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ABSTRACT: Abnormalities in zinc metabolism have been linked
to many diseases, including different kinds of cancers and
neurological diseases. The present study investigates the
fragmentation pathways of a zinc chaperon using a model peptide
with the sequence acetyl-His1-Cys2-Gly3-Pro4-Tyr5-His6-Cys7 (ana-
log methanobactin peptide-5, amb5). DFT/M05-2X and B3LYP
geometry optimizations of [amb5−3H+Zn(II)]− predicted three
lowest energy conformers with different chelating motifs. Direct
dynamics simulations, using the PM7 semiempirical electronic
structure method, were performed for these conformers, labeled a,
b, and c, to obtain their fragmentation pathways at different
temperatures in the range 1600−2250 K. The simulation results were compared with negative ion mode mass spectrometry
experiments. For conformer a, the number of primary dissociation pathways are 11, 14, 24, 70, and 71 at 1600, 1750, 1875,
2000, and 2250 K, respectively. However, there are only 6, 10, 13, 14, and 19 pathways corresponding to these temperatures
that have a probability of 2% or more. For conformer b, there are 67 pathways at 2000 K and 71 pathways at 2250 K. For
conformer c, 17 pathways were observed at 2000 K. For conformer a, for two of the most common pathways involving C−C
bond dissociation, Arrhenius parameters were calculated. The frequency factors and activation energies are smaller than those
for C−C homolytic dissociation in alkanes due to increased stability of the product ions as a result of hydrogen bonding. The
activation energies agree with the PM7 barriers for the C−C dissociations. Comparison of the simulation and experimental
fragmentation ion yields shows the simulations predict double or triple cleavages of the backbone with Zn(II) retaining its
binding sites, whereas the experiment exhibits single cleavages of the backbone accompanied by cleavage of two of the Zn(II)
binding sites, resulting in b- and y-type ions.

I. INTRODUCTION

Being the second most abundant transition metal, Zn(II) plays
an important role in biomolecules.1−3 It is found in about 10% of
all human proteins,2 where it performs two functions. It can
either play its role in enzyme catalysis or in the correct folding
and stability of zinc finger proteins.3 To carry out these
functions, zinc needs to be transported to different parts of the
body. A disruption in this transportation system can cause zinc
deficiency which has been linked to many kinds of cancers
including prostatic cancer,4 pancreatic cancer,5 hepatocellular
cancer,6 and breast cancer,7 and neurological diseases including
Alzheimer’s8−11 and prion disease.9 Therefore, it is important to
investigate potential therapeutics that can treat diseases that
result because of abnormal zinc metabolism. Cysteine and
histidine have historically been established as two of the most
common zinc ion chelators.12−15

The model zinc finger oligopeptide, with the sequence acetyl-
His1-Cys2-Gly3-Pro4-Tyr5-His6-Cys7 (analog methanobactin

peptide-5, amb5), is hexaprotic and will make positively charged
ions in acidic pH and negatively charged ions in neutral to basic
pH. Determination of which four of these six sites in amb5
deprotonate to bind to Zn(II) may be investigated by ion
mobility-mass spectrometry (IM-MS)16−22 and tandem mass
spectrometry (MS/MS)23−26 experiments. In previous work,
Angel et al.27 analyzed amb5 using IM-MS and MS/MS
collision-induced dissociation (CID) and predicted that in
basic pH, Zn(II) prefers to bind to 2Cys-2His. This binding
behavior of Zn(II) has been well established in solution.28 It has
been reported that cysteine with its thiol group14 and histidine
with its imidazole group29 bind well with Zn(II) (structure a in
Figure 1). In addition to these two amino acids, two other
competing Zn(II) ligation sites were located by previous work;27
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the backbone carbonyl group of Cys2 and the carboxylate of the
C-terminus (structures b and c in Figure 1).
For the Angel et al. MS/MSCID experiments27 (shown in the

original article’s Supporting Information, with a more

comprehensive labeled spectrum shown here in Figure S1),
the ions undergo multiple collisions with an inert bath gas and,
as described previously,25 this is expected to lead to excitation of
the ions in slight excess of thresholds for their low energy

Figure 1. PM7 optimized structures of conformers a, b, and c. 3D structures: gray, C; white, H; red, O; blue, N; yellow, S; and purple, Zn.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b05218
J. Phys. Chem. A 2019, 123, 6868−6885

6869

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b05218/suppl_file/jp9b05218_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.9b05218


fragmentation pathways. With multiple collisions and each
transferring a small amount of energy, the ensuing unimolecular
fragmentation dynamics of the ion is expected to be properly
understood by assuming statistical unimolecular dynamics.30

The ions will have a distribution of vibrational energies, P(E),
and for each E, the ions are excited by multiple “soft” collisions
which are expected to somewhat randomly deposit the collision
energy in the ions. Then, with efficient intramolecular
vibrational energy redistribution (IVR),31 the unimolecular
dynamics of the ions is in accord with Rice−Ramsperger−
Kassel−Marcus (RRKM) theory.30

In the present study, electronic structure calculations are used
to investigate the ligands that bind to Zn(II) in amb5 and direct
dynamics simulations are performed to study the fragmentation
mechanisms of different amb5 conformers. For the simulations,
amb5 is thermally vibrationally excited to model multiple
collision MS/MS CID, as described above. This is a first of its
kind study involving Zn(II) and direct dynamics simulations. An
important component of the simulations is comparison with
experiment. This approach, that is, tying MS/MS with
computational methods, is becoming an increasingly important
way to explore peptide fragmentation mechanisms.21,22,32

II. COMPUTATIONAL METHODOLOGY
II.A. Electronic Structure Theory. Our previous simu-

lations of peptide ion surface-induced dissociation (SID)33−37

and CID33,38−42 have used the AM1,33−35,38 PM3,36,39,41 and
RM136−38,40,42 semiempirical electronic structure theories. The
accuracy of semiempirical electronic structure theory methods
to describe biomolecules containing Zn(II) has been reported
by Truhlar et al.43,44 They developed a database containing
geometric parameters and bond dissociation energies calculated
using CCSD(T) for model zinc compounds. CCSD(T) is an
important method for constructing benchmark databases for
small transition metal compounds.44−46 As compared to
CCSD(T), Truhlar et al.43,44 found M05-2X to be the best
DFT functional and PM3 and MNDO/d to be good NDDO
semiempirical methods for zinc containing compounds. In this
study, PM747 predicts the geometry and bond dissociation
energies of model zinc compounds better than PM3 orMNDO/
d. Bond dissociation energies for Zn(II) model compounds,
[Zn-SCH3]

+ and [Zn−NH3]
2+, were determined using PM7 and

compared with other electronic structure theory values. For
[Zn−SCH3]

+ → Zn2+ + SCH3
− and [Zn−NH3]

2+ → Zn2+ +
NH3, the respective CCSD(T)

43,44 bond dissociation energies
are 433.84 and 134.15 kcal/mol, while the PM7 values are
430.77 and 145.05 kcal/mol. For B3LYP with the LANL2DZ
ECP48,49 for Zn and the 6-31++G basis set for the other atoms,
the respective dissociation energies are 414.16 and 134.33 kcal/
mol, while with B3LYP and the 6-31G(d) basis set for Zn and 6-
31++G for the other atoms the values are 439.29 and 148.48
kcal/mol. PM7 gives an average error of 6.98 kcal/mol as
compared with CCSD(T). PM7 reduces the error by 50% as
compared to PM3 and MNDO/d, previously considered the
best semiempirical methods for Zn(II) compounds.43,44

PM7 is used for the direct dynamics simulations reported here
and it contains two major corrections over its predecessor PM6.
First, it includes improved descriptions of noncovalent
interactions (hydrogen bonding and dispersion) based on
correction terms proposed in PM6-DH2/PM6-DH+.47,50 This
results in a 70% reduction in error in intermolecular energies as
compared to PM6.47 Second, a modified NDDO formalism was
adapted in PM7. The parametrization was performed by keeping

in mind its use for biological molecules. It was parametrized by
optimizing heats of formation of 4369 compounds and
optimizing bond lengths of 5035 compounds. In addition,
PM7 gives barrier heights for enzyme catalyzed reactions better
than PM6.47 The use of an ab initio electronic structure method
or density functional theory (DFT) is not computationally
practical for the direct dynamics simulations reported here.

II.B. Conformers of the [amb5−3H+Zn(II)]− Complex.
The B3LYP//LANL2DZ level of theory containing the Becke
three parameter hybrid functionals with the Dunning basis set51

and effective core potentials (ECPs)48,49 was used to locate the
lowest energy, geometry optimized, gas-phase structures of
[amb5−3H+Zn(II)]−. Optimization of the gas-phase structures
was based on comparing alternative coordination interactions
between the Zn(II) and the sites of the C-terminus, carbonyl
groups, and substituent groups of His, Cys, and Tyr. Stability of
the complexes was also affected by the type of peptide bonds
they contained, that is, cis or trans, and the number of hydrogen
bonds. Three of the lowest energy [amb5−3H+Zn(II)]−

complexes located by B3LYP/LANL2DZ were also geometry
optimized using MNDO/d, PM7, and M05-2X. The M05-2X
calculations used the LANL2DZ ECP for zinc and the 6-
311+G(d,p) basis set for the other atoms. Each of these methods
found the same three low energy conformers for [amb5−3H
+Zn(II)]− with similar structures for each conformer. The
conformers are identified as a, b, and c and their PM7 structures
are shown in Figure 1. Conformers a, b, and c are also the lowest
free energy conformers found in a comprehensive search of low-
energy conformers in ref 27 (see Table S1 of ref 27, where the
conformers are identified as Ia, IIa, and IIIa.) However, in future
and continuing studies of this project, it would be of interest to
perform a molecular dynamics simulation of [amb5-3H+Zn-
(II)]− and optimize low potential energy structures found in the
simulations, to see if there are other low energy conformers.
For all three conformers the coordinating ligands adopted a

distorted tetrahedral structure around Zn(II) and included the
two thiolate groups of the cysteines. For structure a, the other
two ligands were the imidazole and imidazolate groups of the
two histidines, giving a 2His-2Cys bindingmotif. For structure b,
the ligands included two oxygens from the carbonyl group of
Cys2 and the C-terminus carboxylate group. Conformer c
included the imidazole from His1 and the oxygen from the C-
terminus carboxylate. The energies of the different conformers
are given in Table 1. Each electronic structure method identified
conformer b as the lowest in energy, whose peptide bonds are all
trans apart from the cis-Gly−Pro bond.
There are several factors that affect the order of electronic

stability of the conformers. The Zn−S bond distances are the
shortest in b with the Zn−Cys2 and Zn−Cys7 bond distances

Table 1. Energies of Different Conformers of [amb5−3H
+Zn(II)]−

energyb

conformera MNDO/d PM7 M05-2Xc B3LYPd

a 9.97 14.25 31.02 44.19
b 0 0 0 0
c 16.9 18.57 26.76 32.91

aStructures of the conformers are in Figure 1. bEnergies are in kcal/
mol. cThe calculation used the LANL2DZ effective core potential for
zinc and 6-311+G(d,p) basis set for the other atoms. dThe
calculations used LANL2DZ for all the atoms.
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both 2.19 Å, whereas, in a, they are 2.24 and 2.32 Å, and in c, they
are 2.25 and 2.20 Å, respectively. The smaller Zn−S bond
distances in b also correlates to generally smaller Mulliken
charges on the sulfur atoms and Zn(II), as compared to the other
conformers (Table 2), showing the thiolate groups are

dispersing the positive charge of Zn(II) more effectively in
conformer b. The Zn−N bond lengths in a are 1.97 and 2.11 Å
and in c 2.10 Å. The carboxylic acid on the C-terminus27 has the
lowest pKa among the six hexaprotic sites that are competing for
Zn(II) ligation in this model peptide. This favors deprotonation
of the C-terminus as in structure b as compared to N in the
imidazole ring for conformer a. Lessened steric strain for b as
compared to a could also be contributing to the lower energy
because the thiolate and oxygen ligands of b coordinate the
Zn(II) ion further from the ideal tetrahedral geometry than the
ligands of a or c. Both conformers a and b contain the cis-Gly-Pro
peptide bond, which is common in peptides and pro-
teins.20,52−54 Conformer c has two nonproline cis peptide
bonds: cis-Cys2-Gly3 and cis-His6-Cys7.

55−58

Figure 1 also indicates the number of hydrogen bonds in each
conformer. Conformer a exhibits a hydrogen bond between the
hydroxyl group of Tyr and the carboxylate of the C-terminus.
Conformer b has hydrogen bonds between the imidazole group
of His1 and the carboxylate of the C-terminus, the imidazole
group of His6 and carbonyl group of Cys7, and the amine group
of Cys2 and the Zn bound oxygen of the carboxylate C-terminus.
Conformer c exhibits two hydrogen bonds between the
imidazole group of His6 and the carbonyl group of Tyr5, and
the hydroxyl group of Tyr5 and carbonyl group of Cys2.
X-ray crystallographic studies have determined bond

distances and angles of the coordination center of zinc finger
proteins59,60 and show three types of coordination, that is, 2His-
2Cys, His-3Cys, and 4Cys, with 2His-2Cys being the most
common.60 Carmay et al.59 reported the mean and standard
deviations of the zinc coordination center by averaging over the
three 2His-2Cys zinc binding domains from the X-ray structure

of the Zif268 protein−DNA complex from PDB entry 1AAY.61

They found that the angles of S−Zn−S and N−Zn−N were
117° ± 6 and 105° ± 6, respectively, whereas the Zn−S and Zn−
N bond distances were 2.29 ± 0.10 Å and 2.04 ± 0.08 Å,
respectively. The Zn−S and Zn−N bond distances predicted by
PM7 for all three conformers are within one standard deviation
to those found in the crystal structure. Table 3 shows all the PM7
bond angles for tetra-coordinated zinc in the three conformers
studied here and the S−Zn−S bond angles are also within one
standard deviation for conformers a and c whereas for b the
133.46° is outside the range. The N−Zn−N bond angle in
conformer a is smaller than predicted by X-ray structure.
The X-ray study reports angles measured from a crystallized

zinc finger protein−DNA complex, while the current study
compares this structure with a small oligopeptide bound to
Zn(II). Solvation in the crystallization should not have a
significant effect on the structure and our previous research on
molecular modeling of Zn(II)-bound oligopeptides showed
including an aqueous solvent model produced essentially the
same structures as the gas-phase method.16,27 However, there is
a possibility that another low-energy conformer exists.

II.C. Direct Dynamics Simulations. PM7 direct dynamics
simulations were performed with a VENUS/MOPAC software
package, in which the VENUS chemical dynamics computer
program62,63 is interfaced with the MOPAC electronic structure
computer program.64 For the CID experiments, with which the
simulations are compared, the negatively charged [amb5−3H
+Zn(II)]− ion undergoes about 700 collisions with neutral
argon atoms before it fragments. As discussed in the
Introduction, such multiple collisions are expected to result in
statistical activation of the ion. For the direct dynamics
simulations reported here, statistical thermal activation of the
ion was considered.
The unimolecular dissociation dynamics of conformers a, b,

and c of the [amb5−3H+Zn(II)]− ion were studied by direct
dynamics simulations. The s = 306 vibrational modes of these
ions were randomly excited using classical microcanonical
normal mode sampling.65 The vibrational energy E for the
excitation is assigned a temperature using E = skBT. Temper-
atures ranging from 1600 to 2250 K were considered and the
ion’s vibrational energy E, for temperatures of 1600, 1750, 1875,
2000, and 2250 K, equals 969, 1060, 1136, 1211, and 1363 kcal/
mol, respectively. The rotational energy of the ion was sampled
for a Boltzmann distribution at 300 K. The zero-point energy of
the ion was not included in its initial classical energy.
More than 5000 trajectories were calculated for conformers a,

b, and c. For temperatures 1600, 1750, 1875, 2000, and 2250 K,
the simulations were run for 30, 20, 20, 10, and 7 ps, respectively.
Different integration step sizes and the two integration
algorithms, velocity-Verlet66 and sixth-order symplectic,67,68

were tested. For 1600 K, the velocity-Verlet algorithm was used

Table 2. Comparison ofMulliken Charges on Selected Atoms
in Conformers a, b, and c

Mulliken charges on selected atoms

atoms a b c

Zn(II) 1.26 1.24 1.25
His1-N −0.48a −0.56 −0.47
Cys2-S −0.73 −0.71 −0.77
Cys2-O −0.54 −0.58 −0.61
His6-N −0.64 −0.53 −0.53
Cys7-S −0.8 −0.75 −0.74
C-terminus-O −0.62 −0.77 −0.7

aItalicized numbers refer to the sites chelating the Zn(II).

Table 3. Comparison of PM7 Optimized Geometry Around Tetra-Coordinated Zn(II)

comparison of geometries of all three conformers

a angle (deg) b angle (deg) c angle (deg)

(His1-N)-Zn-(Cys2-S) 126.99 (Cys2-O)-Zn-(Cys2-S) 89.62 (His1-N)-Zn-(Cys2-S) 95.09
(His1-N)-Zn-(Cys7-S) 100.43 (Cys2-O)-Zn-(Cys7-S) 116.60 (His1-N)-Zn-(Cys7-S) 134.81
(His6-N)-Zn-(Cys2-S) 113.35 (Cterm-O)-Zn-(Cys2-S) 122.24 (Cterm-O)-Zn-(Cys2-S) 118.30
(His6-N)-Zn-(Cys7-S) 105.63 (Cterm-O)-Zn-(Cys7-S) 98.00 (Cterm-O)-Zn-(Cys7-S) 100.99
(Cys2-S)-Zn-(Cys7-S) 112.60 (Cys2-S)-Zn-(Cys7-S) 133.46 (Cys2-S)-Zn-(Cys7-S) 120.10
(His1-N)-Zn-(His6-S) 94.82 (Cterm-O)-Zn-(Cys2-O) 87.51 (Cterm-O)-Zn-(His1-N) 82.51
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to integrate Newton’s equations, with a 0.005 fs time step, and
gave energy conservation to within 10% for up to 30 ps. For the
higher temperatures, Hamilton’s equations of motion were
integrated, using a sixth-order symplectic algorithm and a 0.01 fs
time, resulting in energy conservation to within 10% for 20 ps.
During a few trajectories of conformer a, zinc made a bond

with the C-terminus oxygen or Cys2 oxygen (similar to
conformer b). But no complete interconversion of any of the
conformers was observed.
II.D. Analyses of the Trajectory Results. Each trajectory

was animated to determine the time at which it fragmented and
its fragmentation mechanism. For each ion structure and
simulation temperature, intramolecular vibrational energy
redistribution (IVR)69−73 was faster than the dissociation rate,
resulting in Rice−Ramsperger−Kassel−Marcus (RRKM)73

kinetics, and, thus, unimolecular rate constants could be
determined from the simulation results. The total rate constant
k(T) for unimolecular decomposition of the ion, for each ion
conformer and temperature, was determined by plotting74

N t N k T t( )/ (0) exp( ( ) )= − (1)

whereN(0) is the total number of trajectories at t = 0 andN(t) is
the number of undissociated trajectories at t. The uncertainty
reported for k(T), Δk(T), is for a 95% confidence interval.75

This k(T) is the sum of rate constants for the individual
pathways ki(T)

k T k T( ) ( )
i

i∑=
(2)

where ki(T) = pik(T) and pi is the fraction of the ith pathway out
of the total number of pathways. The ki(T) include the full
anharmonicity of the potential energy surface used for the direct
dynamics simulation. With uncertainties, [ki(T)±Δki(T)] = [pi
± Δpi][k(T) ± Δk(T)], where Δki(T) = [Δpi + Δk(T)]. Since
Δk(T) ≫ Δpi, Δki(T) ≈ Δk(T).
For a molecule with a large number of normal modes s such

that s ≈ s − 1, the classical Rice−Ramsperger−Kassel−Marcus
(RRKM) rate constant k(E) becomes equivalent to the classical
transition state theory (TST) rate constant k(T) if Eo/E ≪ 1,
where Eo is the unimolecular dissociation energy.76 Both of these
criteria are met for the simulations performed here. The rate
constant for an individual dissociation pathway may be
represented by the Arrhenius equation, that is, ki(T) =
Ai exp(−Ea,i/kBT). The Arrhenius activation energy Ea,i is the
classical dissociation energy Eo

77 and may be compared to the
value given by the PM7 method used for the simulations. In
previous work, Arrhenius parameters have been derived from
ki(T) determined from direct dynamics simulations38,74 and

from chemical dynamics simulations with analytic poten-
tials.31,78 Given the interaction between Zn(II) and the π
electrons of the Tyr side group, anharmonicity31 may play an
important role in the thermal unimolecular dissociation of
[amb5−3H+Zn(II)]− and is included in the ki(T) determined
from the current simulations. In determining Arrhenius
parameters for k(T) and ki(T), the uncertainties Δk(T) and
Δki(T) were included for weighted linear regression fits79,80 to
natural logarithms of the rate constants versus T−1.

III. SIMULATION RESULTS

III.A. Dissociation Pathways and Their Probabilities.
The fragmentation dynamics of structures a and b were studied
in detail. For structure a, trajectories were calculated at 1600,
1750, 1875, 2000, and 2250 K. For structure b, the calculations
were for 2000 and 2250 K. For temperatures lower than 1600 K,
no fragmentation was observed in the simulations for both
structures, even after several picoseconds. For both a and b, 300
trajectories were run at each temperature. Results are also
reported for 100 trajectories at 2000 K for structure c. In the
work presented here only primary dissociation events of [amb5−
3H+Zn(II)]− are considered. Secondary dissociations of the
primary dissociation fragments will be considered in future
studies.
The common nomenclature used to represent protein

fragments in mass spectrometry is shown in Figure 2.81 The
number of fragmentation pathways, number of ions formed, and
the number of ions formed with a percentage of 1% or greater,
with respect to the total number of ions formed, are given in
Table 4 for the simulations of conformers a, b, and c. Each
pathway leads to a unique ion, so that the number of ions equals
the number of pathways. The number of pathways for conformer
a increases with temperature. For conformer a, there is a striking
increase in the number of fragment ions upon increasing the
temperature from 1875 to 2000 K. For both conformers a and b
the number of pathways are similar for 2000 and 2250 K, with
both conformers having nearly the same number of pathways.
The number of pathways is much smaller for conformer c.
Though the number of ions increases substantially with increase
in temperature for conformer a, if only ions with a probability of
1% or more with respect to the total number of ions are
considered, the number of ions is substantially smaller for 2000
and 2250 K. For the lower temperatures of 1600, 1750, and 1875
K, each ion has a probability greater than 1%. With this 1%
constraint, the number of ions for conformer a is 11, 14, 24, 26,
and 19 for 1600, 1750, 1875, 2000, and 2250 K, respectively. For
conformer b at 2000 and 2250 K temperatures, the effect of this
1% constraint is similar to that for conformer a. For conformer c

Figure 2. Primary structure of amb5 without Zn(II) and abbreviation used to characterize the fragments.81
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at 2000 K, the yield of each ion is greater than the 1% constraint.
In previous simulations,38,40 ions with a yield greater than 2%
were considered for comparison with experiment. For the
current study, the number of ions with a yield greater than 2% is
given in parentheses in Table 4. All of the ions formed for
conformers a, b, and c for all of the temperatures are listed in
Tables S2−S9.
The probabilities of the first ten pathways are given in Table 5

for conformer a and in Table 6 for conformers b and c. For
conformer a, the percentage of the trajectories which fragment
increases with temperature and is 5%, 20%, 45%, 71%, and 91%
for 1600, 1750, 1875, 2000, and 2250 K, respectively. The
fragmentation percentage is higher for conformer a than b,
particularly at 2250 K. Conformer c has a fragmentation
percentage substantially smaller than for conformers a and b. For
conformer a, atomistic mechanisms for pathways 1−4 are given
in Figure 3, for pathways 5−8 in Figure 4, and pathways 9 and
10, in Figure 5. Included with the mechanisms arem/z values for
the product ions. Mechanisms for pathways 11−15 for
conformer a are shown in Figure S2.
In analyzing the mechanisms, there are dynamical features

common to all the mechanisms and each of the conformers. For
most of the pathways, more than one bond was broken to
generate fragments. As suggested before,27 with 2Cys-2His as
ligands, Zn(II) gives a more stable distorted trigonal planar
geometry binding with δN of His1 and two sulfurs of 2Cys as

compared to the tetra-coordinated complex. In most of the
conformer a trajectories at each temperature, the N(His1)−Zn
bond readily breaks within femtoseconds generating a
tricoordinated Zn(II) complex. Many of the fragmentation
pathways ensue from this complex. The Zn−O(Cys2) bond in
structure b also ruptured forming a tricoordinated Zn(II)
complex, leading to multiple fragmentation pathways. Regard-
less of the fragmentation pathway for conformer a, one of the
two Zn−S bonds broke in 33.6% of the trajectories.
In the following, fragmentation pathways 1−10 in Figures

3−5 are discussed. Though the fragmentations in these figures
are for conformer a, conformers b and c have similar
fragmentation mechanisms, forming the same ions. The
important pathway 1 involves homolytic dissociation of a C−
C bond and breaking of a Zn−N bond, generating a
tricoordinated Zn(II) complex. For this pathway an ion with
m/z 766.1 is formed, for fragment [x6+Zn(II)]

−. Thism/z, seen
for conformers a, b, and c, was not prominent in the
experimental spectrum. For the experimental excitation
energies, the [x6+Zn(II)]

− ion may further dissociate.82 A likely
secondary dissociation is loss of CO from x6 to give the
[y6+Zn(II)]

− ion with m/z 738.1, found in the experimental
spectrum atm/z 739.1 and shown in Figure 4 as pathway 5. This

Table 4. Number of Fragmentation Pathways and Ions

T (K) no. pathways no. ions no. ions > 1%a

conformer a
1600 11 11 11 (6)
1750 14 14 14 (10)
1875 24 24 24 (13)
2000 70 70 26 (14)
2250 71 71 19 (19)

conformer b
2000 67 67 18 (12)
2250 71 71 24 (15)

conformer c
2000 17 17 17 (4)

aNumber of ions having greater than 1% of the total ion yield. In
parentheses is the number of ions having greater than 2% of the total
ion yield.

Table 5. Percentage Probabilities of Conformer a Dissociation Pathways versus Temperature

temperature (K)

pathway 1600 1750 1875 2000 2250

NRa 95.11 79.6 55.0 28.5 9.0
1 1.6 (31.8)b 8.4 (41.2) 5.5 (12.2) 6.0 (8.4) 1.0 (1.1)
2 0.2 (4.5) 1.6 (7.8) 7.5 (16.7) 3.5 (4.9) 2.0 (2.2)
3 0.4 (9.1) 2.0 (9.8) 1.5 (3.3) 2.5 (3.5) 1.0 (1.1)
4 0.0 (0.0) 1.6 (7.8) 3.0 (6.7) 1.0 (1.4) 2.0 (2.2)
5 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 2.5 (3.5) 2.0 (2.2)
6 0.2 (4.5) 0.8 (3.9) 3.5 (7.8) 6.0 (8.4) 5.0 (5.5)
7 0.2 (4.5) 0.8 (3.9) 1.5 (3.3) 0.5 (0.7) 3.0 (3.3)
8 0.0 (0.0) 1.6 (7.8) 1.5 (3.3) 1.5 (2.1) 1.0 (1.1)
9 0.7 (13.6) 0.8 (3.9) 4.5 (10.0) 1.0 (1.4) 3.0 (3.3)
10 0.0 (0.0) 0.0 (0.0) 1.5 (3.3) 0.5 (0.7) 2.0 (2.2)
OPc 1.6 (32) 2.8 (13.9) 15.0 (33.4) 46.5 (65.0) 69.0 (75.8)

aNo reaction. bIn parentheses is the probability of dissociation out of the total number of reactive trajectories. cOther paths.

Table 6. Percentage Probabilities of Conformers b and c
Dissociation Pathways versus Temperature

temperature (K)

conformer b conformer c

pathway 2000 2250 2000

NRa 38.0 34.5 72.0
1 5.0 (8.1)b 5.0 (7.7) 6.0 (20.7)
2 2.0 (3.2) 1.5 (2.3) 0.0 (0.0)
3 0.5 (0.8) 1.5 (2.3) 5.0 (17.2)
4 6.0 (9.7) 6.0 (9.2) 2.0 (6.9)
5 3.0 (4.8) 1.5 (2.3) 0.0 (0.0)
6 1.5 (2.4) 1.0 (1.5) 3.0 (10.3)
7 1.5 (2.4) 0.5 (0.8) 0.0 (0.0)
8 1.5 (2.4) 1.0 (0.5) 1.0 (3.4)
9 2.0 (3.2) 2.5 (3.8) 1.0 (3.4)
10 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
OPc 39.0 (62.9) 44.5 (68.5) 10.0 (37.9)

aNo reaction. bIn parentheses is the probability of dissociation out of
the total number of reactive trajectories. cOther paths.
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indicates that, if the ionm/z 766.1 is formed in the experiment, it
dissociates. Pathway 2 is a homolytic C−C dissociation and

involves loss of the carboxylic acid group on the C-terminus. The
ion with m/z 873.2, formed by this pathway, was observed for

Figure 3. Mechanisms for dissociation pathways 1−4 for conformer a.
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conformers a and b. Pathway 3 is a concerted reaction involving
proton transfer and C−C bond cleavage. The reaction starts

when the most acidic proton in the system (hydrogen of
terminal carboxylic acid group) comes in vicinity of one of the

Figure 4. Mechanisms for dissociation pathways 5−8 for conformer a.
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thiol groups. Sulfur plucks this proton, breaking its bond with
Zn(II). This is followed promptly by C−C bond cleavage
generating CO2 and a large ion with m/z 874.2. This m/z is
observed for all three conformers and in the experiments.
Pathway 4 is the loss of a (CH2+imi), where imi stands for the

imidazole group, leaving behind the fragment with m/z 837.2.
This m/z is present for all three conformers. Pathway 5 involves
breaking the amide and Zn−N bonds of His1 resulting in a
fragment with m/z 738.1. This is the same species as that for
pathway 1, with the additional loss of CO, that is, [y6+Zn(II)]

−,
and is present in the experiments and for conformers a and b.
Pathway 6 is observed for all three conformers with fragment
[z6+Zn(II)]

− and m/z 723.1 but is not prominent in the
experiments. Pathway 7, found for both conformers a and b,
gives the [a2+x2+Zn(II)]

− fragment with m/z 601.1. Pathway 8
is the loss of CO and an azoline ring (minus H+) giving a
fragment with m/z 821.2, found for all three conformers.
Pathway 9 is one of the most common pathways. It involves the
loss of any one of the CO molecules, resulting in m/z 890.2.
Pathway 10 is the loss of (H2S+CO2) giving a negatively charged
fragment with m/z 840.2. Pathways 11−15, Figure S2, give
fragment ions with m/z 770.2 (769.2) for [a6+Zn(II)]

−, 658.1
for [b3+y2+Zn(II)]

− or [a3+x2+Zn(II)]
−, 678.1 (677.1) for

[c5+Zn(II)]
−, 730.1 for −(2CH2+PhOH+imi) and 636.1 for

[y5+Zn(II)]
− or [y6+Zn(II)−(CONHCH2+COOH)]

−, respec-
tively. For three of these, the same product types, that is,
[a6+Zn(II)]

−, [c5+Zn(II)]
−, and [y5+Zn(II)]

− were observed
experimentally and theirm/z values are in parentheses. Pathway
12 with ion m/z 658.1 is an important pathway for conformer a
at temperatures 2000 and 2250 K with two channels, namely,

[b3+y2+Zn(II)]
− and [a3+x2+Zn(II)]

−. Pathway 14 with ionm/
z 730.1 shows the loss of two side groups and explains the
abbreviations used to label complex dissociation fragments.
For 1600, 1750, and 1875 Kmore than 50% of the trajectories

for conformer a are nonreactive. More reaction is expected at
these temperatures, if the trajectories were integrated for more
than 20−30 ps. This is particularly the case at 1600 K, where
95% of the trajectories are nonreactive. At 1600 K, proton
transfer without fragmentation is the most common phenom-
enon but is not identified as a pathway since this does not
generate fragment ions. As the temperature is increased, proton
transfer is followed by fragmentation.

III.B. Fragmentation Ions and Their Probability
Distributions. Ions observed for fragmentation of conformer
a are listed in Table 7. Relative probabilities for formation of
these ions are listed in Table 8. Following previous work38,40 and
for comparison with experiment, only ions with more than 2% of
the total yield are included. All of the ions are listed in the Tables
S2−S6. For 1600 and 1750 K, the dominant ion is [x6+Zn(II)]

−

with m/z 766.1, resulting from pathway 1. For 1750 K there are
four ions with a probability 20−25% of that for this dominant
ion. However, for 1600 K, ions resulting from loss of CO with
m/z 890.2, pathway 9, loss of CONH with m/z 875.2, loss of
CO2 with m/z 874.2, pathway 3 and loss of COCH3 with m/z
875.2 are quite important, with the first two having probabilities
of ∼45% and later two with probabilities of ∼30% with respect
to [x6+Zn(II)]

−. Upon raising the temperature to 1875 K there
are seven ions that have a probability greater than 30% with
respect to the most occurring pathway. The dominant ion is now

Figure 5. Mechanisms for dissociation pathways 9−10 for conformer a.
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m/z 873.2, for pathway 2 and elimination of COOH, with the
ion m/z 766.1 the second most important.
For fragmentation of conformer a at 2000 K, ions m/z 723.1

and m/z 766.1, for pathways 6 and 1, are the most dominant
with equal probabilities, whilem/z 873.2 for pathway 2 andm/z
658.1 for pathway 12, shown in Figure S2, are the next two most
important ions. At this temperature seven ions are formed with a
probability 30% or greater than that for the two dominant ions.
For 2250 K, pathway 6 formingm/z 723.1 is dominant. Ionm/z
766.1 is barely observed, since at this high temperature the
[x6+Zn(II)]

− ion releases either an additional CO or CONH,
forming a fragment with y6 or z6 instead of x6. At 2250 K, 17 ions
are formed with a probability 30% or greater than that for the
dominant m/z 723.1 ion. For the higher temperatures of 2000
and 2250 K, pathways involving loss of smaller fragments as CO,
CO2, H2O, CONH, and COOH become important.
Relative probabilities of ions formed by fragmentations of

conformers b and c are listed in Table 9. For conformer b the
results are for simulation temperatures of 2000 and 2250 K,
while for conformer c for a temperature of 2000 K. As for
conformer a, only ions with more than 2% of the total yield are
included. Comparison of the ion probabilities in Tables 8 and 9,
for conformers a and b at 2000 and 2250 K, shows there are
similarities in the ion distributions for these two conformers. In
particular for the pathways resulting in the loss of small

molecules as described above for conformer a. The fragmenta-
tion pattern for conformer c in Table 9 is very similar to that of
conformer a.
For gas phase CID mass spectra of peptides, it has been

reported83 that the most thermodynamically and kinetically
favored mechanism involves loss of (H2O+CO). Loss of CO,
CH2O2, and the iminium ion [CH2NH2]

+ is also observed in
many amino acid systems.83−89 For the present study, the
majority of the m/z values involve loss of a small molecule as
described above.

III.C. Direct Dynamics Simulations for Conformer a
with MNDO/d. To compare the above PM7 results with those
for another semiempirical electronic structure theory, 100 direct
dynamics trajectories were calculated for conformer a at 2000 K
for 10 ps using MNDO/d. The structure was first optimized
using MNDO/d. Although, as shown in Table 1, MNDO/d
predicts a similar energy trend for three conformers as found
with PM7, there are differences in the MNDO/d and PM7
optimized structures for a. As discussed in section II.B, PM7
gives a structure in good agreement with experiment. Most
notably, MNDO/d predicts the metal cation−π distance to be
2.6 Å longer than for PM7. This was probably the reason the

Table 7. Fragment Ions for Conformer aa

m/z fragment

916.2 −(H2)
900.2 −(H2O)
890.2 −(CO)
875.2b −(CONH)
875.2c −(COCH3)
874.2 −(CO2)
873.2 −(COOH)
872.2 −(CO+H2O)
861.2 [a2+x4+Zn(II)]

−

840.2 −(SCO+H2O) or −(CO2+H2S)
837.2 −(CH2+imi)
821.2 [a3+x3+Zn(II)]

−

811.2 −(CH2+PhOH)
766.1 [x6+Zn(II)]

−

764.1 [a2+x3+Zn(II)]
− or [c2+z3+Zn(II)]

−

755.2 [a4+x2+Zn(II)]
−

738.1 [y6+Zn(II)]
− or [x6+Zn(II)-(CO)]

−

727.1 [a4+y2+Zn(II)]
−

723.1 [z6+Zn(II)]
−

707.1 [a3+x3−x1+SH+Zn(II)]−

693.1 [y6+Zn(II)−(COOH)]−

681.1 [y6+Zn(II)−(CO+CH2NH)]
−

678.1 [z6+Zn(II)−(COOH)]− or [c5+Zn(II)]
−

664.1 [x5+Zn(II)]
−

658.1 [b3+y2+Zn(II)]
− or [a3+x2+Zn(II)]

−

636.1 [y5+Zn(II)]
− or [y6+Zn(II)−(CONHCH2+COOH)]

−

601.1 [a2+x2+Zn(II)]
−

587.1 [a3+y2+Zn(II)−(CONH)]−

558.1 [a2+z2+Zn(II)]
−

541.1 [z3+NHC2H3S+Zn(II)]
−

421.0 [a3+CH2S+Zn(II)]
−

393.1 [y2+CH2S+Zn(II)]
−

aOnly ions with a yield greater than 2% are listed. bLoss of (CONH).
cLoss of (COCH3).

Table 8. Fragment Ions for Conformer a and Their Relative
Probabilitiesa

Temperature (K)

m/z 1600 1750 1875 2000 2250

916.2 25
900.2 26.7
890.2 42.8 9.5 60 60
875.2b 42.8 66.6 42
875.2c 28.6
874.2 28.6 23.8 20 42
873.2 19 100 58 40
872.2 13.3
861.2 9.5 25
840.2 40
837.2 19 40 40
821.2 19 20 25 20
811.2 42
766.1 100 100 73.3 100
764.1 42
755.2 46.6
738.1 42 40
727.1 9.5 60
723.1 14.3 9.5 46.6 100 100
707.1 40
693.1 33.3
681.1 40
678.1 25 60
663.1 20
658.1 50 40
636.1 40
601.1 9.5 25 40
587.1 40
558.1 40
541.1 60
421.0 40
393.1 40

aResults of the PM7 direct dynamics simulations. The percentage of
the most probable ion is given as 100%. Only ions with a yield greater
than 2% are listed. bLoss of (CONH). cLoss of (COCH3).
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most important MNDO/d pathway was loss of (CH2+PhOH)
with m/z 811.2. MNDO/d overestimates the Zn−S bond
strength, as compared to PM7, and this bond broke in none of
the MNDO/d trajectories. There are only three pathways using
MNDO/d, forming m/z 811.2, 766.1 ([x6+ Zn(II)]−), and
658.1 ([x6−(CH2+PhOH)+Zn(II)]

−). As discussed in section
IV, PM7 gives simulation results in qualitative agreement with
experiment, while the MNDO/d results are in disagreement
with experiment.
III.D. Thermal Unimolecular Rate Constants and

Arrhenius Parameters. As discussed in section II.D, thermal
unimolecular rate constants were determined for the conformers
by plotting ln[N(t)/N(0)] versus time t, where N(0) is the
initial number of conformers for the simulation at t = 0 andN(t)
is the number of conformers remaining at t without
fragmentation. An illustration of this analysis is shown in Figure
6 for conformer a at 1875 K. The thermal unimolecular rate
constant k(T) is found from the slope of this plot and this
analysis was done for conformers a, b, and c for the different
simulation temperatures. The resulting rate constants are listed
in Table 10. The rate constants for conformers a and b are
statistically the same, and there is an indication that the rate
constant for conformer c may be somewhat smaller.
If the rate constants are represented by the Arrhenius

equation, k(T) = A exp(−Ea/RT), the Arrhenius parameters
may be determined from a plot of ln k(T) versus 1/T. This
analysis is shown in Figure 7 for conformer a, and the resulting
Arrhenius parameters are A = 4.5 ± 2.1 × 1014 s−1 and Ea = 31.9
± 1.8 kcal/mol. For conformer b, the rate constants k(T) for
2000 and 2250 K may be used to determine the Arrhenius
parameters A = 2.6 ± 1.2 × 1015 s−1 and Ea = 40.0 ± 1.8 kcal/
mol. The A-factor for conformer b is ∼5 times larger than that
for a. The larger Ea for b is consistent with the deeper potential
energy minimum for b as compared to a, that is, see Table 1.
The rate constant ki(T) for an individual fragmentation

pathway is given by ki(T) = pi(T)k(T), where pi(T) is the
probability for the pathway. For pathways 1 and 2 of conformer

a, there was a sufficient number of fragmenting trajectories to
find their pi(T). Figure 7 shows the plot of the natural logarithm
of the rate constants ki(T) versus 1/T for pathways 1 and 2. The
resulting Arrhenius parameters are A = 5.9 ± 5.4 × 1013 s−1 and
Ea = 35.8 ± 3.6 kcal/mol for pathway 1. For pathway 2, they are
A = 2.0 ± 0.6 × 1014 s−1 and Ea = 41.6 ± 2.4 kcal/mol.
There are two simulation A-factors for pathways 1 and 2,

which involve C−C homolytic bond dissociation3 orders of
magnitude smaller than A-factors for C−C bond dissociation in
alkanes.90 The different A-factors for these C−C bond
dissociations may be explained by the TST expression for the
A-factor, and differences in the dynamics for alkane C−C bond
dissociation and the C−C bond dissociations studied here. The
TST A-factor is given by

A k T
h

S
R( )exp(1 )TST

B= + Δ ⧧
(3)

where kB is Boltzmann’s constant, h is Planck’s constant, R is the
gas law constant, andΔS⧧ is the entropy of activation. At 2000K,
kBT/h is 4.2 × 1013 s−1, which is similar to the A-factor for
pathway 1 and only 5 times smaller than the A-factor for pathway
2. Thus,ΔS⧧ is quite small for the current C−C dissociations. In
contrast, for an alkane C−C bond dissociation, with an A-factor
103 times larger than that for pathway 1,ΔS⧧ = 13.7 cal/mol/K.
For alkane C−C bond dissociations, for example, C4H10 →
2C2H5, vibrational motions of the alkane transform into rotation
and translation motions of the radical products, giving rise to a
large ΔS⧧. This degrees of freedom transformation also occurs
for [amb5−3H+Zn(II)]− dissociation but, as discussed below,

Table 9. Fragment Ions for Conformers b and c and Their
Relative Probabilitiesa

conformer b conformer c

m/z 2000 Kb 2250 K m/z 2000 K

890.2 33.3 42 874.2 83
875.2 41.7 33 837.2 33
874.2 25 766.1 100
873.2 33.3 25 723.1 50
837.2 100 100
821.2 25
811.2 25
781.1 33.3 42
766.1 83.3 83
738.1 50 25
723.1 25
710.1 25
679.1 41.7 25
667.1 33
601.1 25 25
618.1 25
464.0 33.3 33

aResults of the PM7 direct dynamics simulations. The percentage of
the most probable ion is given as 100%. Only ions with more than 2%
of the total yield are included. bTemperature in Kelvin.

Figure 6. Plot of ln[N(t)/N(0)] versus t (ps) for conformer a at 1875
K.

Table 10. Thermal Rate Constants for Fragmentation of the
Different [amb5−3H+Zn(II)]− Conformersa

Conformer

T (K) a b c

1600 1.31 ± 0.48 × 1010

1750 4.92 ± 0.29 × 1010

1875 9.97 ± 0.22 × 1010

2000 1.08 ± 0.25 × 1011 1.10 ± 0.23 × 1011 8.65 ± 0.39 × 1010

2250 3.64 ± 0.21 × 1011 3.33 ± 0.20 × 1011

aRate constants are in unit of s−1.
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extensive hydrogen bonding also occurs within the dissociation
products, tightening them and decreasing their entropy. This
tightening effect does not occur for alkane C−C bond
dissociation. The difference in A-factors for C−C bond
dissociation for the biological ion studied here and alkanes,
was also found in a previous study of the fragmentation of a
doubly protonated tripeptide.38

Potential energy curves were calculated for the C−C bond
dissociations of pathways 1 and 2. For one calculation the
geometries of the fragment radicals were not optimized, as the
C−C bond was stretched, and there was no barrier along the C−
C dissociation potential energy curve, as expected for homolytic
bond dissociation. However, when the geometries of the radical
products were optimized, concomitantly with stretching of the
C−C bond, a submerged barrier was found for each pathway as
shown in Figure S3. This finding is more pronounced for
pathway 2 than pathway 1. Apparently the submerged barrier
arises from the interplay between the increase in potential
energy with stretching of the C−C bond and release of potential
energy upon optimization of the geometries of the radical
products. Attempts were made to locate transition states for
these barriers, but they were unsuccessful. Possibly, barriers for
torsions and low frequency vibrations for the torsions and
backbone vibrations make it difficult to optimize transition
states for these barriers.
III.E. Differences between Arrhenius and Quantum

Chemistry Dissociation Energies. The classical Arrhenius
activation energy for a unimolecular reaction is equal to the
difference between classical potential energies of the transition
state (TS) and reactant.38,74 Therefore, Arrhenius activation
energy can be compared with barrier heights determined from

electronic structure. For pathways 1 and 2, with submerged
barriers, the TSs are expected to be variational transition
states,90−93 for which the TS is located at the maximum free
energy of activation along the dissociation reaction coordinate.
For the current simulations, there are pathways with a barrier
that is not submerged, that involve concerted proton transfer
and C−C bond breakage. However, their occurrence was not
sufficient to determine their rate constants and Arrhenius
parameters.
Arrhenius activation energies from direct dynamics simu-

lations, as performed here, may be compared with potential
energy barriers found from the electronic structure theory
method used for the simulations.38,74 For pathways 1 and 2, of
the current PM7 direct dynamics simulations, it is of interest to
compare the PM7 potential energy difference between the
[amb5−3H+Zn(II)]− reactant, and unoptimized and optimized
products, with the simulation activation energies. The
simulation activation energy for pathway 1 is 35.8 ± 3.6 kcal/
mol. In contrast, the PM7 potential energies for pathway 1 are
74.7 and 37.1 kcal/mol to form unoptimized and optimized
products, respectively. For pathway 2 the simulation activation
energy is 41.6 ± 2.4 kcal/mol, while the PM7 potential energies
to form unoptimized and optimized products are 77.3 and 44.5
kcal/mol, respectively. For both pathways 1 and 2, the
simulation activation energy is in good agreement with the
PM7 potential energy between reactant and optimized products.
The simulation activation energies are much smaller than the

PM7 potential energies for forming the unoptimized products.
The same effect was found previously for bond dissociations of a
doubly protonated tripeptide,38 which was explained by
extensive hydrogen bond stabilization of the dissociation

Figure 7. ln k(T) versus 1/T (1 × 10−4 K−1) for (a) total rate constant, (b) pathway 1, and (c) pathway 2 for conformer a. The fit was determined by
including uncertainties in the k(T) values.75 The uncertainty in k(T) is the 95% confidence interval standard error of the slope of ln[N(t)/N(0)] versus
t for temperature T.
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products. As shown in Figure 8, such hydrogen bonding of the
products is also found for the current C−C bond dissociations.

However, for this study, there is also relieved steric strain for the
optimized products. As a result of these effects, there is a large
potential energy difference between the unoptimized and
optimized products.

IV. COMPARISON OF FRAGMENTATION IONS FROM
THE PM7 SIMULATIONS AND CID EXPERIMENTS

A comparison between the fragment ions observed in the PM7
simulations and the MS/MS CID experiments is given in Table
11. Conformer c gave very few ions and none of the ions which
have a greater than 2% of the total yield differ from those for
conformers a and b, and the results for conformer c are not
included. Simulation results are given for conformer a at 1875,
2000, and 2250 K, and for conformer b at 2000 and 2250 K. Ions
observed for conformer a at 1600 and 1750Kwere also observed
at the higher temperatures for this conformer. All of the 23 ions
characterized in the MS/MS experiments are included. For the
simulations, only ions with a probability 2% or greater than the
total ion count are included, with the following proviso. If an ion
with a lower probability is observed experimentally, it is
included. There are three such ions; that is, m/z 770.2, 753.1,
and 356.0, where m/z 770.2 is included to compare with the
experiment m/z 769.2. Ions that are found only at one
temperature and are not observed in the experiment are not
included.
In the experiments, loss of one or two H2S molecules was

observed in six fragments. The ion m/z 884.2 was formed after
loss of H2S. The ions m/z 840.2, 822.2, 806.2, 705.1, and 480.1
involved the loss of one or two H2S molecules along with other
molecules. In the simulation, the only pathway in which H2S loss

was observed was pathway 10 in Figure 5, which also involved
loss of CO2. In the majority of the trajectories, for all three
conformers, the Zn−S bond cleaved but did not produce
separate fragments, including H2S. As described above, one
reason H2S loss was not prevalent in the simulations was
probably due to two factors; that is, the tetra-coordinated nature
of the Zn ion and the short time periods for which the
trajectories were integrated. As both thiol groups are
deprotonated and bound to zinc, the loss of H2S requires
breaking a Zn−S bond followed by two proton transfers and
cleavage of a H2C−S bond.
There are sixm/z values found both in the experiment and the

simulations. The first common ion m/z 874.2 is for the loss of
CO2 and was found in the simulations from both conformers a
and b. The m/z 872.2, 840.2, 636.1, and 356.0 were common
ions produced by conformer a, with them/z 872.2 and 840.2 for
loss of (CO+H2O) and (CO2+H2S), respectively, with the
simulation also exhibiting the loss of (SCO+H2O) atm/z 840.2.
For m/z 636.1, both experiment and simulation produced the
ion [y5+Zn(II)]

−, and as discussed in section III.A, simulation
observed another channel with fragment ion [y6+Zn(II)−
(CONHCH2+COOH)]

− for thism/z value. Form/z 356.0, the
simulation exhibited [a2+y1+Zn(II)−(CH2+imi)]−. However,
the experimental m/z 356.0 was determined to be [b3+Zn(II)−
(CH3CHO)]

−, which is related by loss of the acetyl group to the
[b3+Zn(II)]

− ion. A last related common ion was m/z 753.1
exhibited by the simulation of conformer b as fragment
[a2+y1+Zn(II)]

−. However, the experimental m/z 753.1 was
determined to be [b6+Zn(II)−(CH3CHO)]

− related by the loss
of the acetyl group to [b6+Zn(II)]

−. The [b6+Zn(II)−
(CH3CHO)]

− and [b3+Zn(II)−(CH3CHO)]
− ions are related

and their assignments were supported by further MS/MS/MS
studies which showed [b3+Zn(II)−(CH3CHO)]

− was pro-
duced by dissociation of [b6+Zn(II)−(CH3CHO)]

−, along with
other product ions that were consistent with their assignments.
Both experiment and simulation predict the formation of

[y6+Zn(II)]
−, [a6+Zn(II)]

−, and [c5+Zn(II)]
− ions but they

differ by a mass of 1. For the formation of [y6+Zn(II)]
−, the

simulation predicts homolytic cleavage of the peptide bond,
generating the radical [y6+Zn(II)]

− atm/z 738.1 with a terminal
−NH• group. However, the experiment observes the [y6+Zn-
(II)]− ion at m/z 739.1 and indicates a mechanism consistent
with the mobile proton model, which has been extensively used
to describe the ion fragmentation mechanisms.94−98 In this
model, a proton migrates to the amine of the peptide bond and
initiates charge-directed cleavage of the peptide bond producing
either b or y ions. For pathway 5 in Figure 4, this would require a
proton to become mobile and transfer from the acetylated N-
terminal fragment. This is possible because it would lead to the
formation of a neutral charged oxazolone and the [y6+Zn(II)]

−

ion through analogous reactions described by bond-cleavage
pathways of peptide ions lacking mobile protons as described by
Bythell et al.98 In this mechanism, the dissociation would be
initiated by proton transfer from the amine group of the
acetylated N-terminus to the neighboring amine group of the
peptide bond. The peptide bond would dissociate through
heterolytic cleavage with both electrons transferred to the amine
group resulting in [y6+Zn(II)]

− ion with a terminal −NH2
group, consistent with the mass observed at 739.1 m/z,
accompanied by the formation of an oxazolone neutral product.
Differences between the simulations and experiments may be

summarized as follows. For small molecule losses the
simulations predict COOH loss via homolytic cleavage or

Figure 8. (a) Unoptimized and (b) optimized structures for a fragment
of pathway 1 for conformer a. Hydrogen bonding stabilizes the
optimized fragment, thus reducing the dissociation energy.
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CO2 loss, both from the C-terminus, and fragmentation of the
backbone peptide bond resulting in the loss of CO. Experiment,
however, primarily exhibits H2S, H2S + CO2, and 2H2S + CO2,
although H2S + CO2 loss is also observed as a minor channel for
the simulation of conformer a. This is in agreement with H2S +
CO2 loss being commonly observed from MS/MS of negatively
charged peptides which contain Cys at the C-terminus.99,100

Experiment also produces CO2 loss from the C-terminus. Both
simulations and experiment exhibit formation of the [a6+Zn-
(II)]−, [c5+Zn(II)]

−, and [y6+Zn(II)]
− ions but with a mass

difference of 1, with the simulation also predicting the related
[x6+Zn(II)]

− ion. For these products, the simulations predict
homolytic cleavage and formation of two radical products,
whereas, them/z product ion from experiment is consistent with

formation of nonradicals through the mobile proton reaction
mechanism.94−98 The simulations predict double or triple
cleavages of the backbone with the Zn(II) retaining its binding
sites to the 2His−2Cys, for example, [a3+x3+Zn(II)]

− and
[a2+x2+Zn(II)]

−, whereas experiment exhibits single cleavages
of the backbone accompanied by cleavage of two of the Zn(II)
binding sites, resulting in b- and y-type ions.

V. SUMMARY

Direct dynamics simulations, using PM7 semiempirical
electronic structure theory, were performed to study fragmenta-
tion of the negative ion formed by Zn(II) binding to the triply
deprotonated peptide, with sequence acetyl-His1-Cys2-Gly3-
Pro4-Tyr5-His6-Cys7, and identified as [amb5−3H+Zn(II)]−.

Table 11. Monoisotopicm/z Values of Ions Obtained from Simulationsa for Conformers a and b andMS/MSCID Experimentsb

conformer a conformer b experiment

m/z 1875c 2000 2250 2000 2250 MS/MS fragment

890.2 √ - √ √ √ - −(CO)
884.2 - - - - - √ −(H2S)
875.2 √ √ - √ √ - −(CONH)
874.2 √ √ - - √ √ −(CO2)
873.2 √ √ √ - √ - −(COOH)
872.2 √ - - - - √ −(CO+H2O)
840.2 - - √ - - √ −(SCO+H2O) or −(CO2+H2S)
837.2 √ - √ √ √ - −(CH2+imi)
822.2 - - - - - √ −(CO2+H2S+H2O)
821.2 √ √ √ √ - - [a3+x3+Zn(II)]

−

811.2 - √ - - √ - −(CH2+PhOH)
806.2 - - - - - √ −(CO2+2H2S)
797.2 - - - - - √ [b6+Zn(II)]

−

781.1 - - - √ √ - [a5+x1+Zn(II)]
−

770.2 - √ - - - - [a6+Zn(II)]
−

769.2 - - - - - √ [a6+Zn(II)]
−

766.1 √ √ - √ √ - [x6+Zn(II)]
−

753.1 - - - √ √ √ [y1+a5+Zn(II)]
− and [b6+Zn(II)-(CH3COH)]

−d

739.1 - - - - - √ [y6+Zn(II)]
−

738.1 - √ √ √ √ - [y6+Zn(II)]
− or [x6+Zn(II)-(CO)]

−

723.1 √ √ √ √ - - [z6+Zn(II)]
−

705.1 - - - - - √ [y6+Zn(II)−(H2S)]
−

679.1 - - - √ √ - [z6+Zn(II)−(CO2)]
−

678.1 - √ √ - - - [z6+Zn(II)−(COOH)]− or [c5+Zn(II)]
−

677.1 - - - - - √ [c5+Zn(II)]
−

660.1 - - - - - √ [b5+Zn(II)]
−

658.1 - √ √ - - - [b3+y2+Zn(II)]
− or [a3+x2+Zn(II)]

−

636.1 - - √ - - √ [y5+Zn(II)]
−

601.1 - √ √ √ √ - [a2+x2+Zn(II)]
−

579.1 - - - - - √ [y4+Zn(II)]
−

535.1 - - - - - √ [y4+Zn(II)−(CO2)]
−

514.1 - - - - - √ [c4+Zn(II)]
−

501.1 - - - - - √ [a4+Zn(II)S]
−

480.1 - - - - - √ [c4+Zn(II)−(H2S)]
−

464.0 - - - √ √ - [a2+x1+Zn(II)]
−

421.0 - - √ - - - [a3+SCH2+Zn(II)]
−

400.0 - - - - - √ [b3+Zn(II)]
−

356.0 - - √ - - √ [a2+y1+Zn(II)−(CH2+imi)]− and [b3+Zn(II)−(CH3COH)]
−d

343.0 - - - - - √ [b2+Zn(II)]
−

315.0 - - - - - √ [a2+Zn(II)]
−

aFor the simulations at 1875, 2000, and 2250 K only ions with a probability 2% or greater than the total ion count are included, with the following
provisos. If an ion with a low probability for the 2000 and 2250 K simulations is observed experimentally, it is included. Whereas ions that are
found only at one temperature and are not observed in the experiment are not included. bFor experiment all the ions are listed. cTemperature in
Kelvin. dFragment ion predicted from the experimental MS/MS spectrum.
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Tests showed that PM7 gives geometries and bond dissociation
energies for model Zn(II) compounds in overall good
agreement with the findings of CCSD(T) and DFT theories.
Three conformers, identified as a, b, and c, were found for
[amb5−3H+Zn(II)]−, with PM7 and DFT giving a similar
structure for each conformer. The coordinating ligands for the
conformers adopted a distorted tetrahedral structure around
Zn(II) and included the two thiolate groups of the cysteines. For
structure a, the other two ligands were the imidazole and
imidazolate groups of the two histidines, giving a 2His-2Cys
binding motif. For structure b, the ligands included two oxygens
from the carbonyl group of Cys2 and the C-terminus carboxylate
group. Conformer c included the imidazole from His1 and the
oxygen from the C-terminus carboxylate. Each electronic
structure method identified conformer b as the lowest in energy,
whose peptide bonds are all trans apart from the cis-Gly-Pro
bond. However, PM7 and DFT give different ordering of the
energies for conformers a and c. For DFT, c is lower in energy,
while a is lower for PM7. Structures for the conformers are
affected by the charges on the atoms, the deprotonation sites of
amb5, and their hydrogen bonding. PM7 bond angles for
conformers a and c agree with X-ray crystallographic studies.
The direct dynamics simulations are compared with multiple

collision CID experiments, for which the negatively charged
[amb5−3H+Zn(II)]− ion undergoes about 700 collisions with
neutral argon atoms before it fragments. Such multiple collisions
are expected to result in statistical activation of the ion and, for
the direct dynamics simulations reported here, statistical thermal
activation of the ion was considered. Conformer awas randomly
excited at temperatures of 1600, 1750, 1875, 2000, and 2250 K,
conformer b at 2000 and 2250 K, and conformer c at 2000 K. As
the temperature was increased, there were more dissociation
pathways. For structure a, the number of primary dissociation
pathways are 11, 14, 24, 70, and 71 at temperature of 1600, 1750,
1875, 2000, and 2250 K, respectively. However, there were only
6, 10, 13, 14, and 19 respective pathways for these temperatures
that have a probability of 2% or more. For structure b, there were
67 pathways at 2000 K and 71 pathways at 2250 K. For structure
c, 17 pathways were observed at 2000 K.
There are dynamical features common to all the dissociation

mechanisms for the conformers. For most of the pathways, more
than one bond was broken to generate fragments. A prominent
component of the mechanisms is homolytic dissociation of a C−
C bond and breaking a bond with the Zn(II) ion, generating a
tricoordinated Zn(II) complex. For conformer a at 1600 and
1750 K the dominant fragment ion is [x6+Zn(II)]

− with m/z
766.1. At 1875 K the dominant ion has m/z 873.2, formed by
elimination of COOH. At 2000K the dominant ions havem/z of
766.1 and 723.1, the latter [z6+Zn(II)]

−. At 2250 K the
dominant ion is m/z 723.1. Similar ions, as for conformer a, are
formed for the fragmentation of conformers b and c.
For all temperatures considered, the dissociation kinetics for

conformers a, b, and c follow RRKM unimolecular dynamics,
indicating the conformers are intrinsic RRKM molecules.101 At
each temperature, the rate constant k(T) is the sum of rate
constants for individual fragmentation pathways ki(T), a
product of k(T) and the probability of occurrence of pathway
i. Arrhenius parameters were calculated for pathways 1 and 2,
which involve C−C bond dissociation. The frequency factors
and activation energies are smaller than those for homolytic
dissociation of C−C bond in alkanes, due to the stabilization of
the products as a result of increased hydrogen bonding. For both
pathways 1 and 2, the simulation activation energy is in good

agreement with the PM7 potential energy between reactant and
optimized products. The former for pathways 1 and 2 are 35.8±
3.6 and 41.6 ± 2.4 kcal/mol, while the respective values for the
latter are 37.1 and 44.5 kcal/mol.
The fragment ions formed in the simulations were compared

with those formed in the CID experiments. At best, there is only
qualitative agreement between the simulation and experimental
results. The simulations predict double or triple cleavages of the
backbone with the Zn(II) retaining its binding sites to the 2His−
2Cys, for example, [a3+x3+Zn(II)]

− and [a2+x2+Zn(II)]
−,

whereas the experiment exhibits single cleavages of the
backbone accompanied by cleavage of two of the Zn(II) binding
sites, resulting in b- and y-type ions. Comparison of the
simulation results for the three different conformers suggests
that the fragmentation pattern of conformer a most closely
matches experiment even though conformer b is energetically
more stable. This zinc binding behavior is consistent with
established zinc chemistry in large biomolecules,12−15,28 with
solvation, which would be the source of [amb5−3H+Zn(II)]− in
the ESI experiments.
One strength of the direct dynamics simulations reported here

is that they identify the primary dissociation pathways for the
biological ion, which are 71 each for conformers a and b at 2250
K and 17 for conformer c at 2000 K; a total of 159 pathways.
These would be difficult to identify without a simulation as
performed here or by use of a search algorithm to identify
reaction mechanisms.102 In future work, it would be of interest
to determine transition state structures and potential energy
barriers103 for the important dissociation pathways found here
for [amb5-3H+Zn(II)]

−.
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