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ABSTRACT: The effect of secondary structure on the soft
landing process is investigated through direct dynamics
simulations of AcA;K and AcKA; colliding with a fluorinated,
organic self-assembled monolayer (FSAM) surface. The a-
helical (AcA,K) and globular (AcKA,) peptides each
exhibited a similar probability of soft landing with normal
incidence at all collision energies considered. Rapid conforma-
tional changes were quantified through the calculation of the
time dependent, conformational entropy production that took
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place during the collision events, which is consistent with the prior structural measurements made by Laskin and co-workers on
these systems. AcA;K produces more entropy during the collisions than AcKA.,.

1. INTRODUCTION

Tandem mass spectrometry is both a valuable analytical tool
and a means of exploring the fundamentals of chemical
dynamics in relatively high energy systems.' ™ The application
of mass spectrometry to systems of biological interest is an
active field of study for both identification and characterization
as well as a means to deposit biological molecules on a
substrate via soft landing.° "' Direct dynamics simulations
have been and continue to be a crucial tool that provides
atomistic insight into the dynamics of tandem mass
spectrometry systems.12

Soft landing has a long experimental history."® It has been
exhibited to be a useful means to control the deposition of
mass selected biological molecules on a substrate’ "' but has
only recently been studied via direct dynamics simulations.
Hase and co-workers, who pioneered peptide + organic self-
assembled monolayer (SAM) direct dynamics simulations,
have developed a new interaction potential between peptide
ions and fluorinated SAM (FSAM) surfaces'* and went on to
study the soft landing and energy transfer of dialanine.'>"®

In this work, we will make use of the same intermolecular
potential energy surface and apply it to “large” systems that
exhibit secondary structure. In particular, it has been shown by
the Jarrold group that AcA,K (n > 7) adopts a stable a helix
structure in the gas phase while AcKA, adopts a globular
structure.'” Hence, a comparison of the dynamics of AcA,K
and AcKA, will largely provide insight into the role of
secondary structure on the processes taking place. These are
ideal systems for our study. Moreover, soft landing of these
systems with n = 7 and 14 has been studied experimentally by
Laskin and co-workers.'® While their study focused on the
effect of the surface on the soft landing process, it will still
serve as a useful comparison in the present work. In addition,
their work suggests that conformational changes are occurring
either during or after the soft landing event. This study
provides insight into the time scale for that change.
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While the n = 14 system would likely be computationally
tractable, it would require a much larger computational
expense without a clear gain in insight provided. Hence, we
have selected AcA;K and AcKA; as our model systems for this
study. Below, we will investigate the conformational effect on
soft landing as well as the time dependence of any
conformational reorganization that takes place. In order to
accomplish this latter goal, we make use of a method"’ to
calculate the conformational entropy for much larger systems
and have adapted it to the ensemble of trajectories we calculate
here. This technique provides a means to obtain a time
dependent conformational entropy for each collision energy
selected and shows that there is rapid entropy production that
takes place during the trajectory. In addition, we will compare
our findings to those of Hase in regard to the penetration of
the peptide into the FSAM surface.

The outline for the remainder of the paper is as follows: in
section 2, we provide an overview of our computational
method, in section 3, we present and discuss our results, and
last in section 4, we summarize the study.

2. COMPUTATIONAL DETAILS

We performed direct dynamics simulations of collisions
between both structured and unstructured species with an
FSAM surface using standard techniques””*' and implemented
the most recent peptide-FSAM intermolecular potential energy
surface. Below, we will describe how we obtained our starting
structure for the two peptides and give a brief overview of the
simulation methodology.

2.1. Peptide Structures. Our goal is to investigate the
effect of structure on soft landing. To this end, we are
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comparing two acetylated peptides: AcA/K, and AcKA,. The
similarity in size and chemical composition allows for a direct
comparison, whereas the speciﬁc sequences result in either a
stable, a helix structure (AcA;K) or a random coil structure
(AcKA;). In both cases, the excess proton is placed on the
lysine side chain. The conformation for the structured peptide
was constructed using Avogadro’” and optimized using the
RM1*® semiempirical method as implemented in
Mopac2012.** The unstructured peptide was also initially
drawn using Avogadro. This structure was used as input for a
simulated annealing procedure performed using GROMACS™
using the OPLS force field. One hundred heat—cool cycles
were performed, ramping the temperature up to 1000 K over
100 ps and cooling down to 0 K over an additional 100 ps. The
lowest energy conformation obtained from this procedure was
then reoptimized at the RMI1 level. We were not concerned
with obtaining the global minimum structure, as we are seeking
to investigate the differences between a highly structured
species and an unstructured species. Figure 1 shows the two
final structures obtained and used as input to the direct
dynamics simulations.

Figure 1. Minimum structures used for AcA;K (A) and AcKA, (B).
Both a “CPK” and “NewCartoon” representation, as implemented in
VMD, are shown. The cartoon representation highlights the structural
differences present between the two peptides. The color scheme for
this figure and all others is as follows: C - black, H - white, N - blue, O
- red, F - ochre.

2.2. Simulation Methodology. Our approach to perform-
ing direct dynamics simulations of collision systems relevant to
mass spectrometry has recently been detailed in two review
articles.'”*® Readers who are specifically interested in the
application of this method to collisions between protonated
peptides and self-assembled or%anic monolayers should also
see several of the original works.”” > Below, we will provide a
brief overview of the method to place this work in context.
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We begin by writing the potential energy as a sum of three
components, namely,

V= ‘/peptide + ‘/SAM + V;)eptide—SAM

(1)

where Vg, is the well-established, intramolecular, molecular
mechanical (MM) force field for FSAMs (see, for example,
Yang et al*®) and Vieptide—sam 18 a recent MM force field
developed by Hase and co-workers that is specifically designed
for modeling soft landing.M’16 The peptide potential, Ve i
treated using a quantum mechanical (QM) method. We note
that, while not strictly necessary for the present study, we are
treating the peptide using a QM method such that future
studies focused on peptide fragmentation of structured vs
unstructured peptides can make direct comparisons to this
work. Due to our prior success,”' "> we will use the RM1
method.

The peptide is initially placed 40 A above a 9 X 9
octanethiol FSAM surface with a random orientation. The
surface is oriented such that the gold substrate is in the xy
plane and the top of the surface is toward the positive z
direction. Initial positions and velocities were randomly
selected for both the surface and the peptide using a velocity
rescaling 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
rescaling occurring every 30 time steps. While this approach
has previously been used for the surface, to our knowledge, this
is the first time the approach has been applied to the peptide
within this simulation framework. Typically, the initial
conditions of the peptide are determined through use of the
normal mode coordinates.>® In this work, we chose to use
velocity rescaling due to both the size of the peptide and the
large number of small frequency vibrational modes. Two-
dimensional periodic boundary conditions were implemented
to allow for soft landed peptides to diffuse on the surface.
Lastly, a relative collision energy between 2.5 and 30 eV with a
normal incidence angle was imparted to the peptide. Five
hundred trajectories were calculated for each collision energy.

Hamilton’s equations of motion were integrated using a sixth
order sympletic integration scheme,*” making use of a 1 fs step
size with output written every 50 fs. Trajectories were stopped
after 20 ps of simulation time. The vast majority of trajectories
conserve energy to within 1% of the collision energy, while
those that failed were recalculated with a 0.5 fs time step. All
simulations were performed using an in-house simulation code
coupled to Mopac2012.>*

3. RESULTS AND DISCUSSION

3.1. Probability of Soft Landing. The aim of this study is
twofold: (1) to determine the importance of peptide structure
on normal incidence soft landing efficiency and (2) to examine
how the normal incidence soft landing process affects the
conformation of the soft landed peptide. In order to
accomplish these goals, it is necessary to develop a set of
criteria to classify trajectories. We begin by presenting, in
Figure 2, the z-coordinate for several representative trajectories
that show the behavior of three classes of events that we have
identified in the results. Note that, in this figure, zero is defined
as the average position of the topmost carbon atom within the
surface. The value was determined by performing a 300 K
simulation of the surface alone and averaging the position.

The figure presents three classes, “direct bounce”, “soft
land”, and “intermediate” which will be described and defined
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Figure 2. Representative examples of the z component of the center
of mass of the peptide for direct bounce, soft land, and intermediate
classes of trajectories. The ultimate fate of the intermediate
trajectories would need longer time scale simulations to determine.
Zero is defined to be the average z position of the topmost carbon
atom within the surface.

below. There are clear differences in the behavior of these
three classes with direct bounce exhibiting what appears to be
largely repulsive interactions that result in a simple bounce off
the surface, while the soft landed trajectories either bounce off
and are pulled back or stay relatively close the entire time. It is
striking that some soft landed trajectories take several
picoseconds to return to the surface and that the center of
mass moves more than 10 A away. Intermediate trajectories are
trajectories that will either eventually be pulled back to the
surface or ultimately escape from the surface but have
experienced more than one inner turning point. As our
simulations only go out to 20 ps and the population in this
class is relatively small, we did not attempt to differentiate
these two possible outcomes.

Figure 2 illustrates an obstacle to the analysis: the peptide’s
center of mass can move a significant distance away from the
surface and still experience enough of an attractive interaction
to ultimately become soft landed. Hence, using simple distance
cutoffs to classify our trajectories was problematic. To
overcome this issue, we have developed criteria that do not
make use of distance directly but rather the number of inner
turning points that occur in a trajectory and the magnitude of
the MM interaction between the peptide and the surface,
namel}’; Vpeptide—SAM'

In order to be classified as a direct bounce event, the peptide
must be moving in the positive z direction at the end of the
trajectory and have a single inner turning point. In trajectories
that were classified as a soft landing event, the peptide must
have had more than one inner turning point as well as a final
Vieptide—sam < —3 kcal/mol. Using the MM interaction energy
proved to be a simple and effective means of determining if the
peptide was either close to the surface or experiencing a large
favorable interaction. The cutoff value was arbitrarily
determined, but the results are not sensitive to the value as
long as it is chosen to be a small, negative value. The average
Vieptide—sam for soft landed trajectories at 20 eV is —36.6 kcal/
mol. The last class, intermediate, also have more than one
inner turning point but have a final Vi,epige—sam = —3 keal/mol,
which means that the peptide is either far away from the
surface or does not exhibit strong attractive interactions. The
average Viepude—sam for intermediate trajectories at 20 eV is
—0.54 kcal/mol. Given that there is still an attractive
interaction present at the end of the trajectory, it is unclear
if the peptide will ultimately escape or if it will be pulled back
to the surface. The vast majority of trajectories fall into one of
the first two classes, as seen in Figure 3, which shows the
fraction of trajectories within each class as a function of
collision energy for the AcA;K peptide. The fraction of “soft
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Figure 3. Probability of direct bounce, soft land, and intermediate
trajectories for AcA;K as a function of collision energy. Within the
error bars of the simulation, AcA;K and AcKA, have identical
fractions within each class.

land” strongly decreases with collision energy, while the
fraction of “direct bounce” strongly increases with collision
energy. We note that the fractions for AcA;K and AcKA,; are
nearly identical and within the error bars for each other, and
hence, we conclude that the conformation of the peptide has
little effect on the probability of successful soft landing.

A comparison of the present results with those for the
dialaine work'® make it possible to gain some insight into the
effect of size on soft landing efficiency. Generally speaking, the
two works show qualitatively similar trends. Hence, we will
make a comparison for the 13.5 eV collision energy, which has
a roughly equal population between soft land and direct
bounce. Table 1 from ref 16 reports a soft landing fraction of
0.65 =+ 0.02, whereas this work finds a fraction of 0.54 + 0.04,
which suggests that the soft landing efficiency has slightly
decreased due to either the size or conformation of the larger
peptide.

3.2. Conformational Changes That Result from
Collision. We now turn our attention to examining the
conformational changes that may take place during the
collision event. There is a great variability in conformational
changes, which makes it difficult to both generalize and
succinctly describe. Various approaches were taken, including
tracking distance variations, calculating the radius of gyration
as well as the asymmetry parameter—which describes oblate vs
prolate shapes using the rotational constants. However, none
of these approaches produced a straightforward description of
the changes taking place. One generalization that can be made
is that, on average, the radius of gyration increases following
the collision for both direct bounce and soft landed trajectories
as well as for both a-helical and globular peptides. For AcA/K,
the helical nature is also quickly lost but results in either a
straight-chain-like or globular configuration.

Due to the large variability in the type of conformational
changes observed, we sought a method to quantify the relative
magnitude of the change. Our approach to quantifying the
magnitude of change in secondary structure makes use of the
Ramachandran angles of the peptide backbone.”® We calculate
a time dependence of each angle for each trajectory and use
them to develop a time dependent probability distribution,
P(¢, w, t), for each collision energy. Given the small size of our
system, a single trajectory will not provide a good means of
obtaining the probability distribution. However, by combining
the results from all trajectories for each collision energy, we
obtain a meaningful probability distribution for the given
collision energy. In this work, we only make use of the soft
landed trajectories to calculate the probability distribution.

With the probability distribution on hand, the conforma-
tional statistical entropy is calculated as S(t) = —kg); P(t)
In(P,(t)), where P; is the probability of being found in a
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particular ¢, y bin. It has been shown that AS is independent
of bin size."” We divide ¢, y space into 225 bins, and the 300
K entropy for each peptide (i.e, the initial state of each
trajectory) is used as a reference to create a time dependent AS
function for each collision energy. This choice of reference
focuses on the entropy production that takes place during the
trajectory and highlights the relative change in entropy for each
peptide. We note that AcA;K has a smaller entropy than
AcKA,; at 300 K. Figure 4 compares the entropy production of

10
Time (ps)

Figure 4. Relative entropy production of each peptide at 2.5 eV. The
structured peptide has a larger entropy production during the course
of the trajectory.

soft landed peptides for AcA;K and AcKA; at 2.5 eV. At this
collision energy, nearly all peptides are soft landed. Prior to the
collision, both systems exhibit small fluctuations about zero,
which is consistent with normal thermal variations for a small
population at 300 K. Once the peptide has reached the surface,
we observe a dramatic increase in entropy for both systems.
Although both systems exhibit very fast increases in entropy,
AcA;K has a much larger increase than AcKA;. Once the
increase has peaked, a very slight decrease in entropy is seen,
followed by relatively stable thermal fluctuations for the
remainder of the time frame. The rate of entropy change, and
hence conformational change, is striking.

The magnitude of the entropy production can also be
examined as a function of collision energy, as shown in Figure
S. Again, we focus on the soft land class and show the time

10
Time (ps)

Figure S. Relative entropy production of AcA;K at 2.5 and 20 eV.
The same qualitative shape of the entropy production curve is seen,
though the magnitude of the change is much greater for the higher
collision energy.

dependent entropy production for 2.5 and 20 eV collisions.
Both are qualitatively similar, though the magnitude of the
change is greater for the larger collision energy. We selected
this collision energy because the soft land population is still
large enough to be meaningful. This plot also shows that the
decrease in entropy following the peak is more pronounced
with larger collision energy and suggests that additional
reorganization may take place on a time scale longer than
our simulation. The reorganization that is seen can result in a
significant loss of entropy, as seen from a peak of ~2 kg and an
ending value of ~1.5 kg.
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We noted above that, by making the reference entropy
different for each peptide, we are focusing on the entropy
generated by the collision event. AcA;K generates more
entropy than AcKA,, which is in part due to having a more
ordered starting structure that exhibits strong intramolecular
interactions. It is also possible to examine the “absolute”
entropy production by defining the reference state to be
AcA;K at 300 K. The absolute entropy production for each
peptide and collision energy is shown in Table 1.

Table 1. Absolute Entropy, in Units of kg, for AcA-K and
AcKA, Using the 300 K AcA/K Structure as the Reference”

AcAK AcKA,
collision energy (eV) K K K K
2.5 0.00 1.19 0.79 0.96
S 0.04 1.21 0.78 0.95
10 —-0.03 1.48 0.77 0.94
13.5 0.03 1.54 0.76 0.96
20 0.00 1.61 0.78 0.95

“Both the initial (ki) and final (kf) entropy values are shown.
Although two decimal places are shown, the values are only accurate
to one.

The absolute entropy analysis shows that the entropy
production for AcKA, is roughly constant with collision
energy, while that for AcA;K increases. Again, this is due to the
nature of the starting structures. AcA;K had more of an
ordered structure to lose and will also take a longer time to
reorganize following the rapid loss of that structure. This
analysis also shows that, while the entropy gained by AcA;K is
much larger than that gained by AcKA,, they end up in a
somewhat similar disordered state at the end of the trajectory.

3.3. Penetration of the Peptide into the Surface. The
previous simulations involving soft landing of dialanine on an
FSAM surface provided a detailed analysis of the penetration
depth of their peptide. Here we provide a comparison to that
work. A comparison of Fi%ure 2 of this work and Figure 1 of
Pratihar and co-workers'® immediately shows qualitative
differences between the smaller dialanine system and those
studied here. For the smaller system, during the collision, the
peptide penetrates below the capping —CF; groups for all
classes of trajectory by as much as 3—5 A. However, that is not
seen for AcA-K or AcKA,. In fact, the center of mass for these
larger systems stays a similar amount above the capping —CF;
groups. Given that we are using the same intermolecular
potential energy surface and the same surface structure and
have peptides that have largely the same chemical composition
when discounting the lysine group, this effect is entirely due to
the sizes of the peptides. One possible reason for the
differences seen is that the work of Pratihar and co-workers
did extend to significantly higher collision energies than those
in this study; however, the above comparison is at the same
collision energy. Our penetration analysis does show that there
is greater “penetration” at higher collision energy, but even at
our largest collision energy, the center of mass of the peptide is
still above the top of the surface. In order to further investigate
penetration, we also tracked the minimum height of heavy
atoms within the peptide, which would represent the deepest
depth that the peptide penetrates into the surface. Again, we
find that there is little penetration into the surface with typical
trajectories moving down to the height of the 300 K average
height of the terminal carbon, or slightly below, on impact
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before moving back up from this level. This is qualitatively
similar to the behavior seen by Hase and co-workers'® for
dialanine. In that work, at a collision energy of 30 eV, over 75%
showed no penetration. It is not surprising that this would be
further decreased by a larger peptide. When examining the
average distance of closest approach between AcA;K and
AcKA,, the two peptides have nearly identical results. In
contrast, soft landed trajectories have a smaller average
distance of closest approach; for example, at a collision energy
of 13.5 eV, where the two peptides have close to the same
population in each class, the center of mass for soft landed
trajectories gets ~0.2 A closer to the top of the surface.

In the dialanine work, penetration into the surface was used
to describe the mechanism for soft landing. Since we do not
see the same type of penetration as that work, our mechanisms
for soft landing all primarily involve physisorption to the
surface. We also observe an interesting class of soft landed
trajectories that we call “tethering” in which either a single or a
small number of atoms experience a strong attractive
interaction with the surface while the remainder of the peptide
is relatively far away from the surface. An example of this type
of event is shown in Figure 6. This class of event likely was not
seen, or at least was not as dramatic, for the smaller system.

time =

time =2.15 ps
0.0 ps

time = 6.85 ps

Figure 6. Snapshots taken from a 13.5 eV trajectory that illustrates the
“tethering” mechanism for soft landing. By 2.15 ps, the peptide has
reached the surface and experienced enough repulsion for the
majority to begin to move away from the surface. At 6.85 ps, the
“tethering” occurs, which happens to take place via the lysine side
chain for this trajectory. At 9.35 ps, the N-terminus begins interacting
with the surface, while the center of the chain is fairly remote, but by
11.35 ps, the peptide is largely flat against the surface. The yellow and
light green atoms visible are gold and sulfur, respectively.

4. SUMMARY

Our simulations have shown that both a-helical and globular
peptides have nearly identical soft landing fractions at all
collision energies considered within our study. The classi-
fication of trajectories was accomplished on the basis of the
number of inner turning points and the magnitude of the MM
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interaction between the peptide and the surface. Not
surprisingly, soft landing is favored at low collision energies,
while direct bounce is preferred at large collision energies.

We have developed a means of tracking the time dependent
conformational entropy and have used these time curves to
examine the conformational changes that take place during the
collision. A fast and dramatic increase in entropy is observed
for both peptides with AcA;K experiencing a larger magnitude
change, though both peptides have reasonably similar absolute
entropies at the end of the trajectory for low collision energies.
We expect that, if the simulation time was increased
significantly, the absolute entropy of these two peptides
would be similar. This suggests that the final conformation of
the two would also be similar, which is in agreement with the
experimental results of Laskin and co-workers."'®

A comparison was made to the previous work of Hase and
co-workers, specifically in regard to the penetration of the
peptide into the surface. Due to the size difference between the
dialanine studied previously and our AcA;K and AcKA,,
qualitative differences were observed. Hence, the primary
mechanism for soft landing for this system is through
physisorption to the surface. We also described a “tethering”
mechanism in which an initially small number of atoms are
strongly attracted to the surface prior to the entire peptide
becoming physisorbed.

In future work, it would be of interest to explore the slow
reorganization process that is seen in our plots of the entropy
for large collision energies. In addition, although we saw little
effect on the soft landing efficiency as a function of secondary
structure, the surface induced dissociation process may be
more sensitive to structure.
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