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Abstract

In this study we have coupled mixed quantum-classical (QM+MM) direct chemical dynamics
simulations with electrospray ionization/tandem mass spectrometry (ESI-MS/MS)
experiments in order to achieve a deeper understanding of the fragmentation mechanisms
occurring during the collision induced dissociation (CID) of gaseous protonated uracil. Using
this approach, we were able to successfully characterize the fragmentation pathways
corresponding to ammonia loss (m/z 96), water loss (m/z 95) and cyanic or isocyanic acid loss
(m/z 70). Furthermore, we also performed experiments with isotopic labeling completing the
fragmentation picture. Remarkably, fragmentation mechanisms obtained from chemical

dynamics simulations are consistent with those deduced from isotopic labeling.



1. Introduction

DNA is present in the nuclei of eukaryotic cells and its vital role in inheritance and protein
coding was outlined long time ago. However, modifications occurring at the level of the
nucleobase moieties, namely adenine (A) cytosine (C), thymine (T) or guanine (G), may have
severe effects onto the integrity of this biopolymer. This is the case notably of uracil
formation within DNA. Cytosine for example can be hydrolytically deaminated spontaneously
under physiological circumstances, leading to uracil.® Misincorporation of dUMP
(deoxyuridine-5’-monophosphate) during DNA replication is another source of uracil in
DNA. Although uracil is naturally occurring in RNA, the uracil:adenine and uracil:guanine
mispairings that result from the presence of uracil in DNA represent a problem since they
have cytotoxic and mutagenic potential, respectively.’ It is therefore important from the
biological viewpoint to understand the chemical reactivity of the nucleobases, and notably
uracil. This is not a simple task, in fact different biological reactions may involve different
tautomers of uracil.>®

Studying the reactivity of biomolecules in the gas phase is a powerful approach, because one
can get rid of any effect depending on the environment and thus access directly to important
intrinsic properties. In this respect, fast atom bombardment (FAB),” matrix assisted laser

desorption ionization (MALDI),? electrospray ionization (ESI)**

or desorption electrospray
ionization (DESI)™*? techniques are particularly useful, and have been extensively used to
generate biomolecular ions in the gas phase. In combination with these ionization methods,
tandem mass spectrometry through collisional induced dissociation of ions (CID) is also

particularly helpful to understand reactivity and to identify characteristic features of

biomolecules, since activated ions get enough energy to follow extensive fragmentation.™®



In this context, CID was used to study the gas-phase unimolecular reactivity of protonated
uracil (m/z 113).1**>'® Those studies unanimously point out that the MS/MS spectrum of
protonated uracil presents three main peaks: m/z 96 corresponding to ammonia loss, another
peak at m/z 95 associated with elimination of water, and finally an intense peak at m/z 70
tagged as cyanic or isocyanic acid loss.

On the other hand, these authors suggested different mechanisms as responsible for reaction
pathways leading to some of the observed fragment ions. For example, Nelson and
McCloskey proposed that water loss from pyrimidine bases involves ring opening followed
by proton transfer to an exocyclic oxygen'®, while Beach and Gabryelski discussed the
possibility that this mechanism does not reflect experimental data.™ They also proposed that
the retro Diels-Alder mechanism proposed by Nelson and McCloskey for a cyanic acid loss
could not occur in a single step as a charge-directed process.™ Conversely, in a recent study,®
calculations were performed by means of density functional theory (DFT), which suggested
that retro Diels-Alder reaction represents 90% of cyanic acid loss.

In this context, we propose a complementary and extended approach that, to our knowledge,
was not used before for uracil. This approach, which combines ESI-MS/MS with chemical
dynamics simulations at the QM+MM level of the CID process, gives new insights on uracil
fragmentations in the gas phase. This approach was pioneered by Hase and co-workers in

17-22

studying CID of different systems, and we have recently obtained good agreement

23-25 to

between simulations and theory on several systems, from small organic molecules
small peptides and carbohydrates.?*?® Direct dynamics is able to provide information on the
structure of fragment ions obtained after collision of a gaseous precursor ion with an inert gas,

and thus on the reaction pathways, without pre-imposing any reaction coordinate. Recently,

Li*/uracil complexes CID was studied theoretically by the same approach by Martinez-Nufiez



and co-workers® and we presently applied this strategy to elucidate the dissociation

mechanisms of protonated uracil.

2. Materials and methods

2.1 Mass spectrometry

Experiments were performed using an Applied Biosystems/MDS Sciex API12000 triple-
quadrupole instrument fitted with a turboionspray source. Aqueous solutions (10 M) of
unlabeled and labeled uracil (2-**C-uracil; 3-N-uracil and 1,3-*N-2"*C-uracil) were
prepared with Milli-Q water, and were introduced in the source using direct infusion with a
syringe pump at a flow rate of 5 pl/min. lonization of the sample was achieved by applying a
voltage of 5.5 kV on the sprayer probe and by the use of a nebulizing gas (GAS1, air)
surrounding the sprayer probe, intersected by a heated gas (GAS2, air) at an angle of 90°. The
operating pressure of GAS1 and GAS2 are adjusted to 2.1 bars, by means of an electronic
board (pressure sensors), as a fraction of the air inlet pressure. The curtain gas (N2), which
prevents air or solvent from entering the analyzer region, was similarly adjusted to a value of
1.4 bar. The temperature of GAS2 was set to 100 °C. CID spectra were recorded by
introducing nitrogen as collision gas in the second quadrupole. Low gas pressures were used
to limit multiple ion—molecule collisions. Moreover, the declustering potential was fixed to 40
V to perform MS/MS experiments. CID spectra were recorded at different collision energies
ranging from 5 to 30 eV (laboratory frame). Note that MS/MS spectra are very likely obtained
under a multiple-collision regime and this increases the internal energy content of the
precursor ion. With the CAD parameter (which controls the amount of N, introduced into Q2)
set to its minimum value, the pressure value measured by the ion gauge, located at the vicinity
of Q2, is about 3 x 10 ™ Torr, but the actual pressure inside Q2 cannot be determined

accurately. However, according to a previous report,?* this pressure inside Q2 is closer to 107



Torr. Given the dimensions of Q2, the mean free path for a moving N, molecule, according to
the gas kinetic theory is several mm at 10 Torr. So a molecule of N, may undergo tens of
collisions within Q2. This is a lower limit for present ion of interest which has a larger
diameter and, thus, a larger collision cross-section. All Nucleobases but 3-°N-uracil (see
acknowledgements) were purchased from Aldrich (Saint-Quentin Fallavier, France) and were
used without further purification.

2.2 Computational details

Uracil has different protonated forms. Here, we have considered six different protonation
states, shown in Figure 1. In the same figure, we also show the atom numbering typically used
to identify basic sites and heavy atoms of uracil, together with the nomenclature of uracil
isomers employed hereafter. Note that for each tautomer different conformations of the
NCOH dihedral angle are possible: in dynamics we have considered for each protonation site
the most stable conformer.

Geometry optimizations of minima of reactants (protonated uracil) and fragmentation
products were obtained at BSLYP**3!, BLYP %, AM1* and PM3* levels of theory, the same
used later in chemical dynamics simulations. In the case of B3LYP and BLYP, we used 6-
31G and 6-31G(d) basis sets. Furthermore, on some selected fragmentation pathways single
point energies were obtained with those methods and also CCSD(T)/6-31G and B3LYP/6-
311G(d, p) levels of theory.

Finally, NBO® calculations were performed on reactants and some selected products using
the aforementioned levels of theory in order to obtain charges and bond orders. Formal Lewis
structures used to draw reaction mechanisms are obtained by analyzing such NBO results.

All these calculations were performed with Gaussian09* package.



Based on minima and transition states obtained from quantum chemistry calculations we have
evaluated rate constants for some selected proton transfer in the framework of RRKM theory

using the standard equation ¥

oN*(E — E,) (1)

KB =5, ®

where o is the reaction path degeneracy, N#(E - Ep) is the sum of states at the transition state
(TS), p(E) is the reactant’s density of states, and h is Planck’s constant. The TSs are located at
saddle points on the PES. The sum and density of states were calculated from vibrational
frequencies using the direct count algorithm, as implemented in the RRKM code developed
by Zhu and Hase.*®

The expression of the potential energy function used for the collision system, formed by

[uracil]H" and Argon, is described by:

V = Viuracit + Var-uracit (2)

where V,,,.4.;; IS the intramolecular potential of [uracil]H* while V,_ yrqci; iS the Ar-[uracil]H*
intermolecular potential.

As in previous workg?324.26,39

we used semi-empirical Hamiltonians, PM3 and AM1, as well
as DFT (at BLYP/6-31G level) for the intramolecular potential, V,,.,.;, While for the
intermolecular potential, Vj,_yraciiv We used an analytical two-body potential whose

parameters were obtained by fitting accurate quantum chemical calculations, as done also in

previous works:



CAr—i (3)

— —Bpr—iT Ar—i
VAr—uracil - E AAr—i e CAr-itAr-i 4 9

where i runs over all the [uracil]H" atoms. This potential is purely repulsive — A, B and C are
always positive — and it was developed by Meroueh and Hase to simulate CID of peptides'®
and recently used successfully in our group to simulate CID of different molecules.?%*?®
Parameters used in equation 3 for uracil atoms were obtained from the work of Meroueh and
Hase."® Parameters for sp® carbon atoms (missing in previous works) were obtained by fitting
Ar-ethylene interaction obtained at the QCISD(T)/6-31++G** level of theory (the same used
in the previous works). Interaction curves, fits and parameters obtained are reported in
Supporting Information (Figure S1 and Table S1).

Note that we used Ar in simulations while experiments were done with N,. As we have
detailed in a case study,® the use of Ar provides a more efficient energy transfer and thus a
higher reaction yield.

Chemical dynamics simulations were done for the six isomers shown in Figure 1 and as
reference structure we have used the minima corresponding to each QM method employed in
simulations (PM3, AM1 and DFT).

Initial conditions for each isomer were chosen by adding quasi-classical 300 K Boltzmann
distribution of vibrational/rotational energies about the isomers potential energy minima.***?
The resulting normal mode energies were partitioned between kinetic and potential energies
by choosing a random phase for each normal mode. A 300 K rotational energy of RT/2 was
added to each principal axis of rotation for the ion. Vibrational and rotational energies were
transformed into Cartesian coordinates and momenta following the well-known algorithms
implemented in VENUS96.%® The ion was then randomly rotated about its Euler angles to take

into account the random directions of the Ar + [uracil]H" collisions. Relative velocities were

then added to the Ar + [uracil]H™ system in accord to the center-of-mass collision energy and



impact parameter. Collision energy of 300 kcal/mol was considered, corresponding to a
laboratory framework energy of 49.7 eV. The impact parameter, b, was randomly sampled
between 0 and 0.5 (bmax) A. This small maximum value of by, as well as the value of energy
were chosen to increase the reaction probability. To understand the effect of impact parameter
on fragmentation, we have performed simulations also with higher bmay, up to 5 A, monitoring
the reactivity ratio for different values of b sampled. For isomers with small reactivity (e.g.
isomer 1), reaction probability is already small for b=0.5A (less than 1%) and increasing the
bmax Value it becomes even smaller (and only one fragmentation product is obtained in any
case). For isomer 2, which exhibits a good variety of fragments (see results section) reactivity
drops down quickly with b (see Figure S2(a) of the Supporting Information where reactivity is
less than 0.5% for b>0.5 A) and the fragmentation pattern does not seem to depend on the
bmax Used but rather on the sampling of small b values: i.e. to have enough statistics on
reaction products for higher values of bpmax more trajectories than the 10000 used here should
be used. Finally, for isomers with large reactivity, e.g. isomer 5 which has a high reaction
probability for b = 0.5 A, the reactivity drops down slowly up to about b=4A as shown in
Figure S2(b). On the other hand, this isomer mainly produces the m/z 70 product and this is
not affected by the impact parameter. In fact, while the angular momentum can have a role in
determining fragmentation products in general, it has not a big impact in uracil, probably due
to the compact and planar shape of the molecule. Thus, to be consistent through the different
isomers studied and to enhance the reaction probability and the statistics of reaction products
for the less reactive ones, we have reported in this work only results obtained with bya=0.5A.
Trajectories were calculated using the software package consisting of the general chemical
dynamics computer program VENUS96* coupled to MOPAC* for PM3 and AM1 and to
Gaussian09*® for DFT. The classical equations of motion were integrated using the velocity

Verlet algorithm with a time step of 0.2 fs that gives energy conservation for both reactive and



nonreactive trajectories. The trajectories were initiated at an ion-projectile distance of 15 A,
large enough to guarantee no interaction between the ion and the colliding atom, and halted at
a distance of 200 A for PM3 and AM1 simulations, and 50 A for those run with DFT to allow
substantial intramolecular motion of the protonated uracil after collision. This corresponds to
a total integration time of about 5 and 2 ps, respectively. A trajectory was also stopped if the
ion dissociates. In the case of PM3 and AM1 simulations, we ran for each isomer 10000

trajectories, while in DFT dynamics we ran 50 trajectories per isomer.

3. Results

3.1 Experimental spectra

Typical positive-ion electrospray spectra (not shown) of an aqueous mixture of uracil results
in a very abundant ion detected at m/z 113 corresponding to protonated uracil. This is
expected given the relatively high gas-phase basicity of this nucleobase.”® Peaks
corresponding to [(uracil),]JH" multimers (n=2,3) are also detected in significant abundance at
m/z 225 and m/z 337. Finally, peaks corresponding to cationization of uracil by sodium or
potassium are also observed.

[(uracil),JH" species (n=1-3) were selected and allowed to dissociate upon collision with
nitrogen. Higher homologues fragment by successive elimination of neutral uracil. Figure 2(a)
shows the experimental MS/MS spectrum of [uracil]JH" (m/z 113) recorded at a collision
energy of 25 eV in the laboratory framework. The peak at m/z 113 corresponds to residual
protonated uracil. Three other intense peaks at m/z 96, 95 and 70 are observed. We interpret
the peak at m/z 96 as ammonia elimination. m/z 95 arises from water loss and the ion detected
at m/z 70 is associated with either isocyanic (HNCO) or cyanic (NCOH) acid loss (see also

Figure S3 for a spectrum recorded with higher resolving power). Finally, small peaks at m/z

10



43 and 44 are also detected. Globally, the MS/MS spectrum is similar to that of protonated
uracil generated in the gas phase by FAB * or more recently by ESI.*

Results obtained with labeled uracil are summarized in Table S2 of the Supporting
Information. The set of spectra reported in the present work are those obtained using a
collision energy of 25 eV in the laboratory framework. Our data provide useful insights about
the mechanisms involved during the CID process. For example, in the case of 3-"*N-uracil
(Figure 2(b)), we can see a very intense peak associated with the loss of 18 amu, while the
loss of 17 amu is very weak. This indicates that elimination of ammonia process by at least
two different mechanisms, the one resulting in the elimination of the N3 center being clearly
overwhelming with respect to the process expelling the N1 atom. A similar deduction can be
made for the elimination of [H, N, C, O]. Two processes are associated with the elimination
of 43 amu. Again, the [H, C,®°N, O] loss (m/z 70) is more important than [H,C,N,0]
elimination (m/z 71). Results obtained with 2-**C-uracil (Figure 2(c)) and 1,3-"°*N,--2-*C-
uracil (Figure 2(d)) also demonstrate that the C2 center is systematically eliminated (Table
S2) These different findings are in agreement with previous data obtained under FAB/CID
conditions.*

The MS/MS spectra of both the m/z 96 and 70 species have also been recorded and are given
in Figure S4 of the Supporting Information. These ions were generated by “in-source”
fragmentation and then selected by the first quadrupole. In the MS/MS spectrum of m/z 96
(Figure S4 (a)), we can see a peak at m/z 68 assigned to CO loss in a second step. The MS/MS
spectrum of the m/z 70 species (Figure S4 (b)) is characterized by a peak detected at m/z 28
and corresponding to HNCH".

3.2 Chemical dynamics fragmentations

The diketo form of uracil is reported to be the predominant isomer in condensed

phase. 4748490 |5 the gas phase, O7 and O8 proton affinities become close in energy®*>* and
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so we find that tautomerization and proton transfer are more plausible.™ The relative energies
of the different tautomers studied in the present work are summarized in Table 1, where we
also report the corresponding Boltzmann population at 300 K. It is worth noting that the
global minimum, isomer 1, cannot be generated directly from protonation of the diketo form
of uracil. Previous experiments and calculations in the gas phase have shown that protonated
uracil is mainly in isomer 1 configuration, but also isomer 2 structure can be partially
populated.® It is likely that collision activation is able to populate different protonation states.
In any case, the isomerization barriers between the different conformers are about 40-46

kcal/mol, 4%

an energy amount that can be gained by the precursor ions during the CID
activation process. Using a simple RRKM model for the kinetics of proton transfer (see Eq.1),
the time-scales of such reactions are in the ns time regime (or slower). In Figure S5 of
Supporting Information we show the RRKM microcanonical rate constant for intramolecular
proton transfer from O7 to N3: conversion from isomer 1 into isomer 2. While experimentally
accessible, these time scales are too long for direct dynamics simulations and thus, to
overcome this time-scale problem, we performed simulations using as initial structures all the
six isomers in a different protonation state. This means that proton transfers are not directly
simulated, but performing CID simulations of different initial isomers we can have a clear
picture of fragmentation mechanisms and suggest the isomer that is mainly responsible of this
reactivity, similarly to what done in the case of N-formylalanylamide.”® We should note that
for each tautomer we have used as initial structure for chemical dynamics the most stable
conformer. Of course, other conformers may be present in gas phase after collisional
activation. During dynamics, starting from the most stable conformer of each tautomer, we
have activated the NCOH dihedral angle (that was observed to rotate almost freely), such that

for each tautomer we populated the different conformers reported by Salpin et al.>* Thus, it

was not necessary to run dynamics with different conformers for each tautomer. As in
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previous works,?*®

what is most relevant for product distributions obtained directly from
chemical dynamics simulations is where the proton is initially located.

In Table 2 we report the products obtained from AM1, PM3 and DFT chemical dynamics
simulations of CID using the six different initial protonation states described previously
(Figure 1). First, we can notice that the most stable isomer 1 has a very low reaction
probability (<1% and even no reactivity at AM1 level) and the few reactive trajectories (about
10 over 10000) only provide m/z 70. Isomer 2 CID dynamics provides a much more rich
fragmentation pattern, and in particular we obtain m/z 95, 70, 44 and 28 that are coherent with
experimental spectra, plus (mainly at PM3 level) m/z 85. Isomer 3 provides a similar pattern
as isomer 2, and isomer 4 is able to provide also the m/z 96 product ion. Isomer 5 fragments to
generate m/z 70 and few of m/z 85 and m/z 44. For this particular isomer ammonia loss (m/z
96) involving N1 is not observed, which is consistent with the predominant elimination of N3
observed experimentally by Nelson and McCloskey™* and confirmed by our study. Finally,
isomer 6 provides m/z 85 as the main reaction product and thus it can be excluded since this
particular fragment ion is not clearly obtained experimentally. More details will be given in
the next section. Here can conclude that isomers 2, 3 and 4 constitute the minimum set of
structures that are able to account for all the observed reactivity. The picture that emerges is
that collisions populate the different tautomers from which the observed fragments are
directly obtained, since in principle in the gas phase, based on IRMPD spectrum done similar
ionization conditions® and the Boltzmann probabilities, only isomer 1 should be obtained
with a small population of the isomer 2. On the other hand, also (at least) isomers 3 and 4
must be populated in the process before fragmentation to obtain the observed product ions.

In Figure 3 we report the theoretical CID spectra obtained from chemical dynamics using
these three initial protonation states at AM1 and DFT level. PM3 dynamics seem to be less in

agreement with experiments and DFT simulations than AM1 is, such that in the following we
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will only discuss AM1 as semi-empirical Hamiltonian for fragmentation patterns. We should
note that here the comparison between simulations and experiments is qualitative, i.e. based
on the observed product ions and not on the intensity (see comparison in Table 2). First, the
Ar projectile provide an upper limit in energy transfer,* and thus a higher reaction yield with
respect to what one can expect with N,. Secondly, simulations are limited in time and mainly
fast processes are correctly sampled. In other words, fast direct fragmentation processes are
overestimated with respect to slow statistical processes. What is important, to understand
fragmentation pathways, is to have a correct fragmentation pattern in simulations from which
we can obtain a molecular description of reaction mechanisms. A full theoretical MS/MS
spectrum, should also account for slow processes that cannot directly be obtained from
chemical dynamics that are performed in the ps time scales. As shown in detail in a previous
work of our group,? a full CID spectrum will result from the combination of fast direct and
slow statistical processes. In fact, as shown in Figure S6 of the Supporting Information, some
of the trajectories that did not react in the simulated time length have enough vibrational
energy after collision to isomerize and fragment.

4. Discussion

In this section we describe in detail the mechanisms obtained by performing chemical
dynamics simulations and responsible for the three most intense peaks in the ESI-MS/MS
spectrum of protonated uracil, namely ammonia loss at m/z 96, water loss at m/z 95, and
elimination of 43 amu associated with the loss of either cyanic or isocyanic acid and leading
to m/z 70.

4.1 Ammonia loss (m/z 96)

Since the precursor ion is m/z 113, elimination of ammonia corresponds to m/z 96. Looking at
the structures of protonated uracil (Figure 1), we see that a priori such elimination may

indifferently involve either N1 or N3. From our simulations, starting from protonated uracil
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isomers where two of the protons were initially on N1 (isomer 5) or on N3 (isomer 4 and 6),
we observed ammonia loss only in the latter case.

Concerning the mechanism for ammonia loss starting from isomer 4, we observed a dominant
mechanism (75%) starting by ring opening on the C2-N3 bond, and a minor one whose first
step is associated with N3-C4 bond cleavage. Once the ring is opened, a proton transfer (PT)
occurred from N1 to N3. We show these two mechanisms in Scheme 1 a) and b). On the other
hand, starting from isomer 6, we found that the mechanism leading to ammonia loss
exclusively implies the N3-C4 bond cleavage and then, a proton is transferred from the O7 to
N3. The mechanism is shown in Scheme 1 c). Note that the three mechanisms lead to the
same fragment ion’s structure.

CID experiments with 3-°N-uracil are useful to determine which nitrogen atom is retained in
the formula of ammonia. Experimentally, we show that ammonia loss predominantly proceeds
through elimination of N3 (see previous section). The result is in agreement not only with our
simulations, but also with the results of Nelson and co-workers under FAB conditions.™*

Note that the NHj3 loss is not observed in DFT simulations and it is only a minor product in
PM3 and AM1 simulations. By comparing energy of this exit channel, we cannot find any
remarkable difference between the semiempirical Hamiltonians and DFT (see for example
Figure S7 where we show that DFT barriers are not higher than AM1 ones). On the other
hand, DFT simulation has a standard deviation for such minor products of about 3%, while
AM1 and PM3 of 0.2%, so we are close to the statistical observation limit. The difference
between the two approaches is also in the simulation time: 2 ps for DFT vs 5 ps for AM1 and
PM3. As shown by the relatively complex mechanisms leading to NH3 loss shown in Scheme
1, it is a slow process for which the 2 ps of DFT trajectories are probably not enough. This
explains also the discrepancy observed in the intensity of the m/z 96 peak: in experiments both

fast direct fragmentation and slow statistical processes are present.
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4.2 Water loss (m/z 95)

The peak detected at m/z 95 corresponds to water elimination. The water lost may incorporate
either O7 or O8. From our simulations on different isomers, we observed water loss from O7
when starting from isomer 3, and water loss from O8 when the initial structure is isomer 2.
AM1, PM3 and DFT dynamics show that when the water is lost from O8, the reaction begins
with C2-N3 bond breaking, followed by a proton transfer from N1 to O8. This proton transfer
seems to be favored once the ring is opened because there is a rotation about the C4-C5 and
N1-C6 bonds that brings O8 closer to N1. Water loss from O7 involves first the ring opening
through cleavage of the C4-N3 bond, followed by a proton from N1 to this oxygen, to finally
obtain the charged fragment m/z 95. These two mechanisms are shown in Scheme 2.

Nelson and McCloskey™* performed MS/MS experiments with isotopic labeling either on O7
or 08 of uracil. They observed that the abundance ratio m/z 95/m/z 97 (-H,"®0/-H,0) are
similar in both spectra, giving evidence to the non-selective character for this reaction path.
Furthermore, they interpret the non-existence of this path in the Electron Impact spectrum of
uracil®’ as initial ring opening at N3 position. On the other hand, Beach and coworkers®™
reinterpreted these data and considered that once the ring opened , O7 and O8 would not be
equivalent with respect to proton transfer and therefore the rate of water loss would not give
peaks with same intensity. Based on this interpretation, they proposed other mechanisms
involving proton transfer without ring opening.

In our simulations, isomer 2 loses water from O8 while isomer 3 from O7, and in both cases
the mechanisms involve proton transfer after ring opening as proposed by Nelson and
McCloskey. ™

4.3 Neutral and protonated cyanic (NCOH) and isocyanic (HNCO) acid loss (m/z 70 and

m/z 44)
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Protonated uracil can also follow a retro Diels-Alder like (rDA) reaction, that is the reverse
mechanism of Diels-Alder reaction.>®®

When isomers 1, 2 and 5 react following rDA mechanism two fragments are obtained: a
neutral one — cyanic or isocyanic acid — and another singly charged cation that is the peak at
m/z 70 observed experimentally. On the other hand, when the other isomers studied react
according to a rDA process, they give a peak at m/z 44 — protonated cyanic or isocyanic acid —
as a consequence of the different location of the proton. We end up with the same ion at m/z
70 only in the cases where the protonated cyanic or isocyanic transfers a proton to the other
fragment in a second step. These two mechanisms are displayed in Scheme 3. For the latter
isomers, we also show the different proton transfers that can occur after the rDA reaction.

In the previous work of Beach and Gabryelski,™ other mechanisms different from the rDA
reaction were proposed to account for the formation of the m/z 70 ion. These mechanisms are
reported in Scheme 4. For these mechanisms, we calculated the potential energy surface
(PES) at different levels of theory. Analyzing the PES of the different reaction pathways, we
see that those suggested by Beach and Gabryelski are comparable energetically with the
pathway corresponding to the rDA mechanism. Note that we observed in chemical dynamics
simulations producing m/z 70 only rDA mechanisms. Kinetics and dynamical factors, and in
particular the time-scale needed for the multiple steps alternative pathways, could be the
reason why we do not observe in our simulations these other mechanisms.

4.4 CO loss (m/z 85)

A peak at m/z 85 is assigned to CO loss (either from O7 or O8). Elimination of ethylene is
never observed during simulations. In all cases CO is lost in a concerted way, that is, breaking
the N1-C2 and C2-N3 bonds, or N3-C4 and C4-C5 bonds. This path is observed for certain
isomers and is only present in some of our theoretical simulations. For each given isomer,

comparing PM3 and AM1 products, we observe that the m/z 85 ion is obtained much more
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during PM3 simulations. Then, we have calculated the electronic energy profile taking the
snapshots of a trajectory producing m/z 85 at different levels of theory (see Figure 4). The
energy barrier obtained at PM3 level is underestimated by around 20 kcal/mol with respect to
B3LYP/6-311+G(3df,2p), while AM1 underestimates the same barrier only by 5 kcal/mol.
We should thus considered the abundance obtained by PM3 due to the method employed,
while AM1 results are probably more reliable, since the energy barrier (and the full
dissociation energy profile) is comparable to what obtained by calculations done at higher
level of theory.

Finally, we performed CID simulations using as starting structure the m/z 85 ion
corresponding to CO loss. We found that the reactivity is very high (about 75%), leading to
minor fragments. This suggests that even if the m/z 85 fragment is formed in experiments, it is
probably not detected because it further dissociates before reaching the detector. Note that this
peak has only been reported by Sadr-Arani et al. in a recent study.®

4.5 Other minor fragmentations (m/z 53, 43 and 28)

Apart from the peaks present in the experimental MS/MS of protonated uracil that appear
either dominant (m/z 96, 95, 70) or controversial (m/z 85) and that we just described, there are
also other minor processes leading to ions detected at m/z 53, 43 and 28. In the following we
will briefly describe the mechanisms leading to these ions.

m/z 53. In Scheme 5, we see that starting from isomer 3, the ring is opened at N3-C4 bond
and then there is a proton transfer from C5 to N3 leading to m/z 53. C4, C5, C6 and O8 atoms
are retained in the final fragment. Nelson and McCloskey ** proposed another mechanism
accounting for this fragment ion. Their mechanism consists in two steps: in a first step uracil
loses isocyanic acid and then in a second step, it loses ammonia. Note that the atoms retained
in the final fragment are the same ones in both mechanisms, such that isotope labeling

experiments cannot be used to determine which is the mechanism.
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m/z 43. For isomer 3, we see trajectories leading to a fragment ion at m/z 43. The first step is
rDA reaction and then the protonated NCOH loses a H. We show the mechanism in Scheme 6
that may explain the peak observed experimentally in weak abundance.

m/z 28. In the experimental MS/MS spectrum of protonated uracil we do not see a peak at m/z
28. On the other hand, we show that this peak may come from m/z 70 (Figure S4). This means
that this fragment is not obtained directly from the parent ion but instead, in a second step. We
show in Scheme 7 the corresponding mechanism leading to HNCH™: the reaction starts by
cleavage of both N1-C2 and N3-C4 bonds, and then HNCH" is obtained when the C5-C6
bond in the m/z 70 fragment is broken. In agreement with Nelson and McCloskey,** atoms N1

and C6 are retained in this fragment of m/z 28.

5 Conclusions

In the present work, by coupling ESI-MS/MS experiments with QM+MM direct dynamics
simulations of CID for protonated uracil, we were able to understand the mechanisms beyond
the observed experimental peaks. We see that all the protonation states undergo a retro Diels-
Alder process in varying degrees, giving two peaks in the MS/MS spectrum: m/z 70 and the
minor peak at m/z 44. Apart from m/z 70, we explained in detail two other important
fragmentation mechanisms, leading to water and ammonia loss.

By performing simulations starting from different isomers where the extra proton is located
on the different basic sites of uracil, we were able to point out which isomers are relevant for
reactivity (and thus populated in the activation process in addition to the most stable isomer
that, on the other hand shows a very low reactivity). If we combine together the information
from simulations on isomers 2, 3 and 4, we are able to explain all the peaks present in the
experimental MS/MS spectrum. For both water and ammonia losses, we found that the proton

transfers take place once the ring is opened and that water lost can retain in its formula either
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O7 or O8, N1 or O7 being the atoms donating a proton to form water, respectively.
Conversely, ammonia loss is a more selective reaction and we observed this path only from
N3 rather than from N1. The selectivity for these two paths are in agreement with our
experiments and with previous experimental results obtained from MS/MS spectra using
isotopic labeling.**

In this example, we noticed that AM1 compares better than PM3 with experiments, albeit
there are no a priori reasons to prefer one to the other. To understand the origin of the
difference in observed reactivity, we have compared the energy profile of some exit channels.
In the case of CO loss (Figure 4), PM3 underestimates the energy of exit channel, while AM1
provides results close to DFT ones. This is surely at the origin of the presence of m/z 85, (CO
loss) in PM3 dynamics, whereas it is observed neither in AM1 simulations nor in experiments
(and this is one of the main reason of the better performance of AM1 vs PM3). On the other
hand, for one NH3 loss case, Figure S7-b, the two semiempirical Hamiltonians provide similar
pathways, and also DFT calculations are not clearly different, while for another case, Figure
S7-a, PM3 underestimates the barrier high with respect to both AM1 and DFT. On other
pathways (see Scheme 4), AML1 globally provides lower energies for TS, intermediates and
exit channels. The combination of these differences, that depends on the bonds breaking and
isomerization involved in different reaction channels, can be at the origin of the observed
difference in global reactivity and fragmentation pattern.

Concluding, we have shown that simulations can provide a clear and powerful support to
understand the reaction mechanisms and product structures of nucleobases, thus giving us
confidence in extending this approach also to this class of molecules. The good performances
of fast semi-empirical Hamiltonians pave the way of applying to larger related systems, as

nucleosides and portion of RNA or DNA.
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Figure captions

Figure 1. Structures and nomenclature of protonated forms of uracil studied. Atomic
numbering is specified on isomer 1. Energies obtained at B3LYP/6-31+G(d,p) level with zero
point energy correction are reported (values in kcal/mol).

Figure 2. Experimental MS/MS spectra of protonated uracil obtained with (a) uracil, (b) 3-
BN-uracil, (c) 2-*C-uracil and (d) 1,3-**N,-2**C-uracil.

Figure 3. AM1 (a) and BLYP/6-31G (b) theoretical spectra of isomer 2, AM1 (c) and (d)
BLYP/6-31G spectra of isomer 3, AM1 (e) and BLYP/6-31G (f) spectra of isomer 4.

Figure 4. Electronic energy of different structures extracted from one trajectory of isomer 2 in
which CO is lost retaining C2 in its formula. On the horizontal axis we show the distance

between N1 and the leaving C2 atoms as it evolves in the reaction pathways.

Table caption

Table 1. Relative stability (kcal/mol) for different isomers obtained by geometry
optimizations and percentage of reactivity as obtained from subsequent CID simulations. In

parenthesis we report the Boltzmann probability at 300 K of each isomer.

Table 2. Summary of all fragmentation obtained for different isomers in PM3, AM1 and DFT
(BLYP/6-31G) CID chemical dynamics. Results are expressed as %. Experimental

abundances obtained at collision energy of 25 eV (laboratory frame) are also reported.
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Scheme 3. Retro Diels-Alder mechanism for isomer 3 as obtained in CID simulations. After this first
step leading the fragment of m/z 44, a proton transfer may occur from this fragment to the other one

protonating the N1 (path a), or protonating the O8 (path b).
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Scheme 4. Mechanisms leading to m/z 70 peak proposed by Beach.™ “( ) values correspond to the
energy of each structure calculated at B3LYP/6-31G level of theory, “{ }” values correspond to the

energy of each structure calculated at AM1 level of theory and “[ ]” values correspond to the energy of
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each structure calculated at PM3 level of theory. “-” is used to notate that the structure does not

correspond to a minimum. All values are reported in kcal/mol.
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Scheme 5. Mechanism leading to the m/z 53 peak starting from isomer 3 as obtained in CID
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Scheme 6. Mechanism leading to the m/z 43 peak starting from isomer 3 as obtained in CID

simulations.
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Scheme 7. Mechanism leading to the m/z 28 peak starting from isomer 2 as obtained in CID

simulations.
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Table 1. Relative stability (kcal/mol) for different isomers obtained by geometry
optimizations and percentage of reactivity as obtained from subsequent CID simulations. In

parenthesis we report the Boltzmann probability at 300 K of each isomer.

PM3 AM1 BLYP/6-31G B3LYP/ 6-31+G(d,p)
AE % react AE % react AE % react AE
0(98.4) <1 0(10.2) <1 0(0.3) 2 0(99.9)
25(1.5) 3 -1.3(89.9 1 -3.5(99.7) 2 4.0(0.1)
4.0(0.1) 8 3.6() 7 26 () 28 105 ()
20.0 (-) 43 19.4 () 40 16.5 () 40 30.5 ()
216 (-) 75 238 (-) 88 23.8(-) 99 35.6(-)
324() 5 32.3() 5 38.2(-) 20 46.4 (1)
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Table 2. Summary of all fragmentation obtained for different isomers in PM3, AM1 and DFT

(BLYP/6-31G) CID chemical dynamics. Results are expressed as %. Experimental

abundances obtained at a collision energy of 25 eV (laboratory frame) are also reported.

@ @ ©) 4 ®) (6) Exp
miz | PM3 AM1 DFT [PM3 AM1 DFT [PM3 AM1 DFT [PM3 AM1 DFT [PM3 AMLl DFT| PM3 AM1 DFT*
113
96 3 2.4 5 2 38.6
95 3 24 100 1 1 1 15 6.0
85 77 5 13 2 1 1 1 88 78 100
70 | 100 100 [ 8 25 9 3 40 6 3.6 15 97 98 100 2 15 50.2
68 <1 2.1
53 2 2 0.3
44 2 6 75 92 48 91 93 85 2 1 2 17 0.2
43 12 <1 2.6
28 10 40

*For isomer 6, B3LYP/6-31G method was used since in BLYP/6-31G the ring structure is

unstable during the geometry optimization (leading to an open structure).
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