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HIGHLIGHTS

® Fast Fragmentation Events (FFE) decrease with peptide size.

® FFE decrease may explain why shattering is infrequent in experiment.
® KA, (n = 1,3,5)/AcKA; favors a-ion formation during FFE.

® AK (n = 1,3,5)/AcA;K favors a-ion for small n and x-ion for large n.

® Backbone rearrangements from FFE retain both N/C-termi, but lose atoms in the middle.

ARTICLE INFO ABSTRACT

Keywords:

Tandem mass spectrometry
Direct dynamics simulations
Surface-induced dissociation
Fast fragmentation events
Shattering

We present the results of direct dynamics simulations of surface-induced dissociation for protonated versions of
ALK, KA, (n = 1, 3, and 5), AcA;K, and AcKA; for collisions with a fluorinated self-assembled monolayer surface.
We focus on elucidating fast fragmentation events, which takes place in coincidence with the collision event.
Such events generate a large number of products, and hence, are not easily understood through chemical in-
tuition. Our simulations show distinct differences between the A K/AcA;K and KA, /AcKA; series of peptides,
with the former being more reactive, and the latter more selective. Backbone rearrangements and sidechain
fragmentation are also seen.

1. Introduction

Surface-induced dissociation (SID) is a well-studied analytical
technique that has frequently been used to study the fragmentation of
biological ions [1-3]. Surfaces such as diamond as well as organic self-
assembled monolayer (SAM) surfaces are commonly used in this tech-
nique, and protonated peptides have been a particular focus of SID
studies [4-6]. During SID, an ion with a known mass to charge ratio is
imparted a precise distribution of translational energy and directed
towards a surface with a given incidence angle. The resulting collision
allows for translational to internal energy transfer with fragmentation
occurring when a sufficient amount of energy is deposited into in-
dividual bonds. Hence, fragmentation can take a significant amount of
time as intramolecular vibrational relaxation (IVR) redistributes the
transferred energy throughout the molecule. However, it has also been
seen computationally, as well as experimentally, that fragmentation can
occur in coincidence with the collision event. Such fragmentation
events have been termed “shattering.” [4,7-15].

* Corresponding author.
E-mail address: gbarnes@siena.edu (G.L. Barnes).

https://doi.org/10.1016/j.cplett.2020.137716

Shattering is known to produce an incredibly large number of dif-
ferent reactive products within experiments [2] and simulations [15] of
protonated peptides. Unlike statistical fragmentation of peptide ions, in
which the IVR process is complete and fragmentation is often driven by
proton motion (i.e. consistent with the mobile proton model [16,17]), it
is common for shattering fragmentation to occur in a charge remote
fashion. One of the incredibly nice features of proton driven fragmen-
tation is the intuitive picture that is provided, namely that a proton is
mobilized and migrates to a thermodynamically less stable site, which
in turn weakens a covalent bond and makes it more likely to cleave
[16,17]. There is no equivalent intuitive picture available for shattering
fragmentation, which is in part due to the somewhat overwhelming
number of different fragmentation products possible.

There has been a significant computational focus on “shattering” in
gly,-H* + surface systems [11,13-15] with n = 1, 2 and 8. The present
work provides greater insight into fast fragmentation dynamics by
presenting a direct dynamics study of a complementary series of pro-
tonated peptides, namely A K and KA, (n = 1, 3, 5) as well as AcA;K
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and AcKA; colliding with a fluorinated SAM (FSAM) surface. In this
context, “fast” refers to fragmentation events that are initiated within
300 fs of impact with and velocity reversal from the surface. Following
this initiation, both secondary rearrangements and fragmentation
events can also take place on a picosecond time scale. As a whole, we
will refer to this type of fragmentation as a Fast Fragmentation Event
(FFE). AcA;K and AcKA; were the subject of a previous work focused on
soft-landing [18], but are also clearly complementary to the present
study. This choice of protonated peptides probes very small dipeptides
up to octapeptides, and allows for a limited examination of globular vs
alpha-helical secondary structure while also increasing the chemical
diversity of systems explored by direct dynamics. In addition, we seek
to provide insight into the types of bonds that are most likely to be
cleaved during these sub-picosecond events rather than focusing on
individual products for a specific system. In order to accomplish this,
we will identify the final product ion based on the bond cleavage sites
as defined using the established nomenclature for protonated peptide
ion products [19]. Moreover, we seek to determine if there is either a
size or structural correlation with the types of bonds cleaved.

2. Method

Below we describe our method for obtaining the initial structures
for each species as well as for performing the direct dynamics simula-
tions. The work can also be viewed as an extension of that of
Frederickson et al. [18], which focused on soft landing while this work
focuses on picosecond and sub-picosecond fragmentation.

2.1. Initial structures

Structures are needed for eight different species, namely lysine
protonated versions of A K and KA, with n =1, 3, and 5 as well as
AcA,K and AcKA,. The latter two structures are taken from
Frederickson et al. As discussed in Frederickson et al., Jarrold and co-
workers found that AcA;K is the shortest, stable alpha-helical peptide
known, while AcKA; has a globular form [20]. From the previous work
of Barnes and co-workers [21], it is known that in simulations of similar
systems, placing the excess proton on the lysine group yields the lowest
energy structures. In this work, we were able to form an alpha-helical
structure for AsK that was stable for our short-time, gas phase simula-
tions. All other structures are globular. The AsK structure was obtained
via Avogadro [22] and then optimized using the RM1 semi-empirical
method [23]. RM1 was selected since it was used in the soft-landing
work of Frederickson et al. as well as numerous other direct dynamics
simulations of protonated peptides [21,24-29].

The structure for all other species were obtained by obtaining an
initial structure via Avogadro and reoptimizing it via GROMACS [30]
with the OPLS force field followed by a 100 ps equilibration at 300 K. A
simulated annealing procedure was then applied using 20 heat-cool
cycles in which the temperature was ramped to 1000 K over 100 ps and
then cooled to 0K over an additional 100 ps. All of the 0K structures
were optimized at the RM1 level as implemented in Mopac2016 [31].
The lowest energy conformation was selected from these structures as
the initial starting point for the direct dynamics simulations. All
structures are shown in Appendix A. These species show a diverse range
of conformations, and the A K and KA, series have distinct differences.
AK and KA both exhibit hydrogen bonding between the protonated N of
the sidechain and the N-terminus. However, the nitrogen within the
lysine group of KA also shows a close proximity to the C-terminus and
has additional stabilization. This trend continues to AsK and KAs. The
nitrogen on the lysine group in A3K is hydrogen bound to a carbonyl
along the backbone, whereas KAj3 retains the sidechain to N-terminus
hydrogen bond as well as being in close proximity to the C-terminus.
AsK and AcA;K are both alpha helical, and hence, are more elongated
whereas KAs and AcKA; have formed a “pocket” of carbonyl groups
that are associated with the side chain nitrogen group. The relative
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energy of all structures is given in the Appendix A.
2.2. Direct dynamics simulations

Our approach to performing direct dynamics simulations of collision
systems relevant to mass spectrometry has recently been detailed in
three review articles [32-34], and hence, we shall only provide an
outline of the approach here. Several of the original works on the
specific topic of protonated peptides colliding with organic self-as-
sembled monolayers [11,35-37] would also provide additional tech-
nical detail.

We begin by writing the potential energy as a sum of three com-
ponents, namely

V' = Vpeptide + Vsam + Vipeptide—sam @

where Vg4 is the intramolecular, molecular mechanical (MM) force
field for FSAMs and Vj,epiige—sam is the most recent MM force field for the
interaction between a protonated peptide and the SAM surface. This
force field, developed by Hase and co-workers, is specifically designed
for modeling soft landing [38,39]. However, it also performs well at
higher collision energies, such as those considered here. The peptide
potential, Vpepide, is treated using the RM1 semi-empirical method for
the reasons described in the previous section.

The peptide is initially given a random orientation and placed 40 A
above a 9 x 9 octanethiol FSAM surface. Initial positions and relative
velocities were randomly selected for both the surface and the peptide
using a velocity re-scaling routine such that each was given an initial
temperature of 300 K. Separate MD simulations were performed for the
peptide and the surface with velocity re-scaling occurring every 30 time
steps. This approach was successfully used by Frederickson et al. [18].
Lastly, a collision energy of 100 eV with a normal incidence angle was
imparted to the peptide as it is sufficiently high for a significant number
of both fragmentation and FFEs to occur. One thousand trajectories
were calculated for each species.

Hamilton’s equations of motion were integrated using a 6th order
sympletic integration scheme [40], making use of a one femtosecond
step size with output written every 50 femtoseconds. Trajectories were
stopped after five picoseconds of simulation time. Conservation of en-
ergy was continually checked during the simulations. If a large jump in
energy conservation was seen for any given step, it was rejected and the
time step was re-integrated using five 0.2 fs time steps. Assuming en-
ergy was well conserved following this, the normal time step was re-
instated. This precaution was important to implement as a fairly large
number of trajectories (~5%) were exhibiting poor conservation of
energy. It was determined that the majority of the error was accumu-
lated in a single integration step. This is perhaps not surprising as we
are investigating fairly high energy systems undergoing abrupt changes
in momentum. All simulations were performed using an in-house si-
mulation code coupled to Mopac2012 [41].

3. Results and discussion

We begin our analysis by examining the overall reactivity for the
species, as shown in Fig. 1. In this work, we define a trajectory to be
“reactive” when one or more covalent bonds are broken and do not
reform during the course of the simulation. At this collision energy, all
collisions observed are impulsive in nature, with the peptide bouncing
off of the surface, and we classify a trajectory as a Fast Fragmentation
Event (FFE) if the first bond cleavage event occurred within 300 fs of
the bounce, i.e. the turning point of the trajectory. All of the product
ions that we observe are singly charged after they become separated
from any other peptide fragments. There are three immediate trends
that are observed on this time scale: 1) Reactivity decreases with pep-
tide size, 2) FFE both decreases with system size, but also becomes
relatively more important, and 3) the A, K series (including AcA;K) is
more reactive than the KA, series (including AcKA;). There is an
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Fig. 1. The fraction of reactive trajectories broken down into FFE and non-FFE
as a function of species at the end of five picoseconds. The fraction is relative to
the total number of trajectories. Note that A;K and KA; are in fact acetylated,
and that additional fragmentation will occur outside the simulation timeframe.
See Appendix A to see the conformation of each.

important realization to make regarding the fractions shown in Fig. 1,
namely that the fraction of FFE trajectories cannot change whereas the
fraction of non-FFE trajectories depends on the overall simulation time.
Hence, the observed difference between AK and KA in overall reactivity
will not necessarily prove to hold in the long time limit as the dynamics
of KA are likely slower due to the extra stabilization present. This trend
continues throughout the A K and KA, series, with the latter having
reduced overall reactivity due to the favorable energetics for that family
of structures.

The FFE fraction is fixed and cannot change with a longer simula-
tion time. It is interesting to note that the FFE fraction depends on the
system size and decreases by more than a factor of four, moving from
the smallest to the largest system size. At first, this observation may be
surprising as one could argue that FFE should not strongly depend on
size as it is the result of a strong local force, i.e. impulsive impact with
the surface. We believe that the reason the system size clearly does have
a large effect on the FFE fraction is that the energy transfer is dis-
tributed among more parts of the molecule as the ion’s size increases. It
is known that the percentage of translational to internal energy transfer
does not depend strongly on system size within the range of system
sizes and collision energy considered here [33,35,36]. Hence, roughly
the same percentage of the 100 eV collision energy is being put into, for
example, both AK and AcA;K. However, the number of atoms - and
therefore chemical groups - that come into close contact with the sur-
face is dramatically different. With a greater number of groups ac-
cepting energy, there are more bonds within which to distribute the
same amount of energy. This makes FFE less likely for a larger system.
This also suggests that there could be a strong orientational effect on
FFE, though we have not examined that here.

The question of the role of secondary structure is not conclusively
answered from data in Fig. 1. Although it is seen, for example, that AsK
(alpha-helical) has a larger FFE fraction than KAs (globular) the same is
true for AsK vs KA3, which are both globular in nature. Therefore, the
primary sequence itself appears to be more important. However, this
may also be an artifact of these two particular series of peptides, namely
that KA, naturally has more energetically favorable structures than
A.K. This would also be in line with the literature on cluster-surface
shattering work, which determined that the fragment distribution is
related to the species stability [7].

To continue our examination of FFE, we will use the standard no-
menclature scheme [19] as depicted in Fig. 2. Our direct dynamics si-
mulations automatically track connectivity. This information can be
used to determine the backbone as well as sidechain cleavage sites. To
ease the discussion, we will now turn our attention to three classes of
FFE products: so called “simple FFE products” (which we define below),
backbone rearrangements, and side chain fragmentation.
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am xmbEy@mczmE

1 L] L] L] L L L L L
09| 1
o8 | 1
07| 1

5 06} 1
3 05| -
i 04F -
03} 1
02} 1
01} 1

AK KA AzK KAz AsK KA5 A7K KA;
Species

Fig. 3. The fraction of ion sites for FFE fragmentation events that results from a
single cleavage along the backbone. We note that we are using the ion no-
menclature to identify the bond cleavage sites and the side of the peptide re-
taining the charge - not the final ion m/z, since additional rearrangements are
possible.

3.1. Simple FFE products

Simple FFE products are those whose final ion contain a partially
intact backbone that could have resulted from a single backbone clea-
vage event. This does not mean that the trajectory in fact only had a
single backbone cleavage, but merely that the charged portion of the
peptide could have resulted from a single backbone cleavage. For ex-
ample, if the final product ion is an al ion, it is entirely possible for the
b1 site to have also broken, resulting in the formation of CO as well as
the remainder of the neutral peptide along with the al ion. Hence, the
ion from a simple FFE product corresponds to the information directly
provided by an experimental mass spectrum. Fig. 3 examines the lo-
cation of the backbone cleavage event as a function of ion type irre-
spective to location along the backbone, meaning both an a; and a4
would both contribute to the fraction relative to all FFE events for the a-
type fragmentation. It is important to note that this figure does not
suggest that all of the ions generated would have the m/z value asso-
ciated with an a-ion because there could be other rearrangements that
take place, such as a methyl shift. Rather this figure provides in-
formation regarding the most likely type of bond to break within the
backbone along with which side of the peptide is charged following the
bond cleavage. The fractions do not add up to 1 in this figure because
not all FFE products are simple FFE products.

Fig. 3 shows clear differences between the A K and KA, series. In
the KA, series, the a-type ion is the dominant pathway for all species. In
the A,K series, both the a- and x-type ions are common, with the x-type
dominating at large system size and the a-type dominating at small
system size. It is also possible to examine the most probable bond
cleavage sites individually, which is shown in Fig. 4. In this figure, the
heavy atoms of each species are shown along with lines that designate
the backbone cleavage location. Red lines denote that the charge is
towards the N-terminus, whereas blue lines denote the charge is to-
wards the C-terminus. The thickness of the line provides the relative
importance of that cleavage site. Fig. 4 shows that although the a-type
ion is dominant for the KA, series, the cleavage events are distributed
among several possible a-sites. For KA, with n = 1, 3 and 5, the al site
is the most likely cleavage point. For example, in the KA; system, the a;
site is nearly twice as likely as either the a, or the a3 site. For AcKA,, a4
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Fig. 4. Depictions of the heavy atoms of each peptide overlaid with the location of the backbone fragmentation site. Fragmentation events in which the charge on the
fragment containing the N-terminus are indicated by red lines, while those with the charge on the fragment containing the C-terminus are blue. The thickness of the
lines denotes the fraction of bond cleavage events that take place. Only cleavage events with a fraction of 0.05 relative to all FFE events are included for clarity. We
note that backbone/side chain rearrangements can also occur and hence the mass of the final product may be different that depicted in this representation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and a, sites are the most likely cleavage locations, with the a, site being
a little less than twice as likely than the a; site. That said, there are a
significantly smaller number of FFE events for this system (see Fig. 1).

Seeing an a-type ion result from the KA, series is somewhat sur-
prising, but it is indeed what is observed in our simulations. The ion
forms through a multi-step mechanism. For example, an a; ion could
form through the following steps: 1) heterolytic bond cleavage between
the C, and Cg resulting in a 2+ immonium-like ion and a 1- ion from
the remainder of the peptide. Note here, that the two “ions” are ex-
tremely close to each other and calling them separate species at this
point is an arbitrary decision to aid in the description of the mechanism.
Full charge separation does not occur between these “ions”. 2) proton
transfer from the immonium-like ion returns the system to 1+ ion and a
neutral fragment, which do have full charge separation. The proton that
transfers does not need to come from the nitrogen of the lysine, but
rather can transfer from one of the carbon atoms of the backbone,
which is why we refer to this ion as “immonium-like”. The entire pro-
cess, from intact peptide, to forming both a 2+ and 1- ion, back to an
immonium-like 1+ ion and neutral fragment takes approximately
250 fs or less. If the proton transferred from a carbon atom rather than
the lysine nitrogen, the immonium-like ion can rearrange, with time, to
be the traditional immonium ion, which was also seen in some trajec-
tories. Similar mechanistic steps occur for other a-type ions.

Turing our attention to the A,K series, Fig. 4 highlights the shift in
preference between a-type and b-type cleavage events with system size.
The a; site is the dominant cleavage location for AK, whereas the a; site

is in competition with the x5 site as well as the x5 and a, sites for AzK.
Both AsK and AcA;K are alpha helical, and here, we see the x-type
cleavage events becoming dominant. Once again, we see a distribution
of sites in the middle of the sequence with x4 and xs being the most
likely and roughly twice as likely as the x; site. The A,K series also
retains some a-type cleavage events, with a4, for example, being a little
less than half as likely as x4. This is a difference between the two series -
A K has some competition between x-type and a-type throughout
whereas the KA, series is dominated by a-type.

3.2. Backbone rearrangements

As described above, Fig. 3 does not have fractions that add up to 1
because there are fragmentation events that are not simple FFE pro-
ducts. One way for this too occur is for an ion to require at least two
backbone cleavage events. There are at least two ways for this to occur:
Loss of both the N and C-terminus, or 2) loss of a portion of the back-
bone between the N and C-terminus followed by recombination. While
both are observed in our simulations, neither are very likely. For ex-
ample, for the AsK peptide, which shows the lowest fraction of simple
FFE events, there are 24 backbone rearrangement events, which as a
fraction of the total number of FFE events is 0.15. 15 of these events
result in a fragment that contains both the N and C-terminus. There are
at least five ways that we have observed for a portion of the middle of
the backbone to be removed: 1) One of the simplest is the loss of the
alpha carbon along with the R group of an alanine, namely the loss of
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CoH4. When this occurs the nitrogen of the amino acid binds to the
carbonyl carbon. 2) It is also possible to lose the majority of an entire
alanine amino acid. This typically occurs as HsCoN + CO loss. 3) A
variation of the previous type of loss is for the CO to be retained in the
backbone (loss of just HsC,N). When this occurs, the backbone contains
a carbonyl carbon to carbonyl carbon bond, i.e. a (O=C)—(C=O0) se-
quence is formed. Loss of HsCoN + CO combined with loss of just
HsC,N is the most common backbone rearrangement observed for both
A;K and KA,. 4) A more exotic mechanism involves an exchange be-
tween the alpha and beta carbons, namely the nitrogen atom migrates
from the alpha to beta carbon while the carbonyl group on the beta
carbon shifts to the alpha carbon. This results in loss of H4C50. 5) The
most complicated mechanism involves the cleavage of a peptide bond
and the C,—Cg bond further down the chain. These two cleavage sites
recombine with the carbonyl carbon of the peptide bond binding to the
oxygen of the carbonyl from the C,—Cg cleavage event, and results in a
backbone that contains a C—O=C sequence. Occurrence of this me-
chanism is rare, but highlights the complex nature of FFE reaction
dynamics.

3.3. Sidechain fragmentation

Another type of FFE event that is not captured in Fig. 3 is frag-
mentation of the side chain alone. This type of event is even more rare
than backbone rearrangements. Using AsK as an example, there are just
5 events that involve only side chain fragmentation, which is a 0.03
fraction of the total number of FFE events. Side chain fragmentation can
also occur in combination with other bond cleavage events. This occurs
through two major pathways: 1) loss of NH;3 from the lysine, and 2)
complete loss of the charged side chain. In the former, the system is
stabilized by forming a cyclic structure, whereas in the latter the proton
transfers back to the backbone.

4. Summary

Our simulation results show that there is a strong system size de-
pendence on the fraction of FFE trajectories, with small systems having
a greater likelihood of FFE than large systems for the same collision
energy. This result is suggestive as to why few experiments have re-
ported shattering products for protonated peptides, namely that most
experimental systems are of sufficient size that it is plausible for shat-
tering fragmentation to be a minor producer of final products.

Differences are also observed between the A K and KA, family of
peptides, with A K being more reactive than KA,,. However, KA, is more
selective in the type of FFE fragmentation that is observed, with a-ions
being prevalent for all system sizes. In contrast, A,K shows a preference
for a-ions for small systems and x-ions for large system sizes. We were
not able to make conclusive statements regarding the importance of
secondary structure. However, our data does support that either pri-
mary structure or overall energetics is an important driver of the FFE
fraction.

The majority of FFE fragments, at the end of our short time simu-
lations, can be described as simple FFE products meaning that the final
charged product has a sequence of backbone atoms that could result
from cleavage at a single backbone site. More complicated products are
also observed that result from backbone rearrangements, although
these are not as common as the simple products. Sidechain fragmen-
tation alone is also possible, and in these systems is exclusive to the
lysine amino acid group.
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