarity (%)

PM6-D AM1

E (kJ/mol) 1254 + A 1254 1254

N? 24.9 37.1 20.9

N? 46.1 43.0 41.8

N3 33.8 25.6 27.5

o° 319 31.0 20.4

N’ 425 31.7 25.1

N° 37.9 37.9 335

Total simulations 46.6 42.9 27.8
CFM-ID (10 V) 6.2
CFM-ID (20 V) 45.5
CFM-ID (40 V) 45.5

To compare the CFM-ID and simulations results in detail, the final structures proposed by CFM-I1D
were considered with those obtained from simulations, focusing on the most abundant ion peaks for
which the mechanisms were reported previously. In Figure 7 the structures obtained with the two
approaches are summarized. Product ion structures for m/z 149.0459 and 134.0461 are very similar,
however in simulations the rings are not closed. This is expected since dynamics are performed in the
microcanonical ensemble, and thus the system will not dissipate the excess energy needed for the
rings to form[4]. Product ion structures for m/z 94.0400 and 107.0357 are more different due to both
the lack of ring structures as well as the large differences in the relative positions of the nitrogen and
carbon atoms. In the case of ion m/z 94.0400, some trajectories end up with a 5-membered ring which
is different that proposed by CFM-ID. For ions m/z 67.0291 and 57.0452, CFM-ID did not assign
intensities but did propose structures which are very different from those calculated by the simulation.
Finally, the product ion structures for m/z 57.0452 were found to be very similar in both methods with
a difference only in the localization of the excess proton.
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Figure 7. Chemical structures as obtained from CFM-ID spectra (left column) and chemical
dynamics simulations (right column).
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Table 3. Presence of main experimental peaks in PM6-D simulations (considering all the initial
structures) and CFM-ID (at 40 V).

m/z Experimental | Simulations Simulations CFM-ID
intensity® PM6-D AM1
153.0401 m - - -
151.0494 m v v -
149.0459 h v v v
135.0306 m v v -
134.0461 h v v v
124.0510 I v v v
121.0503 m - - v
110.0355 m v - -
109.0509 I v v v
108.0433 I v v -
107.0357 h v v v
94.0400 h v - v
93.0082 I v v -
82.0399 m v v v
80.0246 I v v v
67.0291 h v v -
57.0452 h v v -
55.0291 I v v v

®Peaks with intensities > 25% labeled as h (high), 10 - 25% labeled as m (medium), and 5-10%
labeled as | (low), as obtained from experiments at 50% HCD.

The similarity function provides a good measure of the ability of both the chemical dynamic
simulations and CFM-ID modeling to predict experimental spectra. Both proved to be non-
guantitatively satisfactory with similarity values that are less than 50% and able to predict the
appearance of the most abundant product ion masses. Table 3 contains the most abundant peaks
observed in the 50% HCD spectrum and indicates their presence (or absence) in chemical dynamics
simulations (PM6-D and AM1) and CFM-ID modeling. Of note, only peaks at 153.0401 and
121.0503 m/z are missing in PM6-D simulations. AM1 simulations provide similar results, with two
additional missing peaks, m/z 110.0355 and 94.0400, reflecting the smaller values of the similarity
function. More peaks are absent in the CFM-ID modeling results. While qualitative (i.e. presence of
the peak) agreement using simulations is often found, the modeling of intensities is more challenging
and there are several factors which must be taken into account. Most importantly, short simulation
time lengths due to computational practicalities limits the accuracy of intensity prediction, and also
necessitates the use of relatively high activation energies. The use of semi-empirical Hamiltonians
(which is computationally mandatory for the present systems) is another source of quantitative error
in simulation results. Furthermore, the choice of internal energy in simulation cannot be related
directly to the experimental HCD value used for fragmentation.

Summarizing, CFM-ID modeling and chemical dynamics simulations, while very different
approaches, result in qualitative similar results with respect to experimental spectra. However, in
contrast to probabilistic generative approaches like CFM-ID, chemical dynamics simulations provide
detailed insight into the physical processes at work in the fragmentation processes as well as realistic
gas phase product ion structures. This data and subsequent investigations will provide a fundamental
understanding of gas phase fragmentation processes which can be used to guide both experimental
fragmentation ion interpretation as well as drive future technological innovations. In addition,
improvements to the chemical dynamics simulations performed here will be possible through the
development of more accurate and faster theoretical methods for the calculation of energies and
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forces, and/or through the use of longer simulation time-lengths. In addition, improvements in
computational power will provide for more accurate in silico product ion spectra generation.

4, Conclusions

In this work, the fragmentation mechanisms of O°-Me-G have been studied using chemical dynamics
simulations and compared the results with experimental mass spectra. The fragmentation simulation
using internal energy activation of the ion at PM6-D level of theory provided qualitative agreement
with experiments and indicates probable fragmentation mechanisms. Calculated spectra using AM1
semi-empirical Hamiltonians are in poorer agreement with experimental spectra.

Here, for the first time, chemical dynamics simulations were compared with high-resolution mass
spectra, providing confident product ion structure determinations and related reaction mechanisms
observed in experiments and simulations. For example, the combination of chemical dynamics
simulations with high resolution experiments, allow the exact identification of the structure of ion m/z
57.0452.

From the observed fragmentation mechanisms responsible for the appearance of the different product
ions, the mobility of the proton has been found to be a critical factor, similarly to what is well
established in peptide fragmentation[45]. The agreement between chemical dynamics simulations and
the experimental mass spectrum suggests the possibility of using such a theoretical approach to assist
in the structural identification of uncharacterized adducts in the emerging field of DNA adductomics,
for example in the determination of isomeric structures (e.g. different position of methyl group).
More broadly, the prediction of major fragmentation pathways for classes of compounds for which
there is little or no fragmentation data can assist in the development of screening assays for these
compounds. We feel that through our future efforts and increases in the computational power
available to us that the simulations needed for these goals will become increasingly more accurate and
routine.
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