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Abstract

The spontaneous deamidation of asparagine residues plays a significant role in various biological
functions and degenerative, aging diseases. Here, we present a full description of the deamidation
reaction (as well as other key dissociation processes) of protonated asparaginyl-threonine,
[AsnThr+H]", via complementary infrared multiple photon dissociation (IRMPD) ion
spectroscopy, threshold collision-induced dissociation (TCID), and theoretical studies. IRMPD
spectra allow for the clear identification of precursor and product ion structural conformations
when compared to theoretically calculated spectra for likely structures. Analysis of kinetic energy
dependent cross sections measured via TCID with xenon using a guided ion beam tandem mass
spectrometer allows for characterization of the energies involved in the decomposition processes

of interest. Threshold energies are compared to relative single point energies of major reaction



species calculated at B3LYP, B3LYP-GD3BJ, B3P86, and MP2(full) levels of theory, thereby
determining important rate-limiting steps involved in [AsnThr+H]" decomposition. Our studies
confirm the formation of a succinimide intermediate via deamidation of [AsnThr+H]*, an
observation consistent with condensed-phase deamidation analyses. Interestingly, our
spectroscopic results suggest deamidation does not produce furanone isomers even though
theoretical results indicate this pathway (exhibited in gas-phase analyses of similar dipeptide
systems) should be competitive. Dehydration of [AsnThr+H]" is also observed, where theory
suggests that oxazolone and oxazoline formation are competitive at threshold energies, but IRMPD
analyses conclusively confirm the formation of the oxazoline structure. The comprehensive results
presented (in addition to complementary studies discussed herein) allow for a valuable analysis of

C-terminal residue side-chain effects on the deamidation process.

Introduction

Deamidation of asparaginyl (Asn) residues, a spontaneous degradation pathway
influencing a wide range of biologically important functions,[1-4] has been the focus of numerous
experimental [1, 2, 4-11] and theoretical [12-15] studies. Although succinimide (Suc) formation,
followed by hydrolysis to form aspartate (Asp) and iso-aspartate (iso-Asp), is a widely accepted
pathway for protein deamidation, diverse reaction mechanisms have been proposed for these
processes [7, 12, 15, 16]. Because transient succinimide reaction products are difficult to observe
experimentally, ascertaining information about key elementary steps in solution is problematic and
limits the availability of complete reaction mechanisms. Nevertheless, these experimental analyses
have provided valuable information regarding how deamidation rates are affected by primary [1,
17], secondary [18], tertiary [19], and quaternary [20] protein structure. In particular, analyses of
neighboring n+/ residues (where n = Asn) have indicated that the primary protein structure greatly
influences deamidation rates. For example, for n+/ residues of glycine (Gly), alanine (Ala),
threonine (Thr), and valine (Val), deamidation halftimes were found to be 1.2, 25, 47, and 253

days, respectively [1]. Clearly, the enhanced deamidation of —AsnGly— sequences is reasonable



given the absence of steric hindrance and side-chain hydrogen bonding introduced by the glycyl
side chain during succinimide formation. However, the drastically different deamidation rates of
—AsnThr— and —AsnVal- are unexplained on the basis of steric effects alone, suggesting that side-
chain functionality also plays a role in the reaction. This effect could be a consequence of the side-
chain dipole, hydrogen bonding, or both.

Thus, the current work presents a full description of the [AsnThr+H]" deamidation process
using threshold collision-induced dissociation (TCID) carried out in a guided ion beam tandem
mass spectrometer (GIBMS) in order to evaluate the energetics of this process. In addition to
succinimide analogues, alternative cyclic structures (e.g., furanone, Fur) can be formed via
deamidation processes [8-11], an observation not commonly reported in condensed phase media
[3]. Therefore, complementary ion spectroscopy studies via infrared multiple photon dissociation
(IRMPD) have been completed, allowing for the unambiguous structural identification of the
deamidation and dehydration products observed (an aspect for which TCID studies can be less
definitive). IRMPD spectroscopy has proven to be a valuable tool to distinguish isomers,
tautomers, and conformers in the structural determination of precursor and MS" fragment ions
[21-30].

Our groups have previously evaluated the deamidation processes of prototypical asparginyl
dipeptides with n+1 residues of Gly [8], Ala [9, 11], and Val [10], such that the comparison to the
current [AsnThr+H]" system should allow for valuable insight regarding the energetic and
mechanistic contributions of a functionalized side chain to the deamidation processes. In
particular, these previous studies indicated that deamidation of [AsnGly+H]" leads to a Suc
structure at threshold energies, with contribution from the Fur product at higher energies [8].
Deamidation of [AsnAla+H]" follows a bifurcating mechanism resulting in the observation of both
Fur and Suc structures [9, 11], and deamidation of [AsnVal+H]" forms only a Fur structure [10].
On this basis, it is interesting to evaluate the effect of side-chain functionality in the current

[AsnThr+H]" system, as compared to the aliphatic side chains studied previously.



In the present work, both IRMPD and TCID experimental analyses are reported in parallel
with complete quantum-chemical calculations, where key reaction energies are reported at the
B3LYP, B3LYP-GD3BJ, B3P86, and MP2(full) levels of theory. This comprehensive analysis
evaluates the deamidation pathway of [AsnThr+H]", as well as dehydration and other key
dissociation channels. More importantly, the comprehensive analysis of all above-mentioned
systems reveals insight into the deamidation processes in the gas phase, as well as how these results

can be correlated to condensed-phase findings.

Experimental and Computational Section
General Experimental Procedures — IRMPD Spectroscopy

IRMPD spectra of precursor [AsnThr+H]" ions, its [AsnThr+H-NH3]" deamidation
product, its [AsnThr+H-H20]" dehydration product, and its subsequent [AsnThr+H-NH3-H20]"
fragment were measured using infrared light generated by the FELIX free electron laser [31]. A
modified 3D quadrupole ion trap mass spectrometer (Bruker, AmaZon Speed ETD, Bremen,
Germany) [32] coupled to the FELIX beamline was used. The protonated precursor dipeptide was
generated via electrospray ionization (ESI), where AsnThr (purchased from Biomatik, Canada)
was dissolved in a 50:50 acetonitrile:water solution at a concentration of 10 M with ~1% formic
acid added to enhance protonation. The [AsnThr+H-NH3]", [AsnThr+H-H20]", and [AsnThr+H—
NH3-H20]" fragments were produced by low-energy collisional activation with helium for 40 ms
with an amplitude parameter of approximately 0.3 V. The IRMPD spectrum of the precursor ion
was measured over the 1000 — 1800 cm™' range and those for the fragment ions were measured
from 1000 to 2000 cm™. At each wavelength, the ions were irradiated by two FELIX pulses at a
repetition rate of 10 Hz with a pulse energy between 5 and 50 mJ. The bandwidth of the FELIX
radiation is about 0.5% of the center frequency. IRMPD spectra were generated by determining
the dissociation yield at every wavelength via Y. I(fragment ions)/ Y. I (fragment ions +
precursor ion), where [ is the ion intensity [33]. The yield was determined from five averaged

mass spectra and was corrected linearly for the frequency dependent pulse energy.



General Experimental Procedures — GIBMS

Kinetic energy dependent cross sections for the TCID of [AsnThr+H]" with xenon (Xe)
were measured using a GIBMS that has been described in detail elsewhere [34-36]. Briefly, ions
were generated using an ESI source under similar conditions to those described previously [37].
The ESI was operated using 10* M AsnThr (purchased from Biomatik, Canada) in 50:50
methanol:water solution with the addition of 0.1% acetic acid (purchased from Sigma-Aldrich, St.
Louis, MO, USA). (Here, the concentration of dipeptide needed is higher than in the IRMPD
studies in order to obtain sufficient intensity for the more demanding ion beam experiments.
Differing acid concentrations are arbitrary as the samples are easily protonated; but in both cases,
freshly made solutions were used to avoid sample degradation prior to use.) This solution was
syringe-pumped at a rate of 50 uL/hr into a 35 gauge stainless steel needle biased at 2000 — 2400
V relative to ground. lons were directed through a heated capillary at 80 °C into a radio frequency
(rf) ion funnel [38], where they were focused into a tight beam. After exiting the ion funnel, the
ions entered an rf trapping hexapole ion guide where they underwent on the order of 10*
thermalizing collisions with ambient gas [37]. As demonstrated in earlier studies, ions produced
in the source region should have a Maxwell-Boltzmann distribution of rovibrational states at 300
K [37, 39-42].

Precursor ions were extracted from the source and mass selected using a magnetic
momentum analyzer, decelerated to a well-defined kinetic energy, and focused into an rf octopole
ion guide that trapped the ions radially [43, 44], which minimized losses of product and reactant
ions. The ions then passed through a collision cell containing Xe [45, 46] at a pressure < 0.3 mTorr.
At these pressures, the number of ions undergoing single collisions was sufficient to form product
ions characterized by a high intensity, while minimizing the opportunity for multiple collisions to
occur. The product and residual reactant ions drifted to the end of the octopole guide, where they
were extracted and focused into a quadrupole mass filter (operated under conditions that ensured
unit mass resolution while maintaining efficient transmission) for mass analysis. lons were

detected with a high voltage dynode and scintillation detector [47], and the signal was processed



using standard pulse counting techniques. lon intensities of reactants and products, measured as a
function of collision energy, were converted to absolute cross sections as described previously
[34]. Briefly, the calculation of the reaction cross section, o, from the ion intensities utilized a
relationship that is directly analogous to the Beer-Lambert law, specifically, I = lo exp(-potod),
where [ is the reactant ion intensity after passing through the collision cell, /o is the reactant ion
intensity entering the collision cell and equals 7 + Y [; (where /; = intensity of a product ion in
channel j), / is the effective length of the collision cell (8.3 cm) [34], and p is the number density
of the neutral reactant and equals P/ksT, where P and T are the pressure and temperature of the gas
and ks is Boltzmann’s constant. Reaction cross sections for individual product ions are given by
o; = owt (1; /Y, Ij). The uncertainty in these relative cross sections is about £5% and that for the
absolute cross sections is about £20%. The ion kinetic energy distribution was measured using a
retarding potential analysis and found to be Gaussian with a typical full width at half maximum
(FWHM) of 0.1 — 0.2 eV (lab). Uncertainties in the absolute energy scale were about £0.05 eV
(lab). Ion kinetic energies in the laboratory (lab) frame were converted to energies in the center-
of-mass (CM) frame using Ecv = Ewap X m/(m + M), where M and m are the masses of the ionic
and neutral reactants, respectively. All energies in this work are reported in the CM frame unless
stated otherwise.

Thermochemical Analysis

Threshold regions of the CID cross sections were modeled using eq 1,
E

5 (E) = (nn, /E) Y gi | [G(E) /lerqe (D] {1 = ek} (B = () (1)
i Eoj—E;

where 6o, is an energy-independent scaling factor for channel j, n is an adjustable, empirical

representation of factors that describe the efficiency of the energy transfer during the collision and

varies with the complexity of the system being studied [35], E is the relative kinetic energy of the

reactants, Eo, is the threshold for dissociation of the ground electronic and rovibrational state of

the reactant ion at 0 K for channel j, 7 is the experimental time available for dissociation (~5 X

10* s, as measured by previous time-of-flight studies) [35], € is the energy transferred during the



collision, and E£* is the internal energy of the energized molecule (EM) after the collision, so that
E*= ¢+ E;. The summation is over the rovibrational states of the reactant ions, i, where E; is the
excitation energy of each state and g; is the fractional population of those states (Xg; = 1). The
Beyer—Swinehart-Stein-Rabinovitch algorithm [48-50] was used to evaluate the number and
density of the rovibrational states and the relative populations g; were calculated for a Maxwell-
Boltzmann distribution at 300 K. The term k;(£*) is the unimolecular rate constant for dissociation
of the EM to channel j via its rate-limiting transition state (TS). The rate constants k(E*) and

ki E*) are defined by Rice-Ramsperger-Kassel-Marcus (RRKM) theory [51, 52] as in eq 2,
keoeE) = ) IG(E") = )" ;NI (B* = By ) /hp(E") @)
J J

where s; is the reaction degeneracy of channel j, Nj/(E* — Eo,) is the sum of rovibrational states
for the TS of channel j at an energy E* — Eo,, and p(E*) is the density of states of the EM at the
available energy, E*. These rate constants allow both kinetic shifts (where the probability of
dissociation is given by the term {1 - e_kfof(E*)T} in eq 1) and competition between multiple
channels (which is controlled by the ratio of rate constants in eq 1, [kj (E*)/keor(E™)]) to be
modeled accurately [53, 54].

To evaluate the rate constants in eqs 1 and 2, values for rovibrational energies for the EM
and the rate-limiting TSs were determined from quantum-chemical calculations described below.
Additionally, the entropy of activation at 1000 K for each dissociation channel, AS 1000, was
calculated as described in detail elsewhere [53]. The model cross sections of eq 1 were convoluted
with the kinetic energy distributions of the reactants [34] and compared to the experimental data.
A nonlinear least-squares analysis was used to provide optimized values for oo, n, and Eo,;. The
uncertainty in Eo; (reported as one standard deviation) was estimated from the range of threshold
values determined from multiple sets of data, variations in the parameter n (£10% around the
optimum value), variations in vibrational frequencies (£10%), changes in t by factors of 2, and

the uncertainty in the absolute energy scale. Uncertainties associated with variations in the



vibrational frequencies that control the internal energy and the kinetic shifts were assessed
independently.
Computational Details

Ground structures (GS) of reactant and product species of interest were located using the
Gaussian 09 suite of programs [55]. Structures analogous to those reported previously for
[AsnGly+H]" [8], [AsnAla+H]" [11], and [AsnVal+H]" [10], were used as starting structures and
further optimized at both the B3LYP and B3LYP-GD3BJ/6-311+G(d,p) levels, where GD3BJ
indicates the use of empirical dispersion corrections using the D3 version of Grimme’s dispersion
with Becke-Johnson damping [56]. Additional key reaction intermediates and all TSs were also
initially taken from the structures reported in previous studies and were optimized at the same
levels of theory. Rotational constants and vibrational frequencies were calculated from optimized
structures, and vibrational frequencies were scaled by a factor of 0.989 [57] when used for the
determination of internal energy, RRKM calculations, and zero-point vibrational energy (ZPE)
corrections. Single point energies were calculated at the B3LYP, B3P86, and MP2(full) levels
using the 6-311+G(2d,2p) basis set and B3LYP geometries, and at the B3LYP-GD3BJ/6-
311+G(2d,2p) level using B3LYP-GD3BJ geometries. For spectral comparisons, IR spectra were
calculated from B3LYP/6-311+G(d,p) optimized structures, where computed harmonic vibrational
frequencies were scaled by 0.975 [9, 10, 29, 30] and convoluted with a 25 cm' FWHM Gaussian

line shape to facilitate comparison with experimental spectra.

Results
Theoretical Results for Low-Energy Conformers and IRMPD Spectrum of [AsnThr+H]*

Several low-energy conformations of [AsnThr+H]" were located, with key species and
their 298 K relative Gibbs energies shown in Figure 1. Conformers are named according to their
protonation sites (including additional hydrogen bonds) by using the designation [X,Y,Z] where
X = protonated atom and Y,Z = site of hydrogen bonds in the order of increasing hydrogen bond

length. The protonation site is followed by the series of dihedral angles starting from the



N-terminal side-chain amide group nitrogen to the C-terminal carboxylic acid. Backbone nitrogen
and oxygen atoms are numbered by residue along the backbone chain starting from the N-terminus
and the hydroxyl oxygen is labeled O°. Side-chain nitrogen and oxygen atoms are designated by a
superscript s and are numbered by residue. (An overview of this nomenclature used is given in
Figure 1.) Dihedral angles are distinguished as c (cis, for angles between 0° — 45°), g (gauche, 45°
—135°), or t (trans, 135° — 180°).

The two lowest energy conformers, [N!,CO',CO!']-ttgtgtt (predicted to be the 0 K GS at
the B3LYP level of theory) and [N!,CO',CO']-gggtgtt (predicted to be the 0 K GS at the B3LYP-
GD3BJ, B3P86, and MP2(full) levels of theory) were found to be within 4 kJ/mol of each other,
similar to relative energies observed for analogous [AsnGly+H]" [8], [AsnAla+H]" [11], and
[AsnVal+H]" [10] systems. At 298 K, the former conformation is the GS at all levels except MP2,
but they remain within 4 kJ/mol of one another. These two conformers are distinguished by a head-
to-tail hydrogen bonding N'*H+O>C interaction in gggtgtt, which is absent in ttgtgtt. Notably, both
conformers exhibit hydrogen bonding between the peptide bond nitrogen and the side-chain Thr
hydroxyl oxygen (N?H*O*H) rather than to the carbonyl oxygen (N*H+O*C), the motif observed
in the GSs of the previously studied protonated aliphatic side chain AsnXxx systems (Xxx = Gly
[8], Ala [9, 11], and Val [10]). The lowest energy conformer having this latter hydrogen bond,
[N, CO'"s,CO')-ttgtttt (shown in Figure 1), is located 14 — 23 kJ/mol above the predicted GSs at 0
K (12 — 18 kJ/mol at 298 K). Hence, a direct comparison of the relative energies between the
current system and the aliphatic systems is not appropriate, as discussed further below.

Figure 1 also displays the experimental IRMPD spectrum of [AsnThr+H]" together with
the calculated spectra of the aforementioned low-energy conformers. Major spectral features of
the [AsnThr+H]" IRMPD spectrum are located at 1768, 1715, 1608, 1519, 1402, and 1131 cm™.
These features are reproduced well by the calculated spectrum for the [N!,CO'S,CO']-ttgtgtt
species, which has predicted bands centered at 1767 (backbone CO? stretch), 1697 (peptide bond
CO! stretch at 1708 cm™! along with amide CO'* stretch at 1683 cm™'), 1607 (amino N'H3 rock and

wag as well as contributions from the amide N'*Hz bend), 1515 (N?H wag), 1398 and 1411 (amino
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N'H3 umbrella and CN'*H bend along with minor contributions from CH2 and CH3 motions), 1346
(CH motions along the backbone and CO*H bend), 1148 (backbone CO*H bend), and 1098 cm™!
(delocalized distortions along the backbone and side chain). This theoretical spectrum fails to
predict appreciable intensity at 1450 cm™!, whereas a shoulder is clearly visible in the experimental
spectrum.

Similar spectral features are observed in the higher energy [N!CO'S,CO!|-ttgtttt
conformer, although the two high frequency CO stretch bands are red shifted compared to the
experimental bands, and the bands centered at 1063 ¢cm™ no longer lie within the experimental
envelope. In this species, the local environment of the CO? stretch is now affected by the N?H*O*C
hydrogen bond. Likewise, a similar shift of the highest frequency band is observed in the gggtgtt
species, which is characterized by an N'SHeO?C hydrogen bond. Additionally, the intense NH3
umbrella motion exhibited by this species is predicted at 1473 cm™, a 70 cm™! shift from the
comparable band of ttgtgtt. Some contribution from this band could explain the intensity observed
in this region as a side band, as well as the enhanced intensity to the red of the experimental band
centered at 1402 cm™. Thus, we conclude that the major species observed is the [N!,CO's,CO!']-
ttgtgtt conformer, with minor contributions from the gggtgtt species, consistent with its low
relative energy. Although the ttgtttt species reproduces the experimental spectrum in many respects
fairly well, it is not needed to reproduce the experimental spectrum and its relatively high energy
suggests the probability of forming this conformer is low. On the basis of an equilibrium
distribution of conformers at 298 K, its population should be < 0.4% at all levels of theory; whereas
the populations of the ttgtgtt/gggtgtt conformers should be 77/14, 52/46, and 68/25% at the
B3LYP, B3LYP-GD3BJ, and B3P86 levels of theory, respectively. The MP2 level instead inverts
the relative populations at 43/52%.

Cross Sections for Collision-Induced Dissociation of [AsnThr+H]*

Experimental kinetic energy dependent cross sections were measured for the interaction of

Xe and [AsnThr+H]" under unit mass resolution conditions, with efficient product ion transmission

as demonstrated previously [8, 10, 11]. Figure 2 shows a representative data set measured at 0.3
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mTorr of Xe, where eight product channels are observed and described in Scheme 1. Scheme 1
only depicts the lowest energy pathways found for these decomposition processes. In some cases,
higher energy pathways are also discussed in the text below.

The product channel with the lowest threshold energy results from dehydration of the
dipeptide (leading to the formation of m/z 216). Dehydration pathways leading to protonated
oxazolone, [OxaO+H]*, and oxazoline structures, [Oxal+H]*, were located. Competitively,
deamidation (m/z 217) is observed starting at energies ~0.4 eV higher. Here, Suc, Fur, and
diketomorpholine (DKM) structures (as shown in Scheme 2) are isobaric such that pathways
leading to these protonated [Suct+H]", [Fur+H]", and [DKM+H]" structures were all explored.
[AsnThr+H]" can also dissociate via cleavage of the peptide bond with accompanying elimination
of CO (formation of m/z 87, identified as [APA+H]", where APA = 3-aminopropanamide, along
with Thr + CO) or without CO-loss (formation of m/z 120, [Thr+H]", along with 1-oxa-3,5-amino-
cyclopentan-2-one, OACP). Here, these processes have apparent onsets at about 2.3 eV and 2.0
eV, respectively. At higher energies, the competitive formation of m/z 130, 199, and 200 is
observed. Scheme 1 identifies the former channel as cleavage of the peptide bond in the m/z 216
[OxaO+H]" product ion (loss of APA), and the latter two channels as sequential losses of H20 and
NH3 from m/z 217, respectively. As discussed below, a competitive pathway leading to m/z 199
by deamidation of the [Oxal+H]" dehydration product, a possibility shown in Scheme 1, was also
located. Here, two different m/z 199 bicyclic structures are predicted. At even higher energies, the
formation of m/z 175 (asparaginyl side chain loss from [AsnThr+H]" to form [GlyThr+H]") is
observed with low intensity. These high energy, small magnitude cross sections were difficult to
measure at lower pressures. Therefore, modeling of these channels to acquire thermodynamic
information was not possible.

Theoretical Results for Deamidation Pathways

Two competitive pathways, leading to either succinimide or furanone formation, were

located for the deamidation of [AsnThr+H]". In previous work for [AsnGly+H]', complete

pathways for deamidation (as well as other decomposition reactions) were elucidated
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computationally [8]. As the present pathways should be comparable, we focus here on just the
product and rate-limiting TSs for each process of interest. Relative energies of these major reaction
species for both pathways are given in Table 1. The rate-limiting step for furanone formation
occurs via a pathway analogous to that observed previously [8, 10, 11], see Figure 3. In this
mechanism, proton transfer from N! to N'® results in the formation of the NH3 leaving group. Then,
C—NH3 bond elongation in the following step results in concerted motions of C—-NH3 bond rupture
and furanone ring formation over a tight TSN-rur, which B3LYP and B3P86 suggest is rate limiting.
This process yields [Fur+H]*-3.1 (protonation at site 3, Scheme 2), which the B3LYP-GD3BJ and
MP2 levels of theory predict is the rate-limiting step (by 17.5 and 9.0 kJ/mol, respectively). For
succinimide formation (Figure 3), the precursor to the rate-limiting step is characterized by proton
transfer from N? to NS, yielding the NH3 leaving group. A subsequent decrease in the distance
between the side-chain carbon and the peptide bond nitrogen (N?) initiates cyclization, which
occurs in the rate-limiting step via TSn-suc (127 — 150 kJ/mol above the GS). As shown in Figure
3, this pathway yields a protonated succinimide structure, [Suc+H]*-1.2 (protonation at site 1,
Scheme 2). This product channel lies 16 — 30 kJ/mol below TSn-suc, such that the latter is rate-
limiting at all levels of theory. Overall, B3LYP-GD3BJ, B3P86, and MP2 place TSn-suc below the
rate-limiting step for Fur formation (by 4 — 16 kJ/mol), whereas B3LYP suggests the opposite (by
13 kJ/mol).

Table 2 shows an exploration of possible protonation sites (as identified in Scheme 2) for
[Suc+H]", [Fur+H]", and [DKM+H]" structures (where the latter results from deamination rather
than deamidation of the precursor ion). For the [Suc+H]" structures, the MP2 level of theory
suggests that protonation at site 1 (N') is lowest in energy among all possible structures.
Exploration of conformational space resulted in the location of several [Suc+H]*-1 structures, as
shown in Table 3, Figure 3, and Supporting Information Figure S1. [Suc+H]*-1.1 contains a
N'H+O?C hydrogen bond (Figure S1) and is lowest in energy at 0 K at all levels of theory and at
the B3LYP-GD3BJ and B3P86 levels at 298 K. [Suc+H]*-1.2 (Figure 3) and 1.3 (Figure S1)

exhibit N'H*O*H and N'H+O!C hydrogen bonds, respectively, where the latter is formed between
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the N! site and the adjacent carbonyl oxygen of the succinimide ring. The N'H+O?C interaction in
1.1 is broken in the 1.2 and 1.3 structures because of rotation around the ZCNCC dihedral angle.
This rotation is favorable entropically considering Gibbs energies, where the 1.2 and 1.3 structures
are the MP2 and B3LYP 298 K GSs, respectively. At 0 K, these structures are located within 0.3
— 6 and 5 — 14 kJ/mol of [Suc+H]*-1.1. Interestingly, B3LYP and B3P86 levels of theory suggest
that the lowest energy [Suc+H]" structure is protonated at site 4 (by 8 and 7 kJ/mol), see Table 2,
which is stabilized through a hydrogen bond with the side-chain hydroxyl group. The 0 K B3LYP
reaction coordinate leading to this structure (from [Suc+H]*-1.1) is given in Supporting
Information Figure S2, where the proton transfer from site 1 to site 4 (passing through a [Suc+H]*-
5 TS) requires 197 — 205 kJ/mol, 51 — 70 kJ/mol higher in energy than TSn-suc. Therefore, even if
[Suc+H]*-4.1 is lower in energy than [Suc+H]*-1.1, it is not likely to participate in the
deamidation process. Nonetheless, different conformers of [Suc+H]*-4 were explored, as shown
in Figure S3.

For the [Furt+H]" structures, all levels of theory agree that [Fur+H]-3.1 is lowest in
energy, see Tables 2 and 3, where protonation at the imide nitrogen is stabilized by N?’HeO*H and
N2HeN'H> hydrogen bonds (Figure 3). Higher energy [Fur+H]*-3.2, 3.3, and 3.4 structures (see
Supporting Information Figure S4) have 0 K relative energies 22 — 25,29 — 31, and 36 — 37 kJ/mol
above [Fur+H]*-3.1, respectively. Here, [Fur+H]*-3.2 rotates the Thr moiety to break the
N?H«O*H hydrogen bond and replace it with a hydrogen bond at the O? carbonyl oxygen,
N?H«O?C. 3.3 has neither of these but retains the N?HeN'H> bond, whereas [Fur+H]™-3.4
maintains the N?H+O?C interaction while rotating the amino group to break the N?’HeN'H> bond.

The lowest energy [DKM+H]" structure puts the proton on site 3, Scheme 2. Here, an
exploration of conformational space results in the location of fewer structures compared to
[Suc+H]*-1 and [Fur+H]*-3 structures because of the larger ring size. The lowest energy
[DKM+H]" structure of this type, [DKM+H]*-3.1 (Figure S5, 20 — 38 kJ/mol lower in energy than
[Suc+H]*-1.1 at the B3LYP, B3LYP-GD3BJ, and B3P86 levels, and 6 kJ/mol higher in energy
than [Suc+H]*-1.1 at the MP2 level) is stabilized by CO’H+O'*C and N*H+O* H bonds.
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[DKM+H]*-3.2 (Figure S5) maintains the latter hydrogen bond, but rotation of the asparaginyl
side-chain amide group results in the formation of a CO*HeN!*H: bond instead. This rotation
results in an increase of 80 — 91 kJ/mol. It is also noteworthy that reaction mechanisms leading to
[DKM+H]* formation were explored, but none are competitive with those for [Suct+H]" or
[Fur+H]" formation. The lowest energy DKM pathway located has a rate-limiting step lying 99 —
106 kJ/mol higher in energy than that for succinimide formation.

IRMPD Spectrum of [AsnThr+H-NH3]*

Figure 4 shows the experimental IRMPD spectrum of [AsnThr+H-NH3]", with major
spectral features located at 1840, 1790, 1745, 1581, 1390, and 1145 cm™'. Here, most spectral
features are consistent with succinimide formation, with the calculated spectra of [Suc+H]*-1.2,
1.3, and 1.5 reproducing the higher frequency features well. Each of these species exhibit three
bands in the 1700 — 1900 cm™! region that correspond well with the experimental bands at 1840,
1790, and 1745 cm™!. In particular, [Suc+H]*-1.2, 1.3, and 1.5 are characterized by bands at 1827,
1834, and 1837 cm™! (symmetric succinimide CO stretch), 1786, 1776, and 1792 cm™ (CO stretch
of the carboxylic acid), and 1756, 1747, and 1746 cm™ (primarily asymmetric succinimide CO
stretch, with additional contributions from N'H3 bend), which all exhibit deviations less than 15
cm’! from the experimental frequencies. Modest agreement is observed in the lower frequency
region, where notably, the intense band at 1145 cm™! is not reproduced particularly well by any of
the low-energy [SuctH]" product ions. Instead, [Suct+H]*-1.2, 1.3, and 1.5 each display
overlapping bands at 1149 (COH bend) and 1166 (primarily CH distortions), 1146 and 1171, and
1148 and 1162 cm’!, respectively. Further, each of the low-energy conformers exhibits a predicted
band in the 1450 — 1500 cm™ region, for which there is only minor experimental evidence.
[Suc+H]*-1.2 (the 298 K MP2 GS) is characterized by a band in this region shifted to slightly
higher frequencies, 1505 cm™ (NH3 umbrella), and modest intensity. [Suc+H]*-1.3 (the 298 K
B3LYP GS) and 1.5, both exhibit more intense bands near 1455 cm™'. The broad band observed at
1581 cm™! is also not reproduced by any of the [Suc+H]" species, although each has less intense

bands in this region.
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The calculated spectrum of [Suc+H]*-1.1 is also given in Figure 4, where the shoulder
observed at 1700 cm™ (concerted CO stretch of carboxylic acid and amino NH3 distortions) could
indicate its presence, as [Suc+H]*-1.2, 1.3, and 1.5 do not exhibit any spectral features in this
region. The intense high-frequency band at 1756 cm™ (asymmetric CO stretches of succinimide
ring) is centered between the 1790 and 1745 cm™! experimental bands, which suggests that this
species is not a major contributor to the experimental spectrum. Most of the less intense bands are
predominantly observed within experimental envelopes. Thus, contribution from [Suc+H]*-1.1
cannot be ruled out, although the spectral evidence suggests that a mixture of [Suc+H]*-1.2, 1.3,
and 1.5 likely dominates.

Also given in Figure 4 is the comparison between the calculated spectrum of the [Fur+H]*-
3.1 structure and the [AsnThr+H-NH3]" IRMPD spectrum. This conformer fails to reproduce the
diagnostic high-frequency region. In particular, the experimental spectrum does not exhibit a band
commensurate with the 1950 cm™ furanone CO stretching band, although there is potentially a
very small absorption in this range. Additionally, this conformer does not reproduce the 1840 and
1745 cm’! bands that are reproduced in the calculated [Suc+H]*-1.2, 1.3, and 1.5 spectra. Further,
none of the spectra for other Fur conformers provide better agreement and none help explain the
bands observed at 1145 or 1581 cm™!, see Supporting Information Figure S6. Furthermore, none
of the [DKM+H]" structures reproduce the experimental spectrum either, as shown in Supporting
Information Figure S7.

Thus, we tentatively identify the [AsnThr+H-NH3]" species as a mixture of the low-energy
[Suc+H]*-1.1, 1.2, 1.3, and 1.5 species. An equilibrium distribution of conformers at 298 K
suggests that all five of the low-energy [Suc+H]" species could be appreciably populated, although
the B3LYP and MP2 levels of theory appear to be capturing the reaction dynamics better, as they
predict that [Suc+H]*-1.1, 1.2, 1.3, and 1.5 would have populations of 28, 16, 41, and 14%
(B3LYP) and 25, 65, 7, and 3% (MP2), respectively. Given the overall modest agreement, we

cannot rule out the possibility that other conformers or structures contribute to the spectrum;
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however, we have not located any additional low-energy species that reproduce the spectrum
better.

Theoretical Results for Sequential Dissociation Channels from the Deamidation Product and
IRMPD Spectrum of [AsnThr+H-NH3—H>O] " (m/z 199)

Dissociation of the succinimide deamidation product was experimentally found to exhibit
bifurcating pathways leading to the sequential losses of NH3 (forming m/z 200) and H20 (forming
m/z 199) in the TCID studies. These products have similar intensities at the highest energy shown,
where m/z 199 has the lower apparent threshold and dominates at lower energies (Figure 2).
Analogous losses were observed in the IRMPD experiments (in a 1:4 ratio). These relative
intensities are consistent with the loss of H2O having the lower threshold, but the comparison
indicates different activation conditions in the two techniques, in addition to different contributions
to the m/z 199 product from the m/z 216 precursor. The lowest energy pathway located for
sequential ammonia loss from the 298 K MP2 [Suct+H]" GS, [Suct+H]*-1.2, forms an oxo-vinyl
ketone substituted oxazolone via the tight TSs- lying 355 — 395 kJ/mol above the [AsnThr+H]*
GS, Table 1. In contrast, three lower energy pathways were found for the alternative sequential
dehydration of [Suct+H]" forming m/z 199. An overview of these dehydration pathways is given in
Figure 5, where it can be seen that paths O1 and O3 lose the hydroxyl group from the carboxylic
acid, whereas O2 eliminates the hydroxyl group from the Thr side chain. The lowest energy
pathway (as shown in Scheme 1) yields an amino-substituted bicyclic species, [Suc+H-18]*-1, via
a pathway predicted to be rate-limited by the tight TSs.o1 at the B3LYP (236 kJ/mol) and B3P86
(245 kJ/mol) levels of theory, see Table 1. B3LYP-GD3BJ and MP2(full) instead suggest a product
limited pathway with a reaction energy of 244 and 225 kJ/mol, respectively. Two higher energy
pathways were also located (again leading to amino-substituted bicyclic structures [Suc+H-18]*-
2 and [Suc+H-18]*-3, Figure 5) and are limited by their tight TSs in both cases. TSs-02 and TSs-03
lie 7—43 and 31 — 39 kJ/mol, respectively, higher in energy than the rate-limiting energies of path
Ol.
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The IRMPD spectrum of the m/z 200 species could not be taken because the intensity of
the precursor ion was too low; however, that for [AsnThr+H-NH3-H20]" at m/z 199 was sufficient
for IR interrogation. Interestingly, the IRMPD spectrum (Figure 6) is not reproduced fully on the
basis of a single [AsnThr+H-NH3-H20]" isomer. Instead, the major spectral features located at
1855 (cyclic carbonyl CO stretch), 1786 (carboxylic acid CO stretch along with contributions from
COH bend), 1576 (cyclic C=N stretch), 1491 (NCO ring bend, amino NH2 bend, and CH motions),
and 1145 cm™ (ring distortions and carboxylic acid COH bend) in the calculated [Suc+H—18]*-2
spectrum reproduce nearly the entire spectrum well (including relative intensities), except for the
small band observed at 1955 cm™. This band is instead reproduced by either the [Suc+H-18]*-1
or [Suc+H-18]*-3 isomers, which have predicted bands at 1976 and 1965 cm™ (carbonyl CO
stretch of the oxazolone ring), respectively. In both cases, composite spectral modeling indicates
that contributions from [Suc+H-18]*-2 dominate, where an approximate 85%:15% [Suc+H-18]*-
2:[Suct+H-18]*-1 ratio is found to reproduce the spectrum well across the entire range, see
Supporting Information Figure S8. Nearly as good of a match is observed when an 85%:15%
[Suc+H-18]*-2:[Suc+H-18]*-3 ratio is used instead. Overall, B3LYP, B3LYP-GD3BJ, and
B3P86 levels of theory predict that pathways O1 and O2 should be competitive, with O1 favored
by 7 — 14 kJ/mol, whereas O3 is at least 23 kJ/mol higher in energy. In contrast, the MP2 level of
theory predicts the O1 pathway is favored by about 40 kJ/mol compared to the O2 and O3
pathways, which have similar energies. Interestingly, m/z 199 formed via the O1 pathway can also
be formed via secondary ammonia loss from the dehydration product with competitive energies,
as discussed further in the next section.

Theoretical Results for [AsnThr+H]" Dehydration and IRMPD Spectrum of [AsnThr+H-H20]*
(m/z 216)

Competitive pathways, resulting from dehydration of the carboxylic acid or the threonine
side chain, were located for the formation of m/z 216 from [AsnThr+H]". At 0 K, the B3LYP-
GD3BJ and MP2 levels of theory suggest the lowest energy pathway for dehydration of

[AsnThr+H]" (Figure 7) involves the carboxylic acid and results in the formation of a protonated
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oxazolone structure, [OxaO+H]", via a mechanism analogous to that reported in other
[AsnXxx+H]" studies [8, 10, 11]. The reaction proceeds through rate-limiting TSo-oxa0 (120 — 129
kJ/mol higher in energy than the GS, Table 1), characterized by motions of a proton transfer from
CO's to O’H, bond rupture of C-O°, and ring formation (CO'-CO?). All levels of theory predict
this reaction is limited by this tight TS, located 13 — 32 kJ/mol above the products.

Additionally, we located competitive pathways that lead to a protonated oxazoline
structure, [Oxal+H]" (Figure 7), via dehydration of the Thr side chain. Interestingly, these
pathways involve the formation of a tetrahedral intermediate formed via TSo-oxaiter), Which is
characterized by motions of O*-C bond formation as well as proton transfer from O to O'® and
located 101 — 114 kJ/mol higher in energy than the GS. From the tetrahedral intermediate, proton
transfer to the protonated O! site from either the asparaginyl side-chain, O'® via TSo-0xai-1, or the
N-terminus, N! via TSo-oxar-2, results in the formation and subsequent dissociation of the water
leaving group. These two pathways are within 0.7 — 4 kJ/mol of each other, Table 1, such that they
should be very competitive. At 0 K, all levels of theory except B3P86 suggest that proton transfer
from O'® via rate-limiting TSo-oxat-1 (117 — 129 kJ/mol above the GS) is lowest in energy, whereas
298 K reaction energies at all levels of theory except MP2 predict that proton transfer from N! via
rate-limiting TSo-oxal-2 is lowest in energy. The B3P86 level indicates that this latter pathway, with
rate-limiting TSo-oxa12 energies 116 — 131 kJ/mol above the GS, is favored (compared to oxazolone
formation) at 0 K and 298 K by 13.3 and 20 kJ/mol, respectively. All other levels of theory predict
that oxazolone and oxazoline formation should be more competitive, with predicted reaction
energies within 6 kJ/mol of each other. Both oxazoline pathways generate the same ground
[Oxal+H]" + H20 structure that lies 47 — 61 kJ/mol above the GS reactants across all levels of
theory, 42 — 51 kJ/mol lower in energy than the [OxaO+H]" + H20 products. Notably, these
dehydration processes are 7 — 25 kJ/mol lower in energy than the deamidation process via TSN-suc,
a difference qualitatively observed experimentally, see Figure 2.

Sequentially, [OxaO+H]" can lose ammonia to form m/z 199 (as also formed via the O1

mechanism described above) via a product limited pathway 240 — 264 kJ/mol above the GS, 4 —
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21 kJ/mol higher in energy than the O1 pathway. The sequential loss of ammonia to form an
isobaric m/z 199 product from [Oxal+H]" was explored as well. Here, the pathway leading to
[Oxal+H-17]" was found to be the lowest energy pathway with rate-limiting energies of 192 — 204
kJ/mol above the GS reactants and 32 — 52 kJ/mol lower in energy than the O1 mechanism. Thus,
contributions from all three competitive pathways likely influence the m/z 199 cross section,
although the threshold region is likely to be dominated by the [Oxal+H-17]" pathway. An
overview of the TSs leading to m/z 199 from [OxaO+H]" and [Oxal+H]" are given in Figure S9.

The experimental [AsnThr+H-H20]" IRMPD spectrum is given in Figure 8, along with
calculated spectra for the ground structures of [OxaO+H]", [Oxal+H]", and protonated
monoketopiperazine ((MKP+H]") isomers. Notably, the latter [MKP+H]" structure is the lowest
energy m/z 216 product structure located, although no competitive pathways (compared to energies
required for [OxaO+H]" and [Oxal+H]" formation) were located for the production of [MKP+H]".
Thus, it is unlikely this structure would be formed experimentally. This observation is consistent
with the poor spectral reproduction of the experimental [AsnThr+H-H2O]" IRMPD features by
the [MKP+H]" structure, Figure 8. Similarly poor reproduction is observed for the [OxaO+H]"
spectrum. In particular, there is no spectral evidence for the band predicted at 1926 cm™ (CO
stretch of the oxazolone ring), suggesting that oxazolone formation does not occur under these
experimental conditions.

Instead, Figure 8 shows that the calculated [Oxal+H]" reproduces most of the experimental
features. Specifically, predicted bands centered at 1797 (CO? stretch), 1691 (CO' stretch and
N'*H bend), and 1603 cm™ (N'Hz bend, C=N stretch, and N'*Hz bend) correspond well with
experimental features at 1793, 1697, and 1606 cm’!, respectively. Modest agreement is observed
for lower frequency bands. Calculated bands located at 1476 (NH wag and CO stretch of the
oxazoline ring), 1390 (CHs umbrella and CH2 wag), and 1148 cm™ (COH bend) reproduce the
frequencies of experimental features (1468, 1392, and 1149 cm™') well, although obvious intensity

discrepancies are observed.
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Thus, the [Oxal+H]" GS is identified as the m/z 216 [AsnThr+H-H20]" species present
experimentally. Energetically, the formation of an oxazoline [Oxal+H]" structure is consistent with
energies at the B3LYP and B3P86 levels of theory at both 0 and 298 K, whereas B3LYP-GD3BJ
and MP2 levels indicate that oxazolone [OxaO-H]" formation is favored by 3 — 6 kJ/mol. This
observation suggests that these former levels of theory potentially have a better handle on the
reaction dynamics for dehydration of [AsnThr+H]".

Cross Section Modeling

Equation 1 was used to analyze the thresholds for the primary competitive deamidation and
dehydration channels from the decomposition of [AsnThr+H]". Here, both primary channels were
modeled simultaneously in order to account directly for competition. Using parameters given in
Table 4, the data were reproduced over the full energy and magnitude ranges, as shown in Figure
9. TS frequencies used for the cross section modeling were taken from the theoretical results
discussed above.

We first analyzed the data using the tight TSn-suc and TSo-oxal-1 parameters for deamidation
and dehydration, respectively. (These parameters were used first because of the observation of
succinimide and oxazoline formation in the IRMPD experiments, despite the energetic favorability
of oxazolone formation at several levels of theory.) Our analysis shows that in order to fit the data
accurately in the threshold region as well as over the full energy range, the low-frequency modes
(<900 cm ™) for TSn-suc need to be loosened by ~23% while holding those for TSo-oxal-1 constant.
Similar frequency scaling is required to fit the threshold region using TSn-suc and TSo-oxal-2
parameters. Here, the low-frequency modes of TSn-suc were loosened by ~25% while holding those
for the tight TSo.oxa-2 constant. Such scaling results in a good fit through the threshold region, see
Figure 9. Compared with using TSo-oxal-1, this approach results in higher thresholds for both
deamidation and dehydration, by 0.02 and 0.07 eV, respectively. This appears to be a result of the
tighter character of TSo-oxal-1 compared to TSo-oxa-2. Note that a comparable fit can be achieved
by instead tightening the low-frequency modes of TSo-oxa1-2 (by the same 25%) while holding those

for TSn-suc constant. As shown in Table 4, this leads to a reduction in the threshold energies of
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both channels by 0.15 — 0.2 eV, because of differing kinetic shifts. In general, we believe it is more
appropriate to scale the frequencies of the less intense channel, a conclusion that can be checked
by comparison of the experimental threshold energies with theoretical predictions, see below.
Previous thermochemical studies of [AsnGly+H]*, [AsnAla+H]", and [AsnVal+H]" also involved
scaling of the less intense competitive channel [8, 10, 11].

Given the possibility to also form [Fur+H]" (on the basis of the theoretical energy
competition between succinimide and furanone formation), the data were also modeled using
molecular parameters for furanone formation. Note that the MP2 and B3LYP-GD3BJ levels of
theory do predict a product limited pathway; however, because TSN-rur lies only 9 and 18 kJ/mol
below the product asymptote at these levels, this TS can still limit product formation above
energies of the product asymptote. Therefore, these data were fit using parameters for TSN-Fur,
consistent with the B3LYP and B3P86 prediction of a tight TS limited pathway. Here, a
comparable fit (to that obtained via TSn-suc modeling) was achieved using parameters also given
in Table 4, where this approach required less frequency scaling (only 10%) in order to fit the data
in the threshold region. Nearly isoenergetic thresholds (compared to those measured using TSN-suc
parameters) were found via this approach, Table 4. Given the fact that the IRMPD results
definitively show formation of the succinimide (Figure 4), the threshold energies obtained and
discussed below for deamidation are assigned to this succinimide product. This assignment can be
checked by comparison of the experimental energetics with theory, as detailed below.

As shown in Table 4, the data were also modeled competitively with parameters for
oxazolone formation via TSo-0xa0 and deamidation via TSn-suec and TSN-rur. Similar frequency
scaling (compared to what was used in the analysis of alternative oxazoline formation) is required
for the low-frequency modes of TSn-suc (loosened by ~25%) in order to reproduce the threshold
region. This approach results in deamidation and dehydration thresholds similar to those found
using TSn.suc and TSo-oxa1-1 parameters. Modeling using TSo-0xa0 and TSn.rur parameters also
results in similar threshold energies. Also shown in Table 4 are ASTi000 values, where negative

entropies of activation are found for dehydration (-36, -20, and -25 J/K mol for TSo-oxal1,
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TSo-0xa12, and TSo-oxa0, respectively) and succinimide formation (-46 J/K mol when the
frequencies are unscaled), consistent with the tight character of these pathways.
Conversion of Thermodynamic Parameters from 0 to 298K

For comparison of the thermodynamic information obtained here experimentally to room
temperature conditions, Table 5 provides the conversion from 0 K thresholds to 298 K enthalpies
and free energies. This conversion is accomplished using the rigid rotor/harmonic oscillator
approximations with rotational constants and vibrational frequencies calculated at the
B3LYP/6-311+G(d,p) level. Uncertainties listed are determined by scaling the vibrational

frequencies by £ 10%.

Discussion
Experimental versus Theoretical Results

The best agreement between the energetics obtained from experiment and theory comes
from the modeling of dehydration and deamidation via TSo-oxar2 and TSn-suc parameters. Here,
the experimentally determined 0 K threshold for dehydration was found to be 117 £ 5 kJ/mol. The
threshold is within experimental uncertainty of the B3P86 value, 116 kJ/mol, Table 6, whereas the
remaining three levels of theory predict onsets of 130 — 131 kJ/mol. The alternative model using
altered TSo-oxa12 and frozen TSn-suc molecular parameters yields an experimental threshold that
disagrees with theory by at least 24 = 7 kJ/mol (Table 4), more than a typical error in such TCID
and computational analyses [8, 10, 11, 39-42]. Confirmation that loosening the TSn-suc parameters
yields an appropriate model comes from the threshold for the deamidation process leading to
succinimide formation. Here, the experimentally determined 0 K threshold (modeled
competitively with TSo.oxa2) was found to be 142 + 6 kJ/mol, well within experimental
uncertainty of the B3LYP-GD3BJ and B3P86 reaction energies (140 and 141 kJ/mol,
respectively), Table 6. The B3LYP level of theory predicts a reaction energy just outside of one
standard deviation above the measured value, whereas the MP2 reaction energy (127 kJ/mol) lies

15 kJ/mol lower in energy than the measured threshold (although in reasonable agreement with
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the 123 £ 5 kJ/mol value obtained by tightening the TSo-oxa1-2 frequencies). We can also note that
the experimental difference in the two thresholds is 27 + 3 kJ/mol (21 + 3 kJ/mol for the alternative
model). Theory predicts differences of 20 (B3LYP), 9 (B3LYP-GD3BJ), 25 (B3P86), and 2
(MP2), somewhat below the experimental determinations at all levels except B3P86.

Data for dehydration and deamidation were additionally modeled using TSo-Oxal-1
(TSo-0xa0) and TSn-suc parameters, where similar thresholds of 110 £ 5 and 140+ 8 (111 + 5 and
142 + 7) kJ/mol were measured (Table 4). The competitive modeling here results in a dehydration
threshold 7 — 19 kJ/mol lower in energy than predicted reaction energies such that the data appear
to be more consistent with [Oxal+H]" formation via TSo-oxar-2 rather than TSo-oxal-1 or TS0-0xa0.
This is also consistent with theory predicting the former TS is lowest in energy.

As discussed above, the cross section data was also modeled using parameters for furanone
formation via TSn-rur along with dehydration via TSo-oxar2. Nearly isoenergetic thresholds
(compared to those obtained via the analysis with TSn.suc) were found for dehydration and
deamidation, 117 + 5 and 141 £ 6 kJ/mol, respectively (Table 4). Thus, similar agreement to theory
is observed for the dehydration channel. This deamidation threshold is within or nearly within
experimental uncertainty of the B3LYP, B3LYP-GD3BJ, B3P86, and MP2 reaction energies for
furanone formation (137, 149, 145, and 143 kJ/mol, respectively). Thus, on the basis of the TCID
and theoretical results, either deamidation product is consistent with the experimental threshold
energy, whereas the IRMPD spectra clearly indicate that [Suc+H]" is the product formed
exclusively, see Figure 4. One possible explanation for these observations relates to the energies
of the sequential reactions. The lowest energy decomposition pathway from [Fur+H]" is sequential
ammonia loss, which is 76 — 118 kJ/mol higher in energy than the lowest energy pathway for the
sequential dehydration of [SuctH]". Therefore, it is possible that during formation of the
[AsnThr+H-NH3]" product in the ion trap, both [Fur+H]" and [Suc+H]" structures were formed,
but the IRMPD response is more sensitive to the [SuctH]" species. Another contributor to the
different observations is the different activation conditions in the two experiments. The fast, single-

collision conditions in TCID allow entropically favored products to be formed facilely once
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enough energy is available, whereas the slow-heating conditions of SORI preferentially yield only
the lower energy products. Thus, the ratio of succinimide:furanone products could be different in
both studies, with more furanone formation likely at elevated collision energies in the TCID
studies.

The consistent agreement between experiment and theory in Table 6 suggests that the
necessary experimental conditions to produce thermal ions were used and confirms that the
mechanisms located for these reactions are reasonable pathways. In this case, both succinimide
and furanone isomers likely form in the TCID deamidation process throughout the energy range
explored, although furanone formation was not confirmed spectroscopically. The need to scale low
frequency modes for TSN-suc (and TSn-rur), however, indicates that theoretical calculations do not
adequately represent how loose/tight the transition states for these competitive pathways are (as
also observed in previous studies [8, 10, 11, 40]), consistent with Gaussian warnings that
frequencies below ~900 cm! are not always reliable [55].

Comparison to Deamidation Studies of [AsnGly+H]", [AsnAla+H]*, and [AsnVal+H]*

Experimentally, deamidation of [AsnGly+H]", [AsnAla+H]", [AsnVal+H]', and
[AsnThr+H]" either leads to succinimide [8] or furanone formation [10], or both [9, 11]. In
summary, TCID studies of [AsnGly+H]" [8] suggest that succinimide formation is favored at
threshold energies, with contributions from furanone formation at higher energies, although no
structural identification of these deamidation products have been confirmed via spectroscopic
studies. IRMPD studies of [AsnAla+H]" showed that bifurcating succinimide and furanone
deamidation pathways contribute to the deamidation channel [9]. [AsnAla+H]" TCID studies
confirmed the competitive nature of these pathways, where furanone formation is favored at
threshold energies and contributions from succinimide formation are likely at higher collision
energies [11]. For the largest n + I residues evaluated in this series of systems (Val and Thr),
deamidation exclusively leads to furanone and succinimide formation, respectively, as determined
spectroscopically [10], although theory suggests that furanone formation could play a role in the

deamidation process of [AsnThr+H]". Thus, increasing the size of the aliphatic n + I residue
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appears to favor furanone formation, whereas a combination of steric effects and incorporation of
different functional groups (i.e., the hydroxyl group of the Thr side chain) favors succinimide
formation. Below, we explore a complete evaluation of the energetic, structural, and solvation
effects that play a role in the deamidation processes of these four systems.

Energetic Effects. Interestingly, increasing the size of the C-terminal residue side chain has
independent effects on the theoretical reaction energetics of succinimide and furanone formation.
As shown in Table 6, rate-limiting TSs leading to succinimide formation increase monotonically
as the size of the C-terminal residue side chain increases, presumably the result of steric hindrance
for the aliphatic side chains, although inductive effects may begin to play a more significant role
when functionalized side chains are considered. Specifically, relative to [AsnGly+H]", rate-
limiting TSs for the AsnAla and AsnVal species exhibit increases in energy of ~12 and ~21 kJ/mol
at the B3LYP, B3LYP-GD3BJ, and B3P86 levels, and 4 and 12 kJ/mol at the MP2(full) level,
respectively. In contrast, no obvious energetic trend is observed for furanone formation. At the
B3LYP and B3P8&6 levels, TS energies are identical for the Gly, Ala, and Val side chains. Reaction
energies at the B3LYP-GD3BJ level are similar and decrease slightly as the size of the aliphatic
side chain increases. MP2 exhibits a larger energetic spread, but this is primarily because only this
level predicts a product limited pathway.

A direct comparison of 0 K [AsnThr+H]" relative energies to the three aliphatic dipeptides
is misleading because the [AsnThr+H]" system exhibits a different GS conformation compared to
those in the aliphatic systems. Specifically, [AsnThr+H]" [N!,CO'$,CO']-ttgtgtt and gggtgtt
conformers are stabilized by a hydrogen bond involving the side-chain hydroxyl group. Thus, the
ttgtttt conformer, which is 14 — 23 kJ/mol higher in energy than the ttgtgtt or gggtgtt GSs, is
analogous to the GSs located for the aliphatic systems. Accounting for this difference (as shown
by the bracketed values in Table 6), the energy of both rate-limiting [AsnThr+H]" deamidation
TSs decrease such that for both Suc and Fur formation, deamidation from [AsnThr+H]" is favored
over deamidation from [AsnVal+H]" (by averages of 39 and 12 kJ/mol, respectively). This is then

consistent with accelerated deamidation rates observed in condensed phase studies of AsnThr
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sequences (when Thr is the n + [ residue, deamidation rates are ~5 times faster than when Val is
present) [1].

Mean absolute deviations (MADs) between experimental and theoretical thermochemistry
were calculated collectively for the deamidation and dehydration processes of [AsnGly+H]",
[AsnAla+H]", [AsnVal+H]", and [AsnThr+H]*. Note that for the [AsnAla+H]" and [AsnVal+H]"
systems, furanone formation was favored at threshold energies, such that reaction energies for
furanone formation are used for comparison. Overall MADs (Table 6, for the observed channels
denoted non-bracketed values) for deamidation and dehydration were calculated to be 11 + 7, 10
+ 8, 10+ 7, and 9 + 4 kJ/mol at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2 levels of theory,
respectively. Overall, there is reasonable agreement at all levels of theory.

Structural Effects. One means to understand how the neighboring n + I residues influence
deamidation rates is to examine the Mulliken partial charges, , induced at the rate-limiting steps.
A comparison of structural (steric) and inductive effects of rate-limiting TSs in [AsnThr+H]" and
[AsnVal+H]" (the two systems to exclusively yield one deamidation product in the IRMPD
studies) for the lowest energy furanone and succinimide formation pathways is given in Figure
S10. All rate-limiting TSs are characterized by similar vibrational motions, such that differences
in partial charges of the major atoms involved in the TS should be a result of a combination of
structural and inductive effects. Magnitudes of inductive effects decrease with an increase in the
distance between the groups initiating the polarization and the atom on which 9 is being inspected.
Thus, for the succinimide pathway, the close proximity of the Thr side-chain OH to the NHj3
leaving group leads to larger 6 values and can help stabilize the partial negative charge on the
carbonyl carbon. This could have a favorable effect on reaction energetics. On the other hand, the
side chain is not directly facilitating the furanone reaction, such that the inductive effects here are
probably minimized, indicated by the smaller absolute & values. Another way to quantify this
phenomenon is to examine the differences in partial charges, Ad = da — OB, between atoms A and
B: 0.10 and 0.23 for [Fur+H]" formation versus 0.69 and 0.51 for [Suc+H]" from [AsnThr+H]"

and [AsnVal+H]", respectively. The larger differences observed for [Suc+H]" formation indicate
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that inductive effects from the OH group have a more significant effect on the reaction dynamics
for this pathway, compared to the steric effects in [Fur+H]" formation. Additionally, from a
structural perspective, the Thr side chain would likely still have the ability to orient itself into a
favorable hydrogen bonding environment in a larger, more biologically relevant system.
Solvation Effects. From an experimental point of view, our results suggest that steric effects
alone (a key aspect of previous n + [ residue studies) [1] may not be the dominant factor in
controlling the rate of deamidation under our experimental conditions. In particular, nearly
isoenergetic thresholds were determined for the [AsnGly+H]", [AsnAla+H]", and [AsnVal+H]"
systems [8, 10, 11], although condensed phase studies suggest that the rate of deamidation in the
latter two systems are on the order of 20 and 200 times slower than that of —Asn-Gly— sequences
[1]. (Notably, the deamidation process of [AsnThr+H]" was measurably higher in energy than from
[AsnGly+H]" by 14 + 9 kJ/mol.) Thus, it appears that the accessibility to water may be an
important factor regarding the deamidation process, a conclusion that has been previously drawn
from theoretical studies [16]. Clearly, understanding the relationship between gas and condensed-
phase pathways is important, and we have previously reported on the effects of solvation on
mechanisms analogous to those located here for succinimide and furanone formation, in addition
to one additional mechanism for succinimide formation via a tetrahedral intermediate [7]. The only
process accelerated via water solvation is succinimide formation via the tetrahedral intermediate,
suggesting this may be the dominant pathway in vivo. The proton transfers involved in the rate-
limiting step are facilitated by the addition of solvent such that water mediation effects are clearly
noticeable. On the other hand, the deamidation mechanisms (specifically the rate-limiting TSs)
presented here (Figure 3) are characterized by bond ruptures and formation, where the only role of
the water group is stabilization of the NH3" group. Thus, although asparaginyl systems can
deamidate via low energy pathways leading to alternative cyclic structures in the gas phase,
furanone formation is not observed in solution and succinimide formation (potentially via the

tetrahedral intermediate) is most commonly reported [7, 12, 16].
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One additional consideration here is the introduction of different side-chain chemistry via
the threonine hydroxyl group. Presumably, this hydroxyl group can facilitate the proton transfers
required for succinimide formation via the tetrahedral intermediate such that the likely TSs along
pathways leading from the tetrahedral intermediate were explored. Here, the effects of water
solvation on these pathways was considered both implicitly as well as explicitly via the addition
of one water molecule. Geometry optimizations of these mono-solvated reaction species were done
at the B3LYP/6-311+G(d,p) level of theory, and single point energies were calculated at the
B3LYP, B3P86, and MP2/6-311+G(2d,2p) levels of theory. Both geometry optimizations and
single point energies included use of self-consistent reaction field theory via the polarizable
continuum model [58, 59].

The first pathway located follows a mechanism analogous to that proposed previously for
[AsnGly+H]" [8]. From the likely tetrahedral intermediate formed, the water molecule facilitates
a proton transfer from the hydroxyl group (of the tetrahedral center in the succinimide ring) to the
adjacent NH2 amino group via rate-limiting TSret-1-n20, Figure S11. This results in the loss of NH3
and the formation of a protonated succinimide structure, where protonation now occurs at site 4 as
shown in Scheme 2 rather than at the N! site 1. This series of proton transfers requires 128 — 188
kJ/mol. An additional TS (TStet-2-n20, Figure 10) was located, where both the water molecule and
the Thr side-chain hydroxyl group stabilize the proton transfers required for NHs formation.
Involvement of the side chain results in a lower energy TS by 22 — 24 kJ/mol. This pathway leads
to the same protonated succinimide structure detailed above, [Suc+H]*-4.1.

Comparatively, the rate-limiting TS (TSn-suc-H20) of the solvated pathway paralleling the
gas-phase mechanism leading to [Suc+H]*-1.2 formation lies 154 — 185 kJ/mol above the GS, 18
— 48 kJ/mol higher in energy than the rate-limiting TSret-2-120. Here, the rate-limiting TS adopts a
conformation where the water molecule stabilizes the charge at site 2 of the Suc ring (Scheme 2).
Interestingly, we also tried to locate a TS characterized by the analogous conformation as TSN-suc

with the water molecule interacting with the NHs leaving group. In this case, the added water
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molecule inhibited dissociation of the NH3 group. Thus, we explored alternate water—molecule
interaction sites, leading to the location of TSN-Suc-H20.

These solvated energetic results indicate that for —Asn—Thr— sequences, succinimide
formation via the tetrahedral intermediate and TSret2-120 is energetically favored and could be
observed under solvated physiological conditions. However, TSret-2-120 is 17 kJ/mol above TSn-
suc at the B3LYP level of theory such that if deamidation was occurring in a region of a protein
with limited access to water (e.g., inside of a tightly packed region or within a hydrophobic core),
the reaction may proceed via the pathway presented in Figure 3. Therefore, the extension of these
deamidation studies to systems characterized by different conformational constraints and varying

degrees of likely water accessibility would be valuable.

Conclusions

The decomposition of [AsnThr+H]" was studied by measuring kinetic energy dependent
thresholds for collision-induced dissociation with Xe using a GIBMS, where major reaction
product species were further evaluated using IRMPD action spectroscopy. This combination of
techniques allows for the unambiguous structural identification of key [AsnThr+H-NH3],
[AsnThr+H-H20]", and [AsnThr+H-NH3-H20]" species as well as the energetic analysis of the
associated reaction mechanisms.

Deamidation of [AsnThr+H]" yielded a succinimide product, as confirmed via our
spectroscopic analyses. Theoretical results indicate that both succinimide and furanone formation
could contribute to the deamidation process as they are energetically comparable with Suc lower
by 4 — 16 kJ/mol at three levels of theory and Fur lower by 13 kJ/mol at the B3LYP level. Analysis
of TCID thresholds for deamidation using molecular parameters for each of these pathways yielded
isoenergetic values, 142 + 6 kJ/mol and 141 + 6 kJ/mol, respectively (Table 4), which are within
experimental uncertainty of predicted reaction values at several levels of theory. Thus, the TCID
analysis may be consistent with both succinimide and furanone formation, with identification of

the succinimide deamidation product being confirmed by IRMPD analyses. Decomposition of
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[AsnThr+H]" also resulted in dehydration of the complex, where a threshold energy of 117 + 5
kJ/mol was measured using parameters for protonated oxazoline formation, 25 + 1 kJ/mol lower
in energy than deamidation. IRMPD analyses confirmed the exclusive formation of a protonated
oxazoline structure (resulting from dehydration of the side chain, rather than the backbone), which
we found to be energetically competitive with oxazolone formation on a theoretical basis.

Bifurcating pathways were observed for the sequential losses of NH3 and H20 from the
[AsnThr+H-NH3]" product ion. Here, the IRMPD analysis confirmed the presence of multiple
[AsnThr+H-NH3-H20]" bicyclic species contributing to the spectrum. Composite modeling
indicated that an 85%:15% [Suc+H-18]"-2:[Suct+H-18]"-1 or [Suc+H-18]"-2:[Suc+H-18]"-3
ratio reproduces the spectrum well across the entire spectral range, although the identified reaction
mechanism leading to [Suct+H-18]"-2 is 7 — 43 kJ/mol higher in energy than the analogous
pathway leading to [SuctH-18]*-1. The pathway located for [Suct+H-18]*-3 may also be
competitive with these lower energy pathways, and is located 31 — 39 kJ/mol higher in energy than
the pathway leading to [Suc+H-18]*-1. These energetics suggest that [Suc+H—-18]"-2 and 1 are
the most likely products.

Regarding the comparison to our previously studied [AsnGly+H]", [AsnAla+H]", and
[AsnVal+H]" systems, our comprehensive results suggest that for aliphatic n + I residues, steric
effects play a dominant role in controlling the rate of deamidation. However, for n + I residues
possessing functional groups (e.g., hydroxyl groups), side-chain functionality is a contributing
factor in controlling the deamidation reaction. Notably, additional factors such as access to water
solvent may play important roles in the condensed-phase deamidation of Asn residues. Clearly,
additional studies involving other n + [ residues will aid in the understanding of the specific
interactions that either hinder or accelerate the deamidation process. Such experiments are

currently being conducted in our laboratories.
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Table 1. Relative Enthalpies (0 K) and Gibbs Energies (298 K) in kJ/mol of Rate-Limiting
Transition States and Products for Major Decomposition Reactions of [AsnThr+H]" ¢

Species B3LYP B3LYP-GD3BJ? B3P86 MP2(full)
Dehydration (m/z 216)
TSo-0xa0 128.7 (135.3) 125.4 (128.1) 129.2 (135.8) 120.2 (123.6)
[OxaO+H]" + H20 96.6 (58.0) 112.2 (72.7) 103.6 (61.8)  100.7 (62.6)
TSo-0xal-1 128.6 (134.7) 128.1(133.7) 116.6 (119.5) 126.0(129.0)
TSo-0xal-2 129.7 (132.7) 131.0 (132.3) 115.9 (115.8) 129.8 (129.7)
[Oxal+H]" + H20 46.8 (7.0) 61.6 (20.1) 54.0 (13.5) 58.4 (15.4)
Deamidation (m/z 217)
TSN-suc 150.0 (159.9) 140.1 (147.4) 141.0 (150.9) 127.4 (134.1)
[Suc+H]™-1.2 +NHs  119.9 (83.3) 123.8 (87.8) 124.4 (87.1)  104.5 (64.7)
TSN-Fur 137.2 (138.6) 131.1 (139.2) 144.7 (145.5) 134.2(132.6)

[Fur+H]*-3.1 +NH;  127.2(85.5)  148.6 (107.2)  138.7(96.3)  143.2(98.3)

Sequential Ammonia Loss from [Oxal+H]* (m/z 199)

TSso- 191.9 (151.1)  204.1 (164.5)  193.4 (155.1) 192.8 (152.0)
[Oxal+H-17]" +NH;  164.9(82.3)  193.2(112.5)  177.9(95.3)  184.0 (98.2)

Sequential Dehydration from [Suc+H]*-1.2 (m/z 199)

TSs-o1 236.0 (201.4)  238.2(204.0)  245.4(210.1) 209.5 (171.8)
[SuctH-18]-1 +H20 217.4(134.9) 2439 (161.9)  231.5(148.4) 224.7(139.2)
TSs.02 243.1(203.0)  252.1(212.3) 2589 (218.2) 267.8 (224.6)
[SuctH-18]"-2 + H20  167.5(86.4)  194.0 (114.8)  180.5(98.8)  183.8 (99.5)
TSs-03 266.6 (226.4)  277.4 (237.4)  283.7(242.9) 263.7 (220.3)

[SuctH-18]"-3 + H20 236.1 (154.6)  264.1(184.2)  250.1 (168.0) 250.2 (165.5)

Sequential Ammonia Loss from [Suc+H]*-1.2 (m/z 200)

TSsN 354.8(304.7)  368.7 (316.9)  394.8 (344.1) 369.1 (315.9)

[Suc+H-17]" +NHs  303.7(217.3)  332.0(246.7)  337.6(250.6) 345.5(255.9)

¢ Calculations performed at the stated level of theory using a 6-311+G(2d,2p) basis set with
B3LYP/6-311+G(d,p) geometries. Values are given relative to the predicted GS. Gibbs energies
in parentheses. Bold indicates the rate-limiting step (TS or product). ® Calculations performed at
the B3LYP-GD3BJ/6-311+G(2d,2p)//B3LYP-GD3BJ/6-311+G(d,p) level.
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Table 2. Relative Enthalpies (0 K) and Gibbs Energies (298 K) in kJ/mol for Possible

[AsnThr+H-NH3]" Product Structures?

[Suc+H]" [Fur+H]" [DKM+H]"
Protonation = B3LYP MP2 B3LYP MP2 B3LYP MP2
Site

1 38 (42) 0 (0) 127 (126)  105(101)  82(82) 75 (71)

2 72 (73) 47 (44) b 54(53) 53 (48)

3 168 (167) 129 (125) 49 (45) 39 (31) 0 (0) 6(2)

4 30 (30) 6(2) 134 (131)  123(116) 86 (84) 69 (64)

5 148 (146) 129 (123) 97 (98) 97 (94)

@ Calculations performed at the stated level of theory using a 6-311+G(2d,2p) basis set with
geometries calculated at B3LYP/6-311+G(d,p) level for protonation sites illustrated in Scheme 2.
Gibbs energies in parentheses. ” Protonation at site 2, Scheme 2, leads to opening of the furanone

ring.
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Table 3. Relative Enthalpies (0 K) and Gibbs Energies (298 K) in kJ/mol of Possible

Succinimide and Furanone Deamidation Products of [AsnThr+H]" ¢

Species B3LYP B3LYP-GD3BJ? B3P86 MP2(full)
0.0 (1.9) 0.0 (0.0) 0.0 (0.0) 0.0(2.4)
[Suct+H]*-1.1
115.9 (81.9) 118.5 (85.0) 118.3 (83.6) 104.2 (67.1)
4.0 (3.3) 5.3(2.8) 6.1 (3.5) 0.3 (0.0)
[Suct+H]*-1.2
119.9 (83.3) 123.8 (87.8) 124.4 (87.1) 104.5 (64.7)
4.9 (0.0) 13.9 (6.3) 9.0(2.2) 10.0 (5.5)
[Suc+H]*-1.3
120.8 (80.0) 132.4 (91.3) 127.3 (85.8) 114.2 (70.2)
6.6 (6.6) 8.6 (6.5) 7.8 (6.0) 7.4 (7.8)
[Suc+H]*-1.4
122.5 (86.6) 127.1 (91.5) 126.1 (89.6) 111.6 (72.5)
9.2 (3.7) 13.7 (6.4) 13.0 (8.0)
[Suct+H]*-1.5 c
125.1 (83.7) 132.0 (90.0) 117.2 (72.7)
11.3(5.5) 30.1 (22.2) 20.4 (12.7) 39.0 (33.6)
[Fur+H]*-3.1
127.2 (85.5) 148.6 (107.2) 138.7 (96.3) 143.2 (98.3)
33.6 (26.5) 52.1 (42.6) 42.2 (33.4) 63.8 (57.2)
[Fur+H]*-3.2
149.5 (106.5) 170.6 (127.6) 160.5 (117.0) 168.0 (121.9)
40.8 (33.5) 58.6 (49.1) 49.6 (40.8) 69.5 (62.7)
[Fur+H]*-3.3
156.7 (113.5) 177.1(134.1) 168.2 (124.4) 173.7 (127.4)
48.2 (40.7) 66.3 (56.7) 57.5 (48.2) 75.7 (68.6)
[Fur+H]*-3.4
164.1 (120.7) 184.8 (141.7) 175.8 (131.8) 179.9 (133.3)

¢ Calculations performed at the stated level of theory using a 6-311+G(2d,2p) basis set with
geometries calculated at B3LYP/6-311+G(d,p) level. Values are given relative to the lowest
energy [Suc+H]" structure at each level of theory. Gibbs energies in parentheses. Values in italics
are given relative to the predicted GS of [AsnThr+H]" at each level of theory and include NHs.
b Calculations performed at the B3LYP-GD3BJ/6-311+G(2d,2p)//B3LYP-GD3BJ/6-311+G(d,p)

level. ¢ [Suc+H]*-1.5 collapses to [Suc+H]*-1.2.
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Table 4. Fitting Parameters of Equation 1, Threshold Energies at 0 K, and Entropies of

Activation at 1000 K for Cross Sections of the Reactions Indicated®

Product S Frequ'ency o . Eo (eV) AST1000
Scaling? (J/K mol)
mE216  TSoown T00  124(15) 10(02) 1.14(005) 36(03)
m/z 217 TSN sue 0.77 1.45(0.08)  37(20)¢
miz216  TSo-omla 1.00 12415 1.0(0.1) 121(0.05  -20(0.2)
m/z 217 TSN-sue 0.75 1.47 (0.06) 47 (11y
m/z216  TSo.oxal 125 188 (3.0) 03(0.1) 1.06(0.05) -91(0.8)¢
m/z217 TSN-sue 1.00 127 (0.05)  -46(0.5)
miz216  TSo.omlz 100 123(13) 09(0.1) 121(0.05) -20(0.2)
m/z 217 TSN-Fur 0.90 1.46 (0.06) 33 (5)
m/z216 TS0-0x10 1.00 123(14) 1.0(0.1) 1.15(0.05  -25(0.3)
m/z 217 TSN-sue 0.75 1.47(0.07) 47 (11y
m/z 216 TS0-0%0 1.00 125(14) 1.0(0.1) 1.16(0.05  -25(0.3)
m/z217 TSN-Fur 0.90 147 (0.05)  33(5)°

«Uncertainties in parentheses. ? Scaling factor applied to frequencies < 900 cm™. ¢ AS 1000 without

scaling is -46 J/K mol. ¢ ASTi000 without scaling is -20 J/K mol. ¢ AS'1000 without scaling is 1.2 J/K

mol.
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Table 5. Enthalpies and Gibbs Energies (kJ/mol) of Reaction at 0 and 298 K for Deamidation

and Dehydration Reactions”

Reaction AHo? AH298-AHo ¢ AH2o9g TAS298¢ AG298
Dehydration, TSo-0xal-2 117 (5) 0.4 (0.1) 117(5) -5.2(0.2) 123 (5)
Deamidation, TSN-suc 142 (6) 9.3(1.1) 151 (7) 9.0 (2.8) 142 (6)

¢ Uncertainties in parentheses.
b Experimental values from Table 4 for analysis with TSn-suc and TSo-oxar-2.
¢ Calculated using standard formulae and molecular constants calculated at the B3LYP/6-

311+G(d,p) level.
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Table 6. Comparison of 0 K Reaction Energies for the Deamidation and Dehydration Processes

of Asparaginyl Dipeptides

B3LYP-

Reaction Species Experiment®  B3LYP? B3P86*  MP2(full)’
GD3BJ°

Succinimide [AsnGly+H]" 128 (7) 151 143 143 133
Formation — [AsnAla+H]* 163 154 155 137
[AsnVal+H]" 172 163 164 145

[AsnThr+H]" 142 (6) 150 [136] 140 [120] 141 [127] 127 [105]
Furanone  [AsnGly+H]" 132 148 140 143
Formation  [AsnAla+H]" 123 (5) 132 145 139 134
[AsnVal+H]" 129 (5) 132 143 139 138

[AsnThr+H]" 137 [123] 149 [129] 14511311 143 [121]
Dehydration [AsnGly+H]" 117 (8) 127 117 130 111
[AsnAla+H]" 103 (6) 119 110 122 98
[AsnVal+H]" 114 (5) 116 110 118 103

[AsnThr+H]" 117 (5)¢ 130 [116] 131[111] 116 [102]  130[107]
MADs* 11(7) 10 (8) 10 (7) 9(4)

4 Experimental values from Table 4 and references 8, 10, and 11. Uncertainties in parentheses.

b Calculations performed at the stated level of theory using a 6-311+G(2d,2p) basis set with

geometries calculated at B3LYP/6-311+G(d,p) level, ZPE corrections included. Values in square

brackets are given relative to the [N!,CO*,CO']-ttgtttt conformer.
¢ Calculations performed at the B3LYP-GD3BJ/6-311+G(2d,2p)//B3LYP-GD3BJ/6-311+G(d,p)

level of theory, ZPE corrections included.

4 Dehydration of [AsnThr+H]" yields [Oxal+H]" formation via TSo-oxal-2 at threshold energies.

¢ Calculated mean absolute deviations (MADs) between experiment and theory for observed

deamidation and dehydration reactions using non-bracketed values for [AsnThr+H]".
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Scheme 1. Major decomposition reaction pathways for [AsnThr+H]" observed in TCID studies
under unit mass-resolution conditions. Numbers indicate mass-to-charge ratios and are given along
with nomenclature used in the text. Dashed lines indicate proton movement, dotted lines indicate

bond cleavages, solid lines indicate bond formation, and lines are color-coded to the resultant

reaction.
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Figure 1. Experimental IRMPD spectrum of [AsnThr+H]" (solid black and dashed grey traces)
and calculated spectra for select low-energy conformers calculated at the B3LYP/6-311+G(d,p)
level of theory. Relative 298 K Gibbs energies in kJ/mol are given at the B3LYP, B3LYP-GD3BJ,
B3P86, and MP2(full) levels. Structures are shown to the right. Hydrogen bonds are indicated by
dashed grey lines.
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Figure 2. Cross sections for the collision-induced dissociation of [AsnThr+H]" with Xe as a
function of kinetic energy in the center-of-mass frame (lower x-axis) and laboratory frame (upper
x-axis). Numbers indicate the mass-to-charge ratio of the ionic reaction products. Cross sections

were measured at a Xe pressure of 0.3 mTorr.
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Figure 3. Simplified potential energy surfaces for deamidation. Relative single point energies at 0
K are taken from Table 1 and calculated at the B3LYP (dashed line) and MP2 (solid line) levels

of theory. In the structures, which show the TS and products, hydrogen bonds are indicated by

grey dashed lines and bond rupture and formation are designated by black dotted lines.
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Figure 4. IRMPD spectra (solid black and dashed grey traces) of [AsnThr+H-NH3]" along with

calculated spectra for select [Fur+H]" (pink) and [Suct+H]" (green) structures. Relative 298 K

Gibbs energies (from Table 3) are given at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2(full)

levels.
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Figure 5. Simplified potential energy surfaces for the sequential dehydration of the succinimide
deamidation product. Relative single point energies at 0 K are from Table 1 and calculated at the
B3LYP (dashed lines) and MP2(full) (solid lines) levels. In the structures, hydrogen bonds are
indicated by grey dashed lines and bond rupture and formation are designated by black dotted

lines.
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Figure 6. IRMPD spectra (solid black and dashed grey traces) of [AsnThr+H-NH3-H20]" along
with calculated spectra for [Suc+H-18]*-1, 2, and 3. Relative 298 K Gibbs energies (from Table
1) are given at the B3LYP, B3LYP-GD3BJ, B3P86, and MP2(full) levels, respectively.
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Figure 7. Simplified potential energy surfaces for [AsnThr+H]" dehydration. Relative single point
energies at 0 K are from Table 1 and calculated at the B3LYP (dashed lines) and MP2(full) (solid
lines) levels. In the structures, which show the TS and products, hydrogen bonds < 2.7 A are
indicated by grey dashed lines and bond rupture and formation are designated by black dotted

lines. The structure for an additional TS leading to [Oxal+H]" is given to the right.
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Figure 8. IRMPD spectra (solid black and dashed grey traces) of [AsnThr+H-H20]" along with
calculated spectra for ground structures of [Oxal+H]", [OxaO+H]", and [MKP+H]". 0 K single
point energies are given relative to the [AsnThr+H]" GSs at the B3LYP, B3LYP-GD3BJ, B3P86,

and MP2(full) levels, respectively.
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Figure 9. Cross section models of the main decomposition products of [AsnThr+H]" as a function
of collision energy with Xe in the center-of-mass frame (lower x-axis) and the laboratory frame
(upper x-axis). Solid lines show the best fit to the data extrapolated to zero pressure (symbols),
using the model of eq 1 convoluted over the neutral and ion kinetic and internal energy
distributions. Dashed lines show the model cross sections in the absence of experimental kinetic
energy broadening for reactants with an internal energy of 0 K. Data are modeled assuming

succinimide formation via TSn-suc and dehydration via TSo-oxal-2.
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Figure 10. Solvated GS and TS species calculated for succinimide formation via the tetrahedral
intermediate leading to [Suc+H]*-4.1 formation (via TStet2-H20) and solvated succinimide
formation yielding the experimentally observed [Suc+H]*-1.2 (via TSn-suc-H20). Relative 0 K

single point energies are given at the B3LYP, B3P86, and MP2(full) levels of theory.



[AsnThr+H-NH,J* __FELIX

[Suc+H]*

TOC Graphic

54



