71
Chapter 5

Hydrogen Bonding Constrains Free Radical Reaction Dynamics at
Serine and Threonine Residues in Peptides
(Reproduced in part with permission from Thomas, D. A.; Sohn, C. H.; Gao, J.;
Beauchamp, J. L. J. Phys. Chem. A 2014, 118, 8380-8392.
http://dx.doi.org/10.1021/jp501367w Copyright 2014 American Chemical Society.)

5.1 Abstract
Free radical-initiated peptide sequencing (FRIPS) mass spectrometry derives advantage
from the introduction of highly selective low-energy dissociation pathways in target
peptides. An acetyl radical, formed at the peptide N-terminus via collisional activation and
subsequent dissociation of a covalently attached radical precursor, abstracts a hydrogen
atom from diverse sites on the peptide, yielding sequence information through backbone
cleavage as well as side-chain loss. Unique free radical-initiated dissociation pathways
observed at serine and threonine residues lead to cleavage of the neighboring N-terminal
Cα−C or N−Cα bond rather than the typical Cα−C bond cleavage observed with other amino
acids. These reactions were investigated by FRIPS of model peptides of the form
AARAAAXAA, where X is the amino acid of interest. In combination with density
functional theory (DFT) calculations, the experiments indicate the strong influence of
hydrogen bonding at serine or threonine on the observed free radical chemistry. Hydrogen
bonding of the side chain hydroxyl group with a backbone carbonyl oxygen aligns the
singly occupied π orbital on the β-carbon and the N−Cα bond, leading to low-barrier β-

cleavage of the N−Cα bond. Interaction with the N-terminal carbonyl favors a hydrogen-
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atom transfer process to yield stable c and z• ions, whereas C-terminal interaction leads to
effective cleavage of the Cα−C bond through rapid loss of isocyanic acid. Dissociation of
the Cα−C bond may also occur via water loss followed by β-cleavage from a nitrogencentered radical. These competitive dissociation pathways from a single residue illustrate
the sensitivity of gas-phase free radical chemistry to subtle factors such as hydrogen
bonding that affect the potential energy surface for these low-barrier processes.

5.2 Introduction
Over the last two decades, the use of mass spectrometry experiments for the sequencing
of biological molecules has been a major field of research, especially in the area of protein
analysis, where high resolution and unparalleled sensitivity make tandem mass
spectrometry (MS/MS) experiments the method of choice.237-241 Successful dissociation of
peptides or proteins in the gas phase is essential for obtaining peptide sequence
information, and collision-induced dissociation (CID) and infrared multiphoton
dissociation (IRMPD) remain the most widely utilized approaches for inducing backbone
cleavage even after several decades of research.242-245 In these techniques, input energy is
statistically redistributed throughout the degrees of freedom of the peptide, resulting
predominantly in the cleavage of the amide linkage and generally yielding significant
sequence coverage.246 However, shortcomings of these methods become apparent in the
examination of peptides containing aspartic and glutamic acid or proline residues, where
cleavage is highly selective, as well as in the analysis of post-translational modifications
(PTMs), which are typically lost as neutral fragments in low-energy pathways.245,247
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Partially in response to these limitations, the past decade has seen the development of
new techniques that rely on radical-induced dissociation to provide sequence information.
These methods can generally be grouped by their utilization of either hydrogen-abundant
or hydrogen-deficient radicals.248 Hydrogen-abundant radical techniques include electron
capture and electron transfer dissociation (ECD and ETD, respectively), which mainly
effect cleavage of backbone N−Cα bonds through the capture of low-energy electrons,
yielding N-terminal c and C-terminal z• product ions.244,249-251 The unexpected cleavage of
the comparatively strong N−Cα bond has led to a large body of work investigating the
mechanism of ETD and ECD,249,252-258 with the Utah-Washington (UW) mechanism
proposed independently by Simons and co-workers259-267 and Tureček and coworkers257,268-274 being the most prevalent explanation. This mechanism posits that N−Cα
bond dissociation occurs by electron attachment to an amide π* orbital, either by direct
electron capture or by intramolecular transfer from a high n-Rydberg state, yielding an
amide radical “superbase” anion, which rapidly undergoes N−Cα bond cleavage.255,269
Though significant progress has been achieved in elucidating the mechanism of ECD and
ETD, many questions about this intriguing process remain under debate, such as the initial
site of electron capture or transfer and the order of N−Cα bond cleavage and proton
transfer.255,275-277 The success of these techniques, however, is not disputed; they provide
extensive sequence coverage through predominantly nonselective backbone cleavage with
retention of PTMs.245,278-280 These attributes, along with the ability to selectively cleave
disulfide bonds, make ECD and ETD excellent methods for a wide range of proteomic
analyses, from identification of glycosylation sites to the analysis of disulfide
linkages.240,245,252,253,281,282
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Scheme 5.1. Generation of Peptide Free Radicals by N-Terminal Derivatization and Gas-Phase
Collisional Activation

Parallel to the development and implementation of the hypervalent radical techniques,
many research groups investigated methods for the formation of hydrogen-deficient radical
peptides. Initially, these species were generated by UV photoionization of aromatic
residues or CID of copper coordination complexes to generate copper-bound peptide
radicals.283 More recent work has established simple techniques for the generation of
hydrogen-deficient peptide radicals, including CID of an array of peptide-metal
complexes,284-290 peptide irradiation with 157 nm light,291-293 and photodissociation of
carbon-iodine bonds.294-296 To achieve regioselective free radical generation via collisional

75
activation, Porter and co-workers converted the lysine side chain to a peroxycarbamate
moiety,297,298 whereas O’Hair and coworkers utilized nitrosylation and nitrate ester
formation at cysteine and serine residues, respectively.299-303 In addition, Hodyss and coworkers developed the technique of free-radical-initiated peptide sequencing (FRIPS), in
which a well-defined radical site is produced at the N-terminus of a peptide or protein by
dissociation of a covalently bound free radical precursor through a low-energy pathway.304
The initial free radical precursor developed for this experiment was based on the Vazo-68
free radical initiator, which was coupled to the N-terminus via an acetyl group. As shown
on the left side of Scheme 5.1, a two-step gas-phase collisional activation resulted in the
generation of an acetyl radical at the N-terminus of the peptide. Later work by Lee and coworkers as well as Sohn and co-workers employed processes involving use of the stable
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) free radical,305-308 which provides the
advantage of requiring only a single stage of collisional activation for radical generation,
as demonstrated on the right side of Scheme 5.1. The latter methodology is employed in
the current investigation.
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Scheme 5.2. Mechanism of Peptide Dissociation by Hydrogen-Deficient Free Radical Chemistry

Unlike ECD and ETD, FRIPS and other hydrogen-deficient radical techniques produce
primarily cleavage of Cα−C bonds and side-chain losses.304,309,310 These products are
formed by the abstraction of a hydrogen atom by the initial radical center from the
backbone Cα or the side-chain Cβ or Cγ position of a given amino acid residue followed by
β-cleavage. As outlined in Scheme 5.2, the site of hydrogen atom abstraction generally
determines the types of product ions formed. Hydrogen abstraction from Cα results in the
loss of an odd-electron side-chain fragment through β-cleavage of the Cβ−Cγ bond (Scheme

5.2a). The loss of an even-electron side-chain fragment results from Cγ−H abstraction
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through a similar process, giving a radical peptide ion (Scheme 5.2c). Backbone cleavage
occurs following hydrogen abstraction from Cβ, except at methionine residues, where the
loss of a sulfhydryl radical is favored (Scheme 5.2b). This process is highly sensitive to
amino acid side-chain chemistry, owing to subtle differences in dissociation energetics that
modulate which product is favored. A study by Julian and co-workers using a
noncovalently associated 18-crown-6 free radical precursor concluded that the amino acids
generally fall into three main categories: (1) nonreactive residues (Ala, Gly, Pro), (2)
backbone Cα−C bond cleavage residues (Asp, Asn, His, Tyr, Phe, Val, Trp), and (3) sidechain loss residues (Lys, Glu, Gln, Arg, Met, Cys, Ile, Leu).311 The amino acid residues
that primarily undergo side-chain loss or are largely unreactive tend to possess high bond
dissociation energies (BDEs) for the Cβ−H bond, whereas those that yield backbone Cα−C
bond cleavage have comparable BDEs for the Cα−H and Cβ−H bonds. This process is
largely independent of the charge state of the precursor ion, as evidenced by the generation
of similar product ions from either cations or anions,311,312 suggesting that barriers for these
processes are typically lower than those facilitated by a mobile proton to yield b- and ytype ions. In addition, there is evidence that Cβ−H BDEs are not always sufficient to predict
the observed product ions, as the initial radical position and the peptide or protein
conformation can strongly influence observed dissociation pathways. For example, product
ions are often formed at residues in close physical proximity to the site of radical formation
in the low-energy peptide or protein conformations.287,294,296,313,314 Alternately, the radical
site may migrate multiple times (i.e., participate in several C−H abstraction processes)
before achieving a configuration with a low barrier to bond cleavage.306,315,316 These studies
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indicate that the relative importance of competitive dissociation pathways are highly
dependent on subtle factors that introduce small differences in activation energies.
The unique properties of hydrogen-deficient free radical chemistry have been shown to
be especially useful for a wide range of specialized proteomics experiments, including the
elucidation of phosphorylation sites,317 the analysis of cysteine residues and disulfide
linkages,306,307,318 and the detection of D-amino acids.319 The discovery of even more
innovative applications of this technique is contingent upon a comprehensive knowledge
of the underlying free radical reaction dynamics. To this end, the present study investigates
the atypical dissociation pathways observed at serine and threonine residues in peptides.
As reported by Julian and co-workers and Reilly and co-workers,311,320 activation of
hydrogen-deficient radical ions containing serine or threonine at the nth residue from the
N-terminus and mth residue from the C-terminus results in the formation of [an−1+H]• and
zm ions, as well as cn−1 and [zm−H]• ions. However, no compelling rationale has been
proposed for the formation of these products in preference to the more commonly observed
an and xm+1• ions. This work posits that the hydrogen bonding capabilities of the serine and
threonine moieties lead to a number of novel dissociation pathways following hydrogen
atom abstraction from either Cα or Cβ. Specifically, a simple hydrogen bonding interaction
alters the relative activation energies for competitive dissociation pathways by stabilizing
the transition state, either by optimizing orbital overlap to yield π bond formation via N−Cα
bond cleavage or through accessing a hydrogen atom transfer intermediate. The sensitivity
of these low-barrier free radical dissociation pathways to alterations in the free energy
landscape via noncovalent interactions is a key distinction between free-radical-initiated
biomolecule dissociation and standard collisional activation methods.
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5.3 Methods
5.3.1 Materials

The model peptides AARAAAAAA, AARAAMAHA, AARAAASAA, AARAAATAA,
AARAASATA, AATAAARAA, and AARAAAT(OMe)AA (where T(OMe) denotes a
methylated threonine residue) were purchased as crude synthesis products (minimum 70%
purity) from Biomer Technology (Pleasanton, CA, USA). HPLC grade methanol,
acetonitrile, and water were purchased from EMD Merck (Gibbstown, NJ, USA). For
desalting, 10 μL pipet ZipTips with 0.6 μL C18 resin were purchased from Millipore Corp
(Billerica, MA, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

5.3.2 Synthesis of TEMPO-Based FRIPS Reagent
The TEMPO-based FRIPS reagent recently developed by Sohn and co-workers in this
group, based upon the procedure outlined by Lee and co-workers,305 was synthesized and
employed for free radical generation.306 Full synthesis details can be found elswhere.321
Briefly, the FRIPS reagent was synthesized starting with methyl 2-bromoacetate, to which
the TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) reagent was coupled to give methyl 2(2,2,6,6-tetramethylpiperidin-1-yloxy)acetate. This compound was then converted to 2(2,2,6,6-tetramethylpiperidin-1-yloxy)acetic acid by stirring in 2 M potassium hydroxide
in tetrahydrofuran for 24 h. The free acid was then activated by mixing with trifluoroaceticN-hydroxysuccinimide ester in dry N,N-dimethylformamide for 24 h to yield 2,5dioxopyrrolidin-1-yl

2-(2,2,6,6-tetramethylpiperidin-1-yloxy)acetate,

TEMPO-based FRIPS reagent.

the

desired

5.3.3 Peptide Conjugation
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Approximately 20 μg of peptide and 100 μg of the TEMPO-based FRIPS reagent were
dissolved in 20 μL of a 50 mM triethylammonium bicarbonate solution (pH 8.5) in 50/50%
(v/v) acetonitrile/water. The conjugation of the radical precursor to the peptide was
allowed to progress for 2 h before quenching the reaction by the addition of 10 μL 25%
(w/w) hydroxylamine hydrochloride in H2O to reverse any derivatization of the hydroxyl
groups. The solvent was then removed with use of a centrifugal evaporator, and the peptide
was resuspended in 0.1% (v/v) trifluoroacetic acid in H2O. The solution was desalted using
Millipore C18 ZipTips according to the manufacturer’s instructions. The 5 μL elution
solvent containing approximately 5 μg of peptide was brought to a final volume of 250 μL
in a 50/50/0.1% (v/v) solution of methanol/water/formic acid and was electrosprayed
directly into the mass spectrometer. The acquired mass spectrum demonstrated 95% or
greater derivatization of the peptide with the FRIPS reagent for all peptides examined.

5.3.4 Mass Spectrometry
Experiments were performed on an LCQ Deca XP quadrupole mass spectrometer
(Thermo-Fisher, Waltham, MA, USA). Peptide solutions were infused directly into the
electrospray source of the mass spectrometer by a syringe pump at a flow rate of 3 μL/min.
An electrospray voltage of 3.5 kV, capillary voltage of 41-42 V, capillary temperature of
275 °C, and tube lens voltage of -40 to -60 V were used. Other ion optics parameters were
optimized by the autotune function in the LCQ tune program for maximizing the signal
intensity. The precursor isolation window for MSn experiments was set to 3.0 m/z, and the
normalized collisional energy in the LCQ tune program was varied from 26% to 30%
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according to residual precursor ion intensities. Spectra were recorded for 50 or 100 scans
based upon signal intensity.

5.3.5 Computational Methods
Seven structures were chosen as simple model systems for the study of the dissociation
pathways of threonine. The molecules 2-acetamido-3-hydroxy-N-methylbutanamide, 2acetamido-3-methoxy-N-methylbutanamide,

and

2-acetamido-3,N-methylbutanamide

were utilized as models for threonine, O-methylthreonine, and valine, respectively. These
structures were composed of amino acids with an additional N-terminal acetyl group and
C-terminal methylated amine and were employed to investigate the energetics of N−Cα and
Cα−C bond cleavage with an initial radical center at Cβ (Figure 5.3a, b, d). The threonine
and O-methylthreonine model structures were also optimized with a radical centered at Cα
to examine loss of water or methanol from the side-chain (Figure 5.3c,e, respectively).
Finally, the alanine-based structures 2-acetamidopropanimide and 2-acetamido-N-(prop-1en-2-yl)propanamide were utilized for the examination of cleavage of the Cα−C bond
beginning from a nitrogen-centered radical (Figure 5.3f, g).
Initial geometries for each molecule were generated by MC/MM conformer search with
OPLS 2005 as the force field using Macromol 8.0 as implemented in Maestro 8.0
(Schrödinger Inc., Portland, OR, USA) under the Linux environment. All initial structures
falling within 5 kcal/mol of the lowest-energy structure were recorded and examined.
Conformation space of the radical for each system was searched by substitution of the
carbon radical center with boron to simulate the trigonal bonding environment. Candidate
structures from these simulations were then screened manually to avoid redundancy, and
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the boron atom was replaced by a carbon radical site for further optimization utilizing
density functional theory (DFT) with Jaguar 7.5 (Schrödinger Inc., Portland, OR, USA) at
the B3LYP/6-31+G(d) level of theory. By monitoring the occurrence of imaginary
vibrational frequencies, only nontransition state structures (i.e., no imaginary vibrational
frequencies) were further optimized using a higher basis set at the B3LYP/6-311++G(d,p)
level.
To obtain an initial potential energy surface for each reaction, the energetics of the bond
dissociation process being examined were explored by geometry optimization at fixed bond
distances (i.e., relaxed coordinate scan) with a step size of 0.1 Å at the B3LYP/6-31+G(d)
level of theory. After visualization in Molden,322 transition state structures were determined
by a standard transition state search at the B3LYP/6-311++G(d,p) level of theory from the
highest-energy conformer found, and observation of the correct transition state was
confirmed by IRC calculations. Generally, only the transition state for cleavage of the bond
of interest was found, as well as the energies of the products. Small barriers due to rotations
about a bond or noncovalent interactions were not investigated, except in the case where
the transition state for bond cleavage was separated from the enthalpy of reaction by a
noncovalent complex of the product ions.
The single point energy for each structure was also calculated using the M05-2X and
M06-2X density functionals with the 6-311g++G(d,p) basis set. The two new-generation
meta-hybrid functionals other than B3LYP were chosen for their ability to reliably predict
the energetics of organic radical reactions, as well as their strong performance in assessing
hydrogen bond interactions and dipole moments.323-325 Thermochemical corrections (zero
point energy plus thermal internal energy) were calculated with the B3LYP/6-311++G(d,p)
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basis set at 298 K and applied to SCF calculations from all utilized density functionals.
Charges derived from the electrostatic potential and Mulliken populations were calculated
for selected molecules using Jaguar, and natural atomic charges were calculated using NBO
5.0 (Theoretical Chemistry Institute, University of Wisconsin, Madison, WI) at the
B3LYP/6-311g++G(d,p) level of theory. All optimizations were performed using the spin
unrestricted methodology, and the spin contamination was found to be small (S2<0.782).
All calculations were performed using computational resources kindly provided by the
Material and Process Simulation center at the Beckman Institute, Caltech.

5.4 Experimental Results and Discussion
5.4.1 Unique Product Ions Observed at Serine and Threonine
Peptide ions derivatized by the TEMPO-based FRIPS reagent were collisionally activated
to provide precursors for studies of hydrogen-deficient radical-driven dissociation. The use
of the TEMPO-based reagent greatly improves the signal intensity of FRIPS spectra over
the previously employed Vazo 68 FRIPS reagent by eliminating an additional stage of
MS/MS experiments (Scheme 5.1). In all experiments presented in this work, the singly
protonated peptide derivatized with the TEMPO-based reagent was isolated and subjected
to CID, producing the acetyl radical peptide ion (right-hand side of Scheme 5.1). Further
dissociation of this species by collisional activation (i.e., MS3) produced the desired FRIPS
spectrum.
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Figure 5.1. Free radical chemistry of serine and threonine in model peptides. For both serine (a)
and threonine (b), the spectra are dominated by the formation of [a6+H]• and c6 ions, instead of the
more typical a7 ion and side-chain losses. Reaction at threonine is more prominent than at serine,
as seen in (e). Methylation of the hydroxyl group of threonine (c) prevents c6 ion formation. The
FRIPS spectrum of a model peptide with the threonine and arginine residues transposed to place
the charge site on the C-terminal side of threonine (d) yields the z7, [z7−H]•, and x7−H2O ions.

Parts a and b of Figure 5.1 show the FRIPS spectra of AARAAASAA and
AARAAATAA, respectively. Contrary to the expected dissociation to yield a ions or sidechain losses typically observed in FRIPS spectra, reaction at serine or threonine generates
the [a6+H]• and c6 ions as the dominant products, with minor formation of the a7 ion. These
atypical product ions, whose assignment was confirmed by MSn experiments, cannot be
explained by the general mechanisms outlined in Scheme 5.2. Also notable is a small

amount of water loss and a7−H2O ions, which have been observed previously in free

85

radical reactions at serine and threonine.320 Although the FRIPS spectra for these two
model peptides are nearly identical, there is a significant difference in the abundance of
CO2 loss, which can be attributed to a difference in reactivity between serine and threonine.
The FRIPS spectrum of AARAASATA shown in Figure 5.1e further highlights this
disparity, with a significantly higher abundance of product ions from reaction at threonine
than serine. These differences in reactivity were investigated using DFT calculations on
model systems, and it was found that the activation energy for the rate-limiting β-cleavage
reactions was systematically higher for serine than threonine due to the absence of the
stabilizing methyl group on the side chain.321
To further investigate the mechanism of formation of these atypical product ions, the
transposed sequence of the threonine model peptide, AATAAARAA, was examined. The
FRIPS spectrum shown in Figure 5.1d is dominated by the formation of the z7 ion, with the
[z7−H]• (inset), a7, and x7−H2O ions also of notable abundance. The y6 ion is likely formed
from dissociation of the z7 species, as this ion is prominently observed upon collisional
activation of the z7 ion. The a7 ion results from β-cleavage of the Cα−C bond at the arginine
residue, a process that gave negligible yields of the a3 ion in the model peptides possessing
an arginine near the N-terminus. This difference can again be attributed to the somewhat
regioselective nature of the FRIPS reagent. Similarly, the increased abundance of CO2
neutral loss can be attributed to the decreased accessibility of the reactive threonine residue
to the radical site. However, given that the most prominent ions in the spectrum occur from
the threonine residue near the C-terminus, the chemical properties of the various moieties
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on the peptide are more influential than amino acid position in determining product ion
yields.
In explaining the atypical free radical chemistry of serine and threonine, attention is
naturally focused on the hydroxyl group, which not only serves as a key site for modifying
protein structure and function through PTMs but also has the ability to affect protein
stability directly by hydrogen bonding. To determine the role this functional group plays
in observed dissociation patterns, the threonine residue in the model peptide was modified
by methylation of the hydroxyl group and examined using FRIPS. As shown in Figure 5.1c,
the FRIPS spectrum is dominated by the loss of a methyl radical. This process likely occurs
by hydrogen abstraction from Cβ of the O-methylthreonine residue followed by β-cleavage
of the O−CH3 bond, resulting in the formation of a stable ketone product. Similarly, the
neutral loss of the methoxy radical (CH3O•) can be explained by hydrogen abstraction from
Cα of O-methylthreonine and subsequent β-cleavage of the C−OCH3 bond. Interestingly,
the c6 ion is completely absent from the spectrum, implicating the necessity of the hydroxyl
group for formation of this ion. In contrast, the [a6+H]• ion is still present, although its
relative abundance is decreased, possibly due to competition with the more favorable loss
of the methyl radical. The a7 ion is similarly present with decreased relative intensity.
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Figure 5.2. Collisional activation (MS4) of the water neutral loss from model serine and threonine
peptides. Each spectrum is dominated by a prominent product ion, either the [an−1+H]• ion or the x7
ion. All product ion identifications include loss of water from serine or threonine, except those
marked with *, and in (e), where # explicitly denotes water loss from serine.

The presence of the x7−H2O ion in such great abundance in the FRIPS spectrum of
AATAAARAA (Figure 5.1d) is rather unexpected, indicating that a favorable dissociation
pathway exists for Cα−C bond cleavage coupled with water loss, likely from the threonine
side-chain. To further investigate the water loss pathway, MS4 experiments were performed
on the neutral loss of water from each of the model peptides, as shown in Figure 5.2. In
each case, the spectrum predominantly consists of a single ion, either the [an−1+H]• ion
when an N-terminal charge site is present, or the xm ion when there is a C-terminal charge
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site. Interestingly, the MS spectrum of AARAASATA (Figure 5.2e) shows a much
greater abundance of the [a5+H]• ion than the [a7+H]• ion, suggesting that the neutral loss
of water occurs largely from serine rather than threonine in this case. However, whether
this trend is due to peptide structural constraints or the inherent differences in the chemistry
of the serine and threonine side chains is not clear from these data. Overall, these results
reveal multiple reaction pathways to the [an−1+H]• ion that generate distinct C-terminal
product ions, further highlighting the complex free radical chemistry of serine and
threonine.

5.4.2 Proposed Mechanism of Reaction at Serine and Threonine Residues
It is clear from the experimental results that the common processes of Cα−C bond cleavage
(from a Cβ-centered radical) and side-chain loss (from a Cα-centered radical) are replaced
by distinct lower-energy dissociation pathways at serine and threonine. Scheme 5.3
outlines the proposed mechanisms by which the novel product ions shown in Figure 5.1
are formed. All of these mechanisms posit that the presence of hydrogen bonds between
the side-chain hydroxyl group and backbone amide group enables new dissociation
pathways by accessing energetically favorable fragmentation processes. In spite of the
relative weakness of the hydrogen bonds (~5 kcal/mol)326-329 in comparison to the cleaved
covalent bonds, these interactions are capable of significantly altering the energetic
landscape by guiding access to and stabilizing transition states for otherwise
noncompetitive dissociation reactions.
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Scheme 5.3. Proposed Mechanisms of Free-Radical-Initiated Dissociation at Serine and
Threonine Residues

The [an−1+H]• ion is proposed to form as a result of hydrogen bonding between the Cterminal carbonyl oxygen and the hydroxyl group, forming a six-membered ring that
stabilizes the reaction intermediate, as illustrated in Scheme 5.3a. Due to the favorable
interactions between the hydroxyl group and the carbonyl oxygen, the energy required to
cleave the N−Cα bond is lowered, leading to preferential β-cleavage. This process gives the
zm ion and a cn−1• ion that rapidly loses isocyanic acid to give the observed [an−1+H]• ion.
The dominance of the [an−1+H]• (Figure 5.1a,b) and zm ions (Figure 5.1d) in the FRIPS
spectra suggest that this pathway should be the most energetically favored. The hydroxyl
group of serine or threonine may alternately form a seven-membered ring through
hydrogen bonding with the N-terminal carbonyl oxygen atom, as shown in Scheme 5.3b.
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This conformation facilitates hydrogen atom transfer from the hydroxyl group in
conjunction with hydrogen abstraction from Cβ. As the N−Cα bond is elongated, the
transfer of the hydrogen atom occurs in a concerted manner, reducing the reaction barrier
and yielding an enol-imine cn−1 ion and the Cα-centered radical [zm−H]• ion. This hydrogen
atom transfer process is supported by the experimental observation that methylation of the
threonine hydroxyl group eliminates formation of the cn−1 ion. Both of these mechanisms
are in agreement with those proposed by Sun et al. for the formation of cn−1 and radical an−1
ions at serine and threonine residues through hydrogen-deficient radical dissociation from
a crown ether-based photolabile radical precursor, but the importance of the hydrogen
bonding interactions has not been previously demonstrated.311
As evidenced by the formation of [an−1+H]• ions in the absence of a hydrogen bond donor
(Figure 5.1c) as well as the formation of [an−1+H]• and xm−H2O ions following neutral loss
of water (Figure 5.2), a third dissociation pathway must be considered at serine and
threonine residues. In the mechanism proposed in Scheme 5.3c, the hydroxyl group of
serine or threonine acts as hydrogen bond acceptor instead of donor, leading to a strong
interaction with the N-terminal amide hydrogen. Following hydrogen abstraction from Cα
by the acetyl radical, the new radical center may undergo β-cleavage in concert with
hydrogen abstraction from the backbone amide nitrogen, yielding a neutral loss of water
and a nitrogen-centered radical. This nitrogen-centered radical may then undergo further
β-cleavage of the N-terminal Cα−C bond to yield the observed [an−1+H]• and xm−H2O ions.
A similar mechanism was previously proposed by Reilly and co-workers in their
examination of the collisional activation of radical a ions produced by 157 nm
photodissociation.320 Importantly, this mechanism offers an explanation for the formation
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of the [an−1+H] ion even when the hydroxyl group of threonine is methylated (Figure
5.1c), as the methoxy group may still act as hydrogen bond acceptor and yield the nitrogencentered radical via loss of methanol.

5.5 Computational Analysis
5.5.1 Models for Serine and Threonine Free Radical Chemistry
Given the strong experimental evidence for the mechanisms proposed in Scheme 5.3, in
both this work and previous studies,311,320 we investigate these reactions utilizing
computational techniques to better understand the free radical chemistry of serine and
threonine. The Cβ-centered radical structures shown in Figure 5.3a,b,d were employed to
examine cleavage of the N−Cα and Cα−C bond via β-cleavage, and the Cα-centered radicals
in Figure 5.3c,e were used to explore the neutral loss of water from the side-chain. Finally,
the nitrogen-centered radicals shown in Figures 5.3f,g were used to study β-cleavage of the
Cα−C bond. The structures shown beneath the schematic diagram for each molecule
represent the low-energy conformer or conformers found for that compound, with the
relative enthalpy (B3LYP/6-311++G(d,p) level of theory) indicated for molecules with
multiple low-energy conformations of interest.
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Figure 5.3. Model structures for computational investigation of threonine free radical chemistry.
The structures of compounds possessing a Cβ-centered radical are shown for valine (a), threonine
(b), and O-methylthreonine (d), whereas those possessing a Cα-centered radical are shown for
threonine (c) and O-methylthreonine (e). The final two compounds (f and g) were utilized to study
Cα−C bond cleavage from a nitrogen-centered radical. Relative enthalpies [B3LYP/6311++G(d,p)] are indicated for multiple structures. Hydrogen bonding interactions are denoted
with dashed lines (see text for further discussion).
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For all bond cleavage processes examined, the reaction energetics were calculated using
the M05-2X and M06-2X density functionals as well as B3LYP. These functionals give
reaction enthalpies differing by as much as 13 kcal/mol for β-cleavage processes, with
slightly smaller differences for activation energies. Previous work by Izgorodina et al.
demonstrated that B3LYP may underestimate the energetics of β-cleavage reactions by up
to 9 kcal/mol.330 The M05-2X and M06-2X density functionals are expected to be
significantly more accurate for these reactions, although they were found to overestimate
energetics of β-cleavage by ~2 kcal/mol compared to G3(MP2)-RAD benchmarks.325
These results suggests that the computational energetics presented here likely represent
upper and lower bounds on the actual thermochemistry.

5.5.2 β-Cleavage of the N−Cα vs Cα−C Bond
To investigate the favored β-cleavage of the N−Cα bond over the Cα−C bond from a
radical centered at Cβ (Scheme 5.3a,b), the energetics for these processes were calculated
for valine, serine, and threonine model compounds (Figure 5.4). The energetics for the
valine model compound shown in Figure 5.4a provide reference dissociation energetics in
the absence of hydrogen bonding. The low-energy conformer (1) has the backbone in the
all-trans configuration with the side-chain oriented perpendicular to the backbone.
Cleavage of the Cα−C bond was found to be favored over N−Cα bond cleavage by 6−10
kcal/mol depending on the density functional. Dissociation of the N−Cα bond proceeds
through a transition state in which a stabilizing hydrogen bond interaction between
products is preserved, yielding an energetic minimum between dissociation transition state
and overall reaction enthalpy of the separated products (right-hand side of Figure 5.4a).
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Figure 5.4. β-cleavage of the N−Cα vs Cα−C bond from a Cβ-centered radical on model amino
acids. For the valine model compound (a), dissociation of the Cα−C bond is favored, whereas
hydrogen bonding in threonine (b and c) favors N−Cα bond cleavage via stabilization of the reaction
intermediate. Enthalpies are given relative to structure 1 for the valine molecule and structure 2 for
the threonine molecule.
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Two low-energy structures were found for the threonine model compound possessing
a radical center at Cβ (Figure 5.3b), and both conformers were examined to obtain reaction
energetics as shown in Figure 5.4b,c. These two structures possess an all-trans backbone
conformation, and the side-chain hydroxyl group forms a hydrogen bond with either the Cterminal (2, 0.0 kcal/mol) or N-terminal (3, 0.8 kcal/mol) carbonyl oxygen. Although the
energetics of Cα−C bond cleavage are quite similar between valine (Figure 5.4a) and the
C-terminal hydrogen bonding structure of threonine (Figure 5.4b), the energy required for
N−Cα bond cleavage is greatly decreased for threonine. The hydrogen bonding interactions
are eliminated at the transition state for Cα−C bond cleavage (20) to enhance the π-orbital
interactions of the N-terminal product (22), but the hydrogen bond persists in the transition
state for N−Cα bond dissociation (17), reducing the energy required to form the c• (18) and
z (19) ion analogues of the products proposed in Scheme 5.3a. Similar to the case for the
valine model compound, the loose transition state for N−Cα bond cleavage is found to be
lower than the product enthalpies due to formation of a stabilizing hydrogen bond
following dissociation. Though the B3LYP calculations clearly favor cleavage of the N−Cα
bond over the Cα−C bond, the M05-2X and M06-2X calculations give similar reaction
enthalpies for the two processes. Experimentally, product ions resulting from N−Cα bond
cleavage are on the order of 10 times more abundant than those from Cα−C bond cleavage,
meaning a significant difference in the reaction rates would be expected on the ion trap
time scale. Previous work has demonstrated that even small differences in activation energy
can have large impacts on the kinetics and branching ratios of peptide dissociation,331,332
and dissociation of the N−Cα bond need only be slightly enthalpically favored to be the
dominant product ion (assuming similar frequency factors for the two processes).
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For the N-terminal hydrogen bonding structure (3) shown in Figure 5.4c, the preference
for dissociation of the N−Cα bond over the Cα−C bond is quite clear. In this conformation,
the energy required for cleavage of the N−Cα bond is significantly reduced due to the
approach of the hydroxyl and carbonyl groups at the transition state (23) and subsequent
hydrogen atom transfer to give the enol-imine (24) and carbon-centered radical (25)
products

(c and [z−H]• ion analogues of Scheme 5.3b, respectively). The reaction

coordinate for Cα−C bond cleavage shows that the threonine side-chain rotates during
dissociation, disrupting hydrogen bonding at the transition state (26) and forming the Nterminal product (27) with the hydroxyl group oriented outward along the axis of the N−Cα
bond. This N-terminal product (a ion analogue) may readily isomerize to give the lowerenergy structure seen in Figure 5.4b (21) and thereby reduce the reaction enthalpy, but the
process still remains unfavorable due to the significant activation energy required to reach
the transition state (26). Similar energetics with slightly higher barriers for all processes
were found for a model serine compound. Thus, the calculations outlined support both the
data and proposed mechanism in concluding that hydrogen bond constraints favor N−Cα
bond cleavage at serine and threonine residues.

5.5.3 Nitrogen-Centered Radical Chemistry via Loss of H2O
The processes examined above fail to explain the presence of xm−H2O and an−H2O ions.
Therefore, calculations were also utilized to investigate the energetics of the mechanism
shown in Scheme 5.3c, in which dissociation occurs through β-cleavage from a nitrogencentered radical initially formed by water loss. The low-energy structures of the Cαcentered radical for the threonine and O-methylthreonine model compounds are shown in
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Figure 5.3c,e, respectively. For both model compounds, the low-energy structures (4 and
7) do not possess interactions between the side-chain hydroxyl and the N-terminal amide
nitrogen that would give a clear pathway to the neutral loss of water, though such structures
can be found for threonine (5) and O-methylthreonine (8) at relative enthalpies of 2.9 and
3.6 kcal/mol, respectively. In these conformations, the side-chain oxygen acts as hydrogen
bond acceptor, with the backbone N−H group functioning as hydrogen bond donor. Water
loss is found to occur from these structures via concerted cleavage of the side-chain Cβ−OH
bond and abstraction of hydrogen from the amide nitrogen, as shown in Figure 5.5a,b. This
process occurs via a tight transition state of 32-36 kcal/mol for both molecules, although
the overall enthalpy of reaction in each case was favorable (10-20 kcal/mol).
Beginning from either threonine or O-methylthreonine, loss of water or methanol yields
a nitrogen-centered radical and double bond between Cα and Cβ (structures 30 and 32,
respectively). The structure shown in Figure 5.3g seeks to replicate these features in a
model system to study the energetics of β-cleavage of the Cα−C bond. As illustrated in
Figure 5.5c, cleavage of the Cα−C bond from the low-energy structure (10) was found to
occur with a tight transition state but favorable reaction enthalpy as the N−C−O bond angle
changes from 123° to 174° during formation of the double bond.
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Figure 5.5. Energetics of alternate pathways to cleavage of the N-terminal Cα−C bond via
formation of a nitrogen-centered radical: (a) water loss from threonine model compound; (b)
methanol loss from O-methylthreonine model compound; (c) cleavage of Cα−C bond from
nitrogen-centered radical. These processes have low reaction enthalpies but possess high activation
energies.

This pathway to dissociation of the Cα−C bond is essential to explain the experimental
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results for the O-methylthreonine model peptide (Figure 5.1c). Methylation of the hydroxyl
group prevents any conformation in which the side-chain acts as hydrogen bond donor,
thereby suggesting that the two mechanisms presented in Scheme 5.3a,b are inoperable for
this molecule. In agreement with this assertion, it was found that cleavage of the N−Cα
bond via β-cleavage from the low-energy Cβ-centered radical structure (6, Figure 5.3d) is
not energetically favorable. However, β-cleavage from a nitrogen-centered radical in Omethylthreonine residues gives a viable route to the observed [an−1+H]• ion even in the
absence of a side-chain hydrogen bond donor. In addition, the energetics for this process
are only slightly higher than those calculated for Cα−C bond cleavage, further supporting
the feasibility of this pathway.
In the case of the threonine model compound possessing a free hydroxyl group, there
exists a significant disparity between the experimental observation of the water loss
pathway outlined in Scheme 5.3c and the theoretical activation energies for this reaction.
The theoretical barrier to water loss of 32-36 kcal/mol is 7-14 kcal/mol higher than those
calculated for the processes outlined in Scheme 5.3a,b and therefore would not be expected
to compete. Since the experimental data provide compelling evidence for the proposed
reaction pathway leading to water loss, especially the MS4 spectra shown in Figure 5.2, it
appears that these calculations overestimate the activation energy for this pathway. A
conformation with a lower barrier to water loss may exist, but extensive conformational
searching failed to yield a transition state lower in energy than the one shown in Figure
5.5a. Alternately, the activation energy for this process may be lowered by cleavage of the
backbone Cα−C bond in concert with hydrogen atom transfer from the amide to the
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hydroxyl group, a process somewhat analogous to that proposed in Scheme 5.3b. A
concerted reaction would also explain the low abundance of water loss in the FRIPS
spectra, but such processes were not examined using DFT calculations due to the difficulty
in searching the expanded conformational space to identify the minimum energy pathway.

5.5.4 Why Hydrogen Bonding Favors N−Cα Bond Cleavage
Although calculations can quantify the energetics of the proposed processes leading to
cleavage of the stronger N−Cα bond in the mechanisms shown in Scheme 5.3a,b, it is useful
to provide a simpler but more transposable rationalization for why these reactions occur by
examining the molecular orbitals involved. Strong orbital overlap connecting reactants to
products is generally associated with favorable chemical reactions, whereas little overlap
leads to energetically unfavorable processes.333 Parts a and b of Figure 5.6 show
schematically the interaction between the singly occupied π orbital of the Cβ-radical site
and the N−Cα σ bond for the N-terminal hydrogen bonding and C-terminal hydrogen
bonding complexes, respectively. In either structure, the hydrogen bonding interactions
strongly align the π orbital on Cβ with the N−Cα σ bond, resulting in facile cleavage of the
N−Cα bond. In contrast, the Cα−C σ bond lies nearly orthogonal to the π orbital on Cβ in
both conformations, and the cleavage of this bond is therefore unfavorable without the
destruction of the stabilizing hydrogen bonding interactions.
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Figure 5.6. Alignment of the singly occupied π orbital on Cβ with the N−Cα σ bond via hydrogen
bonding interactions of threonine with either the N-terminal (a) or C-terminal (b) carbonyl oxygen.
Left: schematic representation of computational structures, with orbital alignment denoted by the
dashed line, Center: computational structures with schematic representation of the singly occupied
π orbital on Cβ, Right: Newman projection along the axis of the Cβ−Cα bond.

In addition to orbital overlap, the transition state structures for both conformations are
stabilized by enhanced hydrogen bonding. This observation is illustrated in Scheme 5.4,
which gives the bond lengths in Angstroms for the N-terminal (a) and C-terminal (b)
hydrogen bonding conformations in both the ground state (GS) and transition state (TS).
In the C-terminal hydrogen bonding structure, the distance between the carbonyl oxygen
and the hydroxyl group hydrogen decreases from 1.78 Å in the ground state to 1.63 Å in
the transition state, imparting a stabilizing partial double bond character to the hydroxyl
group. In the case of the N-terminal hydrogen bonding conformer, the hydrogen atom
approaches to a distance of only 1.4 Å from the carbonyl at the transition state for N−Cα
bond cleavage, forming a stabilizing intermediate with increased bond order on the side-
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chain Cβ–O bond. These hydrogen bonding interactions therefore play a crucial role in
dictating the favored pathway of the reaction.
Scheme 5.4. Calculated Bond Lengths (Å) during N−Cα Bond Cleavage for the Threonine Model
Compound Possessing an (a) N-Terminal or (b) C-Terminal Hydrogen Bond

5.5.5 Comparison of FRIPS to ECD/ETD
The process of hydrogen atom transfer along with N−Cα bond cleavage (Scheme 5.3b)
examined in this work gives product ions with remarkable resemblance to those observed
in ECD and ETD. In the UW mechanism, which is supported by numerous experimental
and theoretical reports, an aminoketyl intermediate may be formed either through direct
electron capture to the amide π* orbital or through intramolecular electron transfer from
electron capture in a Rydberg orbital at a positively charged site, followed by proton
abstraction by the strongly basic amide anion radical.255,265-267,275 The mechanism proposed
here is more comparable to the Cornell mechanism, in which hydrogen atom transfer is
suggested to form the aminoketyl intermediate, with backbone cleavage occurring

255,268,269,273

separately.
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However, the proposed mechanism for radical-initiated

cleavage at serine and threonine is absent of any aminoketyl intermediate, as the transfer
of the hydrogen atom occurs in concert with N−Cα bond cleavage. Further examination of
the potential energy surface failed to find a pathway in which aminoketyl intermediate
formation was more energetically favorable than concerted hydrogen atom transfer and
N−Cα bond cleavage, making this dissociation mechanism unlikely for this system. In
addition, the Cornell mechanism is unlikely to be prevalent in ECD and ETD, as the
energetic barriers to hydrogen atom transfer are greater than those to intramolecular
electron transfer followed by proton abstraction.255,260 Although not directly applicable to
the ECD or ETD case, the hydrogen atom transfer observed here is interesting in that it
illuminates yet another unique mechanism for the cleavage of backbone N−Cα bonds via a
decrease in the energetic requirements for this process.

5.6 Conclusions
The calculations and experiments detailed in this work provide a comprehensive analysis
of the factors responsible for the unique free radical chemistry of serine and threonine.
Cleavage of the N−Cα bond may occur directly via β-cleavage from a Cβ-centered radical,
whereas dissociation of the N-terminal Cα−C bond may occur either from a nitrogencentered radical or by loss of isocyanic acid following N−Cα bond cleavage. As a result of
the lower energetic barriers associated with odd-electron versus even-electron cleavage
processes, these reaction pathways are more susceptible to influence by weak interactions
such as hydrogen bonding that constrain molecular geometry in reactants, intermediates,
and products. This principle has significant implications for gas-phase free radical
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sequencing applications, in which many peptides and proteins may possess stable gasphase noncovalent interactions that may direct radical-induced dissociation, an attribute
that Julian and co-workers have leveraged to elucidate the gas phase structure of
proteins.294,296,313 In other situations, such effects may be masked by rapid migration of the
radical site following formation.315 Nevertheless, it is abundantly clear from this work that
free radical chemistry can be highly sensitive to local conformation at the radical site, as
no fewer than five unique dissociation pathways can occur at serine and threonine residues
via dissociation from different conformations.

