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Models of fragmentations induced by electron
attachment to protonated peptides
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Invoking a number of theoretical levels ranging from HF/STO-3G to CCSD(T)/aug-cc-pVQZ, we have made a detailed
survey of six potential energy surfaces (NH,*, NH,", [CH;CONHCH,]H*, [CH;CONHCH,;]H’, [HCONHCH,CONH,|H* and
[HCONHCH,CONH,]H"). In conjunction with this, ab inito direct dynamics calculations have been conducted, tracing out several
hundred reaction trajectories to reveal details of the electron-capture dissociation mechanism. The model calculations suggest
the possibility of a bimodal pattern where some of the radicals, formed upon recombination, dissociate almost directly within one
picosecond, the remaining radicals being subject to complete energy redistribution with a subsequent dissociation occurring at
the microsecond timescale. Both processes give rise to ¢ and z backbone fragments, resulting from cleavage of N-C, bonds of the

peptide chain.

Keywords: electron capture dissociation, mass spectrometry, proteomics, reaction dynamics, reaction mechanisms

Introduction

Due to its versatility, selectivity and sensitivity in protein
identification and sequencing, mass spectrometry (MS)
has become a key method in the field of proteomics.! Two
methods are now used routinely for this purpose—namely,
matrix-assisted laser desorption/ionization (MALDI)/MS??3
and elecrospray ionization (ESI)/MS.*

The relative molecular mass of a protein can be deter-
mined from the protonated molecule signal of the MALDI/
MS spectrum, while amino acid sequence information can
be inferred from ESI/MS. Before ESI/MS, the protein is
cleaved into medium-sized peptides at specific positions
using digestive enzymes—trypsin, for example, cleaves the
backbone at the carboxylic side of peptide bonds associated
with lysine and arginine residues.’ The resulting peptide
mixture can then be separated using high-performance liquid
chromatography, whereupon the eluate is subject to ESI by
which multiply-protonated peptides are fed successively
into a mass analyzer. In a typical tandem mass spectrometry
experiment, the molecule ions are first selected using a mass
analyzer and energy is supplied to induce fragmentation of
the selected ions. The resulting fragment ions are then identi-
fied using a second mass analyzer.

A common way to activate the decomposition of mole-
cule ions is to collide them with a target gas in a cell situ-
ated in-line between the two mass analyzers [collisionally-
induced decomposition, (CID)]. Usually, a doubly- or a
triply-protonated molecule is selected using the first analyzer
and the cleavages resulting from the collisional activation,
typically, occur at the peptide C;—N bonds. Depending on
whether the proton that catalyzes the heterolytic peptide
bond cleavage ends up on the carboxylic or the amino side,
the fragment ion is called b or y.5” The mechanisms of these
reactions are, by now, relatively well understood®'* and
the series of b and y ions are used to determine the amino
acid sequence of the peptide. Still, it is a limitation of this
method that collisional activation does not induce fragmen-
tation of all peptide bonds. Another problem with CID is
that spectra are not reproducible between instruments. One
important reason is that collison energies, depending on
instrument type and setting, range from a few electronvolts
to tens of kiloelectronvolts. The pressure and the nature of
the target gas also have great influence on the appearance of
the spectra.

An alternative and complementary activation method is,
therefore, needed. A few years ago, Zubarev and McLafferty
introduced a promising method, electron capture dissociation
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(ECD), in which the multiply-protonated peptide molecules
are brought to interact with a bath of approximate thermal
electrons.!*'% During an ion/electron recombination process,
the charge of the multiply protonated peptide is reduced by
one, thereby releasing recombination energy and inducing
cleavage of the peptide backbone. However, whereas CID
breaks C,—N bonds, ECD breaks N-C, bonds, the resulting
fragments being called ¢ and z. Moreover, the ECD process
is more efficient than CID, cleaving most N-C, bonds and
giving rise to an almost complete series of sequence-specific
¢ and z fragment ions. These facts point towards fast energy
conversion and bond dissociation, in contrast to the relatively
slow process of low-energy collisional activation and subse-
quent C,—N bond cleavage in CID.

Two limiting mechanisms can be envisaged for ECD: a
fast hydrogen atom cleavage mechanism (1) and a direct
mechanism (2). Both mechanisms involve homolytic bond
cleavage—see Scheme 1. Any actual mechanism is expected
to be somewhere in-between these extremes. An intramo-
lecular hydrogen bond from a protonation site (like R-NH;*)
to the carbonyl group bridges the gap.

Storage-ring experiments have revealed that the hyperva-
lent radicals that form upon electron recombination of H,O*
and NH,* decompose to give free hydrogen atoms, providing
support for Reaction 1(a) of Scheme 1.!7-'¥ However, as
discussed below, this fact does not necessarily disprove
Mechanism 2.

Model calculations employing reliable quantum chemical
methods have provided some insight into the mechanism
of ECD in particular!>!%2% and into the chemistry of the
type of radicals involved in general. The existing evidence
favors electron capture, dissociation being faster than energy
randomization in a molecule, pointing to a time scale of a
few bond-vibration periods. This may imply a direct disso-
ciation on a repulsive energy surface, a fast internal energy
conversion that transfers vibrational energy into specific
modes, or a vertical Franck—Condon process of the recom-
bination event itself, with deposition of potential energy
resulting from different equilibrium geometries of the ion
and the neutral.

Since these mechanistic scenarios are of a dynamic
nature, a complete theoretical treatment should not restrict
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Scheme 1.

itself to information on critical points of the potential energy
surface (minima and saddle points) but incorporate the reac-
tion dynamics explicitly. Therefore, we decided to investi-
gate the ECD mechanism by combining static calculations of
suitable peptide molecule ions and their radicals with reac-
tion trajectory calculations.?!~2* Such calculations must be
computationally feasible as well as physically realistic. We
have chosen an approach that includes Hartree—Fock (HF)
and density-functional theory (DFT) descriptions, combined
with small to medium-sized basis sets. Model molecules that
represent a portion of the peptide backbone containing five
to seven main group atoms plus hydrogens were selected. It
should be emphasized, however, that the models have been
chosen to represent some relevant features of the ground
state reaction dynamics of dissociating peptide radicals. This
approach is, therefore, expected to give a qualitative insight
into the chemical processes following recombination, rather
than quantitative agreement with full-sized peptide ECD
experiments.

Methods

All quantum chemical calculations were carried out
with Gaussian 98,% using HF theory? and Becke 3-param-
eter Lee—Yang—Parr (B3LYP)?” DFT in the STO-3G,?® 3-
21G,” 4-31G,* 6-31G(d)*! and aug-cc-pVDZ?? basis sets.
All stationary points were subject to a complete geometry
optimization at the theoretical level used for the dynamic
simulations, including a check for the correct number of
negative Hessian eigenvalues. At this stage, analytical force
constants were computed and the vibrational harmonic
frequencies were obtained, together with the rotational
constants. From these calculated spectroscopic constants,
zero-point vibrational energies and thermochemical quanti-
ties were calculated within the rigid-rotor/harmonic-oscil-
lator approximation. Geometries of stationary points may be
obtained from the authors upon request.

The direct ab initio approach to trajectory calculations
utilizes the first and second derivatives of the electronic
energy with respect to atomic displacements (gradients and
Hessians) to generate molecular trajectories g(f)= {q(tl),
q(t)).....} within the Born-Oppenheimer approximation.>'-*>%
For efficiency, the trajectory is calculated using a fifth-order
predictor—corrector method, based on the repeated calcula-
tion of the wave function and its geometrical derivatives at
points g; in time steps, typically varying between 0.2 and
0.5s.>2* The energy and the molecular gradient are calcu-
lated at every point, whereas the Hessian is recalculated at
every fifth point, being updated at the remaining points.

Direct dynamics is computationally demanding in that a
single trajectory requires the calculation of the wave func-
tion and its derivatives at a large number of points. For this
reason, there are severe limits on the complexity of the wave
function that can be used. Typically, for each reaction and
level of theory, we calculated 25-30 different trajectories,
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Table 1. Energies (in Hartrees)?.

Structure HF HF MP2(FC) MP2(FC) CCSD(T)®
w/ZPVE w/ZPVE

NH,* (1) —56.547984 —56.495548 -56.739780 -56.690107 -56.833186
NH,@1 (2%) —56.695839 -56.645836 -56.903118 -56.857109 not avail.

NH, (2) -56.696051 —56.646871 -56.903932 -56.859771 -56.999417
NH; (3) -56.205591 -56.169241 -56.404890 -56.370502 -56.495610
H 4) —-0.499334 —0.499948
TS (NH, - NH;+H) -56.670893 -56.631585 -56.884020 -56.847759 -56.980512
NH, (5) —55.575228 —55.554920 —55.728469 —55.709184 —55.813031
TS (NH; - NH,+H) not avail. -56.172121 -56.152454 -56.331929

Basis set: aug-cc-pVDZ
bPAt MP2 geometry

which is a reasonable compromise between computer time,
chemical accuracy and a representative ensemble of initial
conditions taken from a thermal distribution.3*-6

Results and discussion

In this section, we report the results of model calculations
for reactions relevant to Scheme 1. Reaction 1 is discussed
in the first (part a) and fourth (part b) sub-sections of this

section, while the other sub-sections are devoted to variants
of Reaction 2.

NH,*

52 k)imol
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NH,*+e > NH,— NH;+H

Even though a peptide is flexible so that protons migrate
rapidly between its many basic sites, the protons tend to
spend a large proportion of the time at the most basic sites,
often at the nitrogens of the side chains of arginine, lysine
and histidine. An essential feature of the upper mechanism of
Scheme 1 is that it postulates that energetic hydrogen atoms
are formed directly upon electron recombination in Equation
[1(a)] (Scheme 1). The simplest model of a protonated basic
side chain is the ammonium ion. We therefore decided to
investigate the energetics and dynamics of dissociation of the
NH, radical, formed upon electron capture. The small size
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Figure 1. Schematic energy profile for the NH,*/NH, — NH; + H system. The vertical and adiabatic recombination energies are shown
for several levels of theory, along with the forward and backward barriers for the dissociation. The CCSD(T)/aug-cc-pVQZ energies

are calculated at the MP2/aug-cc-pVDZ geometries.
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and the extensive literature on this system'337-30 combine to
make this radical an attractive model system.

For our purposes, the HF/aug-cc-pVDZ model provides
a good compromise between accuracy and cost. We calcu-
lated the vertical and adiabatic recombination energies to be
388kJmol! and 389kJmol™!, respectively (Table 1, Figure
1). These values are in acceptable agreement with high-
level CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVDZ results
(436kJmol~" and 437kJmol~") as well as with existing
experimental and theoretical results, which are in the range
of 436-457kJmol~!.#%5152 Since the ammonium ion repre-
sents an electronically closed octet, the ground-state of NH,
radical resides in a shallow potential well, with a single elec-
tron in a quasi 3s orbital. The dissociation

NH, (2)—»NH; 3)+H 4) 3)

is swift due to the low barrier, with a lifetime of 12 ps as
estimated from the experiment.*® A comparison shows that
the HF/aug-cc-pVDZ model provides a good description by
reproducing the shape of the CCSD(T)/aug-cc-pVQZ//MP2/
aug-cc-pVDZ potential energy curve (Table 1). The forward
barriers are 66kJmol™' (HF) and 50kJmol™' (CCSD(T)//
MP2), the reverse barriers being 41kJ mol~! and 40kJmol™'.
These values agree well with the previous high-level study.
Moreover, our study shows that the inclusion of diffuse basis
functions is critical for an accurate description.

Since little is known about the details of the recombina-
tion process from the experiment, we will base much of our
analysis on the theoretical description. The study of Park
revealed a manifold of Rydberg states above the electronic
ground state, all of which are stable towards dissociation.*
Any dissociation must, therefore, occur from the ground
state. In the following, we investigate two such scenarios.

In the first scenario, the initial conditions on NH,* were
chosen by random sampling of the rotational and vibrational
degrees of freedom at a temperature of 298 K, whereupon the
charge is changed from +1 to 0 and the dynamic development
followed as a function of time. We would like to emphasize
that from this mathematical sampling procedure in each case
the molecule is given a fixed energy and there is no subse-
quent exchange of energy with the surroundings. At 298K
there is little vibrational exitation. A molecule with these
initial conditions represents a situation where the recombi-
nation energy is lost by radiation within 1fs. Although this
is a rather poor approximation to reality, it does constitute
a well-defined and simple limiting situation. Except for the
sampled vibrational and rotational energy, the only energy
available is the Franck—Condon energy of relaxing NH,*
to the NH, equilibrium geometry. If sufficiently excited,
the energy floats around in NH, until enough energy has
been concentrated in a single NH stretching motion to cause
dissociation.

Of the 100 HF/aug-cc-pVDZ trajectories, 36 dissoci-
ated within 500fs. Half of the dissociations occurred within
the first 50fs, the rest took place between 50 and 500fs,
the maximum trajectory integration time. The distribution

appears bimodal, with one part having its maximum within
the 0-50fs range (life time corresponding to less than one
N-H stretch) and the other part corresponding to an expo-
nential decay for 50-500fs. Given more time than 500fs, it
is likely that more trajectories would give rise to dissocia-
tion. The kinetic energy of the hydrogen atom, measured at
10A product separation, varied from 84 to 116kJmol™, the
average being 98 kJ mol~!. There is little correlation between
the 298 K sampled internal energy (average 141kJ mol™!) and
the translational energy of the hydrogen atom.

The second scenario corresponds to a situation where
no energy is lost by radiative processes, all being available
for dissociation. We simulated this situation by sampling an
ensemble of NH,* ions at 7000K, roughly corresponding to
the recombination energy, with a subsequent reduction to the
ground-state NH, molecule. Unavoidably, sampling at this
high temperature gives a wide energy distribution, resulting
in many NH, molecules with an energy significantly higher
or lower than the recombination energy.

A total of 25 HF/aug-cc-pVDZ trajectories were run, 24 of
which yielded the dissociation into ammonia and a hydrogen
atom within 25 fs. A single trajectory resulted in three rather
than two products: NH, (5)+H+H. The trajectories were
not stopped until all fragments were at least 20A away from
one another, allowing NH, time to dissociate further. The
translational energy distribution of the hydrogen varies from
94 to 414kJmol™! with 221 kJmol™! as median. This corre-
sponds to about 50% of the available energy ending up in the
hydrogen atom. When we leave out the five highest and the
five lowest energies, the median becomes 199 kI mol™'.

Neither scenario is in full agreement with experimental
data. The first scenario is at odds with the observation that, in
addition to NHj, electron recombination gives a substantial
amount of NH,. The calculated low-energy content is simply
insufficient to promote NH, formation, which requires
at least 286 kJmol~!, which is the value for the transition
structure for H, loss calculated at the singles-and-doubles
configuration-interaction level of theory.’® In the case of two
subsequent hydrogen losses, at least 455kJ mol™!, the bond
dissociation enthalpy of ammonia,’? must be available after
the first hydrogen loss.

As in the first scenario, it is difficult to assess the experi-
mental results from the second scenario. Thus, even though
the experimental product branching factors are 0.69 for NH,,
0.10 for NH, +H, and 0.21 for NH, +2H,'® we observed NH,
in only one trajectory. However, we note that our sampling
procedure is probably too primitive in the sense that the true
energy distribution of metastable NH, is narrower than a
Boltzmann distribution. Furthermore, the cut-off at 20A may
prevent the observation of NH,. Indeed, an investigation of
the 24 trajectories yielding NH,;+H reveals that, after the
loss of the first hydrogen and the subtraction of the zero-
point energy of NH;, as many as five of these trajectories
have enough energy left to break another NH bond. Given
more time, these trajectories should yield NH,+2H as the
final products. Thus, keeping in mind the statistical uncer-
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Figure 2. Schematic energy profile for the CH;COHNHCH,*/CH;COHNHCH; — CH;CONHCH, + H system. The vertical and adiabatic
recombination energies, as well as the forward and backward barriers for the dissociation, are shown for various combinations of

wave functions and basis sets.

tainty, our simulation of the second scenario is in reasonable
accordance with the experiment.

A second and probably equally important point is that
we assume completely random phases of the vibrations.
For example, if instead we had introduced the constraint
of depositing the recombination energy into the totally
symmetric molecular vibration (7), it is likely that we would
have observed slightly longer NH, lifetimes and a somewhat
different product distribution.

CH;C(OH)NHCH;* + e~ — CH;C(OH)NHCH;® and subsequent
unimolecular dissociation

Syrstad et al. have studied this reaction both experimen-
tally and theoretically.?’ High-level G2(MP2) calculations
combined with RRKM theory reproduced the results of their

Table 2. Energies not including ZPVE (in Hartrees)3.

neutralization/reionization experiments with protonated N-
methyl-acetamide. Protonation on the carbonyl oxygen is
thermochemically preferred. The two dominant unimolecular
reactions of 1-hydroxy-1-(N-methyl)-aminoethyl radicals are
the loss of the hydroxy hydrogen and the loss of the methyl
group on the nitrogen, the latter corresponding to the ¢/z
cleavages found for ECD. The former reaction dominates.
We have calculated the structures and energies of the key
molecular species at different levels of theory—see Figure
2 and Table 2. With the exception of the crude HF/STO-
3G level, the data obtained at the different levels are fairly
consistent, with B3LYP/4-31G providing the most repre-
sentative trajectories. For example, the barrier height for loss
of the hydroxyl hydrogen atom is 69 kJ mol~! with B3LYP/4-
31G and 138kJmol™! for HF/6-31G(d), compared with the

Structure HF/S HF/L HF/XL B3LYP/M B3LYP/XL MP2/XL
CH,;COHNHCH;" (6) —244.302209 | —247.362681 —247.403727 —248.547997 —248.911979 —248.194636
CH,COHNHCH, @6 (7") —244.366071 —247.469218 —247.521201 —248.683163 —249.056157 —248.322297
CH,COHNHCH; (7) —244.408562 —247.513997 —247.559713 —248.712562 —249.088640 —248.361994
CH,;CONHCH; (8) —243.861108 —247.006164 —247.043628 —248.195099 —248.560887 —247.847996
H @) —0.466582 —0.498233 —0.499334 -0.500273 —-0.501657 —0.499334
TS (7—-8+4) —205.750005 —208.433124 —208.476153 —209.428485 —209.744660 —209.144145
CH,COHNH (9) —205.269896 —207.953327 —207.995051 —208.905706 —209.232833 —208.652373
CH, (10) —-39.077009 —39.558992 -39.565813 —-39.788910 —39.844352 —39.698266
TS (7-9+10) —244.341432 —247.470379 —247.516667 —248.679413 —249.056567 —248.314458

2Basis sets: S=STO-3G, M=4-31G, L=6-31G(d), XL =aug-cc-pVDZ
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G2 value of 86kJmol~'.2° Note the presence of the reverse
barrier for this process.

The initial conditions for our trajectories were selected
from one ensemble at 298 K (corresponding roughly to
an average of 428kJmol~! sampled internal energy, 10
trajectories), one at 1000K (516kJmol-!, 10 trajectories)
and one at 2000K (719kJ mol™!, 20 trajectories). The simple
HF/6-31G(d) wave function was employed, starting in all
cases from CH;C(OH)NHCHj;' at the geometry of the ion.
The integrations were stopped after 500fs at 298 and 1000K
and after 1000fs at 2000K.

At the two lowest temperatures, no dissociation was
observed. In contrast, at 2000 K, dissociation occurred for
one half of the systems sampled. The N-methyl group was
lost in three cases, with bond rupture occurring after about
200, 750 and 950fs. In five cases, hydrogen was lost from
the acetyl side to give CH,C(OH)NHCH;, all dissociations
occurring within 300 fs and three within 100 fs. In one trajec-
tory, a very hot hydrogen atom broke off from oxygen after
just 100fs. The fact that only one OH dissociation occurred,
even though it is thermochemically preferable to CH dissoci-
ation, can be understood from the tighter transition structure
of the former and from the HF/6-31G(d) overestimation of
the OH dissociation barrier relative to G2.

Based on their G2 and RRKM calculations, Syrstad
et al. concluded that, due to the favorable OH cleavage,
CH;CONHCH,/H’ is not a fully realistic model of an ECD
recombined protonated peptide. It is, therefore, somewhat
paradoxical that, in our dynamical calculations, the simpler
HF/6-31G(d) model predicts CH cleavage. Clearly, for a
more realistic peptide model, it is necessary to extend the
molecule on the acetyl side, as discussed later.

To investigate the dynamics of N-C_ bond dissociations,
we conducted a series of calculations, starting from the tran-
sition state of the reaction leading to CH;C(OH)NH+CHs.

CH,CONH,CH,*

CH,CONH,CH,

Ten trajectories were run at the HF/6-31G(d) level, with
rotations and vibrations sampled at 298 K. The transition
mode was sampled thermally as a translation, the direction
chosen so that CH; moved towards CH;C(OH)NH. In this
manner, the dissociation reaction ran “backwards”, so as to
investigate trajectories passing through the desired transition
state and to see if this would lead to a hydrogen atom flying
off from the oxygen.

In eight trajectories, the incoming CH; bonded to the
nitrogen atom and remained stable within the integra-
tion limit of 500fs. The two remaining trajectories lead to
immediate recoil of the incoming CH,. These were also run
backwards by inverting the initial velocities, but this again
produced CH;C(OH)NH +CH;. A total of 20 B3LYP/6-
31G(d) trajectories were run at 7=298K, 15 of which
gave CH;C(OH)NHCH; stable for 500fs. Four of the five
remaining trajectories gave an immediate recoil of CH,; in
the last trajectory, the methyl group was bonded to nitrogen
for a couple of C-N vibrational periods before departing.

CH;CONH,CH;* + e — CH;CONH,CH;* and subsequent
unimolecular dissociation

To investigate how the initial position of the proton affects
fragmentation, we also performed calculations on nitrogen-
protonated N-methyl-acetamide. The initial conditions for
the trajectory calculations were drawn from ensembles at
298K, using HF/6-31G(d) (10 trajectories) and B3LYP/4-
31G (20 trajectories), starting from CH;CONH,CH;" at the
equilibrium geometry of the corresponding ion. All 30 trajec-
tories resulted in rapid bond dissociation, in agreement with
the potential energy diagram given in Figure 3.

Except for two B3LYP trajectories, all trajectories gave
dissociation of the unstable C,—N bond of the hypervalent
species with formation of CH;CO plus NH,CH;, corre-
sponding to a b/y peptide cleavage. The remaining two
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Figure 3. Schematic energy profile for the CH,CONH,CH,*/CH;CONH,CH;— CH,CO + NH,CH; system. The vertical recombination
energy is listed for several combinations of wave functions and basis sets.
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B3LYP trajectories gave the products CH;CONHCH, and
H’. To gain more insight, the two latter trajectories were
rerun, reversing the direction of integration to simulate an
incoming hydrogen atom hitting the CH;CONHCH, mole-
cule at the nitrogen atom. Interestingly, both trajectories
gave CH;CO and NH,CH; as products. As discussed below,
these two trajectories can, in principle, represent the “hot”
hydrogen model [Scheme 1, Reaction 1(b)]. However, as we
shall see, random collisions with hot hydrogen atoms do not
result in much fragmentation—in particular, ECD fragmen-
tation. These reverse trajectories are unrepresentative, with
improbable initial conditions, as will be evident from the
forthcoming section.

We conclude that nitrogen-protonated peptides are not
likely precursors for ECD, since CH,CONH,CH;" breaks up
to give b and y rather than ¢ and z fragments.

Bombardment of CH;CONHCH, by H atoms of variable
energies in random directions

The extreme variant of the so-called “hot” hydrogen
model is depicted as a two-step process, where fast hydro-
gens resulting from recombination with ammonium sites
liberate hydrogen atoms of considerable translational energy
(Scheme 1). In our simulations of the simple NH, model,
a mean translational energy corresponding to approxi-
mately one half of the available energy was found. To test
the hypothesis that fast hydrogens are able to dissociate
peptides, we conducted a series of dynamic simulations at
different levels of theory, varying the translational energy of
the hydrogen, the relative orientation and the impact param-
eter. In this respect, the translational energy is expected to
be determining. Based on general chemical knowledge,
thermal hydrogen atoms are, primarily, expected to abstract
a hydrogen atom from a molecule or ion, with the formation
of molecular hydrogen.

At the HF/STO-3G level, we sampled 25 initial situa-
tions at 298 K with random spatial orientations of the N-
methyl-acetamide molecule, with the hydrogen atom 6A
from the centre-of-mass, and sampling the impact parameter
linearly in the range 0-3.5A. The integration of trajecto-
ries was repeated for the translational energies 72, 96 and
121kJmol™!, giving a total of 75 trajectories for this wave
function. The trajectories were run to a maximum separation
of 10A or for a maximum duration of 500fs.

With respect to energy conservation, these STO-3G
trajectories were the most difficult to be carried out in this
study. To avoid large energy jumps due to numerical insta-
bility, it was necessary to run some of the trajectories having
a large impact parameter using extremely small step lengths.
Clearly, this is an indication that the model has difficulties
with describing the system properly. In fact, we observed
that several electronic states came close in energy and even
crossed along the reaction co-ordinate.

Most of the trajectories gave no reaction, the hydrogen
atom hitting the amide and bouncing off, the collisions being
slightly inelastic. At large impact parameters, we observed

virtually no interaction. In one trajectory, the hydrogen atom
attached to the oxygen atom; in three trajectories, it briefly
bound to the carbonyl carbon atom. In four trajectories, the
hydrogen atom bound to the carbonyl carbon atom of the
peptide bond and remained there for the duration of the
trajectory (500fs). Even though these interactions weakened
the neighboring C-N bond, no dissociation was observed.
Finally, in three trajectories, the incoming hydrogen extracted
a hydrogen atom from one of the methyl groups, forming a
departing H, molecule.

The observed reaction pattern did not seem overly sensi-
tive to the kinetic energy of the incoming hydrogen atom;
trajectories with identical conditions except for the hydrogen
translational energy behaved almost identically. To the extent
that there was a difference in reactivity, it arose because
hydrogen atoms of low kinetic energy take a longer time to
reach the amide, allowing CH;CONH,CH; to reorient by
internal rotation.

At the HF/6-31G(d) level, a total of 150 trajectories were
run using the same approach to set up initial conditions as
for HF/STO-3G, with 50 trajectories each for the hydrogen
translational energies of 96, 144 and 192 kJmol™!, the impact
parameter now being restricted to the range 0-2A (based
on the experience from the minimal-basis trajectories). All
trajectories were non-reactive with one exception, where
the hydrogen atom bonded to oxygen and remained bonded
throughout the 500 fs investigated. From the stationary points
in Table 2, it is clear that the barrier to hydrogen addition is
significantly higher for this basis set than for the other basis
sets in the study.

Finally, 30 trajectories were examined at the B3LYP/4-
31G level of theory. All trajectories were run by assigning
144kJmol™! translational energy to the hydrogen atom.
For those initial conditions that gave rise to a reaction (or
looked very close to reacting), trajectories were also run with
96kJmol™! and 192kJmol™! translational energy, yielding a
total of 44 trajectories at this level of theory. The trajectories
were run for up to 500fs or until the fragments were 10A
apart.

The B3LYP/4-31G reaction pattern is similar to that found
for HF/STO-3G. The hydrogen atom bonded to the oxygen
atom in 12 trajectories—some remained stable for 500fs,
others ejected the hydrogen atom in the course of the simula-
tion. The hydrogen atom also bonded to the carbonyl carbon
in two trajectories; in one of these, the C—C bond was even-
tually broken, sending off a CH; radical. The other adducts
remained stable for at least 500 fs. Again, the C—N bond was
clearly weakened by the addition of the hydrogen atom, but
no dissociation was observed at this bond. Four trajectories
gave rise to H, by abstraction.

Despite some shortcomings in the wave functions used,
it appears that incoming fast hydrogen atoms are likely to
bounce off an amide/peptide rather than give rise to N-C
fragmentation. The association of slow hydrogen atoms
is out of the question because of the considerable barrier
(Figure 2) as evident from the study of Syrstad and Turecek.
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Table 3. Energies not including ZPVE (in Hartrees)?.

Structure HF/S HF/L HF/XL B3LYP/M B3LYP/XL MP2/XL
HCONHCH,COHNH,* (11) —371.304288 | -376.103161 -376.169174 377754184 —378.322392 | -377.308811
HCONHCH,COHNH, @11 (12) | -371.375087 | -376.212698 | -376.288648 | -377.886112 —378.468139 | -377.441706
HCONHCH,COHNH, (12) -371.382514 | -376.261894 | -376.334520 | —-377.922684 | -378.505091 | —377.483721
HCONH (13) -166.107298 | -168.297162 | —168.326165 | —168.969955 | —169.236489 | —168.783362
CH,COHNH, (14) —205.242420 | -208.889677 | —207.925823 | -207.972539 | -209.213081 | —208.629657
TS 12—-13+14) -371.331860 | -376.213098 | -376.288079 | -377.911787 —378.488163 | —377.458715
HCOHNHCH,CONH,* (15) —-371.261782 —376.099442 | -376.166070 | —377.744892 | —-378.322283 | -377.308131
HCONHCH,CONH, @15 (16") —371.297175 —376.206463 | -376.281474 | -377.883443 | -378.462902 | -377.432487
HCOHNHCH,CONH, (16) —371.382000 | -376.260909 | -376.332704 | -377.921475 —378.500062 | ?

HCOHNH (17) -166.679160 | -168.908008 | —168.946023 | —169.630486 | -169.906192 | —169.456132
CH,CONH, (18) —204.671960 | —207.350073 | —207.387999 | —208.272110 | -208.587743 | —208.007042
TS 16>17+18) —371.336836 | —376.219621 —376.292681 | -377.902638 | -378.482671 | -377.445414

*Basis sets: S=STO-3G, M=4-31G, L=6-31G(d), XL =aug-cc-pVDZ

The inability of polypetides to capture free hydrogen atoms
has been demonstrated by Demirev.>?

HCONHCH,C(OH)NH,* + e-— HCONHCH,C(OH)NH," and
subsequent unimolecular dissociation

As noted above, N-methyl acetamide does not consti-
tute a fully consistent peptide model for ECD. We there-
fore chose to investigate the larger HCONHCH,CONH,
model. An interesting feature of this peptide model is that
the minimum potential energy form of the protonated mole-
cule HCONHCH,C(OH)NH,* (11) has a hydrogen bond
connecting the two carbonyl groups—see Table 3 and Figure
4 (left). The intramolecular O—-H®---O=C bond represents a
stable situation, similar to the N-H®-..O=C bond between
a protonated basic side group and a carbonyl oxygen of a
peptide bond (Scheme 1). Using this model we believe we
are in a better position to simulate a more realistic siuation
in-between reactions 1 and 2 of Scheme 1.

Employing the HF/6-31G(d) level of theory, all rota-
tional and vibrational degrees of freedom of the ion were
sampled at 2000K, before changing the charge from +1 to 0.

.“"‘.

o ®
. y
.e. ‘¢3

@ ©¢
o®
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4

HCONHCH,COHNH,* HCOHNHCH,CONH,*

Figure 4. The lowest energy minima at the HF/6-3IG* level for
HCONHCH,COHNH,* (left) and HCOHNHCH,CONH,* (right).

In this manner, 30 trajectories were calculated. A complica-
tion arose because the lowest vibrational mode (~100cm™")
would be highly excited at the onset due to the statistics of
the sampling procedure. Typically, there were more than ten
vibrational quanta in this mode, challenging the harmonic
approximation implicit in our initialization procedure.
Ideally, this internal degree of freedom should be treated as
an internal rotor. Lacking this option, it was decided to treat
it as a translation, with the energy sampled thermally and the
direction sampled randomly. This procedure underestimates
the energy in the low-frequency mode somewhat but is pref-
erable to a dramatic overestimation.

Out of the 30 trajectories run, 23 were non-reactive after
500fs, the only significant change was that the hydrogen
bond loosened and the molecule unfolded. Several of the
trajectories reformed the loop for short periods. In five of the
remaining seven trajectories, the hydrogen jumped immedi-
ately to the other oxygen before the loop opened. Previous
quantum chemical calculations have shown that such proc-
esses are energetically facile.”*

One of the two remaining trajectories gave an outcome of
significance for the ECD process. After 200fs, the N-C bond
broke to give HCOHNH + CH,CONH, as c/z fragments. It
is particularly noteworthy that the intramolecular hydrogen
transfer, which is prerequisite for forming the observed
products, is immediate. As demonstrated by Turecek and
Syrstad, intramolecular hydrogen transfer between two
such oxygen atoms, typically, have a zero or low barrier.’*
From Table 3 and Figure 5, we infer that the complementary
HCONH + CH,C(OH)NH, products are higher in energy at
all levels of theory. On the other hand, the barrier to forming
these products, differing from ECD fragments only in the
position of the radical, is slightly higher or slightly lower,
depending on the level of theory. One could imagine that, if
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Figure 5. Schematic energy profile for the HCONHCH,COHNH,*/HCONHCH,COHNH, —»HCONH + CH,COHNH, system. Vertical and
adiabatic recombination energies are shown, along with the forward and backward barriers for the unimolecular dissociation.
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Figure 6. Sampled rotational and vibrational energy for HCONHCH,COHNH,* (upper plot) and HCOHNHCH,CONH,* (lower plot).
The dashed lines represent the average sampled energies in each case. In the upper plot the solid diamond represents the initial
sampled energies of the reactive trajectory HCONHCH2COHNH, —HCO + NHCH, + COHNH,, whereas the solid square represents the
reactive trajectory HCONHCH,COHNH, - HCOHNH + CH,CONH,. In the lower plot the solid square represents the reactive trajectory
HCOHNHCH,CONH, - HCOHNH + CH,CONH,.



634

Fragmentations Induced by Electron Attachment

HCOHNHCH,CONH,*

HCOHNHCH,CONH,

HES TG
BILY P3G
HF%-110"

HEFSTO-MG
RHYT4-3IG B k)i
HF /%3 2K kel
HEF fiag-ee-p VIR 300 ) e
BHL YT Sikg=0i-p 369 k)l
ML wiag-cop YL AIT kel

9} klimed

HESTO-10G
BHYRY-MG

HES T30
BILYPY-31G

Figure 7. Schematic energy profile for the HCOHNHCH,CONH,*/HCOHNHCH,CONH, — HCOHNH + CH,CONH, system. Vertical and
adiabatic recombination energies are shown, along with the forward and backward barriers for the unimolecular dissociation.

products of the higher energy type were formed in a long-
chain peptide, there would be sufficient time for exothermic
hydrogen atom transfer to give the more stable ECD prod-
ucts, owing to the high probability for entanglement of the
two loose chains.

The single remaining trajectory resulted in a fast disso-
ciation into three fragments HCO+ NHCH, + C(OH)NH,.
Depending on the positions of the non-recombined charges
of a long-chain peptide, this corresponds to a/x or bly type
products. It should be noted that the trajectories leading
to peptide backbone fragmentations did not represent an
exceptional internal energy content—see the upper panel of
Figure 6.

HC(OH)NHCH,COHNH,* + e-—HC(OH)NHCH,COHNH,* and
subsequent unimolecular dissociation

From Table 3, we see that, for all higher level methods,
HC(OH)NHCH,COHNH,* (15) is only marginally higher
in energy than the isomer HCONHCH,C(OH)NH,* (11).
The two isomers differ only in which oxygen atom is proto-
nated, both forming loops from intramolecular O-H®---O=C
hydrogen bonds (Table 3, Figure 4 right). There is a similar
small energy difference between the corresponding neutral
radicals 16 and 12, since the recombination energies are
virtually identical.

As for the isomer in Reaction 5, we ran 30 HF/6-31G(d)
trajectories with initial sampling at 2000K, again with the
lowest vibrational mode sampled as a translation. It is inter-
esting to observe the similar behavior of the two isomeric
systems. In the present case, HC(OH)NHCH,COHNH,
remained stable for 500fs in 22 out of 30 trajectories, only
displaying a loosening of the intramolecular hydrogen bond
with subsequent unfolding. In five of the remaining trajecto-

ries, the hydrogen jumped to the other oxygen before the ring
opened up. Furthermore, in two trajectories, the hydrogen
broke off from oxygen (one from each oxygen) after 200—
300fs. A series of quantum chemical calculations have shown
that the barrier to hydrogen loss is only slightly higher than
that to hydrogen transfer.* Both of these trajectories were
run backwards and again displayed exactly the same reaction
at about the same time. Put together, these trajectories trace
out a hydrogen atom visiting the peptide model for several
hundred femtoseconds before flying off again.

Of all 30 trajectories, the most significant is the trajec-
tory that produced HC(OH)NH and CH,COHNH, after
450fs, just as in the ECD backbone cleavage we are looking
for. The observation of these fragments is understandable
from Table 3 and Figure 7, noting that the HF/6-31G(d)
barrier for this process is only E,=108kJ mol™! starting from
HC(OH)NHCH,COHNH,'. For this type of N-C, cleavage
this value is rather large. The average internal energy (the
sum of the recombination energy, the zero-point vibrational
energy and the original thermal vibrational energy) of the
ensemble of HC(OH)NHCH,COHNH, molecules obtained
by the sampling process is 652 kJ mol~'. Snapshots of the two
dissociative trajectories are displayed in Figure 8.

To understand the kinetics of isomeric Reactions 5 and
6 better, we performed RRKM calculations of the reaction
leading to the HC(OH)NH + CH,COHNH, cleavage. Before
discussing these results, we note that the reactive trajectories
are by no means exceptional with regards to the sampled
energy—see the lower panel of Figure 6.

Figure 9 displays the RRKM results as a rate curve. We
note that an internal energy of 652kJ mol™! corresponds to a
rate coefficient of 3.9x 10!'s™! and a half-life of 1.77 ps. The
observation that three out of 60 trajectories led to decompo-
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HCONHCH,COHNH, = HCOHNH + CH,CONH, (traj #186)
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Figure 8. (a) Snapshots of the reactive trajectory HCONHCH,COHNH, - HCOHNH + CH,CONH,. (b) Snapshots of the reactive trajec-

tory HCOHNHCH,CONH, — HCOHNH + CH,CONH,,.
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Figure 9. Logarithm of the rate coefficient, log k, plotted as
function of the surplus energy, E-E,, where E is the total energy
and E, is the critical energy of the dissociation HCOHNHCH,CO
NH, - HCOHNH + CH,CONH,, obtained by RRKM as explained in

sition within 0.5ps is, thus, in broad agreement with formal
RRKM behavior in our model calculations. However, we
also recognize the shortcomings of our models with respect
to size. Lifetimes as short as 200—450fs correspond to 6-15
C—C stretching vibrational periods, indicating that competi-
tion between intramolecular vibrational energy redistribu-
tion and dissociation starts to be significant.

Conclusion and perspectives

Our ab inito direct dynamics calculations have lead to
several interesting conclusions.

We observe that loss of H upon recombination of NH,*
is accompanied by a substantial translational energy release
(average 50% of recombination energy) and neither fast nor
slow hydrogen atoms are efficient at dissociating the peptide
backbone.

It was found that a hydrogen bonded to the carbonyl
oxygen weakens the N-C_ bonds considerably. Furthermore,
a realistic molecular model must encompass a situation where
the protonation site (source of H radical) is “solvated” by a
carbonyl oxygen. Our [HCONHCH,CONH,]JH* model fulfils
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this criterion. Using this model, a bimodal dissociation pattern
is observed, where a quite small fraction of the radicals formed
upon recombination dissociate within one picosecond.

It is natural to extrapolate the last point to bigger peptide
molecules. Assuming that the energy is localized to a few
atoms at or close to the radical site, we have shown that disso-
ciation may occur at the femtosecond timescale. However,
we have also observed that, for small molecules, those trajec-
tories that do not result in disssociation within 1 ps instead
lead to efficient intramolecular vibrational energy redistri-
bution. This should be even more true for large molecules.
For a peptide with several hundred well-coupled degrees of
freedom, ergodic dissociation of a species with a weakened
N-C, bond would then occur on the timescale of milli- and
microseconds rather than femto- and picoseconds, assuming
initial conditions of the type studied here.

We emphasize that our model system does not provide
quantitatively the ratio of femtosecond dissociation to
intramolecular vibrational energy transfer, for the following
two reasons: our incomplete knowledge regarding the exact
initial conditions and the inaccurate barrier for dissociation
energy of the N-C, bond. The HF/6-31G(d) bond disso-
ciation energy of 108 kI mol~! is reduced by 10kJmol™!
by including zero-point vibrations. In contrast, the corre-
sponding B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ
values are only 39 and 78 kJ mol~!, respectively. Even lower
barriers are possible in the case of amino acid residues,
with alkyl or aryl substituents at the alpha carbon favoring
femtosecond dissociation.

In conclusion, we have discussed a bimodal ECD mech-
anism— femtosecond dissociation in competition with
internal vibrational relaxation (IVR) followed by slow disso-
ciation. Our pictorial representation of the process is given in

X =0, NH atc.

'l

S s

Figure 10. Further studies are needed to establish firmly the
principal mechanism of the ECD process.
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