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Abstract

Decomposition of the protonated tripeptide, GlyProAla (H'GPA), through collision-
induced dissociation with Xe in a guided ion beam tandem mass spectrometer (GIBMS) is
examined. Cross sections for the formation of [b2]", [y2 + 2H]", [a1]’, [bs]", [a3]", [a2]", and
H'(1-pyrroline) fragment ions were collected as a function of kinetic energy. Analysis of these
cross sections include consideration of the effects of multiple collisions, dissociation lifetimes,
reactant internal and kinetic energy distributions, competition among channels, and evolution into
sequential channels. Structures and molecular parameters of reactants, transition states,
intermediates, and products were identified using the B3LYP/6-311+G(d,p) level of theory, with
single-point energy calculations performed at the B3LYP, B3P86, and MP2(full) levels of theory
using a 6-311+G(2d,2p) basis set. Good agreement between experimental threshold energies and
those calculated for rate-limiting transition states allow key reaction pathways for the formation
of each product to be identified. The MP2(full) level of theory is found to agree best with the
experimental results. Notably, even though H'GPA starts with a cis-peptide bond, it forms an
oxazolone as its [b2]" fragment and the absence of a diketopiperazine [b2]" fragment is verified by
other key observations.
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Introduction

Peptide sequencing is a key process in identifying unknown proteins and their subunits.
More specific applications include sequencing the human proteome, identification of biomarkers
for medical diagnosis, and general characterization of proteins [1, 2]. As a result, there is a demand
for efficient and robust sequencing techniques. Tandem mass spectrometry (MS/MS) has
commonly been used as a sequencing method by analyzing the fragmentation pathways of
protonated gas-phase peptides through collision-induced dissociation (CID). Mass identification
of the resulting peptide fragments is used to help elucidate the original peptide sequence [3]. In an
attempt to make MS/MS peptide sequencing more efficient and robust, studies have been geared
toward developing sequencing algorithms that compare different CID spectra with a database to
help identify the sequence [4-8].

Currently, most algorithms do not include intensity information and focus on peaks
corresponding to [b,]" (containing the N-terminus) and [y, + 2H]" (containing the C-terminus)
sequence fragments [4] (where we adopt the all-explicit nomenclature of Chu et al. [9]). Yet,
intensity information, which includes information about competition among reaction pathways
[10], has the potential to enhance the sequence identification of less ordered proteins. Furthermore,
analyzing different fragment types (e.g., [a,]" and internal ions) could enhance the completeness
of peptide sequencing, especially when low amounts of [b,]" and [y, + 2H]" fragments are found.
A good example is the study by Zenaidee et al. who found that the inclusion of internal ions in
their algorithms increased the sequencing of carbonic anhydrase Il and ubiquitin from ~50% to
~99% [11]. Generally, it is thought that peptide fragmentation relies on the intramolecular
migration of an excess proton to create conformers capable of undergoing rapid fragmentation,
1.e., the “mobile proton” model, governed by charge-directed mechanisms [10, 12, 13]. Past studies
have strongly suggested that the proton often migrates to a peptide backbone amide nitrogen,
which enables cleavage of amide bonds to form the [b,]" or [y, + 2H]" sequence ions [10, 12, 14-
16]. Addition of more energy to the system can result in these primary product ions undergoing

further decomposition, or species produced from charge-remote (i.e., no proton movement)



dissociation pathways may arise [12].

Previous work has shown that protonated peptides containing proline exhibit a higher
propensity for fragmenting into [y, + 2H]" ions, a phenomenon often referred to as the proline
effect, which was originally attributed to the proton affinity of the tertiary amide [17, 18]. Studies
conducted by Loo et al. suggested that the proline amide bond dissociates more easily than other
amide bonds [19]. In contrast, CID studies conducted by Vaisar and Urban suggested that the
higher amount of [y, + 2H]" ions can be attributed to the ring strain in the resulting [b,]" ions [20].
In the case of protonated tripeptides having proline as the central residue surrounded by glycine
and/or alanine, fragmentation mostly occurs through the peptides on the C-terminal side of the
proline and produces [b2]" and [a2]" ions [21].

The tripeptide of interest in this study, protonated GlyProAla (H"GPA), is one such species.
Wysocki and co-workers have previously studied its decomposition and found that one of its
predominant products is the [b2]" ion [22]. Infrared multiple photon dissociation (IRMPD) action
spectroscopy studies show that this [b2]" product has a five-membered ring oxazolone (Oxa)
structure. Interestingly, by changing the identity of the N-terminal residue from Gly, the structure
of the [b2]" product can be altered to a six-membered ring, protonated diketopiperazine (H'DKP),
or a mixture of the two structures [22]. For both Oxa and H'DKP structures, because proline is the
central residue, the [b2]" products are bicyclic. In the case of the Oxa [b2]" structure, it was
originally thought the bicyclic ring would be too energetically prohibitive [12, 20], but theoretical
calculations by Grewal et al. demonstrated this was not the case [21]. Other studies have suggested
that forming an Oxa [bz]" ion usually requires a frans configuration for the peptide bond of the
N-terminus, whereas forming the H'DKP structure requires a cis configuration of this bond [23-
26]. In this context, H'GPA is interesting because its [b2]" product takes on exclusively the Oxa
structure despite the fact that proline favors a cis configuration for its lowest-energy conformer in
the gas phase [22, 27]. Furthermore, the exclusive formation of Oxa [b2]" ions suggests that
cis/trans isomerization does not limit the rate of this channel. In addition, Oxa formation must be

favored kinetically because the Oxa product is calculated to be 48 kJ mol! higher in energy than



the H'DKP product [22]. This is further evident in work from Paizs and Suhai [23] who deduced
that the pathway for formation of H'DKP from a similar tripeptide, H'GGG, required that the first
peptide bond needed to undergo a frans/cis isomerization and that this process was energetically
feasible (although statistical Rice-Ramsperger-Kassel-Marcus (RRKM) theory was used to show
it was slow). Rather, a step later in the process of formation of H'DKP was shown to have a much
higher barrier than formation of Oxa. This conclusion was later confirmed experimentally by
Armentrout and Clark for the H'GGG [bz]" ion [26]. These observations suggest that the
preference for a cis or trans configuration in the first peptide bond is not predictive for whether
[b2]" ion formation yields a [b2]" fragment having the Oxa versus H'DKP structure, but the kinetics
of such an isomerization might influence what is observed.

The study presented here extends the previous work on H'GPA by providing more
quantitative information that can be used in a detailed analysis of the reaction mechanisms. This
is accomplished through measurement of the energetics for product formation from the
dissociation of H'GPA using a guided ion beam tandem mass spectrometer (GIBMS). Threshold
energies for seven dissociation pathways observed in the experiments are obtained. These values
are compared to single-point energies of the rate-limiting transition states (TSs) calculated using
several levels of theory. Good agreement between the theoretical and experimental values validates
the proposed mechanisms and identifies the structures of the products formed. Furthermore, the
present work creates a benchmark for comparison to decomposition studies of other peptide
sequences in order to identify key mechanistic differences and how these differences depend on

specific sequences.

Experimental and Computational Details
General Experimental Procedures

Cross sections of H"GPA undergoing collisions with Xe were measured using a GIBMS
described in previous work [28-30]. The gas-phase H'GPA ions were generated using an

electrospray ionization (ESI) source [31] under ambient conditions. The sample solution consisted



of 50:50 by volume of H,O/MeOH (Sigma-Aldrich) with ~10* M GPA (Indofine Chemical). The
solution flow rate was set to 0.05 mL/hour, and the ESI needle voltage ranged from ~1700 — 2200
V. The ions were directed by a capillary heated to 80 °C into a radio frequency (rf) ion funnel [32],
in which they were collimated into a tightly focused beam and injected into an rf hexapole ion
guide, which radially trapped the ions. In order to analyze higher order decomposition products,
some experiments utilized an in-source fragmentation method [33] to decompose H'GPA in the
hexapole. Briefly, six brass electrodes were placed between the hexapole rods in the high-pressure
region. A DC voltage applied to these electrodes pulled the ions closer to the rods where rf heating
ensued and dissociated the H'GPA to form the primary product, [bz]". In either case, the H'GPA
or [bz2]" ions underwent multiple thermalizing collisions (>10%) with ambient gas at a pressure near
10" Torr that also entered the instrument through the capillary. Thus, these reactant ions had
internal energies that are described by a Maxwell-Boltzmann distribution of rovibrational states at
300 K, as previously demonstrated, [15, 16, 31, 34-40].

Ions were extracted from the hexapole guide, focused into a magnetic momentum analyzer
where the H'GPA or [b2]" ions were selected, decelerated to a well-defined kinetic energy using
an exponential retarder, and focused into a meter-long dual rf octopole guide where they were
radially trapped [29, 41, 42]. The octopole passed through a static gas cell holding Xe as a collision
gas at a low enough pressure that single collision conditions dominated. Nevertheless, cross
sections were obtained at several pressures (0.3, 0.15, and ~0.05 mTorr) and extrapolated to zero
pressure before data analysis. Collisions resulted in the formation of product ions that drifted along
with residual reactant ions to the end of the octopole where they were focused into a quadrupole
mass filter for mass analysis. Ions were then detected using a Daly detector [43], and signals were
processed using standard counting techniques. Product and reactant ion intensities were converted
to absolute cross sections and the ion kinetic energies in the laboratory frame were converted to
relative energies in the center-of-mass (CM) frame using methods detailed previously [28, 30]. In

this manuscript, all energies are presented in the center-of-mass (CM) frame.



Data Analysis

The thermochemical data analysis procedure has been well described in previous studies
[44-46], and further details can be found in the Supplementary Data. Briefly, cross sections were
modeled competitively using Eq. (S1), which accounts for the kinetic energy of the reactants, the
energy deposition efficiency, the energies of populated rovibrational states of the reactant ion, and
the probability for dissociation of the energized molecule within the time-of-flight (~5 x 107 s)
[29]. Furthermore, Eq. (S1) accounts for competition among parallel dissociation pathways using
statistical factors associated with the rate constant for an individual product channel relative to the
rate constant for all processes, both determined by RRKM theory, as detailed in Eq. (S2) [47, 48].
Finally, Eq. (S1) was convoluted over the distribution of kinetic energies of the reactants before
comparison with the data. A nonlinear least-squares procedure was then used to optimize the
various adjustable parameters. This procedure produces energy thresholds at 0 K for each
decomposition pathway [30, 44-46, 49-51]. Uncertainties in the parameters include variations
among data sets, in the value of n, in the time available for dissociation, in the vibrational
frequencies of the reactant and TSs, and the uncertainty in the energy scale.
Computational Details

Possible ground structures (GSs) of reactants and products were identified with a simulated
annealing program using the Amber 14 force field. Relaxed potential energy surface scans at the
B3LYP/6-31G(d) [52-54] level of theory were then used to search for conformers and isomers of
reactants, transition states (TSs), intermediates, and products. These structures were optimized
further to obtain vibrational frequencies and rotational constants at the B3LYP/6-311+G(d,p) level
of theory with a Berny optimization [55]. Single-point energies were calculated at the B3LYP,
B3P86, and MP2(full) (where full refers to the correlation of all electrons, abbreviated as MP2
below) levels of theory with the 6-311+G(2d,2p) basis set. Zero-point energy corrections were
applied to all single-point energies using the B3LYP/6-311+G(d,p) frequencies with a scaling
constant of 0.989 [56]. These levels of theory and basis sets have previously been shown to provide

accurate comparison with experimental energies in studies of protonated glycine [57], protonated



diglycine [24, 34], protonated triglycine (H"GGG) [15], protonated GlyAlaGly (H'GAG) [16],
and [bz]" species [26].
Nomenclature

The nomenclature used here follows that outlined in previous studies of H'GGG and
H'GAG [15, 16]. Briefly, H'GPA conformers are named with a system that identifies the
protonation site enclosed in square brackets followed by the eight dihedral angles going from the
N-terminus along the backbone to the C-terminus: ZN'CCN?, ZCCN?C, 2CN?CC, £N?CCN?,
£CCN3C, £CN3CC, £N3CCO* and £CCO*H. Here superscripts 1, 2, and 3 denote the residues
glycine, proline, and alanine, respectively. Superscript 4 denotes the hydroxyl oxygen on the
C-terminus where a fourth peptide bond would begin. The dihedral angles are labeled as ¢ (cis) for
angles < 45°; g (gauche) for angles that fall between 45° and 135°; and t (trans) for angles > 135°.
Product conformers are also named using this nomenclature system.

Transition states are denoted by TS followed by a description of the protonation site,
dihedral angle, or bond cleavage undergoing transformation. Proton movements are denoted with
a dash (-) between the two designated atoms in square brackets, a dihedral angle change is denoted
within parentheses, and a bond cleavage is indicated by ~ inside curly brackets. In all cases, the
lower energy conformer is listed first. For example, TS[N!-O*] denotes a proton transfer from the
N-terminus (the lower energy conformer) to the C-terminus. Likewise, (gt) indicates an angle
switching from a gauche (the lower energy conformer) to a trans conformation, and the TS for an
amide bond breakage is denoted TS {C~N?>}. Although more complicated than some nomenclatures
for peptides, this system has proven effective for distinguishing structures and pathways [15, 16,

24,26, 57].

Results
Cross Sections for Collision-Induced Dissociation of H GPA
Figure 1 shows the experimental kinetic energy dependent cross sections collected for the

decomposition of H'GPA by collision with Xe at 0.12 mTorr. Fragmentation of H'GPA produced



seven different observable ionic products. On the basis of the theoretical results (see below), these

are assigned to reactions (1) — (7).

H'GPA + Xe —  CioH1sN305" ([bs]", HGPMOX) + H,0 + Xe (1)
—  CoHieN30:" ([as]") + H20 + CO + Xe (2)
—  CsHisN205" ([y2 + 2H]', H'PA) + CO + CH,NH + Xe (3)
—  C/HiN20:" ([b2]", AMPOX") + C3H7/NO; (A) + Xe (4a)
—  C7HuN202" ([b2]", AMPOX™) + C2HsNH + H,0 + CO + Xe (4b)
—  CeHiIN2O" ([a2]") + CO + C3H7/NO; (A) + Xe (5a)
—  CeHuN20" ([a2]") +2 CO + H20 + CoHsNH + Xe (5b)
—  C4H;NH' (H*(pyr)) + 2 CO + C3H/NO; (A) + CHoNH + Xe (62)
—  C4H,NH' (H*(pyr)) + C2HsNH + 3 CO + CHoNH + H,0 + Xe (6b)
—  CHoNHy" ([a1]%) + CO + CsH14N203 (PA) + Xe (7a)
—  CHoNH:' ([a1]") + C:H7NO: (A) + 2 CO + C4H/N + Xe (7b)
—  CHoNH' ([ai]") + C2HsNH + 3 CO + CsH/N + H,0 + Xe (7¢)

The results of Figure 1 demonstrate that reactions (4a) and (1) have the lowest apparent threshold
energies. These products, [b2]" and [bs],” are shown below to have aminomethyl-1-pyrrolo-5-
oxazolone, AMPOx", and protonated 1-glycyl-2-pyrrolo-4-methyl oxazolone, H'GPMOX,
structures, respectively. They both dissociate at higher energies by losing CO to form [az]" in
reaction (5a) and [a3]" in reaction (2), respectively. Experimental evidence for this sequential
decarbonylation is the decline in the [b2]" cross section as the [a2]" cross section rises. Formation
of [y2+ 2H]", protonated ProAla (H'PA), in reaction (3) must also be a primary process. At even
higher energies, [a2]" can further decompose in reaction (6a) to form m/z 70, identified below as
H*(pyrroline) and abbreviated as H"(pyr). This sequence, [b2]" — [a2]" — H'(pyr), is demonstrated
by the smooth appearance for the sum of these three cross sections, Figure 1. Further, [a3]" can
lose C2H4NH to form [b2]" as a tertiary product in reaction (4b), which can then dissociate to [a2]"
in reaction (5b) and to H'(pyr) in reaction (6b). The product ion with the highest threshold energy,

CH2NH;" [ai]", can be formed by many pathways, with that having the lowest energy being the



primary fragmentation of reaction (7a), which competes with reaction (3). Further decomposition
of the [b2]" product via reactions (7b) and (7c), which compete with reactions (6a) and (6b),
respectively, also yield [a1]’. These various pathways are collected in Scheme 1.

Overall, the experimental results of Figure 1 are similar to those from Grewal et al. where
they observed that H'GPA yielded major ions (>10%) of [b2]", [a2]", and [y2 + 2H]" fragments
having 54, 22, and 16% of product ions, respectively, at 3 eV (CM) for “single-collision” CID
with Ar or N; [21]. This product distribution is similar to our results near 4.5 eV. For metastable
ion decomposition using a BE double-focusing mass spectrometer [21], they found that H'GPA
formed [b2]", [bs]", and [y2 + 2H]" fragments with 61, 27, and 12% of the ion signal, respectively,
similar to our distribution near 2.5 e€V. In neither experiment was the presence of [ai]", [a3]", or
H'(pyr) ions reported [21], consistent with the elevated thresholds or low abundances here (Figure
1). Neither the study of Grewal et al. or ours observed the [y1 + 2H]" product. In this same study,
decomposition of the related peptide, H'GPG, was reported over a more extensive energy range,
and there [b2]" (45 %), [a2]" (24 %), [y2 + 2H]" (22%), [b3]" (<10 %), [a1]" (<10 %), and m/z 70
fragments (<10 %) at 3 eV (CM) were observed, and their products had energy profiles similar to
those of Figure 1 [21]. Like our product distribution near 3 eV, metastable fragmentation yielded
only [b2]" (61%), [bs]" (19%), [y2 + 2H]" (16%), and [a>]" (5%), similar to their findings for
H*GPA with the addition of [a2]".

Cross Sections for Collision-Induced Dissociation of [b2]*

In order to further characterize the dominant [bz]" product ion and its subsequent
decomposition from other reaction pathways, a previously described in-source fragmentation
method [33] (noted above) was used to generate the [bz2]" product from electrosprayed H'GPA.
This product ion was then mass selected and subjected to CID with Xe, thereby examining the
[b2]" decomposition pathways directly. This also allows us to model additional product formation
pathways, as described below. Figure 2 illustrates the kinetic-energy-dependent cross sections for
CID of the [b2]" ion with Xe extrapolated to zero pressure. The [a2]", [ai]", and H(pyr) fragments

form with appreciable intensity. The [a2]" cross section clearly decreases in intensity as the other
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two rise, consistent with the H(pyr) and [a1]" fragments being formed sequentially from the [a2]"
fragment. Further, the H"(pyr) cross section does not lose much intensity as the [ai]" cross section
appears. This behavior suggests that H'(pyr) and [a;]" formations are parallel reaction pathways
with 1-pyrroline having a higher proton affinity than CH2NH, a conclusion that is tested below by
modeling and theory. Comparison of these cross sections with those for the same species in Figure
1 indicates that all three H"GPA product ions probably have significant contributions through the
[b2]" decomposition pathway, reactions (5a), (6a), and (7b), although the H*(pyr) cross section in
Figure 1 is larger compared to the [ai]" cross section, suggesting that another pathway for H(pyr)
formation, reaction (6b) via [y> + 2H]", may also be active. Relative threshold energies in Figure
1 are roughly consistent with displacement upwards by the threshold energy for formation of [bz]”,
although the sequential H"(pyr) and [a1]" ions are shifted to somewhat higher energies in Figure
1. Such differences can be associated with the different internal energy distributions of the [ba]"
ions formed as a reactant and as a primary product from H*GPA. Overall, the comparisons suggest
that decomposition of the primary [bz]" product is the dominant contributor to the formation of the
[a2]" and H'(pyr) ions in Figure 1.
H"GPA Ground Structure

The Supporting Data contains a thorough theoretical exploration of possible conformers of
H*GPA. The results are summarized in Figure 3 with the ground structure (GS) being [N']-tcgctgtt.
Note that the peptide bond between Gly and Pro (second dihedral angle) is cis, which positions the
protonated N-terminus toward the C-terminus, thereby enabling hydrogen bonds between N! and
the O' and O° carbonyl oxygens (N'H+O'C and N'H-O’C). Additionally, there is a hydrogen bond
between N* and N? (N*HeN?). The lowest energy excited conformer is [N']-gccttgtt, identified by
Grewal et al. as the GS of a similar peptide, H'GPG, using free energy calculations at 298 K with
the B3LYP/6-31++G(d,p) level of theory [21]. A 298 K Maxwellian distribution of the two
conformers at room temperature predicts that the [N']-tcgctgtt GS conformer would comprise 89
— 98% of the H'GPA ions present. We also investigated the possibility of the Ala peptide bond

(£LCCN?C) exhibiting a cis configuration, as in [N']-gcctcgtt, and O' being protonated, [O']-
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tcggtett, Figure 3. Other higher energy conformers can be found in Supplementary Table S2.

Finally, we also looked for conformers having the Pro peptide bond adopting a trans
configuration, finding [N']-gtgttgtt as the lowest trans-Pro conformer (Figure 3). A full potential
energy surface connecting this conformer with the GS can be found in Supplementary Figure S1.
The rate-limiting step is the cis/trans isomerization barrier at TS(H"GPA[N!]-g(ct)(cg)ttgtt),
Figure 3, which lies 80 — 84 kJ mol™! above the GS and 42 — 53 kJ mol™! above [N']-gtgttgtt. Such
a barrier could kinetically trap #rans-Pro isomers during reactant ion formation, as has been found
in studies of H'GPGG [27, 58]. The possible presence of such trapped trans-Pro isomers in this
study is evaluated below by comparing the experimental and theoretical energies needed for the
decompositions of H'GPA.
[b2]" Formation

The formation of [bz]" ions from H'GPA has a mechanism that parallels that for H'GGG
and H"GAG described in previous studies [15, 16, 59, 60]. Supplementary Figure S2 shows the
potential energy surface for [b2]* formation beginning with [N']-gtgttgtt (final product of cis/trans
isomerization) and Table S3 lists the energies of all intermediates and TSs. Briefly, the GS must
isomerize to [N']-gccttgtt through several dihedral angle rotations, followed by the cis/trans
isomerization at the Gly-Pro peptide bond to form [N!]-gtgttgtt. This is followed by the N-terminus
moving closer to the C-terminus, which allows proton transfer from N' to N* through
TS(H'GPA[N'-N?]) and forms the intact Ala leaving group. Another dihedral angle rotation
positions O! to attack CO? as a nucleophile through TS(H'GPA[N?]-(gt)tcgtgtt {O’C~N?>}) leading
to AMPOXx", Figure 4, and Ala products. Theoretical calculations indicate that the AMPOXx™" ([b2]")
+ Ala product asymptote lies 160 — 209 kJ mol! above the GS, Table 1, and that it can be formed
with no intervening TSs at higher energies. Thus, reaction (4) is limited by a loose phase space
limit (PSL) TS, explaining why this product is formed efficiently, Figure 1.

We also identified a rate-limiting TS for formation of H'DKP [b2]", protonated
octahydropyrrolo[ 1,2-a]piperazine-1,4-dione, which forms via the tight TS(H'GPA[O!,N'-N°]-

(gc)c(ge)tgttt{CO*~N3}), Figure 5. In this TS, O'! is protonated and an [N'-N?] proton transfer,
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covalent bond formation between N' and CO?, and cleavage of the Ala peptide bond (CO*~N?) all
occur in a concerted manner. This TS lies 249 — 263 kJ! above the GS and 103 — 152 kJ mol!
above the product asymptote, Table 1. As such, even though H'DKP lies 49 — 54 kJ mol™! below
AMPOX", the PSL TS for Oxa formation is favored entropically and enthalpically (by 49 — 103 kJ
mol ™) over the tight TS for H'DKP formation. Consequently, no H'DKP [b,]" is expected to be
observed, consistent with the IRMPD findings of Wysocki and coworkers [22]. A reviewer
questioned whether a TS in which N* was protonated before the nucleophilic attack of N at the
CO? carbon might be viable. We had attempted to explore such a pathway several times but as N!
approaches the carbon, it is sufficiently close to N° that proton transfer to N! occurs first,
preventing this nucleophilic approach.

When comparing the Oxa pathway with those for the formation of other [b2]" ions [15, 59-
61], there are two key differences. First, our calculations determine that the H'GPA GS in the gas
phase favors a cis-Pro configuration, whereas tripeptide systems without proline (H'GGG,
H'GAG, and H'GFG) have a GS with the first peptide bond adopting a frans configuration [15,
16, 21]. In all cases, theoretical calculations indicate that this trans configuration is essential for
Oxa formation as this positions the N-terminus to allow transfer of its proton to N* and for O' to
act as a nucleophile. Hence, the cis/trans isomerization is required in the present system. Once the
trans conformer is achieved in H'GPA, the reaction pathway is mostly consistent with those of
H*GGG [15] and H'GAG [16]. Second, the mobile proton is transferred directly from the N'-
terminus to N° in H'GPA, whereas H'GGG and H'GAG show the mobile proton being passed
from N! to O' before moving to [N*] [15, 16, 59-61]. In the case of H'GPA, the N-terminus does
not transfer the proton to the oxygen because the Pro sidechain sterically hinders the movement of
[0'].
Lack of [y1 + 2H]" Product

The [y1 + 2H]" product was not observed in decomposition of H'GPA, either here or in
previous work [21]. Normally, formation of the [y; + 2H]" product from protonated tripeptides

competes directly with [b2]" formation, as both products arise from the cleavage of the peptide
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bond at O’C~N? [15, 16]. The mobile proton is shared by the two incipient fragments, and
whichever has the higher proton affinity can be formed at lower energies and generally dominates
the product spectrum. In contrast, the bicyclic AMPOx" [bz2]" product from H'GPA has a
quaternary nitrogen because of the proline ring and therefore has no proton that is easily transferred
to the Ala fragment to form [y + 2H]". In contrast, the H'DKP [b2]" structure, Figure 5, should
exhibit a more facile proton transfer and would likely produce the [y +2H]" product. As a result,
the lack of the [y; + 2H]" product is further evidence that no H'DKP is present.

Decarbonylation from [by]" to [az]*

As shown in Figure 2, the Oxa [bz]" product undergoes decarbonylation to form the [a2]"
fragment. This process is of particular interest because the [a2]" structure and energetics may help
characterize the structure of the [bz]" product. Schematics of the mechanism for further
decomposition of both [b2]" structures are provided in Scheme 2, and the energetics are compared
in Table 2. For the oxazalone structure, a representative reaction potential energy surface can be
found in Supplementary Figure S3. Mechanistically, decarbonylation of the [b2]" AMPOx"
structure  occurs by detaching the CO from the five-membered ring over
TS(AMPOx " {C~CO?*~0'"}), which forms glycyldihydropyrrol-1-ium with a double bond on the
pyrrole ring, Figure 4. Because the charge is localized on a quaternary nitrogen, no proton
movement is needed to initiate this process. Theoretical calculations indicate that this TS lies 268
— 312 kI mol! above the H'GPA GS, Table 2. The [a2]" + Ala + CO products of reaction (5a) lie
196 — 254 kJ mol’! above the H'GPA GS and 51 — 72 kJ mol"! below the TS, such that the TS is
rate-limiting for this process. Notably, the energy required for [a2]" formation from the AMPOx"*
precursor is not enough to allow further decarbonylation according to all three levels of theory. As
a result, the [a2]" cross section can build in intensity before the second decarbonylation occurs at
38 — 89 kJ mol™! higher energies, Table 2.

For H'DKP, a reaction potential energy surface can be found in Supplementary Figure S4.
Here, decarbonylation of H'DKP is initiated by proton migration from O! to either amide in the

six-membered ring via TS(H'DKP[O!-N!]) or TS(H'DKP[O'-N?]), Figure 5. These TSs are
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similar in energy (Table 2) and rate limiting for [a,]" formation at most levels of theory, as also
seen in previous work for the H'DKP structures associated with H'GGG and H'GAG [26]. The
proton migration weakens the bond to the amide such that loss of CO occurs via
TS(H'DKP{N!~CO*~C}) or TS(H'DKP {N?>~CO'~C}), respectively, resulting in two C¢H;1N,O"
isomers ([a2], the same structure as that formed from AMPOx", and [a2]"*), Figure 5 and Scheme
2. Because the rate-limiting TSs for [a»]" formation from H'DKP are higher in energy than that
from AMPOXx" (by 44 — 68 kJ mol ™), the calculations also indicate that little (MP2) or no (B3LYP)
energy is required for further decarbonylation of [a2]" and [a2]™*, although B3P86 suggests 39 —
52 kJ mol™! is required. This second decarbonylation forms the competing H'(pyr) and [ai1]"
product ions, regardless of which amide is initially protonated. Thus, the [a,]" product should be
more difficult to observe in the H'DKP case according to B3LYP and MP2 calculations. Compared
to the situation for AMPOX", one can conclude that the absence of a large [a2]" cross section would
indicate that little or no Oxa precursor is likely present. Indeed, Armentrout and Clark showed that
the Oxa [b2]" ion from H'GGG decomposes to form a large [a2]" product cross section, whereas
the isomeric H'DKP structure also generates [a2]" but with a cross section smaller by about an
order of magnitude [26]. They also observed ketenes from H'DKP decomposition [26], which are
not observed in the present study. As such, the absence of ketenes in Figures 1 and 2 further
validates that H'DKP is not produced in this study.

Decarbonylation and Imine Loss from [az]*

As alluded to above, further decomposition of the [a2]" product involves another
decarbonylation reaction followed by competitive separation of the resulting fragments, here
H'(pyr) + CH2NH and [ai]" + pyr. The [a2]" fragment from AMPOx" decarbonylates via
TS([a2]" {N*~CO'~C}), Figure 4, lying 306 — 391 kJ mol! above the GS, Table 1. This process
forms a proton bound complex of CO, CHoNH, and pyrroline. Loss of CO occurs easily as it
requires only 7 — 13 kJ mol!. Calculations indicate that the [a; — CO]" intermediate will not be
observed because the TS lies above channels for further decomposition of the [a; — CO]"

intermediate into the H'(pyr) and [ai]" fragments. The proton affinity of CO has been measured as
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594 + 3 kJ mol™! and that of CHoNH is 853 + 8 kJ mol™! [62]. Cappa and Elrod calculated a
theoretical proton affinity of 1-pyrroline as 926 kJ mol™! using a variation of G2 theory previously
shown to provide proton affinities that deviate from experimental measurements by less than 10
kJ mol™! [63, 64]. (Here, these proton affinities have been calculated as 581 — 594, 859 — 868, and
922 — 939 kJ mol ™, respectively.) As a result, H'(pyr) is the dominant product formed and is
limited by TS([a2]" {N>*~CO'~C}), whereas [ai]" is limited by a PSL TS. Theoretical calculations
predict thresholds for these two product channels of 146 —219 and 189 — 276 kJ mol !, respectively,
when coming from the AMPOXx" [b,]" reactant (306 — 391 and 349 — 449 kJ mol™! relative to the
H"GPA GS, Table 1). Decomposition of H'DKP forms either [a2]" or [a2]™*, where the latter lies
44 — 50 kJ mol™! higher in energy. Their TSs for decarbonylation are similar in energy with that
for [a2]"* lying 3 — 11 kJ mol™! higher in energy, Table 2. As shown in Scheme 2, both pathways
yield the same proton bound complex of (CH2NH)H' (pyr).
[y2 + 2H] " /[a;]" Formation

The formation of [y> + 2H]" and [a1]" product ions from protonated tripeptides has been
studied by Aribi et al.,>” Klassen and Kebarle [61], Paiz and Suhai [23], and our group [15, 16].
For H'GPA, we deduce reaction pathways that parallel these previous studies. Detailed reaction
mechanisms for the formation of [y> + 2H]" and [a1]" products can be found in Supplementary
Figure S5. As described above for [bz]" formation, the GS must first rearrange and undergo
cis/trans isomerization to form [N'!]-gtgttgtt. Next, formation of the [y2 + 2H]" and [ai1]" products
is accomplished by directly transferring the proton from N' to N2. This is followed by
decarbonylation through TS(H*GPA[N?]-gtgttgtt {N'C~CO'~N?C}), Figure 4, lying 164 — 197 kJ
mol! above the GS according to theoretical calculations, Table 1. The resulting structure is a
proton-bound complex of CH>NH, ProAla (PA), and CO. Loss of CO from the complex requires
only 25 — 28 kJ mol™! such that a (CH:NH)H*(PA) product is readily formed. This species was not
observed experimentally because the energy of the [y2 + 2H]" + CH2NH + CO products lies below
that for TS(H'GPA[N?]-gtgttgtt {N'C~CO'~N?C}) by 4 — 25 kJ mol™!, Table 1, such that this TS

is rate-limiting for [y> +2H]" formation. Because this tight TS is disfavored entropically,



16

formation of [y» + 2H]" is disfavored compared with [b,]" formation, Figure 1. Once the
(CH,NH)H'(PA) complex is formed, the proton affinity of each fragment dictates the probability
of product formation. The proton affinity of CHoNH is 853 = 8 kJ mol! [62], whereas that for PA
is calculated as 963 kJ mol! at the B3LYP/6-31G(d) level of theory [65]. These values agree
reasonably well with the present calculations, which provide proton affinities for CH,NH and PA
of 859 — 868 and 982 — 993 kJ mol !, respectively. Thus, the product having the highest proton
affinity is observed to have the lowest threshold, H'PA ([y2 + 2H]"), with CH,NH2" ([ai]")
observed at higher energies (by 123 — 126 kJ mol! according to theory), and H'CO not competing,
Figure 1.

In the H'GGG and H"GAG systems, the (CH,NH)H"(PA) intermediate was also observed
to deamidate, yielding the overall loss of CO + NH3.!>1¢ The analogous product, CH,PA* shown
in Scheme 1, was not observed in the present study. Details regarding why this is the case can be
found in the Supplementary Data but are associated with the observation that the TS leading to
deamidation, TS(H'GPA-CO[N?-N']), Figure 4, lies close in energy to the initial decarbonylation
TS, TS(H'GPA[N?]-gtgttgtt{N!C~CO'~N?C}), Table 1, such that this entropically disfavored
process cannot compete with formation of [y2 + 2H]" + PA. In contrast, for H'GGG and H'GAG,
the deamidation step is much lower in energy such that this process is enthalpically favored.
Decomposition of [y> + 2H]*

Decomposition of the [y2 + 2H]" product is another possible pathway for formation of
[yi + 2H]", as previously observed for both H'GGG and H'GAG at higher energies [15, 16]. This
reaction involves moving the proton in H'PA from N? to N° followed by decarbonylation (loss of
CO?) over TS([y2 + 2H]'[N?]-cggtt {C~CO?*~N?}), Figure 4. This process forms a proton bound
complex of pyr and Ala that is not observed because theory indicates little or no energy is required
to dissociate to H*(pyr) + Ala, reaction (6a). The decarbonylation TS lies -4 — 24 kJ mol™! above
the H*(pyr) + Ala product asymptote, whereas it lies 12 — 37 kJ mol™! below the [y; +2H]" (H*Ala)
product asymptote. Thus, the former product is observed, Figure 1, and as noted above, this process

explains the decline in the [y> + 2H]" product at higher energies and the larger magnitude of
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H'(pyr) in Figure 1 compared to Figure 2. The observation of H(pyr) is consistent with the relative
proton affinities of C4H7N and Ala, 926 kJ mol™ [63, 64] versus 894.5 £ 0.4 kJ mol™! (measured
by Bouchoux and Salpin via the thermokinetic method) [66]. Present calculations indicate proton
affinities of 935 — 958 and 894 — 906 kJ mol™!, respectively. Failure to observe the H"Ala product
is probably a consequence of its lower proton affinity coupled with the fact that the proton resides
on the pyrroline fragment during the decarbonylation step, such that formation of H'Ala is also
disfavored entropically.

[b3]" Formation (Loss of Water from H" GPA)

Detailed mechanisms for peptide dehydration reactions have previously been studied for
systems including H'GGG [15, 67, 68], H'GAG [16], H'AGG [69], various dipeptides [24, 34,
70-72], and leucine-enkephalin [73]. As seen with H'GGG [15] and H'GAG [16], H'GPA likely
loses water from the C-terminus. Briefly, theoretical calculations indicate that the C-terminus
rotates to have its O*H group in close proximity to the protonated N-terminus. Proton transfer to
O* occurs through the tight TS(H'GPA[N'-O*]-(gt)cgttcgt{C~O*H}), Figure 4, lying 144 — 148 kJ
mol! above the GS, Table 1. A water molecule detaches as O? attacks the carbon of the C-terminus
and creates an Oxa structure, protonated 1-glycyl-2-pyrrolo-4-methyl oxazolone (H' GPMOXx[N?]),
with products lying 112 — 130 kJ mol™! above the GS and 14 — 36 kJ mol™! below the TS. The
detailed mechanism can be seen in Supplementary Figure S6. Overall, [bs]" product formation is
limited by the tight TS(H'GPA[N'-O%]-(gt)cgttcgt{C~O*H}) and therefore is entropically less
favored than [b2]", accounting for its small cross section in Figure 1, even though the energy of its
TS is below that for [bz2]" formation by 12 — 65 kJ mol™!, Table 1.

TS(H'GPA[N'-O*]-(gt)cgttcgt {C~O*H}) is similar to the TSs determined for the
dissociation of H'GGG [15] and H'GAG [16] into [b3]" products. However, for H'GPA, the proton
is transferred directly from N! to O* as opposed to transfer via O'. As mentioned above, the proline
peptide favors a cis configuration that promotes the protonation of the N-terminus as it is charge-
stabilized by surrounding oxygen atoms. Thus, it is facile for the C-terminus to rotate in the H'GPA

GS to put the O*H in close proximity to the N-terminus for a direct [N!-O*] proton transfer. In the
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case of H'GGG and H'GAG, the GSs favor trans configurations for their first peptide bond with
O! protonated. This charge is stabilized by a charge-dipole interaction with O? while the
C-terminus is extended away from the protonation site. As a result, not only must the C-terminus
move closer for protonation, but the first peptide bond must also be rotated away from the
protonation site to allow the tight TS(H*"GXG[0'-0*]). The H'GGG study also investigated proton
transfer from the N-terminus but found it to be higher in energy than that coming from O' [15].
Decarbonylation of [bs3] ‘to [a3]" and Further Decomposition

Previous work has studied formation of [a3]" products by sequential decarbonylation of the
Oxa [b3]" products [15, 16, 74, 75], similar to the [b3]" H'GMPOXx precursor here. For H'GGG,
the lowest energy pathways calculated for [as]" product formation retained the water on the
resulting [bs]” product; however, water loss required less energy than [as]" formation in the
presence of water [15]. As a result, decarbonylation of the [bs]" Oxa structure likely occurs in the
absence of water, as demonstrated by rate constant calculations and better correspondence with
theoretical energies [15]. Similar reasoning should be operative in the H'GPA system.

The mechanisms for [b3]" formation and [a3]" formation in the absence of water from
H*GPA parallel those identified for H'GGG [15] across all levels of theories. A complete reaction
potential energy surface for this process can be found in Supplementary Figure S6. This shows
that [a3]" formation was calculated to be limited by TS(H*GPMOx[N*]-gtggtt{C~CO?}), Figure
4, lying 228 — 256 kJ mol™!' above the H'GPA GS, Table 1. This TS leads to formation of [as]" +
H,0 + CO lying 148 — 195 kJ mol! above the GS and 61 — 80 kJ mol! below the TS. We also
investigated the possibility that the [a3]" cross section is particularly small because [a3]
decomposes, a suggestion of Allen et al. [76]. As described more fully in the Supporting Data,
decomposition of [a3]" to [b2]* requires only 28 — 71 kJ mol™! above the rate-limiting step for [a3]"
formation. Thus, this facile decomposition along with the small cross section of its [bs]" precursor
explains the low intensity of the [a3]™ cross section.

[a:1]" Formation

As noted in the sections above, there are multiple pathways for formation of CH,NH,", the
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[a1]" product. In reaction (7a), [ai]" formation competes directly with reaction (3) forming H'PA
[y2 + 2H]" with a mechanism outlined above. Reactions (7b) and (7¢) correspond to the sequential
dissociation of the [a2]" product formed in reactions (5a) and (5b), respectively. In both cases, [a1]"
formation competes with C4H;NH' (H'(pyr)) formation, as detailed above. For all three processes,
the product asymptote is the rate-limiting step along the reaction pathway. Reaction (7a) represents
the lowest energy pathway for [a1]" formation, lying 265 — 315 above the H'GPA GS, Table 1.
Analysis of Primary and Secondary Dissociation Channels of H GPA

All of the degradation reactions in this study are outlined in Scheme 1. The primary
decomposition products from H'GPA include the [b2]" AMPOXx" structure from loss of Ala in
reaction (4a), the [b3]" H'GPMOx structure from dehydration of the C-terminus in reaction (1),
the [y2 + 2H]" H'PA structure resulting from loss of CO rapidly followed by imine loss in reaction
(3), and the [a1]" iminium structure formed in reaction (7a). Formation of the [b2]" Oxa structure
is limited by its asymptotic product energy, whereas the formations of [b3]" and [y2 + 2H]" are
limited by tight TSs, TS(H'GPA[N!'-O*]-(gt)cgttcgt{C~O*H}) and TS(H'GPA[N?]-gtgttgtt
{N!C~CO'~N?C}), respectively. Note that the initial loss of CO requires an amount of energy that
already exceeds that needed for further decomposition into the [y, + 2H]" product, such that the
decarbonylation product (CH,NH)HPA at m/z 216 is not observed. This initial decarbonylation
can also lead to the formation of [ai]*; however, unlike [y2 + 2H]" formation, formation of [ai]" is
limited by the asymptotic energy of its products, calculated to lie 101 — 121 kJ mol™! higher than
the TS(H'GPA[N?]-gtgttgtt{N'C~CO'~N>C}), Table 1.

The analysis of the cross sections for these four primary processes involved extrapolating
them to zero-pressure conditions yielding rigorous single-collision conditions between the reactant
ion and the Xe gas. Such conditions are required in order to accurately quantify the amount of
energy available for decomposition. Next, the total cross section was modeled using the TS for the
[b2]" product, the dominant product throughout the threshold region. This established a value for
the n parameter in Supplementary Eq. (S1) that controls the shape of the cross sections for all

products. Then, cross sections of any sequential product channels were summed with the channels
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of their respective precursor ions in order to form composites. Specifically, m/z 127 and 70 were
summed with m/z 155 ([b2]" + [a2]" + H'(pyr) = [b2]"tot), and m/z 226 was summed with m/z 198
([b3]" + [a3]" = [b3]"wt). Then, Supplementary Eq. (S1) was used to model [b2] wt, [b3] 01, [y2 +
2H]", and [a1]". In order to reproduce the relative magnitudes accurately, vibrational frequencies
below 900 cm™! of the rate-limiting TSs for the [bs]"wt and [y2 + 2H]" channels were scaled by
0.825 and 0.75, respectively, indicating that these tight TSs are somewhat looser than originally
calculated. (Here, it is useful to note that the output of the Gaussian program warns that
thermodynamic functions may be in error for vibrational frequencies under 900 cm™, in large
measure because such vibrations may no longer be treated accurately as harmonic at temperatures
of interest. Past work indicates that differences between computed and experimental force
constants are systematic such that generalized scaling procedure to bring computed vibrational
spectra into agreement with experimental data is justified [77]. This procedure was first recognized
in our evaluation of H"Asn [78] and has also proven to be effective for the H'GGG [15] and
H*'GAG [16] systems, as well as many others.) This procedure yielded 0 K energy thresholds for
the primary product channels and the other modeling parameters listed in Table 3.

It is important to note that the [y> + 2H]" and [ai]" cross sections are treated as primary
products even though they result from initial CO loss (forming an unobserved intermediate)
followed by separation of the resultant ions into the competing product channels, according to
theory. Here, the [y2 + 2H]" cross section can be modeled unambiguously with the rate-limiting
TS for CO loss, TS(H'GPA[N?]-gtgttgtt {N'C~CO'~N2C}). The main challenge in modeling [a;]"
product formation stems from its rate-limiting PSL where one ionic and two neutral fragments are
generated. Our modeling of such channels requires that a single neutral is formed [44], such that
we associate the CO and ProAla products as a single neutral complex. More details on this
procedure can be found in the Supplementary Data, but previous tripeptide studies from our group
suggest this approach produces reasonable results [15, 16]. In the present case, it can be realized
that this approach affects the rovibrational frequencies and the polarizability of the neutral

molecule needed for the modeling. This approximation should result in a tighter TS than for three
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separate products, such that the kinetic shift might be overestimated. Thus, the true threshold may
lie at higher energies, such that this value might be considered a lower limit. The multiple pathways
available to formation of [ai]" may also have influenced the modeling of this channel.

Once the four primary channels were modeled, the sequential product channels could be
modeled one channel at a time, such that competition with all other primary channels was included.
The secondary channels include [a2] ot = [a2]" + H'(pyr) (from [b2]") and [a3]" (from [b3]"). More
details on this procedure can be found in the Supplementary Data. Here, we note that because the
[a3]" product channel could not be collected reliably at low pressures, a high pressure data set was
modeled. Then, corrections for the pressure dependence of this channel were made. Furthermore,
decomposition of the [a3]" fragment could not be reliably investigated.

Figure 6 shows the model for the four primary channels along with sequential dissociation
of [ba2]" to [a2]” with parameters used listed in Table 3. The resulting model accurately reproduces
the [b2]", [a2]%, [y2 + 2H], [a1]", and [bs3] wt cross sections from threshold through ~5 €V. The
discrepancies at higher energies can occur because additional processes not included in the
modeling become active. Table 3 shows that the [b3]" ion has the lowest threshold with those for
[b2]" and [y2 + 2H]" nearly equal and higher. This contrasts with the apparent thresholds seen in
the figure, where the differences occur because the tight TSs for [b3]" and [y2 + 2H]" lead to much
larger kinetic shifts than for the [b2]" product, which is limited by a loose PSL TS. The other
primary product, [a1]", also has a measured threshold that is much lower than its apparent threshold
even though it is also limited by a PSL TS; however, this channel is inhibited by competition with
the lower energy channels.

The [a2]" product is the result of decarbonylation of AMPOx™ [bz]", which is limited by the
tight TS(AMPOx" {C~CO?*~0'}). As shown in Figure 6, modeling the [a>]" cross section in this
fashion reproduces this channel nicely as well as capturing some of the decline in the [b2]" cross
section. As shown in Supplementary Figure S7, the same can be said for modeling the [a3]" product
cross section as a sequential product from the [b3]" fragment and limited by the tight

TS(H'GPMOX[N?]-gtggtt {C~CO3}).
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Analysis of Primary and Secondary Channels of AMPOx" [b;]*

Our modeling program, CRUNCH, is not designed to model tertiary channels directly;[46]
however, by generating the [bz]" primary product in the source [33], we can model the formation
of [a2]", H'(pyr), and [a1]" products formed by decomposition of [b2]" ions, where the latter two
are tertiary products of H'GPA, Figure 2. The initial decarbonylation of [b2]" is limited by the tight
TS(AMPOx" {C~CO?*~0'"}), and the latter two reaction pathways both go through an unobserved
intermediate, [a> — CO]". Here, formation of H(pyr) + CH,NH + CO is straightforwardly modeled
because it is limited by the tight TS([a2]" {N>~CO'~C}), but because formation of the competing
[a1]" + C4H7N +CO channel is limited by a PSL TS, the neutral product in this reaction was treated
as CO hydrogen bound to 1-pyrroline. The models use parameters listed in Table 3 and are shown
in Figure 2. Clearly, the data are modeled well through ~3.5 eV, but at higher energies, the decline
in the [a2]" cross section is not reproduced. We believe this may be a result of limitations in the
assumptions needed for the sequential model, which assumes that the internal and translational
energies of the primary products (ion and neutral) are characterized by a statistical distribution
with the zero of energy for the product at its threshold, an assumption that is appropriate for loose
TSs [46]. In the present system, formation of the primary [a2]" + CO products is limited by
TS(AMPOx " {C~CO?~0"}), Supplementary Figure S3. This tight TS is calculated to lie 107 — 126
kJ mol! above the resulting (CO)(CH2NH)H"(pyr) complex and 99 — 113 kJ mol™! above the
separated CO + (CH,NH)H " (pyr) products that then lead to the final H (pyr) + CH>NH and [a:]"
+ pyr products. The energy of this reverse activation barrier can be released to the (CH:NH)H (pyr)
+ CO products in a non-statistical (and unknown) fashion that depends on the details of the
potential energy surface. Further, no matter how the energy is released, the complex actually lies
in a deeper potential well (here by ~106 + 7 kJ mol') than the sequential model assumes.
According to RRKM theory, this increases the density of states of the complex, which reduces that
rate constant for further dissociation. The result is a larger kinetic shift that shifts thresholds for
further decomposition up in energy. As a consequence, these sequential thresholds should be

considered as upper limits. This conclusion can be checked by comparison to theory, see below.
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The quality of the resulting thermochemistry can be checked in this case by comparing the
threshold energies for formation of [a2]" coming from H"GPA and [b2]" AMPOXx". The sequential
model for reaction (5a), H'GPA — [a2]" + A + CO, has a threshold of 3.25 + 0.10 eV, which can
be compared to the value obtained by adding the threshold measured for reaction (4a), H'GPA —
[b2]" + A, 2.16 £ 0.05 eV to that for the directly measured [b2]" — [a2]" + CO, 1.24 +0.14 eV. The
sum of 3.40 + 0.14 eV agrees well with the sequential threshold, verifying that the [a2]" product is
formed from [bz]" AMPOXx" fragmentation. In contrast, formation of [ai]" in reaction (7b), i.e.,
through [bz]" and [a2]", should have a threshold of (2.16 + 0.05) + (<2.90 £ 0.16) = <5.06 + 0.17
eV, which is well above that measured for reaction (7a), 3.06 + 0.07 eV. (Theory indicates that
reaction (7b) does not begin until 0.87 — 1.39 eV above reaction (7a).) This shows that the
formation of [ai;]" from H'GPA does indeed follow reaction (7a) at threshold, and [bz]
decomposition is probably a minor contributor. Because it is a tertiary product, the threshold for
formation of H"(pyr) in reaction (6a) could not be determined, but the sum of the threshold energies
measured for [b2]" in reaction (4a) (2.16 £+ 0.05 eV) with that for H"(pyr) from AMPOx" (<2.58
+0.16 eV) indicates that reaction (6a) should have a threshold of <4.74 + 0.17 eV. This value is in
reasonable agreement with the apparent threshold of Figure 1 once pressure effects and the energy

distributions are taken into account.

Discussion
Comparison between Theoretical and Experimental Energies

Although reproduction of the data is one metric for evaluating the veracity of the
mechanisms and their energetics, comparison of the theoretical and experimental energies should
also provide confidence that the correct thermochemistry has been extracted and correct
mechanisms and product structures identified. These values are compared in Table 4 and Figure
7. For the thresholds associated with H'GPA decomposition, it can be seen that B3LYP
systematically underestimates the threshold energies. The thresholds measured for [b2]", [y2 +

2H]", [a2]", and [a3]" agree best with the MP2 level of theory, whereas all three levels are in
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reasonable agreement with the [b3]" threshold. Because the [ai]" threshold may be a lower limit,
both B3P86 and MP2 provide reasonable values. The mean absolute deviations (MADs) between
theory and experimental results for H'GPA decomposition are on average smallest when using the
MP2 level of theory (6 kJ mol ™), whereas the deviations are on average highest when using the
B3LYP level of theory (15 kJ mol™).

As noted above, certain approximations had to be made for some of the fragments, which
may affect the reported experimental threshold energies. Both the [y, +2H]" and [a1]" channels are
thought to go through an unobserved intermediate, such that the [a;]" fragment had to be modeled
as a PSL TS with the composite PA*CO neutral product, leading to the lower limit listed in Table
4. The [a3]" channel could not reliably be collected at low pressures, such that our method for
accounting for the pressure effects in this channel may have introduced error in determining this
threshold value. Our extrapolation assumed that all channels have the same pressure dependence,
which is reasonable but not explicitly correct. Hence, we averaged the pressure dependences of
the other channels as an approximation of the pressure dependence of the [a3]" channel.

For decomposition of AMPOX" [b2]", all three levels of theory are in reasonable agreement
with the measured threshold for production of [a2]". In contrast, the H (pyr) and [ai]" threshold
energies are underestimated across all levels of theory. As noted above, the analysis of these
channels is adversely affected by the statistical assumptions intrinsic in the sequential model [46],
such that these experimental values are best viewed as upper limits. However, the difference in
these experimental threshold energies (31 = 4 kJ mol™) is in reasonable agreement with the
differences predicted by B3LYP (43 kJ mol™') and MP2 (44 kJ mol ™) theory.

Cis Versus Trans Reactant

As discussed in the introduction, other investigators have observed the kinetic trapping of
trans isomers of proline peptide bonds [27, 58]. If such isomers were present in abundance in the
current experiments, then the measured thresholds would correspond to the higher energy trans-
Pro isomer [N']-gtgttgtt, rather than the [N']-tcgctgtt GS, Figure 3. We investigated this possibility

by modeling the [b2]" data assuming an [N']-gtgttgtt reactant and comparing the resulting threshold
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with theoretical calculations. The experimental threshold changes only slightly, to 208 £+ 5 kJ/mol,
whereas theory indicates that the [b2]" threshold from the trans-Pro conformer is 122, 134, and
178 kI mol™! for the B3LYP, B3P86, and MP2 levels of theory, respectively. These deviations are
far greater than those for the cis-Pro conformer, Table 4. We can also consider what the results
might look like if the frans-Pro conformer were present as a minor contributor to the reactant ion
beam. In such a case, we should observe a low-energy feature on all the cross sections, which
should be relatively distinct given the 31 — 39 kJ mol! (0.32 — 0.41 eV) difference calculated
between the two conformers, Figure 3. No such feature is observed in any of the reaction products,
including [b2]" where the sensitivity should be greatest (about 1%). As a result, our experimental
results are most consistent with only the cis-Pro conformer being present as a reactant.
Influence from the Proline Effect

The present work further elucidates how the proline residue affects the formation of the
Oxa structure. Urban and Vaisar suggested that [b2]" product formation is hindered by the extra
ring strain caused by the proline residue [20], whereas Grewal et al. suggested that this effect is
either negligible or minor [21]. These two conclusions may be system dependent. Grewal et al.
identified a tight rate-limiting TS for Oxa formed from H*GPG, TS(H'GPG[N?]{CO*~N?}) (using
the present nomenclature), whereas the present study identifies a rate-limiting PSL TS. In the latter
case, any energy from ring strain directly contributes to the total energy of the final Oxa products
and thus directly to its threshold for formation. In contrast, when [b2]" formation is limited by a
tight TS, the ring strain energy need not influence the height of the barrier. Grewal calculated the
ring strain energy as being fairly minor (10.9 kJ mol! when Oxa is generated from H*GPG versus
H'PGG [21]), but even so, when [bz2]" formation is limited by a PSL TS, then the ring strain energy
may influence [bz]" formation. Other influences of the presence of the proline residue become
more apparent by comparison with the behavior of other tripeptides, as discussed in the next
section.
Comparison of H' GPA to H' GGG and H' GAG Decomposition

In all three systems, the [b2]" channel produces the largest cross section and is limited by a
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PSL TS from which an Oxa product can decompose into the [a:]" fragment and then undergo
further decarbonylation. The threshold for [bz]" formation is somewhat higher here, 206 + 5 kJ
mol™!, than for H'GGG and H'GAG, 171 + 6 and 160 + 14 kJ mol™!, respectively. This difference
can be associated with the stabilization of the H'GPA ground structure provided by the cis-peptide
bond, thereby allowing stronger hydrogen bonding. Further, the oxazolone product formed from
H'GGG" or H'GAG'S has the N? protonated, which allows a strong hydrogen bond with the N-
terminus. In contrast, in AMPOx", N? is a quaternary nitrogen, which still interacts with the N-
terminus (Figure 4) but no longer by the hydrogen bond that stabilizes the Oxa product in the other
two systems.

Unlike H'GGG [15] and H'GAG [16], H'GPA does not decompose to produce an
observable [a, — CO]" cluster product. As discussed above, this is because the decarbonylation
TS([a2]" {N*>~CO!'~C}) already contains enough energy to allow the (CH.NH)H(pyr) cluster to
decompose to H'(pyr) + CH,NH. Here, this product asymptote is relatively low in energy because
the secondary nitrogen of pyr has a high proton affinity (proline effect). In the case of H'GGG or
H*GAG decomposition, the [az — CO]" cluster consists of (CHNH)H*(RCHNH) (where R = H or
CHs, respectively). Because the latter complexes are composed exclusively of primary amines, the
energy for further decomposition to form H'RCHNH lies above the decarbonylation TS leading
to [a2 — CO]", thereby allowing observation of the product.

Similarly, the high proton affinity of the tertiary amide in a proline residue [17, 20, 79] has
been linked to the high abundance of [y, + 2H]" fragments observed in previous studies, the so-
called proline effect [18-22, 27, 65]. In contrast to these expectations, H'GPA decomposition
produces a smaller [y, + 2H]" cross section than H'GGG [15] (which has the largest [y2 +2H]"
cross section) or H'GAG [16]. This result seems at odds with the observation that the thresholds
for [y2 + 2H]" formation in the latter two systems exceed that for [b2]" by 0.88 £ 0.12 and 0.55 =
0.32 eV, respectively, whereas the thresholds in the present study are roughly equivalent, Table 4.
As noted above, the lower [y> + 2H]" threshold observed here can be attributed to the higher proton

affinity of proline, which lowers the energy needed for initial decarbonylation as well as the final
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product energy. In the H'GPA case, the energy of the final [y2 + 2H]" + CH,NH + CO products is
lowered to the point where the product is limited by the tight TS needed for decarbonylation, such
that this channel is entropically disfavored compared to [bz]* formation. In contrast, the [y + 2H]"
channels for H'GGG and H'GAG are limited by their products in loose PSL TSs, and therefore
compete more effectively with the [b2]" channel.

The [ai]" cross section is smallest in the present system, consistent with it having the
highest experimental threshold (295 + 7 kJ mol! here versus 247 + 7 and 261 = 17 kJ mol! for
H*GGG and H'GAG, respectively). In all three H'GXY systems, the threshold for [a;]" formation
is associated with the primary process that competes directly with formation of [y> + 2H]", H'XY.
As noted above, H'PA has a lower threshold than formation of H'GG (from H'GGG) or H'AG
(from H'GAG) such that formation of [a1]" is less competitive in the present system, an indirect
effect of the higher proton affinity of the proline residue.

Another notable observation is that H'GPA decomposition yields a [bs]" cross section that
is much larger than that of H'GGG [15] and H'GAG [16]. Theoretical calculations suggest that
this is because the proline favors a cis configuration, which places the protonated N-terminus in
close proximity to the C-terminus, thereby allowing more facile proton transfer. Furthermore, the
larger [b3]" cross section leads to a larger [a3]" cross section as a sequential product.

Finally, we note that in both the H'GGG and H'GAG systems, the loss of CO + NH3 was
observed, whereas a similar product is not found for H'GPA. This possibility was explored
computationally, as described in the Supporting Data. There it is shown that loss of CO + NH3 is
disfavored enthalpically and entropically compared to [y + 2H]" and [a1]" formation, whereas for

the H'GGG and H'GAG systems, this channel is enthalpically more favorable.

Conclusions
The present study has examined the kinetic-energy-dependent decomposition of protonated
H*GPA and its [bz]" fragment by collisions with Xe using GIBMS. Analysis of the CID cross

sections yields 0 K threshold energies for the [b2]", [bs]", [y2 + 2H]", [a2]", [a3]", H'(pyr), and [ai]"
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product ions. Effects taken into account include lifetime effects, pressure dependence, reactant
energy distributions, and competition among primary and sequential dissociation channels.
Overall, the MP2 level of theory agrees well with the experimentally obtained threshold values,
and there is very good agreement with at least one level of theory for all experimental thresholds.
This agreement strongly suggests that the cis-Pro [N']-tcgctgtt conformer is the ground structure
present and that cis/trans isomerization is necessary, but not rate-limiting, for [b2]" Oxa formation.
This cis configuration appears to make protonation of the C-terminus more energetically feasible,
which explains why the [bs]" cross section is so much more prominent for H'GPA fragmentation
compared to H'GGG and H'GAG fragmentation [15, 16]. Further, no products corresponding to
[yi +2H]", [a2— CO]", [y2 + 2H — CO]", or combined CO + NHj loss are observed, which
theoretical calculations indicate results from the unique geometry and proton affinity of proline.
Such quantitative information is important in elucidating why proline has unique properties with
regards to peptide fragmentation patterns.

Furthermore, this study describes the reaction pathways involved during [b2]" AMPOx"
formation, which are confirmed by the good agreement between the experimental and theoretical
threshold energies. Experimentally, the absence of an H'DKP product structure for [bz2]" can be
deduced from the relatively low threshold for [b2]" formation, the relatively large [a2]" cross
section, the lack of a [y + 2H]" product, and the lack of ketene products. Theory supports these
observations by indicating that H'DKP formation is disfavored enthalpically and entropically.
Future studies are envisioned that will focus on systems in which a H'DKP [b,]" structure is formed
and will provide experimental observations and quantitative thermochemistry measurements to
compare the reaction mechanisms for its formation with those of Oxa. Ultimately, future related
work will hopefully provide meaningful mechanistic information regarding peptide fragmentation
patterns and identify key indicators of sequence information. Such knowledge could make
characterizing larger systems easier while improving the efficiency of peptide sequencing

algorithms.
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%‘}??(:fe{ical energies (kJ mol ™) at 0 K for rate-limiting TSs and products for decomposition of H'GPA ?

Transition state® B3LYP B3P8 MP2  Products B3LYP B3P86 MP2
H'GPA — PSL [b2]" (AMPOXx") + A 160 173 209
TS(H*GPA[O',N'-N?]) 263 249 258 [b2]" (H'DKP) + A 111 119 156
TS(H'GPA[N'-0%]) — [bs]" 148 147 144 [b3]" (H"GPMOx) + H,O 112 117 130
TS(H*GPA[N?]) — [y+2H]" 164 194 197 [y2+2H]" (H'PA) + CO + CH,NH 139 190 185
H'GPA — PSL [a1]" (CH2NH2") + CO + PA 265 315 308
[b3]" — TS(H'GPMOx) 228 256 245 [a3]" (CoH16N302") + H2O + CO 148 195 180
[b2]" — TS(AMPOx" {C~CO*~0'}) 268 302 312 [a2]" (CeHIIN20") + CO + A 196 251 254
[as]" — PSL AMPOX" + C;H4sNH + H,0 + CO 256 313 316
[a2]" — TS([a2]" {N*~CO'~C}) 306 391 381 C4sH7NH' + CHNH +2CO + A 277 378 361
[a2]" — PSL [a1]" (CH:2NH2 ") + CsHIN +2CO+ A 349 449 424
[y2+2H]" — TS([y2+2H]"{C~CO*~N3}) 301 374 361 C4sH7NH' + CHNH +2CO + A 277 378 361
[y2+2H]" — PSL H'A + CsH7N + CH,NH + 2CO 313 411 389
TS(H*GPA-CO[N?-N']) — CH,PA" 174 197 181 CH2PA" + CO + NH3 129 181 156

a Rate-limiting TS in bold. ® PSL = phase space limit. TS(H'GPA[O',N'-N3]) = TS(H'GPA[O',N'-N3]-(gc)c(ge)tgttt {CO*~N3}).
TS[N!'-0%] = TS(H'GPA[N!-O*]-(gt)cgttcgt {C~O*H}). TS(H*GPA[N?]) = TS(H'GPA[N?]-gtgttgtt {N'C~CO'~N?C}). TS(H'GPMOx)
= TS(H'"GPMOx[N?*]-gtggtt) {C~CO?}). TS([y2+2H]" {C~CO*~N?}) = TS([y2 + 2H] [N?]-cggtt {C~CO’*~N>}).
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Table 2
Theoretical energies (kJ mol™) at 0 K for the TSs, intermediates, and products for decomposition of AMPOx"* and H'DKP.?

Species® AMPOXx" H'DKP (N2CO!)* H'DKP (N'C0O?)¢

B3LYP B3P86 MP2 B3LYP B3P86 MP2 B3LYP B3P86 MP2

[b]* — TS(H'DKP[O'-N'?])  N/A N/A N/A 339 342 377 (353) 352 380
[ba]" (+ charge on N'-2) 160 173 209 171 183 204 186 198 220
[ba]" — TS{X~CO>*!~C} 268 302 312 307 346 353 258 293 305
[a2]"*CO 182 238 236 271 326 317 188 243 239
[a2]" + CO 196 251 254 246 300 298 ¢ e ¢
[a2]” — TS{N>!~CO'?~C} (306)  (391)  (381) 317 (394)  (388)  °© ¢ ¢
(C4H7N)H*(CH2NH)=CO 188 285 256 189 286 257 192 289 261
(C4sH7N)H*(CH2NH) + CO 196 292 268 e e e ¢ ¢ ¢
C4HNH' + CH,NH + CO 277 378 361 e e ¢ ¢ ¢ c
CHNH,' ([a1])) + pyr+ CO 349 449 424 e e ¢ ¢ ¢ c

 All energies are relative to H'GPA GS. Rate-limiting TS for [a2]” formation underlined. Rate-limiting TS for H"(pyr) formation in
parentheses. Rate-limiting TS for [a;]" formation in bold.

® Superscripts separated by a comma refer to the H'DKP (N!CO?) and H'DKP (N?CO') pathways. TS{X~CO>'~C} =
TS(AMPOx*{C~CO?*~0") for the Oxa pathway and TS(H'DKP {N!*~CO>*!~C}) for the H'DKP pathways.

¢ Pathway where N? is protonated and CO' is lost first.

4 Pathway where N! is protonated and CO? is lost first.

¢ Energies are equivalent to those of AMPOx ",
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Table 3
Fitting Parameters for Egs. (S1), (S3a), and (S3b) with Threshold Energies at 0 K and Entropies of Activation at 1000 K for the

Decomposition of H'GPA and [bz]".

Ionic Products Transition State? 00 n Eo ASiooo’
Reactant (eV) (J K''mol ™)
H'GPA  [b2]" (AMPOx") + A PSL 220+3.1 12+02 216+0.05 114+5
[b3]" (H"GPMOX) + H,O TS[N'-0%P 220+3.1 1.2+02 1.62+0.04 444
[y2+2H]" (H'PA) + CO + CHoNH - TS[N?Z[° 220+3.1 12+02 211+£0.06 146+5
[a1]" (CH2NH:") + CO + PA PSL 220+3.1 12+02 3.06+£0.07 204+5
[a2]"+ A+ CO TS(AMPOx"{C~CO*~0'}) 22.0+3.1 12+02 325+0.10 22+18
[a3]" + H.O + CO¢ TS(H'GPMOx) 109+13 21+0.1 254+0.13 30=+6l
[b2]" [a2]" + CO TS(AMPOx"{C~CO*~0'}) 21.2+186 14+0.6 124=0.14  22+1
C4H7;NH" + CH,NH + 2CO TS([a2]" {N>*~CO'~C}) 212+186 14+06 258+0.16 57+16
[a1]" (CHoNH,") + C4HN +2CO PSL 212+18.6 14+06 290+0.16 7214

aPSL = phase space limit. TS[N'-0*] = TS(H'GPA[N'-O*]-(gt)cgttcgt {C~O*H}). TS[N?] = TS(H'GPA[N?]-gtgttgtt {N'C~CO'~N>C}).
TS(H*GPMOXx) = TS(H' GPMOX[N?]-gtggtt{C~CO3}).

® Frequencies below 900 cm™ scaled by 0.825.

¢ Frequencies below 900 cm™! scaled by 0.75.

dFit of high-pressure data leading to different N value. Eo = 2.05 = 0.02 eV before adjusting for pressure dependence.
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Table 4

Comparison of experimental and theoretical reaction energies (kJ mol™') at 0 K for decomposition of H'GPA.

b

Reactant  Products Transition state? Exp Theory®

thiswork  B3LYP B3P86  MP2

H'GPA  [b2]" (AMPOXx") + A PSL 206 + 5 160 173 209
[b3]" (H"GPMOX) + H,0 TS[N'-0%] 156 + 4 148 147 144
[y2+2H]" (H'PA)+ CO+ CH:NH ~ TS[N?] 203+ 6 164 194 197
[a1]" (CH2NH,') + CO + PA PSL >295+7 265 315 308
[22]" (CéH11N20") + A + CO TS(AMPOX" {C~CO*~O"} 310£10 268 302 312
[a3]" (CoH16N302") + H,0 + CO¢ TS(H'GPMOx) 245+13 228 256 245

AMPOX"  [a]" (CéHIiNO") + CO TS(AMPOx"{C~CO*~0'}) 119+ 14 109 130 103
H(pyr) (C4H;NH")+ CH,NH +2CO  TS([a2] {N?>~CO'~C}) <249+ 16 146 219 172
[a1]" (CH2NH:") + C4H7N +2CO PSL <280+ 16 189 276 216
MAD© 28416 14+9  8+6

aPSL = phase space limit. TS[N'-0%] = TS(H'GPA[N'-O*]-(gt)cgttcgt {C~O*H}). TS[N?] = TS(H'GPA[N?]-gtgttgtt {N'C~CO'~N?C}).
TS(H'GPMOx) = TS(H'GPMOXx[N?]-gtggtt { C~CO>}).

® Experimental Eo values are taken from Table 3.

¢ Computational results using a 6-311+G(2d,2p) basis set and corrected for ZPE.

4 Threshold information collected at high pressure and extrapolated to zero-pressure conditions based on average threshold different
between high and zero-pressure conditions for other channels.

¢ Mean absolute deviation (MAD) from experimental threshold energies for [ba2]", [b3]", [y2 + 2H]", [a1]", [a2]", and [a3]" from H' GPA
and [a2]" from AMPOXx".
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Figure Captions

Fig. 1. Cross sections for the decomposition of H'GPA by collision with Xe at 0.12 mTorr as a
function of kinetic energy in the center-of-mass (CM) frame (lower x-axis) and the laboratory
frame (lab) (upper x-axis). Mass-to-charge ratios and explicit nomenclature are given to identify
all products present. Closed symbols represent fragments that are predominantly primary products
and open symbols represent fragments formed by sequential dissociation from the precursor
having the same color and symbol. The solid black line represents the total cross section, and the

green dashed line shows the sum of the [b2]", [a2]", and H (pyr) cross sections.

Fig. 2. Cross sections for the decomposition of the H'GPA [bz]" fragment by collision with Xe
extrapolated to zero pressure as a function of kinetic energy in the center-of-mass (CM) frame
(lower x-axis) and the laboratory frame (lab) (upper x-axis). Mass-to-charge ratios and explicit
nomenclature are given to identify all products present. Small dots represent the total cross section.
Full lines show the models of Supplementary Egs. (S1), (S3a), and (S3b) for the [az]" primary
channel and two secondary fragments resulting from further decomposition including convolution
over the kinetic and internal energy distributions of the reactants. Dashed lines represent the

models in the absence of such broadening with internal energies at 0 K.

Fig. 3. Low-lying H'GPA conformers and the cis/frans isomerization TS with relative energies in

kJ mol! calculated at the B3LYP, B3P86, and MP2 levels of theory, respectively.

Fig. 4. Key transition states and products for H'GPA decomposition. Dashed lines denote making
and breaking of bonds. TS(H'GPA[N?]-gtgttgtt{N'C~CO'~N?C}) is the rate-limiting
decarbonylation TS for [y2 + 2H]" formation. TS(H'GPA[N!-O*]-(gt)cgttcgt {C~O*H}) is the rate-
limiting dehydration step for [bs]" formation. TS(H'GPMOX[N?]-gtggtt{C~CO?}) is the rate-

limiting decarbonylation TS for [a3]" formation from [bs]*. TS(AMPOx" {C~CO?*~0'}) is the rate-
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limiting decarbonylation TS for [az]" formation from [b2]". TS([a2]" {N?*~CO!~C}) is the rate-

limiting decarbonylation TS for C4H7NH" formation from [a2]".

Fig. 5. Key transition states and products for H'DKP formation and decomposition. Dashed lines
denote making and breaking of bonds. TS(H'GPA[O!,N'N*]-(gc)c(ge)tgttt N'~CO*~N3}) is the

rate-limiting TS for H'DKP formation.

Fig. 6. Cross sections for the decomposition of H'GPA by collision with Xe extrapolated to zero
pressure as a function of kinetic energy in the center-of-mass (CM) frame (lower x-axis) and the
laboratory frame (lab) (upper x-axis). Mass-to-charge ratios and explicit nomenclature are given
to identify all products present. Closed symbols represent fragments that are predominantly
primary products and open symbols represent fragments formed by sequential dissociation from
the precursor having the same color and symbol. Full lines show the models of Supplementary
Egs. (S1), (S3a), and (S3b) for four primary channels and the secondary [a,]" fragment resulting
from decarbonylation of the [b2]" fragment including convolution over the kinetic and internal
energy distributions of the reactants. Dashed lines represent the models in the absence of such

broadening with internal energies at 0 K.

Fig. 7. Comparison of experimentally determined energy thresholds for decomposition of H'GPA
(open symbols) and AMPOx" (closed symbols) with B3P86 (blue squares), B3LYP (green
triangles), MP2 (red circles) levels of theory. The black diagonal line indicates complete agreement

between experimental and theoretical values.

Scheme 1. Schematic reaction mechanism for the decomposition of H'GPA. Observed products

are in bold.

Scheme 2. Schematic reaction mechanism for the decomposition of H'DKP and AMPOx".
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