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Collisional dynamics simulations revealing fragmentation
properties of Zn(II)-bound poly-peptide
Abdul Malik,* Laurence A. Angel,® Riccardo Spezia®,” and William L. Hase?

Chemical dynamics simulations are performed to study the collision induced gas phase unimolecular
fragmentation of a model peptide with the sequence acetyl-His;-Cys,-Gly;-Pros-Tyrs-Hisg-Cys; (analogue
methanobactin peptide-5, ambs) and in particular to explore the role of zinc binding on reactivity. Fragmentation
pathways, their mechanisms, and collision energy transfer are discussed. The probability distributions of the
pathways are compared with the results of the experimental IM-MS, MS/MS spectrum and previous thermal
simulations. Collisional activation gives both statistical and non-statistical fragmentation pathways with non-
statistical shattering mechanisms accounting for a relevant percentage of reactive trajectories, becoming
dominant at higher energies. The tetra-coordination of zinc changes qualitative and quantitative fragmentation,
in particular the shattering. The collision energy threshold for the shattering mechanism was found to be 118.9
kcal/mol which is substantially higher than the statistical Arrhenius activation barrier of 35.8 kcal/mol identified
previously during thermal simulations. This difference can be attributed to the tetra-coordinated zinc complex

that hinders the availability of the sidechains to undergo direct collision with the Ar projectile.

Introduction

Zinc plays an important role in biological systems' where it can either
aid in catalysis or provide structural support to maintain the protein
conformation.? These functions are performed by incorporating zinc
as a cofactor into proteins or peptides usually via thiolate groups of
cysteine and the imidazole groups of histidine in a distorted
tetrahedral coordination geometry.>”’7 For example, matrix
metalloproteinases are zinc-dependent enzymes that catalyze the
hydrolysis of structural proteins in the extracellular matrix® and their
inhibition has been investigated for slowing the progression of
cancers.’ The eukaryotic zinc finger proteins have conformations that
are specific for binding to DNA!®!! and the zinc ion is most
commonly tetrahedrally coordinated via 2Cys-2His.>!1-13

Ion mobility - mass spectrometry (IM-MS)%!415 with molecular
modelling and novel ion activation methods can be used to determine
the accurate structure of these zinc containing metallopeptides.
Previous studies of methanobactin'®'7 from Methylosinus
trichosporium and analogue methanobactin (amb) peptides®14.15.18-21
show the IM-MS analyses in negative ion mode is particularly
informative because it shows a distinct pH dependence for the metal
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binding and provides the protonation state of the acidic and basic
binding sites, the charge of the metal ion, and the collision cross
section of the conformer. The primary structures of the amb peptides
include Pro as a hinge to position the His and Cys substituent groups
for coordinating the metal ion (Figure 1).

After decades of development, collisional activation is still one of the
most popular activation methods and is routinely used in peptide
science.?? Collision induced dissociation (CID) involves energetic
collisions between ions and neutral gas atoms which result in the
transfer of translational energy to the internal energy of the ion.?? This
excess ro-vibrational energy causes dissociation of the precursor ion
and generates product ions which are mass analyzed (the so-called
MS/MS).

Theoretical mass spectrometry, in the form of direct dynamics
simulations,?*?’ combined with experimental IM-MS and MS/MS can
be used to obtain atomistic level information about biomolecules. The
dissociation pathways and products found through experimental and
theoretical studies can be used to illuminate the main fragmentation
features of the peptides. Due to their high efficiency, collisional
activation methods are routinely used in most of the tandem mass
spectrometry instruments (ion traps, Fourier-transform ion cyclotron
resonance, quadrupole time-of-flight, etc.).?62° There are certain
details in the CID fragmentation mechanisms that are still of interest
including the role of the side chains,3-34 or the effect of the collisional
activation mode on the fragmentation products.®> Theoretical
simulations can be used to answer these queries.?>3%37 There are two
main activation methods employed in chemical dynamics simulations
of biomolecules. One involves thermal (internal energy) excitation to
reflect multiple collisions and the other is the single collision
excitation with an inert gas molecule.?*>
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In experimental MS/MS spectra, product ions due to both statistical
and non-statistical mechanisms appear but their ratio depends on the
experimental conditions.3® For example, fragmentation occurring in
tandem mass spectrometers and extrapolated to the single collision
CID can provide reaction cross sections as a function center-of-mass
collision energy.* Simulations of single collision CID can be useful
to understand fragmentation mechanisms of peptides.?>374° For the
fragment dissociation of large molecules, efficient energy transfer
during the collision is required.*! Similarly to what was recognized by
the previous studies on surface-induced dissociation (SID)*>#7 the
dynamics for the ions excited by this CID mode experience key
differences with respect to randomized unimolecular fragmentation,*
which relies on the well-known Rice—Ramsperger—Kassel-Marcus
(RRKM) theory.*® This theory is based on statistical assumption
requiring that translation to vibration energy transfer during the
collision occurs within intramolecular vibrational energy
redistribution (IVR). For these non-random dynamics, the decay of
the initial population will be non-exponential, as recently shown in
the case of di-proline anion CID simulations.?® One relevant non-
statistical mechanism observed in CID is the so-called shattering:*>-5
the collision activates one (or more) vibrational mode(s), leading to
fragmentation within one vibrational period of the bond which breaks.
Shattering fragmentation during CID has been observed in previous
chemical dynamics simulations and experiments for protonated
urea,*>! protonated uracil,*>3 CH3SH™,3+% and Cr*(CO)>® and more
recently in polypeptides.36-385758 To have a better estimate of the
expected ions from an excitation method during experimental mass
spectrometry, it is important to compare fragmentation pathways and
product ions for different excitation methods using direct dynamics
simulations.

Direct chemical dynamics simulations>>® were recently®! used to
analyse fragmentation of thermally excited [ambs—3H+Zn(II)]~ and
can be now used to study non-random CID fragmentation as has been
used in the past to analyse e.g. protonated poly-glycines,’’-% and a di-
proline anion®® and TIK(H"),.3637 During thermal excitation,®! [ambs—
3H+Zn(II)]” ion was excited at temperatures ranging from 1600 to
2250 K and the energy was randomly distributed in the vibrational
modes of the ion. The kinetic analysis showed that fragmentation
probability of [ambs—3H+Zn(II)]~ follows RRKM theory. Out of the
three lowest energy conformers of [ambs—3H+Zn(II)]-, that were
thermally excited in ref. 51, chemical dynamics simulations are here
performed on conformer a (structure shown in Figure 1) since its
fragmentation pattern most closely matched with the experiment. We
now investigate how the same peptide will fragment under explicit
collision simulations with Ar. In this case, the ion will be excited non-
randomly and the site of collision will have a major impact on
fragmentation dynamics. Differently to peptides studied previously
via CID, the one reported here is the first presenting a tetra-
coordination binding to a transition metal. This could result in
substantial differences. To have a more detailed picture of the effects
of explicit collision, we compared the results reported here with those
obtained in the previously reported study under thermal excitation
conditions.®!

Computational Methodology

Electronic Structure Theory. Previous simulations®! of the thermal
fragmentation of [ambs—3H+Zn(II)]~ used PM7,%? semi-empirical
electronic structure theory method. In this same previous work, the
PM?7 method was shown to be able to correctly describe the reactivity
of this system. We have thus employed PM7 in the present work.
Here, PM7 was used also to describe the interaction between the
peptide and Ar atom. With respect to previous semi-empirical
Hamiltonians of the same family, PM7 implicitly addresses dispersion
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by including non-covalent systems in the training set during the
parameterization and is thus able to describe also Ar, for which
parameters are reported in the litteraure.? As initial structure of the
ion for subsequent collisional dynamics simulation, we used the
lowest energy structure of the peptide found previously,®! notably
conformer a.

Direct Dynamics Simulations. [ambs—3H+Zn(II)]~ collisional direct
dynamics simulations were performed with a VENUS/MOPAC
software package which consists of an interface between the
VENUS® chemical dynamics computer program and the MOPAC%
electronic structure theory computer program.

Quasi-classical initial conditions®® were selected for the ion, with its
initial vibrational energies chosen from 300 K normal mode
Boltzmann distribution. For rotational energy, a classical Boltzmann
sampling at 300K was used. To set the collisional system (ion + Ar),
the ion was randomly rotated about its Euler angles. The initial
distance between the ion and Ar was set at 15 A, in order to have no
initial interaction between the ion and the neutral projectile. The
impact parameter was randomly chosen between 0 to 9.5 A. This
maximum value was chosen on geometrical consideration: the
maximum radius of the ion is about 8.8 A and thus at 9.5 A no
noticeable interactions occur.
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Figure 1. Schematic diagram of conformer a of [ambs—3H+Zn(II)]~
and 3D structure of its optimized geometry. grey, Zn; yellow, S; cyan;
C, blue, N; red, O; white, H.

Collisional simulations were performed for relative translational
energies (Ey) of 10.8, 13.0, 26.0 and 39.0 eV between Ar and [ambs—
3H+Zn(II)]". These values were chosen in order to have increasing
fragmentation yields. In fact, 10.8 eV is the lowest energy for which
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Table 1. Fragmentation pathways, probabilities of total reactive trajectories, and probability that the pathway followed a shattering
mechanism for E,, = 10.8, 13, 26, and 39 eV. In parentheses is the probability that the pathway followed a shattering mechanism.

Probability® for E., (¢V)

13

26

39

Pathway m/z Dissociation Site 10.8

1 766.1 Backbone 21.0£52(7.7£5.7)
2 873.2 Backbone 12.9+4.3 (37.5+10.3)
3 837.2 Sidechain 6.5+3.1(75.0£9.2)
4 890.2 Backbone 8.1 £3.5(40.0+10.4)
5 723.1 Backbone 6.5+3.1(50.0+10.7)
6 821.2 Backbone 3.2+2.2(0.0)
7 875.2 Backbone 3.2+£2.2(0.0)
8 860.2 Backbone 32+2.2(50.0+10.7)
9 738.1 Backbone 1.6 £ 1.6 (100.0)
10 696.1 Backbone 3.2+2.2(0.0)
11 811.2 Sidechain -
12 636.1 Backbone 1.6 £ 1.6 (0.0)
13 903.2 Backbone -
14 872.2 Sidechain -
15 849.1 Backbone -
16 885.2 Sidechain -
17 771.2 Backbone -
18 845.2 Backbone -
19 889.2 Sidechain
20 840.2 Backbone 1.6 £ 1.6 (0.0)
21 917.2 H atom 3.2+2.2(100.0)
22 916.2 H, molecule 1.6 1.6 (100.0)
23 901.2 Sidechain 3.2+2.2(0.0)

Other 21.0+5.2(30.8+9.8)

7.6+1.8(37.5+£4.3)
57+1.6(58.3+4.4)
33+1.2(57.1+4.4)
6.6+ 1.7 (78.6£3.7)
0.9+ 0.7 (50.0 £ 4.5)
2.4+1.0(20.0 £3.6)
33+1.2(42.9+4.4)
4.7+1.5(90.0+2.7)
1.4+0.8 (33.3+£4.2)
33+1.2(28.6+4.1)
6.2+1.7(84.6+3.2)
0.5+0.5(0.0)
5.2+ 1.5 (100.0)
1.9+0.9 (100.0)
0.5+ 0.5 (0.0)
0.5+ 0.5 (0.0)
1.4+0.8 (66.7+4.2)
1.9+0.9(25.0£3.9)
14+0.8(33.3£4.2)
1.4+0.8 (0.0)
8.1£1.9(100.0)
1.9+ 0.9 (100.0)
1.9+ 0.9 (100.0)
27.0+3.1 (424 +
4.4)

6.7+ 1.9 (41.7+4.4)
4.5+1.6(75.0 £3.9)
5.1+ 1.6(77.8+3.7)
6.2+ 1.8 (90.9 + 2.6)
4.5+1.6(75.0 £3.9)
1.7+ 1.0 (0.0)
4.5+1.6(75.0 £3.9)
1.1+ 0.8 (100.0)
2.8+ 1.2 (40.0 + 4.4)
1.1£0.8 (0.0)
2.2+ 1.1 (100.0)
3.4+ 1.4 (100.0)
1.7+ 1.0 (66.7 £ 4.3)
1.1£0.8 (0.0)
0.6 + 0.6 (0.0)
0.6 + 0.6 (0.0)

0.6+ 0.6 (100.0)

14.6 + 2.6 (100.0)

3.4+ 1.4(100.0)

3.4+ 1.4 (100.0)

303+3.4(51.9+
4.5)

47+ 1.4(63.6+3.4)
47+ 1.4(54.5+3.7)
5.2+ 1.4 (100.0)
43+1.3(90.0 £2.1)
3.4+ 12(87.5+2.4)
52+ 1.4 (91.7+2.0)

3.0+ 1.1(85.7+2.5)

3.0+ 1.1 (85.7+2.5)
0.4 + 0.4 (100.0)
1.3+ 0.7 (100.0)
0.9+ 0.6 (100.0)
1.3 0.7 (100.0)
0.4+ 0.4 (0.0)

2.6+ 1.0 (66.7 +3.4)

0.9+ 0.6 (50.0 + 3.6)
0.4+ 0.4 (100.0)
15.9 + 2.4 (100.0)
4.7+ 1.4 (100.0)
382+3.2(80.9+

2.8)

@ The percentage probability of this pathway against the total reactive trajectories. ® Percentage probability of all the other pathways with
respect to the reactive trajectories. The uncertainties are the standard deviations of the percentages.

some fragmentation is observed. The higher collision energies are
chosen to get a clear energy dependent picture of shattering as well as
non-shattering mechanisms. Once a fragmentation occurs, Mulliken
population analysis was performed on the atoms of the system at the
final geometry and charge localized on one fragment. The total spin
of the system was conserved (and singlet) in all calculations. Finally,
a trajectory is considered as shattering if the fragmentation occurs in
less than 40 fs after the collision, which is an arbitrary limit assuming
that the bond dissociation occurs within this time period before IVR
could take place. (similar time limit was used in a previous study>7).
2000 trajectories were run each for 10.8 and 13 eV, and 1000
trajectories each for 26 and 39 eV. For all the collision energies,
trajectories were integrated up to 20 ps.

Simulation Results

Primary Dissociation Pathways. The dissociation dynamics of
[ambs—3H+Zn(II)]~ subsequent to collision with Ar projectile are

discussed here in detail. In particular, we first report in Table 1 the
probabilities (as percentage over the total reactive trajectories) of the
most abundant primary dissociation pathways (23), specifying if the
fragmentation occurs on the backbone or the sidechain. The
nomenclature®® used previously®! to represent peptide fragments in
mass spectrometry is employed here and is shown in Figure 2 for
analogue methanobactin peptide-5, ambs. In Table 1 (in parentheses)
the probability that the pathway follows a shattering mechanism is
also specified. Pathways 1-20 are shown in the supporting
information in Figure S1. Pathways 21-23 correspond to the loss of
H, H,, and OH.

As expected, the number of open pathways increases as the collision
energy increases: they are 22, 59, 60 and 63 for 10.8, 13, 26 and 39
eV collision energy, respectively. Also, the percentage of the reactive
trajectories increases with the collision energy: there are 6.2, 12.8,
20.9, and 23.3 percent reactive trajectories for £y of 10.8, 13, 26, and
39 eV, respectively. Some trajectories involve a H atom transfer
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Figure 2. Primary structure of ambs without Zn(IT) and abbreviation used to characterize the fragments.®¢

following a bond dissociation; however, the tetra-coordinated nature
of the zinc complex implies that a single bond dissociation may not
result in formation of two or more fragments. Such trajectories are
characterized as non-reactive, at least in the time-length available
from our simulations. For example, for E,; = 13 eV 2.2 % of the total
trajectories resulted in a H atom transfer that did not lead to
fragmentation. H atoms most susceptible to be transferred are the ones
bonded to either oxygen or nitrogen and they are most likely to be
transferred to either of the thiol groups following the breaking of Zn-
S bond.

Pathway 1 resulting in m/z 766.1 product ion for [xst+Zn(Il)]~ was the
most frequent pathway for E.; = 10.8 eV (lowest collision energy
considered) and the second most abundant following pathway 21,
which was the loss of H atom, at all three higher collision energies.
Pathway 2 with product ion m/z 873.2 was observed due to the loss of
terminal COOH molecule, at four collision energies, which also had a
coincidental mass loss with two other distinct fragmentation
mechanisms. For example, at £, = 10.8, 13, and 26 ¢V it was found
for the loss of (CO,+H) and at 13 eV the loss of (CO+OH) gave the
same m/z final ion product. Pathway 3 with m/z 837.2 for product ion
with the loss of (CH,+imi) was observed at all four collision energies
almost exclusively due to shattering. Pathway 4, m/z 890.2 for the loss
of CO molecule, was seen for all E,.;. Pathway 5, resulting in product
ion m/z 723.1 for the fragment [z¢+Zn(II)]-, was observed only for
collision energies of 10.8, 13 and 26 eV. Pathway 6 with product ion
m/z 821.2 for [as+x3+Zn(II)]~ was found for all four collision energies.
Pathway 7 for the loss of terminal acetyl group occurred at all energies
and mostly due to shattering at 13, 26, and 39 eV. Pathway 8 with
product ion m/z 860.2 for the loss of terminal amide group was
observed mostly as a result of shattering for 10.8, 13, and 26 eV.
Pathway 9 with product ion m/z 738.1 for [ys+Zn(I1)]~ was observed
for all four E,. Pathway 10 involved multiple bond dissociations to
generate [xs+S+Zn(I)]~ with m/z 696.1. It was found for energies of
10.8, 13, and 26 eV.

For simulations at higher collision energies (26 and 39 eV) there are
69+5 % and 85+6 % shattering pathways, respectively. The shattering
percentage is less than that for similar collision energies of

TIK(H"),**37 mainly because of the unavailability of the sidechains
due to the tetra-coordinated zinc complex. Both thiol groups of
cysteine and imidazole groups of histidine are bonded to zinc: they
are less exposed to projectile and more importantly, if the collision
breaks the bond with zinc, this does not always lead to a
fragmentation. Since thiol side chains are bound to the zinc, the
percentage of overall reactive as well as shattering trajectories is
lowered with respect to a free peptide. Loss of the sidechain of the Tyr
residue which is not bound to zinc (corresponding to pathway 11) is
on the other hand observed for collision energies of 13 eV and higher
almost exclusively as a result of a shattering mechanism. Product ion
[ystZn(II)]- with m/z 636.1, labelled pathway 12, was observed at
10.8, 13, and 39 eV. Pathway 13 was the loss of terminal methyl
group which was observed for three higher energies exclusively due
to shattering. Pathway 14, due to the loss of SCH,, was observed at
13, 26, and 39 eV almost exclusively because of shattering. Product
ion [by+x;+Zn(I1)]~ with m/z 849.1, pathway 15, was found at 13, 26,
and 39 eV. Pathway 16 involved a proton transfer from terminal
carboxyl group to thiol group of Cys; followed by the loss of HS
radical to generate product ion with m/z 885.2. Pathway 17 gave
[agtZn(ID)]~ ion with m/z 771.2 and was observed at 13, 26, and 39
eV. Loss of CO+COOH with m/z 845.2, shown as pathway 18 in
Figure S1, was observed at 13, and 39 eV. Pathway 19 for product ion
m/z 889.2 was observed due to the loss of CH,NH at 26 and 39 eV.
Pathway 20 (product ion m/z 840.2 for the loss of (H,S+CO,)) is
observed for collision energies of 10.8 and 13 eV. The same m/z 840.2
is also observed due to the loss of (SCO+H,0) at 10.8 eV but is not
shown here.

In the CID of amino acids and peptides, the loss of (CO+H,0),
CO,H,, CO, and the iminium ion [CH,=NH,]" are a few of the most
common fragmentation pathways.®”73 All of these pathways were
observed here at one or more collision energies. The loss of CO,H,,
shown in Scheme 1, was observed at E\,; = 13 eV: the carboxyl group
at the C-terminus picks the proton on the phenol of Tyr and then the
C-C bond dissociation occurs. The loss of (CO+H,0) was found for
E.q =13 ¢eV. Loss of CO, pathway 4 in Figure S1, is one of the most
common pathways for each E,.. The loss of the iminium ion is shown
as pathway 19.
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Scheme 1. Schematic diagram of formation of CO,H,.

Effect of Impact Parameter on Fragmentations. A previous study®
has shown that in collision dynamics it is important to correctly set
the maximum value of the randomly chosen impact parameter (bpay)-
In particular this is crucial when investigating the shattering
mechanisms, since one should obtain both backbone and sidechain
shattering. A very small b,,x would disproportionately give more
backbone shattering and a very large b,,,x would result in many non-
reactive trajectories, with insufficient internal energy transfer,
increasing the computational cost. Figure 3 shows the distributions of
impact parameters versus the number of shattering trajectories for the
collision dynamics simulations at £ = 13 eV.

Total
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Figure 3. Distribution of impact parameter trajectories resulting in
the shattering fragmentation of total, sidechain, and backbone [ambs—
3H+Zn(II)]~ at 13 eV collision energy.

The figure shows the distributions for shattering (total, backbone and
sidechain, where sidechain includes the H and H; loss). Table 1 lists
the dissociation sites for the most important pathways. The probability
of total shattering increases with b in the 2-5 A range, while it
decreases for b between 6-8 A. Notably, only sidechain shattering is
observed for »>7 A and the maximum b at which backbone shattering
occurs is 7 A. The average b for total, backbone, and sidechain
shattering trajectories is 3.9, 3.8, and 4.3 A, respectively. This result
emphasizes the importance of choosing large enough b« to allow
proportionate backbone and sidechain shattering.

Shattering Fragmentations. As shown in Figure 4, the percentage of
shattering fragmentation increases with increase in Ey: from 36 + 1
% to 85 + 6 % when the energy increases from 10.8 to 39 eV. It is thus
interesting to follow how the localization of fragmentations behaving
with a shattering mechanism changes as a function of collision energy.
Table 2 shows the percentage of backbone and sidechain
fragmentation out of total reactive trajectories as well as the
percentage of the shattering fragmentation mechanisms. Note that
reactive trajectories resulting in loss of H or H, (which occur with a
shattering mechanism) are not considered and thus the sum of
backbone plus sidechain is not 100%. Similar to a previous study,3¢
backbone fragmentation is more important at lower energies, in fact it
goes down from 84% at 10.8 eV to 58% at 39 eV whereas sidechain
fragmentation hovers around 20% for 13-39 eV and is only 11% for
10.8 eV. Percentage of backbone shattering trajectories goes from
64% to 74% when energy is increased from 10.8 to 13 eV but goes
down to 49% and 52% for 26 and 39 eV primarily due to the fact that
these percentages do not include the fragmentation due to the loss of
H atom or H, molecule both of which are exclusively due to
shattering. The loss of H and H, comprise 5%, 10%, 18% and 21% of
total reactive trajectories for energies of 10.8, 13, 26, and 39 eV,
respectively.
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Table 2. Percentages of backbone and sidechain dissociation and
shattering fragmentation

% fragmentation® % shattering?

E.1(eV) Backbone Sidechain Backbone  Sidechain
10.8 84 +3 11+£2 64 £+ 1 23+2
13 71+4 19+4 T4+£3 23+3
26 60+3 22+2 49+3 25+2
39 58+3 21+4 52+3 24 +4

@ Percentage of backbone and sidechain fragmentation out of the total
reactive trajectories. ® Percentage of total reactive trajectories that
are shattering excluding hydrogen atom/molecule loss. The standard
deviation of the percentage is also provided.

Energy Transfer. In addition to providing information about the
fragmentation products and mechanisms, collision activated
simulations can also provide the energy transferred to the internal
energy of the ion. Figure S2 shows the distribution of change in
internal energies in kcal/mol versus the number of trajectories for all
the collision energies. Table 3 lists the summarized properties of the
energy transfer to the internal energy of [ambs—3H+Zn(II)]~ at
different collision energies. In each case, the average energy for the
reactive trajectories (<E> ) is way higher than that of non-reactive
trajectories (<E>ponreact)- We can obtain, for each Ey, the minimum
energy value for which a fragmentation is observed, E.,;, (Table 3).
We can thus define P(E > E;,) as the percentage of non-reactive
trajectories with transferred energy greater than £,,;,. The high values
of P(E > En), which varies from 27-36% for different £, and
minimum fragmentation energies is also due to the fact that the non-
reactive trajectories include those that undergo a proton transfer or
one or more bond dissociations without generating two or more
fragments.

=3 i) ©
S a S

Shattering (%age)

I
O

30

5 15 E,A8V) 35 45

Figure 4. Percentage of shattering trajectories with respect to the total
reactive trajectories versus relative translational energy (eV). The
error bars show one standard deviation.

Table 3. Summarized energy transfer properties for CID of
[ambs—3H+Zn(II)] ™

Eret (V) 10.8 13 26 39
<Eoraw | 193+25  229+35  397+99 469 +177
<E>romrenct 58466  67+£82  56+£93  82+128
Enmin 115.4 126.6 121.5 1342
P(E>Emn)  35% 36% 29% 27%
E>ganering 199£26 22844 372£109 467+ 171
El ioring  127.4 129.4 118.9 136.5

@ E,o is in eV and all the other energies in kcal/mol. <E> .., is the
average energy transferred for reactive trajectories. <E>,,, reqc IS the
average transferred energy for non-reactive trajectories. E,;, is the
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minimum energy required to undergo dissociation. P(E > E,;,) is the
percentage of non-reactive trajectories with internal energy transfer
greater than E . <E> gayering 1S the average transferred energy for
shattering trajectories. Eshattering is the minimum energy required for
shattering. The reported uncertainties are one standard deviation

In our previous work,! Arrhenius activation energies were calculated
from direct dynamics simulations of thermally excited [ambs—
3H+Zn(I)]~. Following the statistical redistribution of the ion’s
vibrational energy and RRKM unimolecular kinetics, the minimum
activation energy was found to be 35.8 kcal/mol for pathway 1. From
the analysis of non-shattering trajectories, we found a minimum value
which is substantially higher, notably: 115.4 kcal/mol. In CID, non-
shattering trajectories should follow statistical fragmentation when
they are run for longer times. Here, the trajectories were integrated for
a short time of 20ps, hence, non-shattering trajectories do not
correspond to the thermal statistical limit of 35.8 kcal/mol. In other
words, non-reactive trajectories with energy transferred less than
115.4 kcal/mol during CID may react if they are run on longer time
scales, which is computationally unaffordable for [ambs—3H+Zn(I1)] .
On the other hand, our simulation time is long enough for an accurate
study of shattering trajectories.

The minimum energy threshold for shattering of [ambs—3H+Zn(I1)]~
is 118.9 kcal/mol, as also reported in Table 3. Since sidechains of
cysteine and histidine are bound to Zn(II), when they break right after
collision with Ar, this will not lead to a direct fragmentation. This
reduces considerably the shattering probability and increases the
shattering threshold. The nature of the complex also reduces the
number of hydrogen atoms exposed to the projectile. The
unavailability of the side chains is probably another reason that no
reactive trajectories were observed at collision energies lower than
10.8 eV.

The shattering threshold of 118.9 kcal/mol is substantially higher than
the lowest threshold of 35.8 kcal/mol obtained during the thermal
dissociation®® of [ambs—3H+Zn(I[)]~. It reaffirms the previous
finding®’ that due to the higher energies required for shattering as
compared to the statistical fragmentation, the former may not play a
big role in determining fragmentation products in threshold-CID
experiments.

Thermal versus CID Fragmentation of [ambs—3H+Zn(II)] . In this
section, the relevant fragment ions for collisional and thermal
simulations are compared. In previous studies®¢3® it has been
discussed that both statistical (thermal fragmentation) and non-
statistical (single collision simulations) mechanisms contribute to the
peaks observed in an experimental mass spectrum. All dissociations
in thermal excitation simulations are by definition non-shattering
whereas in CID simulations both shattering and non-shattering
fragmentation can occur.

Table 4 reports the results for the most abundant product ions obtained
in thermal simulations to be compared with collisional simulation
results summarized in Table 1. In particular, for collisional
simulations we discuss the percentages of shattering vs non-shattering
mechanisms from Table 1 for £, = 10.8 and 13 e¢V. Here we describe
in detail the different behaviours.

The ion [x¢+Zn(I1)]~, m/z 766.1 corresponding to pathway 1 in Figure
S1, was one of the most abundant ions for thermal excitation and it
was also found for all the E, during CID simulations. It was not
observed for the highest temperature of 2250 K because at this high
temperature the ion further dissociated to give other fragmentations.
During CID its percentage was 21% for 10.8 eV but remained around
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7% for higher collision energies mainly because of the increased
number of pathways. At the lowest collision energy of 10.8 eV it
occurred almost exclusively due to non-shattering mechanism
whereas at 13 eV one third was due to shattering. Ion m/z 873.2
(pathway 2) was due to the loss of C-terminus carboxylate group,
COOH, which was observed for all temperatures. About two thirds of
this pathway occurred due to shattering even at the lower collision
energies of 10.8 and 13 eV. lon m/z 837.2 (pathway 3), loss of
CH,+imidazole, was found for the four highest temperatures and for
all the collision energies. 75% of this pathway happened due to
shattering at 10.8 eV. Pathway 4, product ion m/z 890.2,
corresponding to the loss of CO molecule, happens mostly with
shattering except at 10.8 eV at which 60% happens due to non-
shattering mechanism. Loss of CO molecule was observed at all
temperatures during thermally excited fragmentations. lon m/z 723.1
([ze+Zn(ID]~ in pathway 5) was found for all the temperatures and
collision energies. 50% of the times it occurred due to shattering at
both 10.8 and 13 eV collision energies. Pathway 6 (ion m/z 821.2 with
fragment [a;+x3+Zn(II)]") happened mostly due to non-shattering
mechanism and it is also observed at four temperatures in thermal
simulations. Ion with m/z 875.2 could refer to the loss of either one of
CONH molecule or COCH;. Here, as shown in pathway 7, it
corresponded to the loss of COCH; molecule. It was found for the four
higher temperatures and all the collision energies and happened
mostly due to non-shattering in CID simulations. Ion with m/z 738.1
(fragment [ys+Zn(ID)]~ in pathway 9) was observed for two highest
temperatures and all the collision energies and occurred due to
shattering at 10.8 eV and mostly non-shattering at 13 eV. Pathway 12
(ion [ys+Zn(II)]-, m/z 636.1) involved breaking of three bonds and
happened mostly because of non-shattering mechanism as expected.
The fragmentation of the small molecules and sidechains exposed to
the projectile happened mostly due to shattering as compared to the
other parts of the ion.

Table 4. Relative abundances of dominant fragment ions for
thermal simulations.

Thermal Simulation Temperature® (K)

m/z 1600 1750 1875 2000 2250
766.1 100.0  100.0 733 100.0 -
873.2 143 19.0 100.0 58.0 40.0
837.2 - 19.0 40.0 17.0 40.0
738.1 - - - 42.0 40.0
723.1 143 9.5 46.6 100.0  100.0
821.2 19.0 20.0 25.0 20.0
890.2 42.8 9.5 60.0 17.0 60.0
875.2 42.8 4.8 66.6 42.0 -
636.1 - - - - 40.0

@ Results from ref. 51 for conformer a of [ambs—3H+Zn(1l)]".

Fragmentation Ions Unique of CID Simulations and Experiments.
Detailed comparison between the results of thermal simulations of
three conformers of [ambs—3H+Zn(I1)]~ and the experiment® has been
performed in a previous work®! and a comparison of thermal and CID
simulation results has been performed in previous section. Here, we
discuss only two product ions which are unique in collisional
simulations with respect to experiments (as in Ref 51), namely m/z
885.2 and 840.2. Ion m/z 885.2 (pathway 16) corresponded to the loss
of SH radical and was observed for collision energies 13 eV and
higher. The experiment found m/z 884.2 corresponding to the loss of
H,S molecule. This pathway was not observed in simulations,
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probably because one needed a second H-transfer to sulfur atom, not
observed in simulation time. In simulations, loss of H,S is observed
only with loss of a second neutral, CO,. This led to ion m/z 840.2
which was the second product ion observed in collisional simulations
and not in thermal ones. This ion was observed in experiments and
attributed to CO, + H,S or SCO + H,O loss. Interestingly, both these
mechanisms were observed for CID simulations: at 13 eV we
observed loss of CO, + H,S, while at 10.8 eV loss of SCO + H,O. This
supported the experiment that both neutral losses are possible.

Conclusions

In this article, we report chemical dynamics simulations of collisions
between a Zn(II) containing oligopeptide (acetyl-His;-Cys,-Glys-
Pros-Tyrs-Hisg-Cys; labelled here [ambs—3H+Zn(II)]") and Ar atom
at different energies. From simulations, we obtained and studied in
detail the fragmentation products and their corresponding
mechanisms. The results are compared with previous thermal
simulations®" as well as multiple collision ion mobility MS/MS
experimental spectrum.® The collisional simulations are able to
provide details on the first pico-seconds subsequent to the collision
with Ar.

The collisional and thermal simulations show similar product ions
with differences in some abundances and mechanisms. This is due to
the fact that in collision induced dissociation there is both statistical
and non-statistical fragmentation as compared to only statistical
dissociation in thermal excitation. In particular, we have analysed
carefully the so-called shattering fragmentations, which are
characteristic examples of non-statistical fragmentation and which
can occur in CID simulations and not in thermal ones by definition.

From the energy transfer analysis, we obtained that the minimum
energy required to undergo shattering is 118.9 kcal/mol which is
substantially higher than the Arrhenius activation barrier of 35.8
kcal/mol found wusing direct dynamics of statistical thermal
fragmentations.®! Note that in a previous work on a linear peptide we
have also found that the shattering threshold is higher than the
Arrhenius barrier (55 vs 15 kcal/mol, respectively). Remarkably, the
shattering threshold is in both cases about three times higher than
Arrhenius activation energy.

The tetrahedral nature of the zinc complex determines the
fragmentation mechanisms of CID simulations. The unavailability of
sidechains of both cysteine and histidine due to covalent bonding with
Zn(11), results in higher collision energy needed for fragmentation and
increased internal energy transfer to undergo either backbone or
sidechain dissociation with respect to what observed in similar free
peptides.36373574 Note that, in most of the pathways, due to the tetra-
coordinated Zn(II) complex, two or more bonds must be broken to
generate fragments. When Ar atom hits on cysteine or histidine
sidechains it can break a bond but without any resulting fragment. To
obtain a fragment a second bond must be broken, which can happen
after that the energy flows through the molecule. This by definition
does no correspond anymore to a shattering mechanism. The nature
of the complex also reduces the number of hydrogen atoms exposed
to the projectile making them less susceptible to undergo shattering.

For these reasons there are no reactive trajectories below E = 10.8
eV and the minimum energy required for shattering is 118.9 kcal/mol.
Furthermore, the threshold for non-shattering fragmentations is also
high (115.4 kcal/mol, only 3.5 kcal/mol lower than the shattering one).
This can be due to the limited simulation time not allowing for enough
efficient intramolecular vibrational energy redistribution. For this
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reason, thermal simulations provide a more accurate description of
statistical fragmentations, which is complementary to the present one.

In conclusion, the tetra-coordinated nature of the zinc complex guides
the CID simulations. Since the sidechains of both cysteine and
histidine are covalently bound to zinc, they are not readily available
to dissociate. This not only results in higher collision energy required
to achieve fragmentation but also increases the internal energy
transferred to have either backbone or sidechain dissociations. The
tetra-coordinated complex also implies that not every bond
dissociation ends up in fragmentation with most of the pathways
reported requiring at least two or more bonds to be broken to generate
fragments.
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