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A B S T R A C T

We present and discuss results from direct dynamics simulations, DFT calculations, and experimental mea-
surements of the collision induced dissociation (CID) of O-phosphorylation of serine-H+ (p-Ser, m/z186).
Parameters for the interaction potential suitable for use in CID simulations of phosphorylated species were
obtained and reported. Within both experiments and simulations, the primary decomposition product is m/z88.
This agrees with previous studies, and simulations are consistent with the proposed primary mechanisms
suggested in the literature for forming this product. Moreover, the simulations provided insight into an indirect
decomposition pathway that forms m/z99 and secondary decomposition pathways observed experimentally at
larger collision energies.
1. Introduction

Post-translational modifications (PTMs) are common and expand
the functionality of proteins [1–3]. However, they can also compli-
cate protein investigations via tandem mass spectrometry, which is
commonly used to study systems of biological interest [4–7]. Phospho-
rylation is a common PTM; the impacts of which on collision-induced
dissociation (CID) has received considerable attention [8–14]. Phos-
phorylation is challenging from a tandem mass spectrometry point of
view due to the lability of the phosphate group. In addition, the O-
hosphorylation and O-sulfonation result in m/z values that require
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high resolution to distinguish. Their CID decomposition pathways are
also similar.

Direct dynamics simulations [15–21] and ab initio calculations have
a history of providing significant and impactful insight into the dynam-
ics taking place in tandem mass spectrometry. However, only a few
systems that contain PTMs have been studied using these techniques.
It can be challenging to undertake direct dynamics simulations since
the parameters that define the interaction potential between the PTM
and argon gas are required to simulate explicit argon CID. While the
literature already provides the parameters needed to simulate the CID
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unmodified and sulfonated species, no previous study of a phosphory-
lated species exists. In this work, we report the necessary interaction
parameters to perform direct dynamics simulations of phosphorylated
species.

We use these new parameters to study the CID of the O-
phosphorylation of serine (p-Ser). Both experimental and computa-
tional results are reported. Since we have previously examined the CID
of the sulfonated analogue, s-Ser [17], comparisons between the two
systems will be provided, where appropriate. p-Ser has been the focus
of numerous experimental studies, and much work has been performed
to elucidate the primary reaction mechanisms. Hence, this is a good test
system for these new interaction parameters. Both p-Ser and s-Ser have
the same nominal mass of m/z 186 and share a prominent CID peak
at m/z 88 that results from the loss of the PTM as H3PO4 and H2SO4,
respectively. The literature has explored several potential mechanisms
for this loss, with the two most prominent being direct loss via 𝛽-
limination resulting in protonated 2-amino-propenoic acid and proton
ransfer from the N-terminus followed by SN2 nucleophilic attack on
he 𝛽 carbon to result in protonated 2-carboxy-aziridine. Both of these
athways will be discussed in greater detail below. It is noteworthy that
hile p-Ser and s-Ser share the m/z 88 peak, they do not have identical
ID spectra across a range of collision energies. In particular, s-Ser
as a significant population in m/z 106 (loss of SO3) and in m/z 140
loss of H2O + CO). Both peaks have significantly smaller populations
n p-Ser. At larger collision energies, experiments find that p-Ser has
econdary decomposition products that have received less experimental
ocus. The reaction dynamics and structures of these species as revealed
y simulations, are also reported. In addition, an indirect mechanism
hat leads to m/z 99 is seen in simulations.
An outline for the remainder of the paper is as follows: in Section 2,

we provide an overview of our computational and experimental meth-
ods; in Section 3, we present our results; and in Section 4, we provide
an overview.

2. Methods

We have previously presented the results of both experimental and
computational work on s-Ser. [17] We use the same general techniques
or the p-Ser system, which are briefly outlined.

.1. Computational approach

Within this section, we briefly outline our computational approach.
e refer the interested reader to the recent perspectives on this ap-
roach [15,19,22] and a tutorial review on the methods involved [19]
or more details regarding the computational methods.

.1.1. Ar - PO4 interaction potential
One method for performing direct dynamics simulations of CID

nvolves modeling the collision between the inert gas argon and the
ystem of interest. The typical approach models the interaction between
he argon atom and the system as a sum of Buckingham two-body
nteractions, i.e.

𝐴𝑟,𝑠𝑦𝑠 =
∑

𝑖
𝐴Ar,𝑖 𝑒(−𝐵Ar,𝑖 𝑅Ar,𝑖) +

𝐶Ar,𝑖

𝑅9
Ar,𝑖

(1)

here 𝑖 runs over all atoms within the system of interest and 𝑅Ar,𝑖
is the distance between the argon and the 𝑖th atom of the system.
The parameters 𝐴, 𝐵, and 𝐶 depend on the chemical identity and
environment of the 𝑖th atom. This form of interaction is purely repulsive
in nature. The literature [23,24] provides these parameters for several
different types of atoms, which were obtained by performing frozen
potential energy scans of Ar interacting with small molecules with a
similar chemical environment. It is common for these scans to select
different orientations that emphasize specific limiting cases for the
2

interactions. All of the ab initio electronic energies from each scan are n
Fig. 1. A comparison of the CCSD(T) frozen potential scan and the fit to a sum of
two-body Buckingham potentials. The fit simultaneously optimizes both orientations
shown above and provides a good reproduction of the repulsive wall.

Table 1
Parameters for the interaction between Ar and P=O
with A, B, and C in kcal/mol, Å−1, and Å9kcal/mol,
respectively.
Parameter 𝐴 𝐵 𝐶
type

Ar – O 56597.86 4.1803 21.200
Ar – P 31361.11 2.8223 450.930

simultaneously fit to obtain the parameters 𝐴, 𝐵, and 𝐶. Obtaining a
ood fit simultaneously for these limiting orientations provides confi-
ence that the resulting interaction potential will yield good results for
ll orientations.
The literature does not currently provide parameters for Ar inter-

cting with the phospho- PTM. As this is a common PTM that others
ay wish to simulate, here we undertake finding these parameters.
he literature does provide potential terms for Ar interacting with
H groups, but new terms are needed for Ar interacting with the
atom and oxygen doubly bound to P. Hence, we report potential
arameters for the Ar - PO3−

4 system suitable for CID calculations.
ur frozen potential energy scans at the CCSD(T)/6-31++G** level of
heory and basis set were calculated for two orientations of the Ar –
O3−
4 system. The energy at each point was simultaneously fit using
genetic algorithm to a sum of two-body Buckingham potentials. A
omparison of the ab initio CCSD(T) data and fit is depicted in Fig. 1
ith the new potential parameters provided in Table 1. We note here
hat the ab initio data has a shallow attractive interaction present with
well depth of ∼ −4.5 kcal/mol. The functional form in Eq. (1) is
urely repulsive and designed to reproduce the hard repulsive wall. So
hile these interaction parameters are suitable for the energy regime
f CID simulations, they would not be appropriate for very low energy
ollisions in which association could occur.

.1.2. Direct dynamics simulation method
With all of the ‘‘intermolecular’’ parameters for the Ar – p-Ser

ollision system in hand, we turn our attention to direct dynamics
imulations. The initial structure of p-Ser was determined using Avo-
adro [25] with the phosphorylation occurring on the side-chain oxy-
en and the excess proton placed on the N-terminus. Direct dynamics
imulations involving protonated peptides are commonly performed
ith PM6 [17,26] and the RM1 [16,21,22,26–29] semi-empirical meth-
ds. In our study of s-Ser, we found that PM6 outperformed RM1 [17],
nd expect similar results to be seen here. Hence, the initial structure
enerated via Avogadro’s optimization routines was re-optimized using
he PM6 semi-empirical method as implemented in Mopac2016 to yield
he initial minimum energy structure [30].
Before starting a direct dynamics simulation, the initial conditions
eed to be defined. For each trajectory, the internal potential and
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kinetic energy of the p-Ser system were determined by sampling vi-
brational and rotational energy from a 300 K distribution via normal
modes [31]. p-Ser was then placed 20 Å from the argon atom with a
random orientation. The center of mass of p-Ser was then displaced by
a randomly selected impact parameter with a maximum value of 3 Å.
This maximum impact parameter resulted in a range of translational to
internal energy transfers that sufficiently sampled chemical reactivity.
The argon and p-Ser were then imparted a relative translational energy
consistent with the selected collision energy. One thousand trajectories
were calculated for relative collision energies of 3, 5, 7, 9, and 11
eV. As with the maximum impact parameter, these particular collision
energies were selected to explore the products produced without pro-
ducing too many low-mass species resulting from fast fragmentation
events [18]. Final analysis was performed either as a function of
collision energy or collectively for all collision energies considered de-
pending on the question being answered. Generally speaking, reactivity
increased with increasing collision energy.

The direct dynamics simulations themselves were propagated nu-
merically by solving Hamilton’s equations of motion using a 6th order
symplectic integration scheme [32]. A maximum simulation time of
50 ps was calculated using a one fs step size and output written
every 50 fs using our in-house simulation package tightly coupled
with Mopac2012 [33] to calculate the p-Ser intramolecular potential
energy using PM6 [34]. As we are focused on the charged fragments,
neutral fragments were removed from the simulation if they were at
least 15 Å away from any charged fragments. In addition, a trajectory
was halted early if the final charged fragment had an m/z ≤ 60.
Conservation of energy was excellent for all trajectories.

2.1.3. Theoretical mass spectra and reaction mechanisms
Our in-house simulation software provides the bond order between

all QM atoms as a function of time throughout the simulation. A 5 fs
window is used to average these bond orders to reduce momentary fluc-
tuations resulting from vibrational motion. The averaged bond order
matrix is converted to an adjacency matrix and saved every 50 fs. Post-
simulation analysis is performed that identifies the simulation times
when fragmentation occurs. Any such events that recombine within
100 fs are removed. Proton motion can be correlated to fragmentation
times, allowing for an analysis of the influence of these migrations on
dissociation events [35]. It was recently illustrated that this type of
information could be combined with a graph theory analysis [16,36,37]
to define a modified adjacency matrix weighted by the atomic number
whose lowest eigenvalue is used to identify unique structures. Graph
theory and direct dynamics provide powerful tools for analyzing reac-
tion mechanisms. With the important structures identified using these
tools, the energetics are obtained at the 𝜔B97X-D/aug-cc-pVTZ level of
theory as implemented in the Gaussian16 software package [38]. We
note that many of the mechanisms described here are similar to those
seen in s-Ser and were characterized at the same level in our previous
work [16].

2.2. Experimental approach

All chemicals were purchased from Sigma Aldrich and used without
further purification. Samples were prepared in mass spectrometry-
grade solvents containing a 1:1 mixture of acetonitrile and water.
High-resolution mass spectrometry data were acquired on an unmodi-
fied Bruker Maxis Impact HD (Quadrupole-Time of Flight) spectrometer
using sodium formate solution as the mass calibrant and the standard
heated electrospray ionization (ESI) source. Pseudo-MS3 experiments
were performed utilizing in-source fragmentation. Typical laboratory
collision energies considered were 5, 10, 12.5, 15, 17.5, 20, 22.5, 25,
30, and 35 eV using nitrogen within the CID cell at a pressure of
∼ 1 × 10−2 mbar based on Bruker’s specifications.
3

Fig. 2. The collision energy dependence of the major peaks observed experimentally.
The reactant ion, m/z 186, is not shown for clarity, but has significant population at
5 and 10 eV but quickly approaches zero normalized intensity as m/z 88 becomes the
major species present. At higher collision energies, additional products also start to be
observed.

Table 2
Energetics of the various exit channels in
kJ/mol calculated at the 𝜔B97X-D/aug-cc-
pVTZ level of theory.
m/z Exit channel

(kJ/mol)

168a 136.9
140b 192.2
99c 156.1
88 (pathway 1) 137.2
88 (pathway 2) 181.7
70 (structure 3) 312.1
70 (structure 4) 324.4

aH2O loss from side-chain.
bH2O loss (C-terminus) + CO.
cIndirect pathway involving an intermediate
complex.

3. Results and discussion

The experimental measurements of p-Ser are summarized in Fig. 2,
which presents the normalized intensity for several nominal m/z prod-
uct peaks as a function of collision energy. m/z 88 is the only significant
product at low to mid collision energies. As the collision energy in-
creases, secondary and indirect fragmentation products begin to have
larger populations, but m/z 88 is still the most significant peak. Exam-
ining the simulations and subsequent DFT calculations provides insight
into these peaks.

Fig. 3 provides an example of the simulated mass spectra and the
collision energy dependence of several peaks, while Table 2 provides a
summary of energies of the various exit channels at the 𝜔B97X-D/aug-
cc-pVTZ level of theory. The simulations agree with experiment in that
at low collision energies m/z 88 is the primary product. However, we
do note here that the total reactivity observed within the simulations
is significantly less than that in experiment, primarily due to the
time scale of the simulations and potentially the amount of energy
transferred in the single collision event that was simulated. Moreover,
the collision energy range considered is smaller for the simulations to
avoid a significant increase in the population of peaks less than m/z 50,
which our experimental measurements cannot observe.

3.1. m/z 88: Loss of H3PO4

The loss of H3PO4 to yield m/z 88 is the most common product
observed in simulations for most collision energies and corresponds to
the loss of the side-chain PTM. This decomposition product was also
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Fig. 3. An example of simulated mass spectra of p-Ser (m/z 186) and the collision
nergy dependence of notable peaks within simulations. The most commonly observed
eak within the simulations is m/z 88, which corresponds to the loss of H3PO4, i.e., the
modified side-chain. As collision energy increases, m/z 140 - loss of H2O + CO -
becomes more common.

the most common in our previous work on s-Ser. [17] The mechanisms
described here for p-Ser are direct analogues to those outlined for s-Ser.
Formation of m/z 88 is also the most dominant peak in experiments at
moderate collision energies. This peak has received significant atten-
tion within the literature [8–14], with multiple proposed mechanisms
suggested based on experimental evidence. This evidence indicates that
an SN2 mechanism is likely, which will be described below.

Examining the simulation results shows that there are two major
products associated with the m/z 88 peak. The most common pathway
observed in simulations is a direct loss of H3PO4 initiated via a proton
transfer from the 𝛼-carbon to the oxygen of the phosphoryl group on the
side chain. This results in protonated 2-amino propenoic acid (Structure
1) as the charged product, and is illustrated in scheme 1:

(1)

Our DFT calculations show that this exit channel is ∼ 137.2 kJ/mol
igher in energy relative to the starting structure, i.e., N-protonated
-Ser. All DFT energies that we report define N-protonated p-Ser as
he energy zero. Experimental works in the literature have previously
roposed the mechanism in Scheme (1) for both p-Ser and its analogue
n s-Ser; however, the most recent experimental works suggest that it
s not the primary mechanism [9,11,13].
The second mechanism involves an initial transfer of a proton from

he N-terminus to the oxygen of the P=O group on the side chain. Our
4

FT calculations show that it is energetically more favorable to place o
the hydrogen on the N-terminus, meaning that unless a conformational
change accompanies this transfer, the proton would readily transfer
back to the N-terminus. However, if a conformational change does
occur, there is a stable minimum energy structure located at ∼ 39.9
kJ/mol above the global energy minimum. The simulations show a
frequent change in the association between these two protonation sites.
However, due to the strong hydrogen bonding present, there is no
clearly defined transition state between these protonation states. Once
the proton is located on the phosphate group, the N-terminus attacks
the first carbon of the side-chain to induce the loss of H3PO4 and
results in N-protonated 2-carboxy-aziridine (Structure 2), as illustrated
in scheme 2:.

(2)

DFT calculations show that this exit channel is at ∼ 181.7 kJ/mol rel-
ative to N-protonated p-Ser. Based on experimental evidence reported
in the literature, this SN2 mechanism is thought to be the dominant
product formed in both p-Ser and s-Ser CID experiments [9,11,13].

Examining our simulations and considering all collision energies,
the branching ratio between these two pathways is 0.81 (pathway 1)
vs. 0.13 (pathway 2). Our DFT simulations find that the branched
protonated 2-amino propenoic acid (Structure 1) is lower in energy
than the cyclic N-protonated 2-carboxy-aziridine (Structure 2) by ∼ 44
kJ/mol. That said, the experimental work of both Lanucara et al. [9]
and Reid et al. [14] provide evidence that pathway 2 is preferred.
The simulations likely predict a qualitatively incorrect branching ratio
between these products because the semi-empirical PM6 method, which
is employed in the chemical dynamics simulations, predicts both a
lower exit energy for pathway 1 and a higher exit energy for pathway
2 than seen in the DFT calculations. With this information in mind, it
is not surprising that PM6 based simulations struggle to agree with the
experimental preference.

Our graph theory analysis shows that these two structures account
for a population fraction of 0.94 out of 1 within the peak. N-protonated
2-iminopropanoic acid accounts for an additional fraction of 0.04.
Although this product is not commonly observed within simulations,
at the DFT level, it has the lowest energy at ∼ 120.4 kJ/mol and
could directly convert from Structure 1 via a hydrogen shift. The
remaining population fraction - 0.02 - is found in eight uncommonly
occurring structures that are unlikely to be stable on the time scale of
the experiments and are transient intermediates captured at the end of
the simulation time window.

3.2. Formation of m/z 99, 70, 60, and 42

While the major focus of the literature has been on the formation of
m/z 88, some works have noted other experimental peaks [9]. As seen
in Figs. 2 and 3, our experimental and simulated spectra contain some
ther peaks. Both m/z 99 and 70 are related to structures formed from
m/z 88. The formation of H4PO+

4 , which corresponds to m/z 99, and its
relation to m/z 88 is described below, while m/z 70 results from loss
f water from m/z 88.
Our simulations indicate that the dominant means of forming H4PO+

4
s via a continuation of the m/z 88 pathways described above, in
hich the H3PO4 group does not immediately ‘‘leave’’ but rather forms
short-lived complex with the m/z 88 product. The H3PO4 species
an then abstract a proton from either the N-terminus or the former
ide-chains CH2 group. Forming H4PO+

4 depends on either fast proton
bstraction occurring or low translational energy, which allows for the
ormation of a complex. This species can form from either Structure 1

r 2. That said, the exit channel starting from Structure 1 is significantly
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Fig. 4. The two m/z 70 structures formed from the loss of water from m/z 88.
Structure 3 is predominately formed from protonated 2-carboxy-aziridine (Structure
2) and Structure 4 from protonated 2-amino propenoic acid (Structure 1) via water
loss.

lower in final energy at 156.1 kJ/mol vs. 217.3 kJ/mol for Structure
2. m/z 99 is a minor peak within the simulations that is also seen
experimentally. Our experiments show that for most collision energies,
it has a low population, but at 35 eV, m/z 99 has a relative population
raction of 0.21. Formation of m/z 99 via an intermediate complex be-
ween initial decomposition products is striking. Similar fragmentation
ynamics involving complex formation have been observed previously
n the literature, most recently by Macaluso and co-workers [26]
ho have termed this a ‘‘roaming’’ mechanism. It was also seen in
imulations of the CID of urea [39], and our groups previous work on
ctaglycine [40].
m/z 70 is a decomposition product of m/z 88 that is seen in experi-

ment and has a population of ∼ 0.08 at a collision energy of 35 eV. The
simulations predict two stable structures for this peak, Structures 3 and
4 which are shown in Fig. 4. The Structure 3 is predominately formed
from N-protonated 2-carboxy-aziridine (Structure 2). This secondary
process begins with the abstraction of a proton from the N-terminus
by the carbonyl of the C-terminus. This transfer eventually results
in ring opening and water loss. These two steps can happen nearly
simultaneously or in a step-wise fashion. Structure 4 is predominately
formed via water loss from Structure 1 via N- to C-terminus hydrogen
transfer. In our simulations, Structure 3 makes up the majority of the
peak at low collision energies. At large collision energies, Structure 4
is most common. When considering all collision energies, Structure 3
is the most commonly observed, with a branching ratio between these
two products of 0.86 to 0.10. That said, given the small population of
this peak in the simulations, this may not be statistically meaningful.
The remaining population within the peak is identified as intermediates
that would result in one of the two structures in Fig. 4 given enough
simulation time. In simulations, m/z 42 is formed through two different
pathways, one of which is the further water loss from m/z 70, and is
he primary pathway observed. m/z 42 can also be formed by loss of
3PO4 from m/z 140, which is discussed below.
Our previous simulations on unmodified serine found that the pri-
ary decomposition product was m/z 60. This peak is also present in
he theoretical p-Ser mass spectrum and increases with increased colli-
ion energy. While there is some diversity in how this peak forms, it is
een that one of the primary means is through an initial loss of HPO3 to
egenerate N-protonated serine. This intermediate subsequently losses
5

2O + CO to form N-protonated 2-Iminoethanol. a
.3. Formation of m/z 168 and 140

The peaks at m/z 168 and 140 represent a distinct reaction pathway
rom that of m/z 88 and correspond to the loss of water, and loss of wa-
er and CO, respectively. Neither represents major peaks in experiment,
ut m/z 140 is observed with a normalized intensity of at most ∼ 1%.
lthough one might expect to find that m/z 168 is an intermediate for
/z 140, and that can occur; in fact, the simulated m/z 168 peak most
ommonly arises from the loss of water from the phosphate group due
o N-terminus attack on the P to form a five-membered ring structure. In
ontrast, m/z 140 most commonly occurs via the loss of the C-terminus.
hile m/z 140 is seen in our experimental measurements, m/z 168 is
ot.
Since the simulations overestimate both of these peaks compared

o the experiment, we wished to ensure that this was not indicative of
deficiency in the new CID interaction parameters we reported here.
ence, additional simulations were performed using internal energy
xcitation rather than a direct collision event with argon. The internal
nergy was set to 606.7 kJ/mol, which is the average energy transferred
o internal degrees of freedom following a collision with argon at
eV. Both m/z 140 and 168 are seen in these simulations with a
ignificant population. This suggests that the interaction parameters
re not at fault, but rather the semi-empirical method itself results in
n overestimate of these pathways. This deficiency is more noticeable
n p-Ser than in s-Ser given that the m/z 140 path has significant
opulation as reported in the experimental work of by Polfer and co-
orkers [41]. Hence, it was not out of place to see this peak in the s-Ser
imulations [17]. This observation suggests that the loss of the PTM
s preferred significantly over the loss of the C-terminus in p-Ser and
esults in a dramatic reduction the experimentally observed population
f m/z 140 compared to s-Ser.

. Summary

This work represents the first simulations of the phosphorylation
ost-translational modification, and we have reported potential energy
nteraction parameters suitable for future argon CID simulations that
re based on high-level CCSD(T)/6-31++G** ab initio calculations.
hese interactions were fit to two-body Buckingham parameters using
genetic algorithm and focus on reproducing the repulsive wall of the
nteraction.
Our simulations recover the major experimental decomposition

roduct, namely loss of H3PO4. The mechanisms observed in simu-
ations are consistent with those previously proposed. It is accepted
hat the SN2 mechanism is likely the dominant pathway in experiment,
hile our simulations show the 𝛽 elimination pathway as the primary
echanism. This is likely due to the energetics of the semi-empirical
ethod used.
Secondary decomposition products are seen in both simulations and

xperiments. m/z 70 is seen experimentally and can be attributed to
ater loss from the primary m/z 88 peak. Two stable structures are
een in simulations for this peak, one for each of the most common
tructures within the m/z 88 peak. m/z 42, which has also been ob-
erved in previous experimental work, was seen in our simulations and
esults from loss of water from m/z 70. In addition to these secondary
ecomposition products, simulations show that H4PO4 (m/z 99) can
esult from an indirect mechanism in which an intermediate complex
s formed between H3PO4 and the primary m/z 88 decomposition
roduct. A proton transfer from m/z 88 to H3PO4 then results in
/z 99.
In contrast to s-Ser, m/z 140 - loss of H2O + CO - is not a common

roduct observed in experimental work. However, this peak is observed
n the present simulations and our previous work on s-Ser. The presence
f m/z 140 is likely not a deficiency of the new CID interaction
arameters but likely due to the semi-empirical method used for the
irect dynamics simulations. It is interesting that s-Ser and p-Ser display

qualitative difference between their CID spectra.
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