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Abstract

We present the results of direct dynamics simulations of surface-induced dissociation for A K, KA, (n =1, 3, and
5), AcA7K, and AcKA7 for collisions with a fluorinated self-assembled monolayer surface. Our focus is on elucidating
shattering fragmentation events, which takes place in coincidence with the collision event and frequently occurs in a
charge remote fashion. Shattering events typically generate a large number of fragmentation products, and hence, are
not easily understood through chemical intuition. Our simulations show distinct differences between the A;K/AcA7K
and KA,/AcKAj7 series of peptides, with the former being more reactive, while the latter is more selective regarding the
type of bond that will break. In addition, we examine the possible backbone rearrangements seen as well as sidechain

fragmentation.
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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, 2]. Surfaces such
as diamond as well as organic self-assembled monolayer
(SAM) surfaces are commonly used in this technique, and
protonated peptides have been a particular focus of SID
studies [3, 4]. During SID, an ion with a known mass to
charge ratio is imparted a precise 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 suffi-
cient amount of energy is deposited into individual bonds.
Hence, fragmentation can take a significant amount of
time as intramolecular vibrational relaxation (IVR) redis-
tributes the transferred energy throughout the molecule.
However, it has also been seen computationally, as well
as experimentally, that fragmentation can occur in coinci-
dence with the collision event. Such fragmentation events
have been termed “‘shattering.”[3, 5-13]
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Shattering is known to produce an incredibly large
number of different reactive products within experiments
[1] and simulations [13] 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. the mobile proton model [14]), it is
common for shattering fragmentation to occur in a charge
remote fashion. One of the incredibly nice features of
proton driven fragmentation is the intuitive picture that
is provided, namely that a proton is mobilized and mi-
grates to a thermodynamically less stable site, which in
turn weakens a covalent bond and makes it more likely to
cleave. There is no equivalent intuitive picture available
for shattering fragmentation, which is in part due to the
somewhat overwhelming number of different fragmenta-
tion products possible.

There has been a significant computational focus on
shattering in gly,-H" + surface systems [9, 11-13] with
n=1, 2 and 8. This work provides greater insight into shat-
tering by presenting a direct dynamics study of a comple-
mentary series of protonated peptides, namely A K and
KA, (n =1, 3, 5) as well as AcA;K and AcKA7 col-
liding with a fluorinated SAM (FSAM) surface. AcA7K
and AcKA7 were the subject of a previous work focused



on soft-landing [15], but are also clearly complementary
to the present study. This choice of protonated peptides
probes very small dipeptides up to octapeptides, and al-
lows for a limited examination of globular vs alpha-helical
secondary structure while also increasing the chemical di-
versity of systems explored by direct dynamics. In addi-
tion, we seek to provide insight into the types of bonds
that are most likely to be cleaved during a shattering event
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 de-
fined using the established nomenclature for protonated
peptide ion products [16]. Moreover, we seek to deter-
mine 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 ini-
tial structures for each species as well as for performing
the direct dynamics simulations. The work can also be
viewed as an extension of that of Frederickson et al. [15],
which focused on soft landing while this work focuses on
shattering.

2.1. Initial Structures

Structures are needed for eight different species, namely
A K and KA, withn =1, 3, and 5 as well as AcA7K and
AcKA~;. The latter two structures are taken from Freder-
ickson et al. As described in that work, Jarrold and co-
workers found that AcA7K is the shortest, stable alpha-
helical peptide known, while AcKA7 has a globular form
[17]. In this work, we were able to form an alpha-helical
structure for AsK that was stable for our short-time, gas
phase simulations. All other structures are globular. The
AsK structure was obtained via Avogadro [18] and then
optimized using the RM1 semi-empirical method [19]. RM1
was selected since it was used in the soft-landing work of
Frederickson et al. as well as numerous other direct dy-
namics simulations of protonated peptides [20-26].

The structure for all other species were obtained by
obtaining an initial structure via Avogadro and reoptimiz-
ing it via GROMACS [27] with the OPLS force field fol-
lowed by a 100 ps equilibration at 300K. A simulated an-
nealing 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 0 K over an additional 100
ps. All of the 0 K structures were optimized at the RM1
level as implemented in Mopac2016 [28]. The lowest en-
ergy conformation was selected from these structures as

the initial starting point for the direct dynamics simula-
tions. 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 proto-
nated N of the sidechain and the N-terminus. However,
KA also shows a close proximity to the C-terminus and
has additional stabilization. This trend continues to AzK
and KAj3. A3K is hydrogen bound to a carbonyl along
the backbone, whereas KA5 retains the sidechain to N-
terminus hydrogen bond as well as being in close prox-
imity to the C-terminus. AsK and AcA;K are both alpha
helical, and hence, are more elongated whereas KAs and
AcKA7; have formed a “pocket” of carbonyl groups that
are associated with the side chain nitrogen group. Ener-
getically speaking, the alpha helical structures are higher
in energy than the those of KAs and AcKA7.

2.2. Direct Dynamics Simulations

Our approach to performing direct dynamics simula-
tions of collision systems relevant to mass spectrometry
has recently been detailed in three review articles [29—
31], and hence, we shall only provide an outline of the
approach here. Several of the original works on the spe-
cific topic of protonated peptides colliding with organic
self-assembled monolayers [9, 32-34] would also provide
additional technical detail.

We begin by writing the potential energy as a sum of
three components, namely

(1

where Vgup is the intramolecular, molecular mechanical
(MM) force field for FSAMs and V)eprige—sam 1s the most
recent MM force field for the interaction between a proto-
nated peptide and the SAM surface. This force field, de-
veloped by Hase and co-workers, is specifically designed
for modeling soft landing [35, 36]. However, it also per-
forms well at higher collision energies, such as those con-
sidered here. The peptide potential, Ve prige, is treated us-
ing the RM1 semi-empirical method for the reasons de-
scribed in the previous section.

The peptide is initially placed 40 A above a 9x9 oc-
tanethiol FSAM surface with a random orientation. Initial
positions and velocities were randomly selected for both
the surface and the peptide using a velocity re-scaling rou-
tine such that each was given an initial temperature of 300
K. Separate MD simulations were performed for the pep-
tide and the surface with velocity re-scaling occurring ev-
ery 30 time steps. This approach was successfully used by
Frederickson et al[15]. Lastly, a relative collision energy

V= Vpeptide + Vsam + Vpeptide—SAM



of 100 eV with a normal incidence angle was imparted to
the peptide. One thousand trajectories were calculated for
each species.

Hamilton’s equations of motion were integrated us-
ing a 6" order sympletic integration scheme [37], 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 energy was well
conserved following this, the normal time step was rein-
stated. This precation was important to implement as a
fairly large number of trajectories (~ 5%) were exhibit-
ing poor conservation of energy. It was determined that
the majority of the error was accumulated in a single inte-
gration step. This is perhaps not surprising as we are in-
vestigating fairly high energy systems undergoing abrupt
changes in momentum. All simulations were performed
using an in-house simulation code coupled to Mopac2012
[38].

3. Results and Discussion

We begin our analysis by examining the overall reac-
tivity for the species, as shown in Figure 1. There are three
immediate trends that are observed on this time scale: 1)
Reactivity decreases with peptide size, 2) shattering both
decreases with system size, but also becomes relatively
more important, and 3) the A K series (including AcA7K)
is more reactive than the KA, series (including AcKA7).
There is an important realization to make regarding the
fractions shown in Figure 1, namely that the fraction of
shattering trajectories cannot change whereas the fraction
of non-shattering trajectories depends on the overall sim-
ulation 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 fa-
vorable energetics for that family of structures.

The shattering fraction is fixed and cannot change with
a longer simulation time. It is interesting to note that the
shattering fraction depends on the system size and de-
creases by more than a factor of four, moving from the
smallest to the largest system size. At first, this observa-
tion may be surprising as one could argue that shattering
should not strongly depend on size as it is the result of

a strong local force, i.e. impulsive impact with the sur-
face. We believe that the reason the system size clearly
does have a large effect on the shattering fraction is that
the energy transfer is distributed among more parts of the
molecule. It is known that the percentage of translational
to internal energy transfer does not depend on system size,
and hence, the same percentage of the 100 eV collision en-
ergy is being put into, for example, both AK and AcA7K.
However, the number of atoms - and therefore chemical
groups - that come into close contact with the surface is
dramatically different. With a greater number of groups
accepting energy, there are more bonds within which to
distribute the same amount of energy. This makes shatter-
ing less likely for a larger system. This also suggests that
there could be a strong orientational effect on shattering,
though we have not examined that here.

The question of the role of secondary structure is not
conclusively answered from data in Figure 1. Although
it is seen, for example, that AsK (alpha-helical) has a
larger shattering fraction than KAs (globular) the same
is true for AsK vs KAj, which are both globular in na-
ture. 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 cluster-surface
shattering work, which determined that the fragment dis-
tribution is related to the species stability [5].

To continue our examination of shattering, we will
use the standard nomenclature scheme [16] as depicted in
Figure 2. Our direct dynamics simulations automatically
track connectivity. This information can be used to deter-
mine the backbone as well as sidechain cleavage sites. To
ease the discussion, we will now turn our attention to three
classes of shattering products: so called “simple shatter-
ing products” (which we define below), backbone rear-
rangements, and side chain fragmentation.

3.1. Simple Shattering Products

Simple shattering products are those whose final ion
contain a partially intact backbone that could have resulted
from a single backbone cleavage event. This does not
mean that the trajectory in fact only had a single back-
bone cleavage, but merely that the charged portion of the
peptide could have resulted from a single backbone cleav-
age. For example, if the final product ion is an al ion, it
is entirely possible for the b1 site to have also broken, re-
sulting 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 shattering product corresponds to the infor-
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Figure 1: The fraction of reactive trajectories broken down into shat-
tering and non-shattering as a function of species. Note that A7K and
KA7 are in fact acetylated. See Appendix A to see the conformation
of each.

Xn1 Yn-1 Zna1 Xn2 Yo Zno X1 Y1 Z4 —|H+
R, (O R.(O R O
N r 10 "
HZN_? C l]l (|: C—+N —N—(il C l]l (|3—C—OH
H HJH H b HH
ap by ¢ a b, o A1 Dng Cog

Figure 2: Definition of ion types.

mation directly provided by an experimental mass spec-
trum. Figure 3 examines the location of the backbone
cleavage event as a function of ion type irrespective to
location along the backbone. Meaning both an al and a4
would both contribute to the fraction relative to all shat-
tering events for the a-type fragmentation. It is impor-
tant to note that this figure does not suggest that all of the
ions generated would have the m/z value associated with
an a-ion because there could be other rearrangements that
take place, such as a methyl shift. Rather this figure pro-
vides information 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
shattering products are simple shattering products.

Figure 3 shows clear differences between the A,K and
KA, series. In the KA, series, the a-type ion is the dom-
inant pathway for all species. In the A,K series, both the
a- and x-type ions are common, with the x-type dom-
inating 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 Figure 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 de-
note the charge is towards the C-terminus. The thickness
of the line provides the relative importance of that cleav-
age site. Figure 4 shows that although the a-type ion is
dominant for the KA, series, the cleavage events are dis-
tributed 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 KA3 system, the al site is nearly twice as
likely as either the a2 or the a3 site. For AcKA7, a4 and
a7 sites are the most likely cleavage locations, with the
a4 site being a little less than twice as likely than the al
site. That said, there are a significantly smaller number of
shattering events for this system (see Figure 1).

Turing our attention to the A,K series, Figure 4 high-
lights the shift in preference between a-type and b-type
cleavage events with system size. The al site is the dom-
inant cleavage location for AK, whereas the al site is in
competition with the x3 site as well as the x2 and a2 sites
for A3K. Both AsK and AcA7K are alpha helical, and
here, we see the x-type cleavage events becoming domi-
nant. Once again, we see a distribution of sites in the mid-
dle of the sequence with x4 and x5 being the most likely
and roughly twice as likely as the x1 site. The AK series
also retains some a-type cleavage events, with a4, for ex-
ample, being a little less than half as likely as x4. This is a
difference between the two series - A;K has some compe-
tition between x-type and a-type throughout whereas the
KA, series is dominated by a-type.
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Figure 3: The fraction of ion sites for shattering fragmentation events
that results from a single cleavage along the backbone. We note that
we are using the ion nomenclature to identify the bond cleavage sites
and the side of the peptide retaining the charge - not the final ion m/z,
since additional rearrangements are possible.

3.2. Backbone Rearrangements

As described above, Figure 3 does not have fractions
that add up to 1 because there are fragmentation events
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Figure 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 shattering 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 that depicted in this representation.

that are not simple shattering products. 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 backbone between the N and C-terminus
followed by recombination. While both are observed in
our simulations, the latter is more likely to occur. 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 C;Hs. When
this occurs the nitrogen of the amino acid binds to the car-
bonyl carbon. 2) It is also possible to lose an entire alanine
amino acid. This typically occurs as HsC,N + 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=0) sequence is
formed. Loss of alanine combined with loss of HsC,N is
the most common backbone rearrangement observed for
both A,K and KA,. 4) A more exotic mechanism in-
volves an exchange between 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 H4C,0. 5)
The most complicated mechanism involves the cleavage
of a peptide bond and the Co-Cg bond further down the
chain. These two cleavage sites recombine with the car-
bonyl carbon of the peptide bond binding to the oxygen of
the carbonyl from the Cy-Cg cleavage event, and results in
a backbone that contains a C-O=C sequence. Occurrence
of this mechanism is rare, but highlights the complex na-



ture of shattering reaction dynamics. 6. Appendix A. Supplementary data

3.3. Sidechain Fragmentation
Another type of shattering event that is not captured

Supplementary data to this article can be found online.

in Figure 3 is fragmentation of the side chain alone. This  References

occurs through two major pathways: 1) loss of NH3 from
the lysine, and 2) complete loss of the charged side chain.
In the former, the system is stabilized by forming a cyclic
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structure, whereas in the latter the proton transfers back to 2]
the backbone.
4. Summary [3]
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