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Abstract: We present a thorough characterization of fragmentations observed in threshold
collision-induced dissociation (TCID) experiments of protonated glycylglycylalanine (H'GGA)
with Xe using a guided ion beam tandem mass spectrometer. Kinetic energy dependent cross
sections for nine ionic products were obtained and analyzed to provide 0 K barriers for the five
primary products: [b2]", [y: +2H], [bs]", [y2 + 2H]", and [ai]"; and four secondary products: [a2]",
[a3]", high-energy [y1 + 2H]", and CH3CHNH,", after accounting for multiple ion-molecule
collisions, internal energy of reactant ions, unimolecular decay rates, competition between
channels, and sequential dissociations. Relaxed potential energy surface scans performed at the
B3LYP-GD3BJ/6-311+G(d,p) level of theory are used to identify transition states (TSs) and
intermediates of the five primary and three secondary products (with the mechanism of the other
secondary product previously established). Geometry optimizations and single point energy
calculations of reactants, products, intermediates, and TSs were performed at several levels of
theory. These theoretical energies are compared with experimental threshold energies and found
to give reasonable agreement, with B3LYP-GD3BJ and M06-2X levels of theory performing
slightly better than MP2 and better than B3LYP. The results obtained here are compared with
previous results for decomposition of H'GGG and H'GAG to probe the effect of changing amino
acid sequence. Methylation in H'GGA has a significant effect on the competition between the
primary sequence products, [b2]" and [y + 2H]", suppressing the [b2]" cross section by raising its
threshold energy, while enhancing that of [y; + 2H]" by lowering its threshold energy.
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Introduction

Knowledge of the amino acid sequence of a peptide/protein is essential for its unambiguous
identification. Tandem mass spectrometry (MS/MS) remains the routinely used analytical tool of
choice for determining this primary structure, which is often attained by collision-induced
dissociation (CID). At low collision energies, CID of protonated peptides forms sequence ions,
[bn]" and [yn + 2H]", that are formed by amide bond cleavage. These primary products can further
dissociate to yield [bm]", [ym + 2H]", [an]" ions, internal fragments, and immonium ions at higher
collision energies. (Here, the nomenclature used for peptide fragment ions is adopted from the “all-
explicit” nomenclature proposed by Chu et al.,! a modification of that proposed by Roepstorff and
Fohlmann,? and Biemann. *) Often fragment ions are also formed by the loss of neutrals like water,
carbon monoxide, or ammonia. Along with structural information, CID studies of peptides can
also provide information on the reaction mechanisms by which the fragmentations occur.

In the present work, absolute cross sections for decomposition of protonated
glycylglycylalanine (H'GGA) were measured with a sensitivity of over three orders of magnitude
over a center-of-mass collision energy range of 0 — 9 eV. The experimental results were analyzed
using molecular parameters (vibrational frequencies and rotational constants) determined in
theoretical calculations to extract absolute experimental threshold energies for all primary and
several secondary fragmentation pathways. The experimental threshold energies are compared
with those obtained from single point energy calculations performed at the B3LYP,*° B3LYP-D3
(B3LYP with the GD3BJ dispersion correction),®” MP2(full),® and M06-2X° levels of theory. This
allows us to compare the measured threshold energies with computed threshold energies, in turn
allowing the identification of the key steps involved in H'GGA fragmentation as well as the
structures of the products. Comparison of these results to those of protonated glycylglycylglycine
(H'GGG) '* and glycylalanylglycine (H'GAG) '! permit understanding and quantification of the

effects of methylation on the threshold energies of primary sequence ions. Indeed, this work is part



of a systematic study that we have undertaken to understand the effects of methylation —
specifically tracking and quantifying the fragmentation propensities and reaction mechanisms
when the amino acid sequence is minutely changed from protonated GGG to GAG and then to

GGA.

Experimental and Computational Details
Experimental Procedures

Cross-sections of H'GGA colliding with Xe were measured using a guided ion beam
tandem mass spectrometer (GIBMS) that has been described in detail previously.!*!* The H'GGA
ions were generated using an electrospray ionization source (ESI) '* under conditions similar to
those described earlier, such that the H'GGA ions were characterized by a temperature of 300 K

1921 can be found in the

1418 Details of the experimental methods and means of data analysis
Supporting Information. In the data analysis, when reactions are limited by loose transition states
(TSs), TS frequencies equal those of the dissociated products with transitional frequencies treated
as rotors in the phase space limit (PSL).?°2! For reactions limited by tight TSs, molecular
parameters were taken directly from theoretical results for the rate-limiting TS structures,

described below. All energies reported below are in the center-of-mass (CM) frame unless

otherwise noted.

Data Analysis

Details of the modeling of the data to extract thermodynamic information are provided in
the Supporting Information. In all cases discussed below, vibrational frequencies for the TS of
each reaction channel were taken from the theoretical results discussed in the next section. As will
be seen, low-frequency modes (<900 cm™') of some TSs need to be modified slightly in order to
accurately reproduce the relative shapes (energy dependences) and magnitudes of the competing
product cross sections. In the study where we originally used this approach,?? we noted that similar

results can be obtained by scaling the magnitudes of the cross section models, but this often



required physically unmeaningful scaling factors approaching 10* — 10°. In contrast, the Gaussian
program points out that calculations of vibrational frequencies below about 900 cm™ are subject
to considerable uncertainty because they may no longer be treated accurately as harmonic. Details

are discussed in the Supporting Information.

Computational Procedures

3 was used to calculate geometries, vibrational

The Gaussian 09 suite of programs>
frequencies, and energies of reactants, products, intermediates, and TSs. Key TSs, intermediates,
and products were initially guessed on the basis of the analogous species found in the H'GGG and
H'GAG computational studies.!*!! Optimizations of all low-lying structures were performed at
the B3LYP/6-311+G(d,p) level of theory. We also performed relaxed potential energy surface
(PES) scans at B3LYP/6-31+G(d) or B3LYP/6-311+G(d,p) levels of theory to identify elementary
steps in the transformations and decompositions of H'GGA and its products (details below). TSs
and intermediates occurring along the PESs were then optimized at the B3LYP/6-311+G(d,p)
level, where each TS was verified to contain one imaginary frequency and each intermediate is
vibrationally stable. Rate-limiting TSs were further examined with an intrinsic reaction coordinate
(IRC) calculation to verify that they connect the appropriate intermediates. Rotational constants
and vibrational frequencies were also calculated at the B3LYP/6-311+G(d,p) level of theory.
Vibrational frequencies were scaled by 0.989 2* before being used in the modeling process to
calculate zero-point energy (ZPE) and thermal corrections. Using these geometries and ZPE
corrections, single point energies (SPEs) were computed at both B3LYP and MP2(full) (where full
refers to correlation of all electrons) levels of theory using the 6-311+G(2d,2p) basis set. We also
performed geometry optimizations of key reactant conformers, TSs, and products at the B3LYP/6-
311+G(d,p) level of theory using an empirical dispersion correction, GD3BJ (abbreviated as
B3LYP-D3 in this study) and at the M06-2X/6-311+G(d,p) level of theory. For these species, SPEs
were then calculated at the B3LYP-D3 and M06-2X levels of theory, respectively, using a slightly
bigger 6-311+G(2d,2p) basis set. For simplicity, the B3LYP//B3LYP, B3LYP-D3//B3LYP-D3,



M06-2X//M06-2X, and MP2(full)//B3LYP SPEs will be referred to as B3LYP, B3LYP-D3, M06-

2X, and MP2 in the remaining text.

Nomenclature

Conformers of H'GGA are named using the same nomenclature used in the H'GGG and
H'GAG studies '*!! where the site of protonation is designated within square brackets, followed
by designation of eight dihedral angles starting from the N terminus and going along the backbone
of H'GGA to the hydroxy group: ¢ (cis for angles between 0° - 45°), g (gauche for 45° - 135°),
and t (trans for 135° - 180°). Atoms are numbered according to their residue with a superscript.
Product conformers are named in a similar manner defining the protonation site and the relevant
dihedral angles. Transition states are indicated by TS followed by a description of the change in
the protonation site, dihedral angle, or bond cleavage. For example, the TS for a proton transfer is
named TS[O!-N'] indicating transfer of a proton from the carbonyl oxygen O' (the lower energy
conformer is listed first) to the amide nitrogen N'. A TS involving a dihedral angle change is
designated within parentheses, e.g., (cg) which indicates that the dihedral angle changes from cis
(the lower energy conformer) to gauche. A TS involving bond cleavage indicates the bond being

broken by ~ inside curly brackets, e.g., {OC~N?}.

Results
Cross Sections for Collision-Induced Dissociation

Figure 1 shows the experimental kinetic energy dependent cross sections obtained for the
interaction of H'GGA with Xe. Nine ionic products are observed for H'GGA (m/z 204)
fragmentation. On the basis of the theoretical results, these are assigned to reactions 1 - 8. The
sequence of these reactions is outlined in Scheme 1 which also includes the unobserved
intermediate (CH,NH)H(GA) (m/z 176).

H'GGA +Xe —» CsH7N20," ([b2]", H'AMOX) + C3H7NO> (A) + Xe (1)

— C3HsNO:" ([y1 +2H]", H'A) + C4HsN202 (AMOX) + Xe (2a)



— C3HsNO:" ([y1 +2H]", H'A) + 2 CO + 2 CHoNH + Xe (2b)
— C7H12N3057 ([bs]", HGAMMOX) + H20 + Xe (3)
— CsHiN20s™ ([y2 + 2H]", H'GA) + CO + CHoNH + Xe 4)
— CHoNH:' ([a1]") + CO + CsHioN203 (GA) + Xe (52)
— CHoNH;" ([a1]") + 2 CO + CHoNH + C3H/NO; (A) + Xe (5b)
— C3H7N20" ([a2]7) + CO + C3H7NO> (A) + Xe (6)
— CH3;CHNH," (44, [y1 + 2H — CO — H,0]") + CO + H,O + AMOx + Xe  (7)

— CeHiaN3O2" ([a3]") + H2O + CO + Xe (8)
Figure 1 shows that the total cross section increases smoothly with increasing energy consistent
with the coupled and sequential nature of reactions 1 — 8. The dominant low-energy product arises
from the loss of alanine to form the [b2]" ion (m/z 115) in reaction 1. As identified originally by
Harrison and co-workers®® and later by many other studies,?®*** [bx]" is protonated 2-aminomethyl-
5-oxazolone (H'AMOX). Arising at about the same energy and magnitude is the [y + 2H]" (m/z
90, protonated alanine) ion in reaction 2a, which directly competes with [b2]" because reactions 1
and 2a differ only in which fragment keeps the proton. After rising to about 4 A% and declining to
~2 A?, this cross section rises again beginning near 5 eV, indicating the contribution of a new
pathway to this product, reaction 2b. This high-energy (HE) portion of the [y1 + 2H]" cross section
will be henceforth referred to as [yr + 2H]'ue. The next largest low-energy cross section is
associated with the formation of [y> + 2H]" (m/z 147), which is protonated glycylalanine (GA),
formed in reaction 4. This [y2 + 2H]" product dissociates to form [y; + 2H]uE in reaction 2b,
consistent with a drop in the [y2 + 2H]" cross section at ~5.5 €V that is concomitant with the
increase in the [y + 2H]" cross section at high energies. Formation of [b3]" (m/z 186) in reaction
3 starts at about the same apparent threshold as [b2]" and [y1 + 2H]" and corresponds to the
formation of protonated 2-glycylaminomethyl-(4-methyl-5-oxazolone) (HfGAMMOX) by loss of
water from H'GGA. The next product observed in Figure 1 is formed in reaction 8 by the loss of
CO from [bs]" to yield [a3]" (m/z 158). Next comes generation of [a2]" (m/z 87) in reaction 6 by the

loss of CO from [b2]", where the cross section shown has been corrected for mass overlap from



m/z 90. The decline of [b2]" is consistent with the rise of [a2]" at about 4 €V, Figure 1. At about the
same apparent threshold as [a2]", CH;CHNH:" (m/z 44) can be formed in reaction 7 by loss of CO
+ H>O from the low-energy [yi1 + 2H]" product, which is consistent with the decline in the
[yi + 2H]" cross-section at ~ 2.6 eV. The dissociation of [y; + 2H]" by loss of CO + H>O has been
observed in previous works.!! 33

The product having the highest apparent threshold energy is the [ai]” (m/z 30) product
formed in reactions 5. This product has a cross section that is the largest of all products at high
energies, which can be attributed to the multiple pathways that are capable of yielding [ai]". The
lowest energy pathway is reaction 5a, which competes directly with reaction 4. Reaction 5b can
occur either by dissociation of [a2]" or [y2 + 2H]*, as observed in previous studies.!® 3% 36-37
Although both reactions 4 and 5a are initiated by loss of CO, no primary ion at the appropriate
mass (m/z 176) was observed, despite carefully looking for it. This can occur if CO loss involves
a tight transition state (TTS) such that loss of additional fragments from m/z 176 occurs readily at
the energy of the TTS. This is consistent with our previous observations in studies of H'GGG and
H'GAG '*!! and the low-energy milli-second ion trap/ CID studies of H'AGG by Bythell et al.*®
Notably, these authors did observe the analogous product ion for loss of CO in MALDI/TOF/TOF,
sector metastable ion (MI), and sector CID experiments that occur at faster (microsecond)
timescales and higher energies. Finally, in our previous studies of H'GGG and H'GAG, we

observed a product corresponding to the combined losses of CO + NH3, which competes with the

analogues of reactions 4 and 5a. The analogous process was not observed in the present system.

H'GGA Ground Structure

Figure 2 shows the six lowest energy conformations of H'GGA located in the present study
and their relative energies (also listed in Supporting Table S1). Two of the structures, [O!']-ctgttttt
and [O']-ctgttgtt, involve protonation at the carbonyl oxygen of the first residue (O') with the
proton directed towards O? (as indicated by the superscript t denoting the trans orientation of the

ZCCO'H dihedral angle). B3LYP, B3LYP-D3, and M06-2X calculations suggest the [O!']-ctgttttt



conformer is the global minimum (GM) and all levels of theory place the [O!']-ctgttgtt structure 5
— 7 kJ/mol higher. Both [O']-ctgttttt and [O'']-ctgttgtt are stabilized by N?HeN'!, O'H+0?, and
O*H+0? hydrogen bonds, with the former being stabilized by an additional N*H+O® hydrogen bond.
Both structures have trans peptide bonds (£LCCNC) as reflected by the second and fifth dihedral
angle designation in our nomenclature. Four of the structures shown in Figure 2 are protonated at
their (N') nitrogen, with [N!]-ttggtgtt being the only one having a trans peptide bond between the
first and second residue (as indicated by the second dihedral angle designation). At the MP2 level
of theory, three of these structures, [N']-tcgctgtt, [N']-ttggtgtt, and [N']-gcgttgtt lie below [O!]-
ctgttttt by 2 — 5 kJ/mol, where [N!]-tcgctgtt is the GM with the latter two structures higher by only
1 — 2 kJ/mol. The DFT levels of theory place these four [N'] structures 7 — 20 (ttggtgtt), 4 — 26
(gcgttgtt), 4 — 18 (tcgetgtt), and 13 — 20 (gegttttt) kJ/mol above their [O!']-ctgttttt GM.

Conformers directly analogous to those shown in Figure 2 were also found for the H' GGG
and H'GAG conformers, %! which is reasonable because the methyl side chains do not participate
in the hydrogen bonding that determines their structures. These conformers have similar relative
energies and the same names because the side-chains are not involved in the nomenclature.

In our H'GGG study,'® we compared the infrared spectra calculated for [O!']-ctgttttt, [N']-
gegttgtt, [N!]-ttggtgtt, and [N']-tcgctgtt conformers with the infrared multiple photon dissociation
(IRMPD) spectrum obtained by Wu and McMahon.** This comparison suggested that both [O']-
ctgttttt and [N']-ttggtgtt were present for H'GGG formed under ESI conditions, whereas no
evidence was found for the cis peptide bonded conformers. These results were rationalized on the
basis of calculations that indicated that the trans-cis peptide bond isomerization required 58 — 71
kJ/mol, such that trans-cis isomerization would not occur under ESI conditions or in solution.
Because most peptides are known to adopt trans peptide bonds in solution, these results suggested
that only the trans peptide conformers are accessible in the ESI source. Similar trans-cis
isomerization of the peptide bond in H'GAG [N!]-gcgttgtt was found to require 67 — 87 kJ/mol.!!
In the present system, the TS for trans-cis isomerization of the first peptide bond in H'GGA is

TS(IN']-g(ct)gttttt), Figure 3, and lies 64 — 82 kJ/mol above the GM, Table S3. As all these



isomerization TS energies are comparable, this comparison suggests that H'GGA conformers
containing only trans peptide bonds are formed in the ESI source.

This conclusion is clouded by an IR-IR double resonance cryogenic ion vibrational
predissociation spectroscopic (CIVS) investigation of H*GGG,*® which found [O'']-ctgttttt and
[N!]-gcgttgtt as the dominant conformers of H'GGG. Notably, in the CIVS investigation, the
H"GGG ions made in the EST at 300 K were collisionally cooled to 10 K such that kinetic trapping
of conformers is possible. Nevertheless, this study indicates that an ESI source can form
conformers with a cis peptide bond.

It can be realized that the isomerization barrier is well below the energies needed for
decomposition, such that it does not matter whether a conformer having a trans or cis peptide bond
is generated in the ESI source because they can readily interconvert at the energies needed for
fragmentation. Indeed, we have recently demonstrated that such interconversion occurs readily in
the H'GPA (protonated glycylprolinylalanyl) tripeptide*! and previous studies drew similar
conclusions for systems having functionalized side-chains (arginine*? and histidine*’). Thus, on
the basis of similarities with our previous examinations of H'‘GGG and H'GAG, and the energetics
of trans-cis isomerization, we assign the [N']-ttggtgtt conformer as the MP2 GM. As a result,
Figure 2 and Supporting Tables S1-S3 list DFT energies of all species relative to [O]-ctgttttt and
MP?2 energies relative to [N!]-ttggtgtt. Because MP2 finds that the [N']-tcgctgtt species lies only
1.1 kJ/mol below [N']-ttggtgtt, irrespective of whether the species formed experimentally is [N']-
ttggtgtt or [N']-tcgctgtt, the comparison of theoretical and experimental energies is not

compromised.

[b2]"/[yi + 2H]" Formation

The reaction mechanism for the formation of [b2]" and [y + 2H]" ions from peptides
similar to H'GGA has been studied previously.!%!!: 26-27. 38 44 Ungurprisingly, the reaction
mechanisms for H'GGA decompositions are directly analogous to those found for H'GGG and

H'GAG decompositions, which have been described in detail elsewhere.!®!! Therefore, here we
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focus only on the rate-limiting TSs for H'GAG decompositions. Starting from the [O!']-ctgttttt
GM, the energized H'GGA molecules undergo rearrangement that transfers the proton to N, at
which point it passes through TS([N*]-ctgctgtt{O*C~N?}), shown in Figure 3. The peptide bond
between O?C and N3 is cleaved simultaneously as the O!'-CO? bond of the oxazolone ring is
formed. TS[N3]-ctgetgtt{O’C~N?} lies below the lowest energy product asymptote, [ba]*
(H'AMOXx) + A, by 37 — 63 kJ/mol, with [y; + 2H]" (H'A) + AMOx products another 6 — 12
kJ/mol higher, Figure 3. Thus, the formation of [b>]" and [y + 2H]" ions is limited by the energies
of the separated products, i.e., they have loose TSs. This conclusion is consistent with the large
cross sections observed for both [b2]" and [y + 2H]", Figure 1. Formation of [b2]" + A is calculated
to lie 157 — 179 kJ/mol above the GM and [y + 2H]" + AMOx is 169 — 190 kJ/mol above the GM,

Supporting Table S2.

Further dissociation of [by] " to [az]*

The mechanism for dissociation of H'AMOx ([b2]") by decarbonylation to form [a2]" has
been detailed previously.>? This reaction passes over a TTS, TS(H' AMOx[N?]-c{OC~O}) (also
located by Siu and co-workers),?’ lying 126 — 138 kJ/mol above the [b2]" product and 289 - 315
kJ/mol above the HHGGA GM. A second similar TTS, TS(H'AMOX[N']-c{OC~0}), lies 20 — 24
kJ/mol higher than the [N?] analogue, Table S3. These form an acyclic C3H7N>O" [a2]" product
ion and CO. This acyclic product can cyclize to a lower energy form, but this requires passing over
a barrier higher than TS(H'AMOXx[N?]-c{OC~0}), a mechanism explored by Siu and co-

workers.?’

Further dissociation of [y; + 2H] " to CHsCHNH:" (m/z 44)

The [y1 + 2H]" (H'A) product can further dissociate by loss of HO + CO to form
CH3;CHNH," (m/z 44) in reaction 7. Starting from [y; + 2H]" (H'A), water loss occurs via
TS(IN3-0%]-c{CC~0O*H,}), Figure 3. This process involves the transfer of a proton from [N°] to

[0%] and a concerted cleavage of the CC-O*Hz bond resulting in water formation. The resulting
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intermediate (CH;CHNH2CO[N?*]-c)(H2Onn), Table S2, in which the water oxygen bonds to the
amine hydrogen, undergoes further loss of CO via TS(CH3;CHNH2CO[N?]-¢ {C~CO?})(H20mn),
which involves cleavage of the C-CO® bond, Figure 3 and Table S3. The tight TS([N*-O%]-
c{CC~O*Ha}) lies 310 — 336 kJ/mol above the GM and 9 — 29 kJ/mol above (9 kJ/mol below at
M06-2X) the TS for CO loss. The products CH;CHNH," (m/z 44) + H,O + CO + AMOX, are
calculated to lie 27 — 57 kJ/mol below the rate-limiting TS and 84 — 114 kJ/mol above the [y; +
2H]" (H'A) + AMOXx products. Thus, the formation of CH3CHNH: " (m/z 44) + CO + H2O + AMOx
is limited by the TTS for water loss from H'A, TS([N*-O*]-c{CC~O*Hz}).

[y2+ 2H]"/[a;]" Formation

Primary dissociation of H'GGA to [y2 + 2H]" (H'GA) + CO + CH,NH (reaction 4) and
[a1]" (CH2NH2") + CO + GA (reaction 5a) must involve transfer of the mobile proton to the N?
amide nitrogen and subsequent loss of CO. We found three TSs for this decarbonylation reaction
(Supporting Figure S2): TS([N?]-ttgttttt {N!C~CO!'~N?C}), Figure 3, is the lowest of these at all
levels of theory, along with TS(IN?]-ctgttttt{N!C~CO'~N?C}) and TS([N?]-
cgcttttt {N'C~CO'~N?C}). These three TSs have very similar energies of 166 — 177, 168 — 181,
and 169 — 181 kJ/mol above the GM, respectively, Supporting Table S3. These TSs differ from
each other only in the spatial arrangement of the incipient immonium ion. We also tried to find a
pathway that involves direct dissociation to [y2+2H]" and [a;]" ions and not a sequential
dissociation via CO loss but were unable to do so. The TSs found here are analogous to the ones
found for the loss of CO from H'GG,*” H'GGG,'° H'GAG,!' and H'AGG.*®

This decarbonylation reaction forms the proton-bound dimer (CH.NH)H(GA), which
easily dissociates to form either [y2 + 2H]" (H"GA) + CH>NH in reaction 4 or [a;]" (CH:2NH2") +
GA in reaction 5a, Figure 3. Both of these channels are limited by their separated product energies,
which is consistent with the large cross sections observed for these channels, Figure 1. Formation
of [y2 + 2H]" + CH,NH + CO is found to be 5 — 33 kJ/mol above the rate-limiting TSs, whereas

[a1]" + GA + CO lies 64 — 96 kJ/mol above the rate-limiting TSs and 56 — 72 kJ/mol above the
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competing [y> + 2H]" channel, Tables S2 and S3. These two reactions compete directly because
the proton is shared between the two molecules at their favored protonation sites.

In the previous work on H'GGG and H'GAG,'*!! the initial decarbonylation reaction also
yielded a subsequent product corresponding to combined CO + NH3 loss. These channels pass
over a TTS and hence yield small cross sections. In the present system, the analogous channel is
apparently sufficiently inefficient that the product ion at m/z 159 could not be resolved from the

m/z 158 product, [a3]".

Further dissociation of [y> + 2H] " to [y: + 2H] " uE

The [y2 + 2H]" product can further dissociate to [y + 2H]" (H'A) in reaction 2b via a TTS,
TS(IN?]-tt {N>*C~CO>*~N>3C}), Figure 3, which involves a concerted cleavage of the N?C-CO? and
O’C-N>C bonds, resulting in the loss of CO and CH,NH. This TS lies 328 — 369 kJ/mol above the
GM and 161 — 192 kJ/mol above the TTS for CO loss that leads to [y2 + 2H]" formation, Supporting
Table S3. Formation of [y; + 2H] 'ue (H'A) + 2CO + 2CH,NH is calculated to lie 12 — 39 kJ/mol
above TS([N*]-tt{N*C~CO*~N>C}), 167 — 193 kJ/mol above the [y> + 2H]" + CO + CH,NH
products, and 171 — 212 kJ/mol above the [y + 2H]" + AMOx products. Thus the formation of [y
+ 2H] uE is limited by its product energies at all levels of theory, which is consistent with its large
cross section (Figure 1). The formation of [y + 2H]'ne competes with formation of [a;]
(CH2NH:") in reaction 5b. This product channel lies 49 — 76 kJ/mol above the TTS and 33 — 46
kJ/mol above the competing [y1 + 2H] ue product, Tables S2 and S3. Thus, its cross section is
likely to be smaller than that for [y + 2H] ug, which suggests reaction 5a dominates the production

of [ai]" in Figure 1.

[b3]" Formation (Loss of Water from HGGA)
Loss of water from H"GGA can occur via a mechanism similar to that found for H'GGG
and H'GAG ! This occurs by transfer of a proton to the C-terminal hydroxyl group, O*H, and

subsequent ring formation over the rate-limiting tight TS([O!'-O*]-ctgtt{C~O*H}), Figure 3. This
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TTS lies 103 — 128 kJ/mol above the GM, and forms a complex of water and protonated 2-
glycylaminomethyl-(4-methyl-5-oxazolone), HHGAMMOX[N?], which lies 71— 87 kJ/mol above
the GM and 29 — 44 kJ/mol below the TTS, Tables S2 and S3. This complex,
(H' GAMMOX[N?]-ctgtt)(H2Oco1-no.cn-on), where the water hydrogen bonds to O'C and the
methyl group, can lose water via a loose TS to form the final products, Figure 3, which lie 97 —
117 kJ/mol above the GM and 5 — 25 kJ/mol below the TTS. Even though calculations indicate
that water loss is lower in energy than [bz]" formation by 60 — 78 kJ/mol, because the [bs]" channel
is limited by a TTS, it does not compete effectively with the pathways having loose TSs, explaining
its small cross section in Figure 1.

We had also located alternative pathways for water loss in the H'GGG and H'GAG studies
10-11 "The analogous TS for H'GGA occurs by transfer of a proton from the N? nitrogen to the
terminal hydroxyl group via TS(IN?-O*]-(tg)tg(tg){C~O*H}), Supporting Figure S2. The
constrained head-to-tail cyclic geometry of this TS not only raises its energy (189 — 218 kJ/mol
above GM and 78 — 95 kJ/mol above TS[O"-O*]) but also makes it entropically less favored.

The [b3]" fragment ion can also be a nine-membered ring structure, as located for other
peptides,'® *° but this [bs]" product was found to be much higher in energy (by 90 kJ/mol for
H'AAAAR, and 69 — 85 kJ/mol for H'GGG) than the non-cyclic [bs]" oxazolone product in these

studies. Thus, we have not investigated this pathway further here.

Further dissociation of [b3] " to [a3]*

Decomposition of [b3]" to lose CO can occur in the presence and absence of the water
product, where the former is lower in energy. In the H'GGG study, we found that although loss of
CO from [b3]" in the presence of water is energetically favored, the TS for this process is well
above the loose TS associated with the [b3]" + H20 products. Thus, the decomposition of [b3]" to
[a3]" should occur after water is lost and therefore, the pathway in which water is retained has not
been examined here. Decarbonylation of [b3]" to form the [a3]" + CO products is limited by

TS(H' GAMMOX[N?]-ctg(cg) {C~CO?}), Figure 3, which lies 218 — 243 kJ/mol above the GM and
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53 — 70 kJ/mol above the products, GGNHCHCH;[N*]"-ctgg + H,O + CO (Figure 3 and Tables
S2 and S3). Here, the small magnitude of [a3]" (Figure 1) is mainly determined by the cross section
of its precursor, [bs]". Similar to the findings of this study and that for HGGG '°, Allen et al. found
that formation of [a3]" from H'AAAAR was limited by a TTS and produced an acyclic imine
formed by decarbonylation of the [bs]'ring.*> They also found that this species could readily
undergo further decomposition to yield [b>]" + CH3CH=NH. This latter process would not be
observed here because of the already large [bz2]" ion signal from reaction 1.

In the H'GGG and H'GAG studies,'!! we had also explored the cyclization of the [a3]"
ion and found that the rate-limiting TS for cyclization was above the rate-limiting TS of the
decarbonylation step. Thus, the acyclic [a3]* product, GGNHCHCH3*[N?], should be formed at the
experimental threshold; however, cyclization may occur at higher energies, although it is an
entropically disfavored process. As a result, the cyclization pathway of the [a3]" product from

H"GGA was not explicitly examined.

Analysis of Primary Dissociation Channels

Scheme 1 outlines the relationships between reactions 1 - 8 on the basis of the reaction
mechanisms calculated here and previous work.>? The primary dissociations from H*GGA are the
formation of [bz]" in reaction 1, production of [y; + 2H]" in reaction 2a, loss of water to form [bs]"
in reaction 3, and loss of CO, which rapidly leads to the formation of [y> + 2H]" in reaction 4, and
[a1]" in reaction 5a. Formations of [b2]" and [y; + 2H]" are limited by the asymptotic energy of
their products, whereas the formation of [bs]" and loss of CO are limited by TTSs, TS([O'"-0%]-
ctgtt{C~O*H}) and TS([N?]-ttgttttt {N'C~CO'~N>C}), respectively. For the two channels initiated
by CO loss over TS([N?]-ttgttttt {N'C~CO'~N>C}), formation of [y> + 2H]" and [ai]" products lie
at higher energies and thus have loose TSs. The loose TSs of [b2]", [y1 + 2H]", [y2 + 2H]", and
[a1]" are consistent with the relatively large magnitudes of their cross sections, whereas the TTS
of [b3]" is consistent with its small cross section in Figure 1. As mentioned earlier, the primary

product for CO loss (m/z 176) was not observed, which given the mechanisms elucidated above,
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implies that the CO loss product decomposes rapidly when the thresholds for its subsequent
decompositions are reached. Because loss of CO over a TTS competes with the loose TS for the
dominant [bz]" and [y1 + 2H]" products at a similar energy, the m/z 176 cross section apparently
never reaches an appreciable magnitude until after this intermediate can begin to dissociate further.
This conclusion is similar to those reached in our previous studies with H'GGG and H'GAG.!'%!!
These interrelated processes have been analyzed by summing the cross sections of the
sequential channels with their precursor channels to form composite channels: m/z 115 + m/z 87
([b2]" + [a2]" = [b2] "tot), m/z 90 + m/z 44 ([y1 + 2H]" + CH3CHNH" = [y1 + 2H]"o1), m/z 147 + m/z
90 ([y2 + 2H]" + [y1 + 2H]"sE = [y2 + 2H] 10t), and m/z 186 + m/z 158 ([bs]" + [a3]" = [b3] wt). The
[y1 + 2H] uE cross section was isolated by subtracting the model for the low-energy (LE) portion
of [y + 2H]" from the total [y: + 2H]" cross section. In all cases, the composite cross sections
change smoothly with energy, consistent with the assigned sequential dissociations.
Zero-pressure extrapolated cross sections (rigorously single collision conditions) were
analyzed only for the four major primary product channels: [b2] ot, [y1 + 2H] tot, [y2 + 2H] 01, and
[a1]". The smaller cross section of the [b3]" product could not be extrapolated to zero-pressure
conditions with accuracy and was therefore analyzed using a data set taken at a medium pressure
of Xe. In either case, the cross sections of the four major primary channels were modeled
competitively using Supporting Eq. S1 assuming the DFT GM structure for H*GGA, [O'']-ctgttttt.
The shape of the large [b2] ot cross section defines the n parameter in Eq. S1, which also means
that the [b2] ot threshold energy is the most accurately determined threshold energy. The model
for the medium-pressure data set and all five primary products is shown in Figure 4. Table 1 lists
optimized parameters of Eq. S1 for both zero and medium-pressure data sets. Thresholds obtained
at medium pressure, e.g., that for the [b3]" product, were corrected for pressure effects as discussed
in the Supporting Information. In all cases, the zero-pressure thresholds are estimated by adding
0.29 + 0.04 eV to the medium-pressure threshold, the average shift observed for the four major
primary channels with zero-pressure cross sections that could be directly modeled. This procedure

yielded 0 K threshold energies for the zero-pressure extrapolated data for the five primary
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processes of 1.91 + 0.05 [b2]", 1.88 + 0.06 [y: + 2H]", 1.57 + 0.06 [bs]", 2.31 + 0.05 [y2 + 2H]",
and 2.67 + 0.05 eV [ai]". All of these competitive products were also analyzed assuming that the
reaction begins at the MP2 GM of H'GGA, [N']-ttggtgtt. This change resulted in an upward shift
in all thresholds of only 0.03 eV. Our best set of threshold energies is the average of these two
interpretations with uncertainties that include these deviations, as reported in Table 2.

As discussed in the Supporting Information, analysis of the [y2 + 2H] ot and [ai]" cross
sections is not straightforward because theory indicates that these two channels result from
sequential decompositions from a product ion formed by CO loss, which was not observed, Figure
1. This led us to analyze these two cross sections using two models: TpLpLp and TpLsLs, where T
(tight) and L (loose) list the TSs used for CO loss, [y2 + 2H]", and [ai]", respectively, and the
subscripts indicate treatment as a primary (P) or secondary (S) reaction. Details of the analysis
using the TpLsLs model (which requires extensive frequency scaling) can be found in the
Supporting Information, because the discussion there indicates that the best analysis of the [y2 +
2H]" and [a1]" products is obtained by the TpLpLp approach. Indeed, the TpLpLp model reproduces
the five competing cross sections well, reproducing all the cross sections to about 5 eV, Figure 4.
A similar conclusion was reached in our previous studies of H'GGG and H'GAG.!%!! Treating
the formation of [y> + 2H]" and [a1]" as primary products (TpLpLp) may shift the thresholds
upwards somewhat because the possibility that the initial CO product takes away energy is not
accounted for and the dissociation is treated as occurring to one ion and one neutral (taken to be a
loose complex of the two neutral species). In our previous analogous studies, reasonable
thermochemistry was still obtained from this model although these two thresholds are
conservatively listed as upper limits here.

As shown in Figure 4, the TpLpLp model fits the [b2]" and [a;]" cross-sections well without
the use of any cross section scaling factors. In order to reproduce the [y1 + 2H] ot and [y2 + 2H] ot
cross sections, their PSL frequencies below 900 cm ™! needed to be scaled by 1.10 + 0.01 and 1.29
+0.01, respectively, which indicates a tighter TS than calculated. For [y2 + 2H] ", this scaling can

be attributed to the inability to properly treat the initial CO loss, which is inhibited by a TTS. For
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the [y1 + 2H]" cross section, this scaling is needed in order to properly capture the decline in the
cross section above its peak near 2.5 €V, a consequence of competition with the [b2]" product ion.
In order to accurately reproduce reaction 3 forming [bs3]" in the competitive modeling, Figure 4,
the TTS frequencies below 900 cm ™' needed to be scaled by 0.77 + 0.01. The need for this modest
scaling of the vibrational frequencies indicates that the TTS for [bs]" is looser than suggested by
theory, as similarly found for H'GGG (0.79 + 0.01) and H'GAG (0.70 £ 0.02).!%!! Even with this
scaling, the [b3]" cross section is not reproduced with complete fidelity, which probably indicates
that competition with other channels, both at threshold and higher energies, is not accurately

modeled.

Analysis of Secondary Dissociation Channels

Once the fitting parameters for the five primary channels were determined, sequential
dissociation channels of [a2]" from [bz2]", [y1 + 2H] ue from [y2 + 2H]", m/z 44 ([y1 +2H — CO —
H>O]") from [y: + 2H]", and [a3]" from [bs3]" in reactions 6, 2b, 7, and 8 were analyzed. In all of
these sequential analyses, threshold energies of all five competing primary channels were the same
as those obtained when the secondary channels were not included.

The dissociation of the [bz]" ion to form [a;]" in reaction 6 occurs by the TTS,
TS(H'AMOX[N?]-c {OC~0}), as previously calculated by Armentrout and Clark®? and similar to

1.>7 This analysis required scaling of the [a2]" cross section

that outlined previously by El Aribi et a
(compare oo values in Table 1), which is similar to the [a2]" analysis in the H'GGG and H'GAG
studies,'*!! Figure 5a. The need for scaling in these three peptide systems differs from Armentrout
and Clark’s 3? analysis of the primary [b2]" — [a2]" process where no scaling was required. This
discrepancy indicates that the statistical assumptions used to estimate energy deposition for the
sequential process may not be completely accurate. The sequential dissociation model reproduces
the entire [a2]" cross section as well as the decline in the [b2]" cross section, Figure 5a. We find the

threshold energy of the [a>]" product when formed in reaction 6 is 3.24 + 0.09 eV at medium

pressure (Table 1). This threshold lies 1.59 + 0.13 eV above the threshold for [b2]", in excellent
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agreement with the threshold energy of 1.57 +0.12 eV measured for direct dissociation of the [ba]"
reactant ion to [a2]” by Armentrout and Clark.3?

The dissociation of [y> + 2H]" (m/z 147) to form [y1 + 2H] uE (m/z 90) in reaction 2b occurs
via a PSL TS. Here the sequential dissociation of [y2 + 2H]" to [y: + 2H] e required slight scaling
of the [y1 + 2H] 1 cross section and reproduces the [y + 2H] ue cross section up to ~ 6.5 eV,
Figure 5b, yielding a threshold energy of 4.91 + 0.08 eV at medium pressure. This threshold lies
2.93 + 0.11 eV above the threshold of [y> + 2H]". We also analyzed the [y1 + 2H] ue (m/z 90)
using the TTS, ([N°]-tt{N2C~CO?~N>C}), because even though the TTS is calculated to lie 12 —
39 kJ/mol below the [y + 2H]" + 2 CO + 2 CH,NH asymptote, it may be close enough in energy
that it controls this pathway. This approach results in a much larger kinetic shift and a threshold
energy of4.19 = 0.12 eV at medium pressure, which lies 2.21 + 0.14 eV above the threshold of [y
+ 2H]". This analysis yields a model virtually identical to that shown in Figure 5b. As for the [y2
+ 2H]" product, these thresholds are considered upper limits because they do not account for
energy removed by the initial decarbonylation.

The dissociation of [y1 + 2H]" to form m/z 44 in reaction 7 occurs via the tight TS([N*-O*]-
c{CC~O*H}). This sequential dissociation analysis reproduced the low-energy portion (up to ~
5.5 eV) of the m/z 44 cross section requiring slight scaling of its cross section scaling, Figure Sc,
yielding a threshold energy of 2.78 + 0.05 eV at medium pressure. At higher energies (above ~5.5
eV), the m/z 44 cross section can also be formed from decomposition of [y; + 2H]" ue. Because
this process is a third-order dissociation, it cannot be analyzed currently because it is difficult to
define all energy distributions (internal and translational for all products) for such high-order
dissociations.

The dissociation of [b3]* to form [a3]" in reaction 8 takes place by loss of CO. Similar to
its [bs]" precursor, the [a3]" fragment has weak intensity, which leads to zero-pressure extrapolated
cross sections that were of insufficient quality to model with confidence. Therefore, we have
analyzed the [a3]" cross section acquired at medium pressure of xenon to obtain a threshold of 2.19

+0.04 eV. The [a3]" cross section was analyzed as a sequential product of [bs]" while still retaining
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the competition with the five primary channels and required slight scaling of its cross section,
Figure 5d. Fitting parameters of this channel obtained from the analysis of medium-pressure data

are listed in Table 1.

Comparison between Theoretical and Experimental Energetics

Figures 4 and 5a-d show that the experimental cross sections for reactions 1 — 8 can be
reproduced well by Supporting Egs. S1, S3a, and S3b over a wide range of energies (up to 4 —6
eV) and over two orders of magnitude in cross section. As further validation of the reaction
mechanisms and energetics, we also compare the experimental threshold energies to calculated
threshold energies. These comparisons are shown in Table 2 and Figure 6. When only the five
primary products are considered, mean absolute deviations (MADs) between theory and
experiment range between 13 and 27 kJ/mol for all four levels of theory, comparable to 10 — 21
for H'GAG and 6 — 14 for H'GGG.!*!! Among the primary products, the largest deviations are
those for reactions 3 ([bs]") and 4 ([y2 + 2H]"), where theory underestimates the threshold energies
by 25 — 50 and 19 — 51 kJ/mol, respectively. As noted above, our modeling for reaction 4
([y2 + 2H]") is speculative because theory indicates its formation involves dissociation to three
molecular species (one ion and two neutrals), whereas our best modeling assumes [y> + 2H]" is
formed as a primary product (TpLpLp model). This modeling approach may overestimate the true
threshold energy because competition between the other primary products and the TTS for CO
loss is not adequately represented. In fact, the deviations obtained for [y2 + 2H]" are similar to
those obtained for the analogous product from H'GGG (13 — 46 kJ/mol) '° and H'GAG (9 — 45
kJ/mol) ! where the same issue in analysis was encountered. For the [bs3]* cross section, analysis
is made challenging by the fact it has the smallest cross section. If only thresholds for [b2]", [y1 +
2H]", and [ai]" are considered, the MADs drop to 18 + 9 (B3LYP), 6 + 2 (B3LYP-D3), 8 £ 7
(MP2), and 6 + 3 (M06-2X) kJ/mol.

For the [a;]" secondary product, the threshold obtained here lies within experimental

uncertainty of two previous measurements, Table 2. The most accurate of these comes from the
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direct examination of the decomposition of [b2]" to [a2]” by Armentrout and Clark.>? These
experimental values are in reasonable agreement with most levels of theory except MP2 and
particularly B3LYP are somewhat low. This is also true for thresholds predicted for the [a3]"
secondary product. For [y1 + 2H] uE, all levels of theory are consistent with the upper limits
determined experimentally for this secondary channel. The experimental threshold for the
CH3CHNH" (m/z 44) secondary product is the only channel where the experimental value is lower
than predicted by theory, and therefore this value agrees best with the B3LYP prediction. If the
thermochemistry for eight fragmentations from H"GGA (excluding the [y1 + 2H]"ue channel) is
considered, the MADs increase slightly to 17 — 27 kJ/mol (Table 2). This overall comparison is
similar to our previous results for HGGG and H'GAG.'!! If the [y, + 2H] uE thresholds are also
included, the MADs increase to 22 — 36 kJ/mol when using the TTS analysis and 27 — 42 kJ/mol
when using the PSL TS analysis, with the measured values agreeing best with the M06-2X
prediction.

Overall, the B3LYP-D3 and M06-2X levels of theory give the best agreement with
experiment, with deviations for MP2 being slightly higher and those for B3LYP being about twice
as high. Thus, reasonable agreement between experiment and theory is obtained for most reaction

channels, which in turn validates the reaction mechanisms described above.

Comparison of H' GGA to H' GGG and H GAG decomposition

Figure 7 compares the absolute cross sections of the total, the primary products, [b2]",
[y + 2H]Y, [y2 + 2H]", [ai]", [b3]", and the secondary product, [a2]" observed in the decomposition
of the three protonated tripeptides, H'GGA (present work), H'GGG,'° and H'GAG,!! obtained on
the same instrument to investigate the effect of the change in the amino acid sequence. As shown
in Figure 7a, the total cross sections of all three tripeptides are very similar, with that for H'GAG
being slightly larger than that for H'GGG and that for H'GGA being slightly smaller. This
behavior tracks with the [b2]" product ion, the dominant primary product with the largest cross

section at low energies for all three tripeptides, Figure 7b. This product is H'AMOx for both
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H'GGA and H' GGG, but methylated, H'AMMOX, for H'GAG. This methylation stabilizes the
formation of [b2]" from H'GAG, such that its threshold energy is 11 + 15 kJ/mol (8 — 12 kJ/mol
according to theory) below that for H'GGG. The threshold for [b2]" from H*GGA is another 15 +
8 kJ/mol higher (4 — 7 kJ/mol, theory), a consequence of the more severe competition with the [y
+ 2H]" product, as evident in Figure 7b. This also explains why the [bz2]" cross section for H'GGA
is smaller than those for H'GGG and H'GAG. For the secondary [a2]" product, Figure 7b, the cross
section from H"GAG is larger because it has a larger precursor [b2]" cross section and a lower
threshold (by 54 + 10 kJ/mol) than that for H'GGG. This is because both the [b2]" and subsequent
[a2]" product ions are methylated. In contrast, the [a2]" cross section is slightly smaller for HFGGA
compared to H'GGG, which mainly reflects the differences in the magnitude of the [bz]" precursor
cross section, as the threshold energy of [a2]" is same for both H'GGG and H"GGA because the
[b2]" (H"AMOX) precursor is the same for these two tripeptides.

Methylation in H'GGA stabilizes the [y; + 2H]" product, H'A, compared to the [y; + 2H]"
(H'G) product from H'GGG and H'GAG. Indeed, alanine has a higher proton affinity (894.5 —
902.4 kJ/mol compared to glycine (880.7 — 886.6 kJ/mol).**>° These expectations are in agreement
with a lower threshold energy for [y1 + 2H]" from H'GGA by 9 + 12 (15 — 36 theory) and 1 £ 9 (7
— 13 theory) kJ/mol compared to H'GAG and H'GGG, respectively. Indeed, these trends in
threshold energies explain the large change in cross section magnitudes for the [y; + 2H]" product.

As shown in Figure 7c, the [y2 + 2H]" products of the three peptides vary somewhat in
magnitude and apparent threshold with H'GG from H' GGG being the largest and H'AG from
H*GAG being the smallest. In contrast, analyses of these data indicates that they all have similar
thresholds within 11 + 17 kJ/mol, in agreement with theory, which places them within 5 — 8 kJ/mol
of one another. Thus, most of the variation can be attributed to competition of the primary [y2 +
2H]" product with [b2]" and [y1 + 2H]". This variation in magnitude also influences the
[y1 + 2H] uE product, which is formed in both H'GGA and H'GGG, leading to the second feature
at high energies, Figure 7b. In both systems, the primary [y2 + 2H]" product decomposes by loss

of CO and CH,NH to yield [y; + 2H] ue. Because the cross section of the precursor [y2 + 2H]" is
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smaller in H'GGA compared to H' GGG, the absolute cross section of the [y + 2H] uE is also
smaller. The high-energy feature in H'GGG is clearly much more obvious in the H'GGG system
because of the small size of the primary [y1 + 2H]" cross section. In the H'GAG system, the [y2 +
2H]" product also decomposes at higher energies via an analogous process, but now the favored
product channel is CH3CHNH:" (m/z 44) + CO + G, rather than CH3;CHNH + CO + [y; + 2H]"
(H'G).

Competition of [a;]" with [y2 + 2H]" is expected to influence its absolute cross section and
energetics. In fact, the [a;]" products of all three tripeptides follow the same trend as the [y2 + 2H]"
products. The increase from H'GGA to H'GGG is consistent with an increase in the threshold
energy by 11 + 9 (4 theory) kJ/mol. Also following the [y> + 2H]" trend, the H'GGA [ai]" has a
slightly larger cross section than the H'GAG system.

Methylation also has an effect on the cross section and energetics of the water loss product,
[b3]". Here, the methyl group on the C-terminal residue in H'GGA has a more pronounced affect
than methylation of the middle residue in H'GAG as we find that the [bs]" H'GAMMOX product
from H'GGA has a larger cross section than the comparable product from H'GAG and H"GGG.
This can be attributed to the higher threshold for [b2]" in H'GGA, which permits the lower energy
[b3]" formation to compete more effectively than in the other two systems. Oddly, despite having
a larger cross section, the threshold energy measured here for [bs]" is shifted to higher energies,
17 + 11 kJ/mol and 6 + 13 kJ/mol higher than H'GGG and H'GAG, respectively. This contrasts
with theoretical predictions that lower the H'GGA [bs]" threshold energy by 11 + 3 kJ/mol and 8
+ 1 kJ/mol compared to H'GAG and H'GGG, respectively. As noted above, the [b3]" threshold
energy for H'GGA from theory does not agree well with the experimental value (Figure 6),
whereas agreement was reasonable in the other two tripeptides. Further, the modeling of this cross
section (Figure 4) is not as robust as for the other product channels, suggesting that the formation

of [b3]" and its competition with the other channels is not described as well as desired.

Conclusions
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In the present study, the decomposition of protonated GGA is examined by measuring its
kinetic-energy dependent collision-induced dissociation with Xe in a GIBMS. Analyses of the
TCID cross sections yield 0 K threshold energies of five primary products: [b2]", [y1 + 2H], [y2 +
2H], [a1], [b3]", and four sequential products: [a2]", [a3]", [y1 + 2H] e, and CH3CHNH," (m/z
44) after accounting for effects of reactant internal energy, multiple collisions with Xe, lifetime
effects, competition among channels, and sequential dissociations. We find that these experimental
threshold energies compare well with the theoretical threshold energies predicted at the B3LYP-
D3 and M06-2X levels, consistent with our previous findings for H'GAG and H"GGA. Moreover

+

the threshold energy of the sequential product, [az]" is consistent with its threshold energy
measured previously in our lab.!® 3 Good agreement with theory also validates the reaction
mechanisms described above.

The present study not only demonstrates the ability to obtain accurate thermodynamic
information but also the ability to investigate the effect of a systematic change in the sequence of
the tripeptide. The threshold energies of the products from H'GGA were compared to those
common with H'GGG and H'GAG, to examine the effect of the slight change in the amino acid
sequence. Methylation at the C-terminal amino acid, alanine in H'GGA, has a pronounced effect
on the two primary products: [b2]" and [y +2H]", suppressing the cross section of the [b2]" channel
and increasing its threshold energy. For [y1 + 2H]" (H'A), methylation enhances the cross section
of this product while reducing its threshold energy. Methylation also affects the water loss product,
[b3]" HHGAMMOX, yielding a larger cross section than its analogue from H'GGG and H'GAG.
Overall, the present study shows that methylation has a noticeable effect on the decomposition of
these simple tripeptides.

The present work can also be viewed in a broader perspective. The models shown in
Figures 4 and 5 are predictions of the mass spectrum for H'GGA over a range of excitation
conditions. Thus, this work and its predecessors regarding H'GGG,'® H'GAG,!' and H'GPA*!
show that accurate predictions of the mass spectrum for decomposition of small peptides can be

realized. Further, the level of theory that can yield the most quantitatively valid predictions, here
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MO06-2X and B3LYP-GD3BJ with triple zeta basis sets, is validated and allows extension to larger
peptides having with more complicated side chains. In this regard, our TCID approach coupled
with IRMPD has been used to systematically explore the deamidation of protonated AspGly,’!
AspAla,>? AspVal,?® AspSer,>* and AspThr,”> where deamidation of asparaginyl residues in
proteins is a process believed to be associated with aging. Although as yet undemonstrated, the
authors believe that systems as large as a hexapeptide are probably amenable to the detailed
treatment found here, although eventually, the increasing size will lead to kinetic shifts that limit

the accuracy of the thermodynamic information that can be gleaned.
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Table 1: Fitting parameters of Equations S1, S3a, and S3b, threshold energies at 0 K, and entropies of activation at 1000 K for the

decomposition of H'GGA®

Reaction - products TSP G0 n Eo(eV) AS1000"
(J/K mol)®
1 [b]" (H'AMOX) + A PSL 18.6 £ 1.0 0.8+ 0.1  1.91 % 0.05 88 + 5
12.7 £ 1.1 12 £ 0.1 1.66 = 0.05 89 + 5
2a [yi +2H]" (H'A) + AMOx PSL 18.6 £ 1.0 0801  1.88 £ 0.06° 63+ 6
12.7 £ 1.1 12 £ 0.1 1.63 = 0.05¢ 64 + 6
4 [y2+2H]" (H'GA)+CO+CHaNH PSL 18.6 = 1.0 08+ 01 <231£0.05 135+£5
12.7 £ 1.1 12+01 <198+0.05¢ 125+6
5a [a1]" (CH:NH2") CO + GA PSL 18.6 = 1.0 0801 2.67 % 0.05 181 £ 5
12.7 + 1.1 1201  235=*0.05 182 + 5
3 [b3]" (HHGAMMOX) + H,0 TS[O"-0%] 127 = 1.1 1.2 +0.2 1.29 =+ 0.04¢ 55+ 2
6 [a2]" ([b2]"— CO) [b2]" (PSL) > TS(H'AMOx) 727 £ 132 12 +0.1  3.24+0.09 42+ 1
2b [y1 + 2H] ue (H'A) [y2+2H]"(PSL) - TS[N°]-tt  62.8+11.8 12+0.1 <4.19+0.12 46 + 1
[y2+2H]" (PSL) — PSL 80.6 + 14.9 12+0.1 <491 +0.08 163 +5
7 m/z 44 (CH;CHNH,") [y1 + 2H]" = TS[N*-0*]-c 35.1+1.1 1.2 £ 0.1 2.78 £ 0.05 61+1
8 [a3]" ([b3]"— CO) [bs]" — TS(H'GAMMOX) 21.6+4.7 1.2+0.1 2.19 +0.04 34+ 1

In all cases, competition among [b2]", [y1 + 2H]", [y2 + 2H], [a1]", and [bs]" were included in the modeling. Values in bold indicate
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analysis of zero-pressure extrapolated data and normal font indicate analysis of medium-pressure data using the TpLpLp model. ® PSL
= phase space limit. TS[O"-0%] = TS([O'-0*]-ctgtt{C~0*H}), TS(H'AMOXx) = TS(H"AMOX[N?]-c{OC~0}) *2, TS[N?]-tt = TS([N*]-
tt{N2C~CO*~N3C}), TS[N?-0*]-c = TS([N3-0*]-c{CC~0*H}), and TS(H'GAMMOx) = TS(H'GAMMOX[N?]-ctg(cg) {C~CO?}). An
arrow indicates a sequential process with the indicated TSs for the initial and sequential steps. © Value when PSL TS frequencies below
900 cm™! of the [y + 2H]" product in TpLpLp model are scaled by 1.1 in both medium-pressure and zero-pressure extrapolated data. ¢
Value when PSL TS frequencies below 900 cm™! of the [y2 + 2H]" product in TpLpLp model are scaled by 1.29 in the medium-pressure
data and 1.22 zero-pressure extrapolated data. ¢ Value when TTS frequencies below 900 cm™ of the [bs]" product are scaled by 0.77 in

medium pressure data.
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Table 2: Comparison of experimental and theoretical reaction energies (kJ/mol) at 0 K for decomposition of H'GGA

Products Transition state? Experiment® Theory*
this work  literature! B3LYP B3LYP-D3  MP2 MO06-2X

[b2]" (H'AMOX) + G PSL 186 £5 157 178 176 177

[y: +2H]" (H'A) + AMOx PSL 182+6 169 190 182 186
[bs]" (HHGAMMOXx) + H,O TS[O'"-0%] 153+6 123 112 103 128
[y>+2H]" (H'GA) + CO+CH,NH PSL <224+5 173 205 185 200
[a1]” (CH:2NH2) + CO + AG PSL <258+5 245 262 245 263
[a2]"+CO+ G [b2]" = TS(H'AMOXx) 341+10 327 +6¢ 289 311 302 315

322 +£13°
[y + 2H]"se + 2CH,NH + 2CO [y2+2H]" —> PSL <5039 340 393 369 398
[y2+2H]" — TS [N*]-tt <433+12

m/z 44 CH;CH=NH," [y1 +2H]" — TS[N*-O%] 296 +7 310 333 317 336
[as]"+ CO + H2O [b3]" > TS(H'GAMMOK) 240+ 6 222 229 218 243
MADf 27+16 16+15 22 +21 13+10
MAD# 27+16 2015 24 +17 17+ 14

"PSL = phase space limit. TS[0"-0"] = TS([0"-O"J-ctgtt{C~O"H}), TS(H'AMOxX) = TS(H AMOX[N']-c{OC~O}) *, TSIN'J-it =

TS(IN*]-tt {N>*C~CO*~N3C}),

TS[N

-0 =

TS(IN*-0*]-c{CC~0*H}),

and TS(H'GAMMOXx)

TS(H' GAMMOX[N?]-

ctg(cg){C~CO?}). ® Experimental values from Table 1 where medium-pressure threshold energies are corrected to approximate single
pressure conditions by adding 0.29 & 0.04 eV and includes deviations from using reactant [N']-ttggtgtt (see text). Values are given for
the TpLpLp model. © Computational results from Tables S2 and S3. Y Ref. *2. ¢ Ref. '°. fMean absolute deviation (MAD) from experimental
energies of all five primary products, 8 MADs from experimental energies for all products except [yi + 2H] 1.
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Figure Captions

Scheme 1. Schematic reaction mechanism for H'GGA decomposition.

Figure 1. Cross sections for collision-induced dissociation of H'GGA (m/z 204) with xenon at 0.1
mTorr as a function of kinetic energy in the center-of-mass (CM) frame (lower x-axis) and
laboratory frame (Lab) (upper x-axis). Products are identified by their mass-to-charge ratio and
the all explicit nomenclature for fragment ions. Open symbols show the primary products and
closed symbols show the products formed by sequential dissociation using the same symbol and

color. The solid line shows the total cross section.

Figure 2. H'GGA conformers, [O!Y]-ctgttttt, [O']-ctgttgtt, [N']-ttggtgtt, (with trans peptide
bonds), [N']-tcgctgtt, [N']-gcgttgtt, and [N']-gegtttttt (with one cis peptide bond) with their
relative energies in kJ/mol at B3LYP, B3LYP-D3, MP2, and M06-2X levels of theory. Dashed

lines denote the hydrogen bonds within the conformers.

Figure 3. Key transition states and product ions of H'GGA decomposition with their relative
energies including the energies of the neutrals lost, in kJ/mol at B3LYP, B3LYP-D3, MP2, and

MO06-2X levels of theory. Dashed lines denote breaking and making of bonds.

Figure 4. Competitive modeling of the five primary products: composite cross sections of [b2] ot
[yi + 2H] o1, [y2 + 2H] 01, [a1]", and [b3] tot from CID of H'GGA with Xe using the TpLpLp model.
Symbols show medium-pressure (0.1 mTorr) data for the indicated products as a function of
collision energy in the center-of-mass frame (lower x-axis) and laboratory frame (upper x-axis).
Solid lines show the best fit to the data using the model in Supporting Equation S1 convoluted
over the neutral and ion kinetic energy distributions. Dashed lines show the model cross sections
in the absence of experimental kinetic energy broadening for reactants with internal energies at 0

K.
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Figure 5. Sequential modeling of the (a) [a2]" formed from [b2]", (b) [y: + 2H] uE ion formed from
[y2 + 2H]" via PSL, (¢) m/z 44 from [y; + 2H]", and (d) [a3]" ion formed from [bs]" along with
competitive modeling of the remaining primary ions. Symbols show medium-pressure (0.1 mTorr)
data for the indicated processes between H'GGA and Xe as a function of collision energy in the
center-of-mass frame (lower x-axis) and in the laboratory frame (upper x-axis). The product cross
sections, [a1]"in (a) and (b), [b3]" in (¢), and [y2 + 2H]" in (d) are not shown for purposes of clarity.
Solid lines show the best fit to the data using the models in Equations S1, S3a, and S3b convoluted
over the neutral and ion kinetic energy distributions. Dashed lines show the model cross sections
in the absence of experimental kinetic energy broadening for reactants with internal energies at 0

K.

Figure 6. Comparison of experimental threshold energies for the products shown modeled using
Equations S1 and S3 with B3LYP (red triangles), B3LYP-D3 (blue circles), MP2 (purple squares),
and M06-2X (green triangles) energies taken from Table 2. The diagonal line indicates perfect

agreement between theory and experiment.

Figure 7. Cross sections for major primary and secondary products formed in the CID of H'GGA
(symbols), H'GGG (solid lines) and H'GAG (dashed lines) with xenon as a function of kinetic

energy in the center-of-mass frame (CM, lower x-axis).



33

OH" 0
HZN\)-L NH
NH/ﬁ]/ OH
O CH, H

l/—CHzNHz
0

) NH
HaN W \Hj\OH

O CH3
H*GA (fy2 + 2H]*, m/z 147)

-(G)
0

H*A ([y1 + HJ*, m/z 90)

l-(co + H20)

*GGA (m/z 204)
-CO A -H20
H,N v i
? \ ~_NH H o s
CHy H,N W/ OH ¢ V4 HN/S
H5N W
0] CH3 HZN\/</j\ i HN\/l\ —°
-AMOx (CH2aNH)H*(GA), m/z 176) o~ o ©

H*AMOXx ([b2]*, m/z 115)  C7H12N3O3s* ([bs]*, m/z 186)

-CO
GA l-co l

]

NH==CH, H2N/\/NH\A -
I NHZ—
o} CHs
HN O

C3H7N207 ([az2]*, m/z 87) CesH12N302" ([as]*, m/z 158)

|0

H(CH2N2H)2" ([a2 - COJ*, m/z 59)

-CH2NH

M Scheme 1

CH3CHNH2", m/z44  CH2NH2* (a1, m/z 30)



34

__10.00
(q\]
=
(@)
©
o
< 1.00
(o
O
S
()]
0p)
S 0.10
O
O
0.01

Energy (eV, Lab)

0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0
L L | L L | L | L L | L L | | L
| H'GGA + Xe —
| 204 30 [ag;ooooo o_
: 115 [b,]" 000°°° 3
E oooooooooo c,o° 90 [y1 + 2H] E
’ 8000000 vV vv90g888v ©60000090000000 |
- 147 vv °°°°°e 08898 $385 8'809 s
® [y, +2H]y" . Beee9g0s
3 : v ¢® 87 [ay] vee®
: o0ow ® o® C
] v illg "l-oc‘o“””“‘.‘.“ mzad
- 3" ® _ap "8, i
- ° 186 ’ 158+.’0 Opgno E.. . ;
[@3] 0 oomf _a®
R T A e
. o -
i ° _
i . i
i e0 i
o
T L | L L | I L :
0.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Figure 1



35

0.0, 00 38, 00 7464 97 47 196,69 00,86
[O]-ctgttttt [O1]-ctgtigtt [N1]-ttggtgtt

L B
28 o
9

%

184,43, -1.1,70 257,93,11,39 195,134, 7.5,15.3
[N']-Hcgetgtt [N']-gcagttgtt [N']-gcgttttt

Figure 2



36

Lo d
9
&, @ > @
- - '.' . L .
B'e P ’ s 2450, , 99 %
@ 29 {.' o ® 298
f, s ). o ‘)‘\
H 5 9
J 9
814 757 638,708 1205, 1151, 1105, 123.0 1575 178.4, 1759 1771
TS(IN'-g(cigttttt TS([NJ-ctgctgtt{02C-NaY) [b2]* (H-AMOX) + A [y, + 2H]* (H*A) + AMOx
o “ ‘ J*;J . o d
2
’__“—1. P ¥ e %y a9 -
s e . 4
2, i Jh'.’ 2 9,
9
298.7, 3236, 307.7, 3256 2530, 2961, 2817, 2987 @ 172.8,199.8 185.0, 205.0
TS{CH;CHNH;CO[N?]- CHL.CHNHS* (m/z 44) + 167.3, 166.6, 1748 177.3

[yz + 2H]* (H*GA) + CO
C{C-—CO3}){HEOHN} + AMOX

AMOx +H.O +CO TS([N?JHtgttttt{N'C~CO~N2C})

+ CH,NH
J c o # & ‘-J
4. ' 22 O b f - 2 ‘0.
oa...,; nijg‘,” ’ ﬁ’ j“'/ so f L‘/
o4 3 9

97.5,105.7, 97.8, 117.2 2221, 2282, 218.4, 243.2
[ba]* (H*GAMMOxX[MZ]-ctgtt) TS(H*GAMMOx[NZ]
+H,0 -ctg{cgC~CO)

328.4, 354 4, 3545 368.8 1227 11181034, 1277
TS(N3-t{N2C~CO2~N3C))  TS([O-O4-ctgit{C~O*H})
+CO + CH,NH

169.1, 189.5, 182.2, 186.0 310.0, 332.9, 336.2, 3167

TS([N=-04]-c{CC~0HJ})
+ AMOx

2452 263.0, 2451, 2615
[a,]* (CHoNH,) * + CO + GA

‘3_ & J‘J“
" m;a ’

152.0, 172.7, 165.6, 185.8
[as]* (GGNHCHCH.[N?*-ctgg)
+H,0 +CO

Figure 3



37

2)

Cross Section (1071 cm

10

—

O
—_—

Energy (eV, Lab)

0.0 3.0 6.0 9.0 12.0
1 1 | 1 | 1 1 | 1 1 | 1 1

1 H'GGA + Xe —=

i b1’

) + [ f]otoot 000p©0Oo0 0o O o

§ [yq + 2H] ot 50 - —————— === -

Figure 4




38

Cross Section (10716 cm?)

Cross Section (10716 cm?)

10

N

°
N

10

N

©
N

Energy (eV, Lab)

0.0 3.0 6.0 9.0 12.0
1 1 1 1 1 1 1 1 1 1 1 1 1 1
JH'GGA + Xe —> . F
4 h L
] 1 [
] v | [
1l | 'S
L A DL ALt B L B A BN B BEL BN R L B
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Energy (eV, CM)
Energy (eV, Lab)
0.0 3.0 6.0 9.0 12.0
! ! 1 ! ! 1 ! ! 1 ! ! 1 ! !
3 H'GGA + Xe —= 3
] + C
L . [bZ] tot 0000%0 °o°°c-
] lyq +2H] [
| Iyo + 2HT" oy |
] ] L 1 -
-—_—t—t——7
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Energy (eV, CM)

(d)

Cross Section (10716 cm?)

Cross Section (107'® cm?)

10

N

=
N

10

=
N

0.01

Energy (eV, Lab)

0.0 3.0 6.0 9.0 12.0
1 1 1 1 1 1 1 1 1 1 1 1 1 1
J H'GGA + Xe — i
] [b2]+tot 09000 L
] 1 TR
d +
T ,Iv/[b31 tot
-""I'"'I'"'I'"'I""I""I""I""
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Energy (eV, CM)
Energy (eV, Lab)
0.0 3.0 6.0 9.0 12.0
1 1 1 1 1 1 1 1 1 1 1 1 1 1

EHGGA+Xe9 ol ot o°°°°°°°°892§
1 . L

o

o

a o 1 L

e B L B A e AR
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Energy (eV, CM)

Figure 5



39

Theoretical Energies (kJ/mol)
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Thermodynamics and Reaction Mechanisms for Decomposition of a Simple Protonated

Tripeptide, H'GGA: From H'GGG to H'GAG to H'GGA

A. Mookherjee and P. B. Armentrout™®
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Kinetic energy dependent cross sections for fragmentation of protonated glycylglycylalanine
(GGA) show distinct differences compared with previous work on glycylglycylglycine (GGG) and

glycylalanylglycine (GAG).



