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Abstract

Probing the mechanism of electron capture dissociation on variously modified model peptide
polycations has resulted in discovering many ways to prevent or reduce N — C, bond
fragmentation. Here we report on a rare finding of how to increase the backbone bond
dissociation rate. In a number of model peptides, amide-to-ester backbone bond substitution
increased the frequency of O — C, bond cleavage (an analogue of N — C, bonds in normal
peptides) by several times, at the expense of reduced frequency of cleavages of the neighboring
N — C, bonds. In contrast, the ester linkage was only marginally broken in collisional
dissociation. These results further highlight the complementarity of the reaction mechanisms in
electron capture dissociation (ECD) and collision-activated dissociation (CAD). It is proposed
that the effects of amide-to-ester bond substitution on fragmentation are mainly due to the
differences in product ion stability (ECD, CAD) as well as proton affinity (CAD). This proposal is
substantiated by calculations using density functional theory. The implications of these results in
relation to the current understanding of the mechanisms of electron capture dissociation and
electron transfer dissociation are discussed.
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mechanism of electron capture dissocation

Introduction

mino acid sequencing of peptide and protein ions by

tandem mass spectrometry (MS/MS) is an essential part
of most proteomics studies [1, 2]. In the MS/MS events,
fragmentation of polypeptide ions is typically performed by
collision-activated dissociation (CAD) to provide sequence-
specific product ions that are used for protein identification
via database searching. An alternative to CAD fragmentation
is electron capture dissociation (ECD) [3] and its more
recent analogue electron transfer dissociation (ETD) [4].
These latter two techniques are based on the reaction of low-
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energy electrons with multiply charged cations, and they
have become very popular in proteomics. Much of the
popularity stems from the fact that these electron-based
fragmentation techniques can cleave backbone bonds in
modified polypeptide cations with no or minimal loss of
labile modifications [5-7]. Both ECD and ETD cleave
preferentially the N — C, backbone bond in peptide poly-
cations producing c'- and z-type fragment ions (notation
from reference [8]; prime sign denotes hydrogen atom
addition compared with homolytic cleavage), while CAD
[9] and other slow-heating techniques cleave predominantly
the C—N bond, producing b- and y'-type ions. Both the type
of ECD/ETD bond cleaved as well as the preferred cleavage
sites in the peptide sequence are complementary to CAD
[10]. This complementarity allows for more reliable protein
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identification when both CAD and ECD/ETD techniques are
applied to the same polypeptide [11]. Analytical benefits of
ECD/ETD in proteome research have been demonstrated in
a number of studies [12, 13].

Due to their relative novelty and importance in mass
spectrometry and proteomics, ETD, and in particular ECD
have been a subject of a number of experimental and
theoretical studies. Many studies have focused on under-
standing the underlying mechanisms of inter-residue bond
cleavage. These mechanisms involve at least two crucial
moments. First, what factors influence the formation of the
unstable amino ketyl radical that is believed to be an
intermediate for the N — C, bond cleavage [14]? The
formation of this intermediate is lively debated, especially
the factors concerning the location of the initial electron
attachment to peptide cations [15-20]. The second critical
step encompasses the fragmentation reactions occurring after
formation of the amino ketyl radical, such as the losses of
atomic hydrogen, side chains [21] or N — C, bond cleavage
via primary of secondary [22, 23] radical reactions. These
fragmentation pathways are believed to be largely deter-
mined by the energy levels of the formed products as well as
their transition states [15, 16].

The first suggested ECD mechanism proposed electron
capture by a positively charged ammonium or guanidinium
functional group solvated by a backbone carbonyl resulting
in a hypervalent site and hydrogen atom addition to that
carbonyl. The resulting amino ketyl radical is unstable and
undergoes radical-driven a-cleavage of the N — C, bond,
which produces c- and z-type fragments [3]. This dissocia-
tion mechanism is often referred to as the Cornell mecha-
nism. In its later variant, the hydrogen atom is released by
the hypervalent site and then recaptured by a more distant
site with high hydrogen affinity (HA), such as a backbone
carbonyl or S-S bond. This model is often referred as a “hot
hydrogen atom” mechanism [24]. Since the cross-section for
direct capture of free hydrogen atoms by gas-phase peptides
is quite low [25] , it appears that mainly hydrogen atoms
from neutralized protonated groups solvated to carbonyls
can be effectively transferred to carbonyl oxygens [23]. An
alternative mechanism was put forward independently by
Turecek and Simons and coworkers [26—28]. This mecha-
nism suggests electron capture into the amide OCN m*
orbital. The anionic site formed by this capture requires
stabilization by the electrostatic field of a nearby solvated
proton. It has been argued that the electron capture to the
amide 7* orbital increases the basicity of the amide carbonyl
oxygen to 1100-1400 kJ/mol, and thus the formed radical
anion is able to abstract a proton from not only distant
protonated, but even neutral, sites in the molecule, perhaps
via a conformational change in the molecule [28]. This series
of events is usually referred to as the Utah-Washington
(UW) model. The Uppsala group have pointed out that the
large barrier for proton rearrangement and long (nano-
seconds) time scale of conformational changes might make
distant proton migration kinetically unfavorable compared
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with the much faster (picoseconds) electron transfer to the
protonation site [20]. However, if the carbonyl is already
engaged in intramolecular neutral hydrogen bonding, hydro-
gen atom transfer from the H-bond donor to the carbonyl
over ~1 A distance can kinetically dominate (a hydrogen
atom at room temperature covers this distance in ca. 40 fs).
Such an H-bond based “Uppsala model” could quantitatively
reproduce ECD fragment abundances for four related
polypeptide molecules [20]. Currently, there seems to be a
consensus that different mechanisms capture different
aspects of such a vastly complex phenomenon as electron
capture (transfer) dissociation.

Probing the ECD mechanism on variously modified
model peptide polycations has resulted in discovering many
ways to prevent or reduce N — C, bond fragmentation in
ECD. O’Connor and co-workers have studied the role of
radicals in ECD by chemically adding to peptides a variety
of tags which act as free radical traps [29, 30]. In those
studies, the addition of one or two radical traps to doubly
charged peptides significantly reduced or blocked the ECD
backbone cleavage channels. Turecek and co-workers
prevented ECD backbone cleavages by the addition of a
stable electron and hydrogen atom trap to peptide ions [31].
More recently, Beauchamp and co-workers inserted tags
with variable electron affinities (EA; —1.15 to +1.65 eV) into
a peptide sequence and analyzed the model peptides by ECD
and ETD [32]. Two main conclusions were drawn. First, the
EA of the tags had no influence on the electron capture
cross-section of peptide ions. Second, ECD fragmentation
was inhibited with substituent tags having EA above
0.50 eV. It was concluded that these results support the
idea that initial electron capture happens preferentially at one
of the positive sites with subsequent through-space or
through-bond electron transfer to the tags of high electron
affinity in competition with transfer to the amide ©* orbital.

These and other studies have highlighted the importance
in ECD of functional groups with either high electron or
proton affinities. However, much of the information gained
by the tagging approach is limited to the chemistries of the
tags. Ideally, the change in the peptide sequence and
structure should be small, so that the induced changes can
easily be attributed to one or a few changed parameters (an
example is L/D-conversion of the amino acid chirality). In
the present study, we pursued this idea and designed a
peptide model system that is close to natural peptides. This
approach is to selectively substitute a peptide amide bond
(—CO-NH- group) with an ester bond (—~CO-O- group).
Natural peptides with such bonds exist; they are called
depsipeptides [33]. The ester bond adopts similar bond
angles and lengths, prefer similar @ and ¥ dihedral angles,
and also strongly prefer trans-ester conformation like
secondary amides [34]. But, compared with the amide, the
carbonyl in the ester group is a poorer hydrogen acceptor
due to its much lower proton affinity [35]. Differences
between amide and ester bonds are also found in this study
for the vertical electron affinity (VEA), gas-phase basicity of
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the radical anions, and bond dissociation energies (BDE) of
the radical intermediates of the ester and amide motif.
Therefore, ester bond substitution can induce a small but
significant change in the peptide gas-phase structure and
property.

ECD of peptides with ester bonds has previously been
investigated [36, 37]. Marshall and co-workers have found
that backbone cleavages in cyclic all-ester depsipeptides
mainly occur in the O — C, bond [36], while Guan
investigated fragmentation of the ester bond in a side chain
[37]. Backbone ester bond dissociation gives z:-type frag-
ment ions similar to their all-amide counterparts, while the
complementary N-terminal fragments correspond to N-
terminal truncated peptides (R-COOH type) as shown in
Scheme 1. Note that in CAD of all-amide peptide ions, y'-
ions are truncated C-terminal peptides, while b-ions are
dehydrated peptides. In CAD and other processes leading to
fragmentation (e.g., MALDI), b+H,0 fragments sometimes
appear for all-amide peptides having a carboxylic C-
terminus [38, 39]. Technically, these sporadically emerging
species are similar in structure to the N-terminal ECD
fragments of the ester bond, but the latter ions are present in
ECD mass spectra systematically and, as will be shown,
often with high intensity. Therefore, we found it more
logical to denote these species ¢ ions (in [36], they are
called ¢ ions).

In this work, we compare ECD cleavage frequencies of
amide bonds before and after substitution by an ester bond
and demonstrate that, as a rule, ester bond substitution
increases the frequency of ECD cleavages. The possible
origin of this phenomenon is investigated using density
functional theory calculations on model systems.

Experimental
Synthesis

Peptides were synthesized using a research micro-scale
ResPep peptide synthesizer (Intavis AG, Gladbach, Ger-
many) configured for the N-a-Fmoc synthesis protocol [40]
and optimized for 5 pmol yields of peptides. For the
synthesis of C-terminal carboxylic peptides, the preloaded
TGA resin TentaGel (Novabiochem, Darmstadt, Germany,
capacity 0.1-0.3 mmol/g) was used. Activation of the o-
carboxy group for coupling of the amino acids was done with
0.9 M PyBOP (benzotriazole-1-yl-oxy-tris-pyrrolidinino-
phosphonuim hexafluorophosphate) (Calbiochem-Nova-
biochem, Laufelfingen, Switzerland). Coupling was cata-
lyzed by N-methylmorpholine (NMM) (Fluka, Buchs SG,
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Scheme 1.  Backbone ester bond cleavage by ECD/ETD
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Switzerland) in N,N-dimethylformamide (DMF) (Fluka).
Standard coupling time was 15 minutes with double
couplings after the ninth cycle, each lasting 20 minutes.
Fmoc deprotection between each coupling cycle was
done with 20% piperidine (Riedel-de Haén, Seelze,
Germany) in DMF (technical grade, Fluka) for 2x5 min
and for 2x10 min after cycle nine. Between each step,
the resin was washed with DMF (technical grade). After
completion of the synthesis, the resin was washed with
ethanol and dichloromethane (Fluka) and dried over a
dry nitrogen flow for 5 min. Cleavage of the peptide
from the resin and side chain deprotection was performed
at room temperature in a mixture of trifluoroacetic acid
(Fluka), triisopropylsilane (Fluka) and MilliQ-water
(Millipore) MA, USA (95:2.5:2.5; vol/vol/vol) for 2 h.
Peptides and depsipeptides were precipitated with cold
(—21°C) tert-butyl-methylether (Fluka) and centrifuged
for 2 min, after which the supernatant was removed. The
peptide precipitate was finally reconstituted in 70%
acetonitrile and speed-vacuumed to dryness.

For the synthesis of depsipeptides, NMM was substituted
with the more sterically hindered tertiary amine DBU (1,8-
diazabicyclo[5.4.0Jundec-7-en) (1% in dry DMF) to prevent
hydrolysis of the ester-bond. The synthesis strategy was
based on the coupling of an ester-bound di-depsipeptide to
the extending peptide chain (Scheme 2).

The di-depsipeptide was presynthesized manually by
activating the Fmoc-amino acid (0.13 mmol) with PyBoP
(0.125 mmol) for 10 min at RT in NMP (50 pL) and NMM
(25 pL); 0.13 mmol of the a-hydroxyl equivalent to the
amino acid of Gly and Val was added and then stirred for
60 min at RT (Scheme 3).

Typically, the peptide yields ranged from 60% to 80%,
whereas the depsipeptide synthesis yield was between 1%
and 10%.

Mass Spectrometry

A 7 T ESI LTQ-FT mass spectrometer (Thermo Electron,
Bremen, Germany) equipped with an indirectly heated
dispenser cathode as an electron source was used for ECD
experiments. All spectra were obtained in broadband
detection mode with a resolution of 100,000 at m/z
400 Da. Molecular ions were isolated in the linear ion trap
and fragmented by collisions with He (g) or transferred to
the Penning (ICR) trap for ECD experiments. An electron
current of 30 pA was used in all experiments; the irradiation
time was 70 ms with electron energy below 1 eV. In each

(n-1)+e
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Scheme 2. Solid-phase coupling of a di-depsipeptide derivative to the extending peptide chain

experiment, a total of at least five acquisitions containing 10
individual MS/MS spectra each were averaged.

Calculations

Standard density functional theory calculations were
performed with the Gaussian 03 suite of programs [41].
Optimized geometries of the model species relevant to
this study were obtained using the B3LYP level of
theory and a 6-31+G(d,p) basis set. For higher accuracy,
single-point energies of optimized structures were calcu-
lated with the same level of theory using a 6-311++G
(2df,2p) basis set after adding both polarization and
diffuse functions for heavy atoms and hydrogens. The
harmonic vibrational frequencies of stationary points on
the potential energy surface (PES) were calculated at the
same level of theory as used for their optimization in
order to identify local minima (all real frequencies).

Fmoc -N H—CIH-C —O~N\

-

Rj N~
Protections

Zero-point energies (ZPE) were computed by adjusting
harmonic frequencies by an appropriate correction factor
of 0.9804 for the B3LYP level of theory. The zero-point-
corrected energies were then combined with the total
energies resulting from the geometry optimizations. VEA
values were calculated using a modified version of
Gaussian on the Opteron Arches Clusters at the Uni-
versity of Utah using MP2 and a 6-31 G(d,p) basis set.
This version of Gaussian is particularly suited for
calculations of anions that are not electronically stable.
This was achieved by using a nuclear charge stabilization
method [42, 43]. Briefly, in order to obtain an estimate
of the (negative) electron binding energy of the species
in question, the nuclear charge of the nuclei involved in
the electron attachment was altered by small amounts of
8q. Then, a series of calculations was performed on the
neutral and anion energy separation as a function of dq.
Finally, the energy differences (neutral-anion) were

I5rotection2

Activation
and coupling
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Scheme 3. Synthesis of the di-depsipeptide derivative through activation of the Fmoc-amino acid and subsequent reaction
with the a-hydroxyl equivalent to the amino acids of Gly and Val
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plotted against 86q. For this plot, we used only 6q values
large enough to satisfy [E(neutral)-E(anion) > 0]. In
order to obtain an estimate of the EA, the trend was
extrapolated to dq = 0.

Results

Several synthesized depsipeptides with the a-hydroxyl equiv-
alents of Gly (2-hydroxyacetic acid) or Val (2-hydroxy-3-
methylbutanoic acid) (the bond substitution resulted in
formation of the sequences -Aaa-COO-Gly/Val-) were frag-
mented by CAD and ECD. For comparison, regular peptides
with the same sequences were fragmented by the same
techniques.

Substance P and Its Depsipeptide Analogue

Figure 1 shows the ECD mass spectra of Substance P 2+
ions with all-amide linkages (top) and with an ester-linkage
between the Phe® and Gly9 residues (bottom). The product
mass spectra are dominated by c' type ion series from c'4 to
c'io. A distinct feature of the depsipeptide ECD mass
spectrum is a more than twice enhanced cleavage frequency
of the ester-linkage (c*'s) compared with that in the native
sequence. At the same time, adjacent cleavages next to the

[M + 2H]?*

674.37

Native
ECD ¢
Cs
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ester-linkage (c'; and c'g) were reduced by approximately
60% each.

In ECD spectra of 3+ ions (Figure 2), the fragment ion
intensities were normalized to the c's abundances. The ester
bond substitution has qualitatively the same effect on ECD
of 3+ ions as 2+ species: the O — C, bond cleavage is 3.5
times more frequent than N — C,, cleavage. The frequencies
of neighboring cleavages were reduced by 45%—50%.

CAD fragmentation of Substance P and its depsipeptide
analogue reveals a complementary to ECD behavior: 2+ ions
gave almost complete absence of C—O cleavages in the
depsipeptide analogue (gray bar in Figure 3). Compared
with the 2+ all-amide Substance P, the cleavage frequency
of the ester linkage is reduced by a factor of 22! The above
observations are in good agreement with the results reported
by Guan on the acylated peptide Ghrelin [37]. In that study,
the acylated fatty acid peptide also showed abundant loss of
octanoic acid (ester bond cleavage) from the precursor ions
in ECD as well as a limited cleavage of the ester bond in
CAD.

ECD of LYYVYLVR and LVY-COO-VYLVR

In ECD of the tryptic model peptide LVYVYLVR and its
depsipeptide analogue LVY-COO-VYLVR (Figure 4), two
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Figure 1. ECD mass spectra of dications of Substance P (top) and the depsipeptide analogue of Substance P (bottom) with an
ester linkage between Phe®-COO-Gly®. The cleavage frequency of the ester linkage is 2.7 times more abundant than the

corresponding amide bond in Substance P
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Figure 2. Bar diagram of the relative product ion abundan-
ces in ECD of native Substance P (all-amide) and its
depsipeptide analogue in precursor charge state 2+ (top)
and 3+ (bottom)

distinct differences are present. While the all-amide peptide
produces predominantly z-type fragmentions (23, 2 4, 2"5, Z*6,
and z+5) together with two b ions (bs and b-) and one ¢ ion (c'5),
the depsipeptide variant gave only two backbone bond
fragments z-3 and z-5, with z-5 arising from the breakage
of the ester bond. In addition, the depsipeptide did not
yield any small-loss ions, which also stands in sharp
contrast to the all-amide peptide. The abundance of the
fragment arising from the ester bond cleavage was only
marginally increased compared with that of the corre-
sponding amide bond cleavage.

ECD of KTVGVGVGVGIK
and KTVGVGVGVG-COO-VGTK

Similar to the previous examples, ECD spectra of
KTVGVGVGVGTK and its depsipeptide analogue
(KTVGVGVGVG-COO-VGTK) display significantly dif-
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Figure 3. Bar diagram of the product ion abundances in
CAD from 2+ precursors of native Substance P (all-amide)
and its depsipeptide analogue (Phe®-COO-Gly®). Inset shows
the marginal cleavage of the ester bond in CAD (bg)
compared with the fifth most abundant backbone cleavage
for the all-amide Substance P

ferent mass spectra (Figure 5). While the ester bond cleavage
frequency represented by the ¢y fragment ions was
increased compared with the all-amide peptide, there is a
significant decrease in the cleavage frequencies of the amide
bonds neighboring the ester backbone bond. This is clearly
demonstrated by the absence of ¢y’ and a 50% reduction in the
¢, ion abundance. In fact, all c-type ions except ¢ are reduced
in abundance. In addition, the stability of the reduced species of
the depsipeptide is greatly reduced in respect to that of the all-
amide analogue and a complete absence of small losses is
observed. Perhaps the most striking difference of the two
spectra is the almost complete absence of C-terminal z-type
ions in the depsipeptide ECD spectrum. In the ECD spectrum
of'the all-amide analogue, this ion type represents about 35% of
the product ion population.

Summarizing the observations for all three peptide-
depsipeptide pairs, the abundance of the ester bond cleavage
relative to other backbone cleavages in ECD is significantly
increased, while those of other peptide bonds are somewhat
reduced, with the most significant reduction observed at the
sites next to the ester link.

To rationalize these observations, we performed thermody-
namic calculations of two model systems representing the
amide and the ester linkages. Assuming that the ECD/ETD
mechanism is mostly driven by thermodynamics, we calculated
different parameters of the two model systems and considered
those with the largest energy differences, searching among
them for the explanation of the observed effects.

Density Functional Theory Calculations
of N-Methyl Acetamide and Methybl Acetate

Figure 6 shows the comparison of thermodynamic energies
for the structurally optimized reaction species of N-methyl
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Figure 4. ECD mass spectra of 2+ precursor ions of the peptide LVYVYLVR and its depsipeptide analogue LVY-COO-VYLVR

acetamide and methyl acetate. For proton affinity (PA)
evaluation, local minima structures with different cis/trans
and syn/anti configurations were calculated. In agreement
with Turecek and Yao, the protonated trans-anti configu-
ration was found to be the lowest in energy [44]. In good
agreement with their study, we determined the PA for
the carbonyl oxygen of N-methyl acetamide (2a) to be
895 kJ/mol. The PA of the carbonyl oxygen in methyl
acetate (2b) was found substantially lower at 826 kJ/mol.
In both models, the carbonyl oxygens are the most basic
sites, which points to these sites being favored for
involvement in the solvation of charges in the gas-phase.
From the PA alone, it is expected that the participation in
charge solvation of the ester carbonyl oxygen is greatly
reduced compared with that of the amide carbonyl oxygen.
This is also consistent with the calculated strengths of neutral
hydrogen bonding between one molecule of N-methyl acet-
amide and one molecule of methyl acetate (7 kJ/mol) versus
that of two molecules of N-methyl acetamide (12 kJ/mol)
determined at the B3LYP/3-21 G//6-311+G(2 d,p) level of
theory and basis set (data not shown).

Vertical electron affinities (VEA) for neutral N-methyl
acetamide and methyl acetate were found endothermic with
—419 kJ/mol (3a) and —365 kJ/mol (3b), respectively.
Literature EA for N-methyl acetamide is not available. The
next best comparison is made to formamide, which is found

endothermic at —199 kJ/mol [45]. The literature EA value of
methyl acetate is —145 kJ/mol [46]. Since experimentally
obtained EA values are notoriously difficult to reproduce
using DFT calculations [47], it is not surprising that these
calculations underestimated the VEA values. However, the
relative difference in VEA of 54 kJ/mol between N-methyl
acetamide and methyl acetate is considered to be within a
realistic magnitude given the strikingly identical EA differ-
ence (54 kJ/mol) found between formamide and methyl
acetate.

The addition of a hydrogen atom to la and 1b
releases 62 kJ/mol and 34 kJ/mol, respectively [hydrogen
atom affinity (HA) of the amide and ester groups,
respectively]. Interestingly, the bond dissociation energy
(BDE) is significantly different for 4a and 4b. The
amino ketyl radical (4a) is 2 kJ/mol endothermic in
respect to N — C, bond cleavage. In contrast, the ketyl
radical (4b) is exothermic by 96 kJ/mol for cleavage of
the O — C, bond. As the radical methyl is the same
leaving group from both 4a and 4b, the significant
weakening of the ester bond compared with the amide
bond can be related to the stability of the formed
carboxylic acid versus the enol amine. Transition state
geometries for conversion of 4a to Sa and 4b to 5b were
not investigated. However, Turecek and co-workers
determined the energy barrier for N — C, bond cleavage
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for the amino ketyl radical of N-methyl acetamide to be
84 klJ/mol [44]. In another study, Turecek and co-
workers found a qualitative relationship between the
decrease in BDE and the reduction in the activation
energy for N — C, bond cleavage [48]. The reduction in
BDE was explained by the increased stability of the
products. In the case of the ester bond in depsipeptides,
the formed carboxylic acid is much more stable than the
enol amine. Hence, it can be speculated that the energy
barrier for O — C, bond cleavage in the ketyl radical
(4b) is also substantially lower than the N — C, bond
cleavage in the amino ketyl radical (4a). This raises the
possibility that O — C, bond cleavage can occur exo-
thermically without crossing any energy barrier.

Concerning the electron affinities (VEAs) of the two model
systems, VEA of the ester bond is larger by AVEA =54 kJ/mol.
However, the basicity of the radical anions formed upon
electron capture is smaller: the basicity of the N-methyl
acetamide “super-bases” 3a are 1559 kJ/mol and for methyl
acetate 3b it is 1484 kJ/mol. In fact, this difference between the
basicities of the two radical structures is the largest in the
calculations (75 kJ/mol). As for the ECD fragment stabilities,
they are 71 kJ/mol in favor of methyl acetate.

Discussion

ECD Results are Best Explained by Different
Product Stabilities

Different ECD mechanisms emphasize the importance of
different parameters, and thus account for the observed
effects with different degrees of success. The Cornell
mechanism requires efficient solvation of the protonated
groups on backbone carbonyls and thus the reduction in
basicity by 69 kJ/mol of the ester bond poses a problem in
explaining its enhanced cleavage (charge solvation on the —
O- functionality in the ester bond is unlikely because of the
much lower proton affinity of that group compared with that
of the carbonyl oxygen). But, on the other hand, electron-
charge recombination most frequently occurs in ECD at the
sites with the highest recombination energy (which are also
the least basic sites) [49] and, thus, the lesser basicity of the
ester bond can result in its more frequent recombination
when it solvates a protonated group. The hot hydrogen atom
model focuses on hydrogen atom affinity, which is higher
for amide, which again poses a difficulty. On the other hand,
H- capture by the —O- group will probably immediately
cleave that bond, although no evidence exists that such
capture can occur at a high rate. The Utah-Washington
(UW) model, where electron affinity of the carbonyl plays a
decisive role, benefits from the higher VEA (54 kJ/mol) of
the backbone ester bond. Thus, the anion formed by the ester
carbonyl requires less Coulomb stabilization than the OCN
n* orbital. However, Beauchamp and co-workers [32]
showed that electron capture and cleavage of amide bonds
were only affected when substituent tags in the peptide had

F. Kjeldsen and R. A. Zubarev: Cleavage Frequencies in ECD of Depsipeptides

EA greater than ca. 50 kJ/mol. Therefore, it is unclear
whether the difference in VEA is enough to shift the balance
decisively in favor of electron capture at the ester bonds.
Also, the more basic amide radical anion should more easily
attract protons, which in the UW model should benefit
backbone fragmentation of amides over esters. The Uppsala
model stresses the importance of neutral hydrogen bonding,
but ester’s carbonyls are less efficient H-bond acceptors than
amide’s carbonyls, while the —O- group obviously cannot be
a H-bond donor.

Recently, the Tsybin group has demonstrated correlation
between ECD cleavage frequency and stability of formed
radical products [50]. Previously, product stability has often
been suggested in theoretical literature as one of the major
driving forces behind the cleavage of a particular bond (e.g.,
[48]). In that respect, ester bonds have a clear advantage over
the amide bonds. As mentioned, the reduction in BDE for the
ketyl radical can be explained by the formation of the more
stable carboxylic acid (5b) compared with the enol imine (5a)
formed from the amino ketyl radical. Even if sufficient excess
energy exists in the latter species to cross the barrier and
rearrange the enol imine to the more stable amide form, the
difference in BDE would still favor the ester bond cleavage by
18 kJ/mol (data not shown).

Besides the increased cleavage frequency, another effect
of the amide/ester substitution on ECD mass spectra is the
shift in the charge state distribution of fragments, which in
the case of doubly charged precursors means shifting the
balance between N- and C-terminal fragments. For instance,
in ECD of KTVGVGVGVGTK and its depsipeptide
analogue KTVGVGVG-COO-VGTK, the former provides
a series of z-fragments, and the latter demonstrates their
complete absence (Figure 5). This can be explained by
preferential neutralization of the C-terminal lysine residue in
the depsipeptide, and only partial neutralization in the all-
amide peptide. Indeed, the most basic residues in these
peptides are the two terminal lysines. In the all-amide
peptide, the N-terminal Lys should have enhanced basicity
due to a favorable solvation of its protonated g-amine on the
N-terminal amine. In contrast, the C-terminal lysine can only
solvate its charge on C-terminus and backbone carbonyls,
which are energetically less favorable. Since ECD neutral-
izes the least basic site in multiply charges ions, as it releases
the most recombination energy [49], c-ions in the all-amide
peptide should have higher abundance than z-fragments, in
agreement with the observations. Amide/ester substitution in
the fourth peptide bond from the C-terminus reduces the
charge solvation opportunities for the C-terminal lysine and
thus further reduces its overall basicity. This should enhance
the prevalence of the c-fragments.

CAD Results are Best Explained by Differences
in Proton Affinity and Product Stability

The quite substantial effect in CAD of the amide-to-ester
bond substitution can be linked to the reduction in the PA of



F. Kjeldsen and R. A. Zubarev: Cleavage Frequencies in ECD of Depsipeptides

1449

. ) 551.34
6 ECD, 2+ Native
E 6 7 8 91011 , i
e 5i C
g P 11108 8 7 8723 _972.59
= 0
P I
8 3 c 52
& / \N/ B +
& H i [M + 2H]
§ 275.67 10 ; 1101.67
; Z
1 : 11
957.55| 1085.65
502.34
0 3 | | | A
6
ECD, 2+ Depsipeptide
5

9 10 11

«. kTvevd coofvhk
o]

==

&

S 1

= 73.45

= 3.57

=2 3

E I

=] C

w 2

=2 P \0/
1 275.91

7 1102.65

0 l ” v . . - a 4 L i I asal o ¥ ; PURTUFTTENY B "
200 300 400 500 600m/z700 800 900 1000 1100

Figure 5. ECD mass spectra of 2+ precursor ions of the semi-tryptic peptide KTVGVGVGVGTK and its depsipeptide analogue

KTVGVGVG-COO-VGTK

ester’s carbonyl oxygen. Since the likelihood for the peptide
bond to be cleaved in CAD is proportional to the basicity of
that bond’s carbonyl [51], this likelihood should be greatly
reduced for esters compared with amides. Moreover, the
final step before the peptide bond cleavage in CAD is the
protonation of the amide nitrogen; in the ester bond, this step
should be the protonation of the oxygen. Comparing the PA
values of these two sites using a B3LYP/6-31+G(d,p)//6-
311+G(2 d,p) level of theory and basis set, we found an
energy difference of 98 kJ/mol in favor of the amide
nitrogen.

From the standpoint of the mobile proton theory [52, 53],
the ester carbonyl group appears to present a barrier for
further proton migration along the peptide backbone. This is
apparent when comparing the product ion distribution of
Substance P and its depsipeptide analogue in charge state 2+
(Figure 3). Here, the cleavage frequency in the depsipeptide
drops below that of the all-amide Substance P for all
cleavage sites C-terminal to the ester bond. For the cleavages
N-terminal to the ester bond, the frequency is higher than or
comparable to that of the all-amide analogue. This result fits
well with the reported localization of the two protons in
Substance P 2+ ions at R' and K* [54]. The proton

mobilized from these sites would have to pass the ester
bond in order to induce charge-directed cleavages C-
terminal to it, which appears to be hampered in the
depsipeptide. The impact of the ester on CAD is co-linear
with that of the proline residue that is also a barrier for
proton transfer, but has a high PA, and as a result the
cleavage frequency N-terminal of Pro is enhanced [55].

Another aspect that can influence the cleavage frequency
in CAD is the product stability. In the C-terminal fragment,
the amide bond cleavage forms an amine group as the N-
terminus in an all-amide peptide, while the ester bond
cleavage forms an alcohol. The amine has an approximately
150 kJ/mol larger PA than the alcohol (CH3NH, versus
CH;0H), which should make charge retention and stabiliza-
tion more favorable for the amide-produced y ions. Thus,
product stability may also play a role in determining the
effect of ester/amide bond substitution in CAD.

Conclusions

In this study, a number of same-sequence peptides and
depsipeptides were investigated, comparing ECD with CAD.
Changing one backbone bond in a peptide seems to be a
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subtle global change. However, both CAD and ECD
demonstrated high sensitivity to a single amide-to-ester
bond substitution. The general trend in ECD spectra was
an enhanced cleavage frequency of the ester bond over that
of the amide bond in the same position. In addition, bond
substitution reduces the basicity of the nearby protonated
residues, which can shift the balance between N- and C-
terminal ECD fragments. An ester bond introduces a “weak
link” in the peptide chain in respect to ECD, and thus
enhanced O — C, bond cleavage reduces the probability of a
competing N — C,, cleavage in neighboring backbone bonds
in depsipeptides. The reaction in CAD was opposite to that
in ECD, highlighting the complementary nature of the

mechanisms of these two techniques. In CAD, the ester
bond was cleaved at a minimum level, and it appears to
reduce the rate of proton mobilization hampering other
backbone cleavages.

Rationalization of these observations was substantiated
by thermodynamic calculations. The lower PA of the ester
group and higher stability of amide-produced C-terminal
fragments that emerged as the main explanations for the
reduced cleavage in CAD, while the enhanced stability of
the products of ester bond cleavage explains the prevalence
of O — C, bond cleavage over N — C, bond cleavage in
ECD. Amide-to-ester backbone bond substitution in peptides
presents a novel approach to obtaining novel insights into
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the fundamentally different fragmentation mechanisms of
CAD and ECD.

Finally, the enhanced cleavage of O — C, bonds
increases the potential of electron capture/transfer dissocia-
tion for sequencing of naturally occurring depsipeptides.
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