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Abstract: b ions are of fundamental importance in peptide sequencing using tandem mass spectrometry.
These ions have generally been assumed to exist as protonated oxazolone derivatives. Recent work
indicates that medium-sized b ions can rearrange by head-to-tail cyclization of the oxazolone structures
generating macrocyclic protonated peptides as intermediates. Here, we show using infrared spectroscopy
and density functional theory calculations that the bs ion of protonated GsR exists in the mass spectrometer
as an amide oxygen protonated cyclic peptide rather than fleetingly as a transient intermediate. This
assignment is supported by our DFT calculations which show this macrocyclic isomer to be energetically
preferred over the open oxazolone form despite the entropic constraints the cyclic form introduces.

Introduction

High-throughput protein identification and quantification in
proteomics are primarily based on sequencing of proteolytic
peptides by means of tandem mass spectrometry (MS/MS)." In
these sequencing experiments, peptides are ionized by proton-
ation, then introduced into the mass spectrometer where they
undergo fragmentation following collisions with inert gas atoms/
molecules (collision-induced dissociation (CID)). The resulting
spectra usually contain sequence informative b, a, and y peaks,”
which are used to deduce the peptide sequences normally via
the use of bioinformatics tools. These programs utilize frag-
mentation models® to generate theoretical spectra for candidate
sequences, then measure the similarity between these theoretical
spectra and the experimental MS/MS spectra. The sequence that
best matches the experimental spectrum is then assigned. This
strategy only performs well if the fragmentation model imple-
mented predicts MS/MS spectra accurately. Regrettably, this is
often not the case, so current sequencing software works with
a high level of false positive identifications.* Utilizing more
realistic fragmentation models should considerably improve the
bioinformatics tools and, therefore, the accuracy of identifica-
tions of peptide sequence. Consequently, significant research
effort is currently devoted to understanding the underlying
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peptide fragmentation chemistry and the gas-phase structures
responsible for it.’

The structure and reactivity of b ions has recently received
significant attention. Most small b/ ions are thought to be
truncated peptides terminated by the five-membered oxazolone
ring at the C-terminus.® Experimental evidence supporting the
oxazolone structure for small b, ions was provided by CID
studies,®” gas-phase ‘action’ infrared spectroscopy,® H/D ex-
change,” and neutralization-reionization MS'? studies on various
b ions. The oxazolone structure is also supported by numerous
computational studies.”*%'*!" CID of small b, ions usually
results in the loss of CO to form the corresponding a, ions which
can then eliminate the C-terminal imine group to form the b,—;
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Scheme 1. Summary of Fragmentation and Rearrangement
Pathways of Small and Medium Sized b, lons?
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“(a) by and b5 ions predominantly fragment by loss of CO and/or
elimination of the C-terminal amino acid residue. This fragmentation
behavior which gradually degrades b ions at their C-termini is accounted
as ‘the oxazolone rule’. (b) bs ions often fragment by eliminating internal
or N-terminal amino acid residues.'* (c) Elimination of non-C-terminal
residues is explained by head-to-tail cyclization of the originally formed
oxazolone (YAGFL,y,) to form the cyclic peptide isomer of the bs ion.
This then opens up at amide bonds other than the newly formed amide
bond leading to oxazolones with scrambled amino acid sequence like
GFLYA,,. and AGFLY,,,. The C-terminal amino acid residues of these
sequences are eliminated according to ‘the oxazolone rule’. The subscripts
“oxa” and “im” denote fragments with oxazolone and imine C-termini,
respectively.

ion.® This stepwise degradation at the C-terminus, termed as
‘the oxazolone rule’ in the following, can be explained by the
greater fragility of the C-terminal oxazolone group'? compared
to that of backbone amide bonds. In this way, small b ions
usually fragment in an easily predictable manner as shown in
Scheme 1a.

Conversely, there is increasing evidence to suggest that larger
b ions may form macrocyclic structures which exhibit more
complex fragmentation behavior. Boyd and co-workers'¥"
demonstrated that b ions generated from Lys-containing peptides
often eliminate internal, not C-terminal amino acid residues.
The resulting peaks cannot be derived from the original peptide
sequences based on ‘the oxazolone rule’, that is, on pathways
that degrade the C-terminus. To account for these nontypical
sequence ions, cyclization involving the Lys amine group and
the then assumed C-terminal acylium, —C=O" group was
proposed.'**? Reopening of the macrocycle at amide bonds other
than that from which it was formed leads to scrambled sequences
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that can subsequently fragment to eliminate formerly internal
amino acid residues. Later, Yague et al. 13¢ showed that the same
chemistry can be initiated by the N-terminal amine group as
well.

Harrison and co-workers'* demonstrated that the fragmenta-
tion patterns from the bs peak of YAGFL-NH, (formally
YAGFL,,, where the subscript ‘oxa’ refers to the oxazolone
group at the C-terminus) and synthesized protonated cyclo-
(YAGFL) are very similar and lead to elimination of the Y and
A amino acid residues (Scheme 1b). Density functional calcula-
tions suggested'** that the YAGFL,y, isomer can undergo head-
to-tail cyclization (associated barrier at ~17 kcal mol™") to form
protonated cyclo-(YAGFL) (Scheme 1c). Since the initially
formed oxazolone b ions are generated from parent peptide ions
by crossing amide bond cleavage barriers (=30 kcal mol™),?
cyclization is energetically feasible. The cyclic peptide backbone
can open up to form, for example, the AGFLY , and GFLY Ay,
isomers which can then fragment further according to ‘the
oxazolone rule’ by eliminating the C-terminal Y and A residues
(Scheme 1c), respectively. A recent study'*” demonstrated that
cyclization of the original (oxazolone) b fragment and reopening
of the macrocycle to form scrambled structures can be so
pronounced that the original amino acid sequence cannot be
derived from the CID spectra acquired for some b fragments,
emphasizing the potentially critical role cyclic isomers play in
the fragmentation chemistry of b ions. To distinguish between
fragments arising directly from the original sequence and from
scrambled sequences, a new nomenclature (direct versus non-
direct sequence ions) was proposed.'*

Additionally, recent ion mobility spectroscopy (IMS) studies
by Gaskell and co-workers'> showed that the collision-cross
sections of the bs ion of YAGFL-NH, and protonated cyclo-
(YAGFL) are very similar. Furthermore, low-energy CID of
the bs fragments'*® derived from protonated YAGFL-NH,,
AGFLY-NH,, GFLYA-NH,, FLYAG-NH,, and LYAGF-NH,
leads to nearly identical product ion spectra. CID of the bs
fragment of protonated FLYAG-NH,,'** while producing
abundant fragment ions, forms only minor direct sequence ions;
i.e., it is not possible to recover the original amino acid sequence
for the spectrum. These experimental findings were supported
by a computational study of the potential energy surfaces (PESs)
of protonated cyclo-(YAGFL) and the corresponding linear
oxazolone-terminated isomers (YAGFL,,,, AGFLY .., GFLY-
Aoxas FLYAG,,, and LYAGF,,,) which indicated'*" that the
most stable cyclic isomer is 6.9 kcal mol™! more so than any
of the open forms. While these studies provided some useful
insight into the structure and the cyclization-reopening chemistry
of midsized b ions, no direct experimental evidence was
available to support the existence of macrocyclic isomers of
these ions, as opposed to their being transient intermediates in
fragmentation reactions. Here, we investigate the structure of
the bs ion of protonated GsR by means of infrared multiple
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photon dissociation (IRMPD) spectroscopy and density func-
tional theory calculations.

Experiments and Computations

Mass Spectrometry and IR-MPD Spectroscopy. GsR (a gift
from A. Somogyi of University of Arizona, Tucson, AZ) was
dissolved in CH3;OH/H,O = 1:1 with 2% acetic acid in a
concentration range of 50—80 umol and was sprayed with
conventional ESI conditions into a 3D quadrupole ion trap mass
spectrometer (Bruker Esquire 3000+, Bremen, Germany). Helium
was used as the collision gas. Following ionization, [GsR + H]*
precursor ions were subjected to CID. The bs peak was then mass-
selected and subsequently subjected to IR irradiation. Upon resonant
vibrational excitation, dissociation of the bs ions into various
fragments (bs°, as, as-H,O-NHs, as*, by, a4, as*, bs, b3°, az*, and
b,) was observed. The abundances of these multiple fragment ions
and bs precursor ions were recorded as a function of the IR
wavelength in order to derive the IR action spectra where the
IRMPD efficiency'® is plotted against the photon energy. It should
also be explicitly noted that the b5 peak of GsR is not isobaric with
any other likely reaction product, so represents an excellent medium-
sized b ion model system.

Infrared spectroscopy was carried out using the free electron laser
(FEL) at the Centre Laser Infrarouge d’Orsay (CLIO)'®* coupled
with the ion trap instrument. The details and performance of this
experimental setup have been described previously.'®® For the
present experiment, the electron energy of the linear accelerator
was set to 48 MeV, allowing the photon energy to be scanned from
1050 to 2050 cm ™! by adjusting the undulator gap. The FEL power
decreases as a function of undulator gap and, thus, of the photon
energy. Consequently, additional scans were performed where the
laser power was optimized in the 1800—2050 ¢cm™! region. The
combination of increased laser fluence and longer irradiation time
(800 instead of 250 ms) was employed to confirm whether a
diagnostic oxazolone C=O0 stretch peak was present. The IRMPD
efficiency was corrected for the laser power variation.

Computational and Theoretical Details. A recently developed
conformational search engine'***!” devised to deal with protonated
peptides was used to scan the potential energy surfaces (PESs) of
GGGGG,y, and protonated cyclo-(GGGGG). These calculations
began with molecular dynamics simulations using the Insight II
program (Biosym Technologies, San Diego, CA) in conjunction
with the AMBER force field, modified in-house in order to enable
the study of structures with oxygen protonated amide bonds,
protonated or neutral oxazolone groups, and amide bond cleavage
transition structures (TS). During the dynamics calculations, we
used simulated annealing techniques to produce candidate structures
for further refinement, applying full geometry optimization using
the modified AMBER force field.'® These optimized structures were
analyzed by a conformer family search program developed in
Heidelberg. This program groups optimized structures into families
in which the characteristic torsion angles of the molecule are similar.
The most stable species in the families were then fully optimized
at the PM3, HF/3-21G, B3LYP/6-31G(d), and finally at the B3LYP/
6-31+G(d,p) level of theory. The conformer families were regener-
ated at each level and only structurally nondegenerate conformers
were recomputed at the next level to prevent wasting computer
time (i.e., only one of N identical structures is recomputed at the
next level). This series of calculations was performed for the
N-terminal amino and C-terminal oxazolone nitrogen protonated
GGGGG,y, and both amide oxygen and nitrogen protonated cyclo-
(GGGGG) structures. Transition structures (TSs) for forming/

(17) (a) Wyttenbach, T.; Paizs, B.; Barran, P.; Breci, L.; Liu, D.; Suhai,
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opening the macrocyclic isomer were probed in a similar fashion
and all optimized structures were examined by vibrational analysis
and then submitted to intrinsic reaction coordinate (IRC) calcula-
tions to determine which minima they connect. The total energies
of the various optimized structures are presented in Table S1
(Supporting Information). Zero-point energy corrected relative
energies were computed at the B3LYP/6-31+G(d,p) level. The
Gaussian set of programs'® was used for all ab initio and DFT
calculations. Standard enthalpies, entropies, and free energies were
calculated using the rigid-rotor harmonic oscillator (RRHO) ap-
proximation. In absolute terms, these are likely to be exaggerated
due to the presence of too many low-frequency modes; however,
relative enthalpies, entropies, and free energies are likely to be much
more accurate due to cancellation of errors. Consequently, only
relative terms are reported here. It should also be explicitly noted
that the entropy values described herein refer to a situation of full
thermodynamic equilibrium which is not necessarily the situation
in our experiment. It is not our intention to claim this as being the
case, merely to illustrate that such “entropic” considerations do not
invalidate the conclusions reached in this manuscript.

The theoretical IR spectra were determined using harmonic
frequencies scaled by a factor of 0.98 (the typical scaling factor in
the spectral region explored here). The calculated stick spectra were
convoluted assuming a Lorentizan profile with a 20 cm™! full width
at half-maximum (fwhm). These are calculations performed within
the harmonic approximation for single photon absorption and
accordingly, using our method, one should expect some frequency
deviations.?® The experimental spectroscopic method employed here
relies on the absorption of multiple photons, whereas the resulting
IRMPD spectra are compared with single IR photon absorption
spectra. While the multiple photon character of the spectrum can
in principle make the IRMPD spectrum different from the calculated
linear absorption spectra, studies on multiple molecular ions?' show
that the relative intensities and frequencies of the measured bands
agree quite well with those predicted for linear IR absorption spectra
by theoretical calculations. In comparison to one photon absorption
spectra, a small red-shift in frequency has been observed, but this
is only pronounced for strongly bound molecular ions. It should
be stressed that the multiple photon absorption process occurs in
an incoherent fashion, so that highly nonlinear power dependencies
are unlikely. The IRMPD efficiency has also been shown to scale
linearly with the FEL laser power,>® which justifies the power
correction employed in the present case.

The internal energy of the ions is an important factor influencing
the line width of the observed IR bands. In the present experiments,
the mass-selected bs ions are expected to be thermalized by multiple
collisions with the helium buffer gas, and a bandwidth on the order
of 20 cm™" (fwhm) is expected.'®"

Results and Discussion

CID of singly protonated GsR in the ion trap instrument
results in sequence informative b and y ion peaks with significant
abundances along with peaks resulting from small neutral losses
(predominantly ammonia, for example, y4;-NHj3). An example
spectrum is shown in Figure S1, Supporting Information. After
isolation from the other CID peaks, the bs ion undergoes
fragmentation to form a number of product peaks. The exact
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Rev. 2007, 26, 583. (c) Eyler, J. R. Mass Spectrom. Rev. 2009, 28,
448.
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J. Am. Chem. Soc. 2007, 129, 2829. (b) Bakker, J. M.; Besson, T.;
Lemaire, J.; Scuderi, D.; Maitre, P. J. Phys. Chem. A, 2007, 111,
13415.
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(a) 8.9 kcal mol!

(c) 25.0 keal mol”!

(d) 13.9 keal mol”!

(e) 0.0 keal mol”!

Figure 1. Selected structures on the PES of bs from protonated GsR. (a) Oxazolone ring nitrogen protonated form; (b) N-terminal amino protonated oxazolone
form; (c) transition structure on the cyclization/ring-opening pathway; (d) macrocyclic isomer protonated at an amide nitrogen; (e) macrocyclic isomer
protonated at an amide oxygen. Relative energies determined at the B3LYP/6-31+G(d,p) level of theory are given for clarity. An arrow indicates the site

of protonation in each case.

peaks and relative intensities vary as a function of the excitation
amplitude, for example, bs°, as, bs°*, as*, as*-CO, bs, and b,
were formed in the CID spectrum shown in Figure S2 (Sup-
porting Information). This CID fragmentation pattern is compat-
ible with either or both of the GGGGG,y, and protonated cyclo-
(GGGGQG) bs structures, so in this case the CID experiments
do not provide any structural information on the b5 ions being
fragmented.

Cleavage of the G-R amide bond of protonated GsR leads to
formation of the oxazolone bs isomer or the y, ion (Figure S1).3
The bs oxazolone structure has two competitive protonation
sites: the oxazolone ring and the N-terminal amino nitrogens
(Figure 1, panels a and b, respectively.) Both forms are stabilized
by strong H-bonds which effectively shield the ionizing charge.
Our calculations indicate (Table S1, (Supporting Information))
that protonation at the oxazolone nitrogen (Figure la) is 3.3
kcal mol™!" more energetically favored than protonation at the
N-terminus (Figure 1b). The oxazolone protonated form can
undergo head-to-tail cyclization (Scheme 2; TS is shown in
Figure 1c) by nucleophilic attack of the N-terminal amino

11506 J. AM. CHEM. SOC. = VOL. 131, NO. 32, 2009

nitrogen on the carbonyl carbon of the N-protonated oxazolone
ring.' The barrier to this reaction is 16.1 kcal mol ™! relative to
the oxazolone protonated isomer, which is in good agreement
with the results from prior work on the bs ions with YAGFL
permuted sequences.'*"

The resulting macrocyclic structures are protonated at an
amide nitrogen (Scheme 2 and Figure 1d), but then undergo
rapid intramolecular proton transfer (negligible barrier) to form
the energetically more stable amide oxygen protonated forms
(Scheme 2 and Figure 1e). Five such amide oxygens are availabe
for bs ions as competing protonation sites which are equiener-
getic for the bs ion derived from [GsR + H]™. Our calculations
indicate that the amide oxygen protonated cyclic form is 8.9
kcal mol ™! more energetically favored than the most favorable
oxazolone isomer. Correction for the entropic constraints placed
upon the bs ion by forming a cyclic structure as calculated based
on the rigid-rotor harmonic oscillator (RRHO) approximation
leads to a AGaog of 6.4 kcal mol™! with a corresponding ASaog
of 11.8 cal K~! mol™! (Table S1). This indicates that the linear
oxazolone form is still significantly less stable than the cyclic
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Scheme 2. Head-to-Tail Cyclization of the Oxazolone Nitrogen
Protonated Linear bs Isomer from Protonated GsR?
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“This reaction forms an amide nitrogen protonated intermediate that
undergoes rapid proton transfer resulting in the energetically more stable
amide oxygen protonated form.

isomer. Additionally, it should to be noted here that the RRHO
entropy correction does not contain the terms that arise due to
the existence of energetically degenerate or quasidegenerate
isomers. Considering such ‘conformational” entropy terms would
likely favor the cyclic form even more here as five equienergetic
structures exist, whereas the linear forms only have a couple of
quasidegenerate structures for which to account. Obviously, this
effect is likely to be lessened somewhat for bs ions containing
differing amino acids where the degeneracy of the cyclic form
will be decreased.

To investigate whether linear oxazolone or macrocyclic bs
ions are present in the mass spectrometer, IRMPD experiments
were carried out in the mid-IR range (1050—2050 cm™!) to
probe the C=O stretch and C—O—H bending modes which
facilitate characterization of the oxazolone and cyclic peptide
bs isomers. The resulting experimental spectrum with theoretical
spectra computed for the most likely isomers and protonation
sites of each type are shown in Figure 2. The corresponding
structures and energies are shown in Figure 1 and Table S1
(Supporting Information), respectively. To assign our experi-
mental IRMPD spectrum, one has to consider the theoretical
spectra for the energetically most favored amide oxygen
protonated macrocyclic structure (Figure le), along with the
N-terminal amino and ring nitrogen protonated oxazolone forms
(Figure 1, panels a and b). The calculated cyclic peptide and
oxazolone spectra of the bs ion of [GsR + H]T differ
substantially and feature structure specific motifs (Figure 2).
The range between 1800 and 2000 cm™! is the most diagnosti-
cally useful part of the IRMPD spectrum. Here, each oxazolone
isomer has a strongly active IR band associated with the lactone
C=O0 stretch. Our calculations indicate that the C=O0 frequency
is ~1945 cm™' for the oxazolone ring nitrogen protonated
structures, whereas it is red-shifted to ~1830 cm~! when the
lactone is involved in hydrogen bonds with the protonated
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Figure 2. Infrared spectra of the bs ion of protonated GsR. (a) Experimental
IRMPD spectrum; (b) calculated spectrum (blue) of the O-protonated cyclic
isomer overlaid on the experimental (gray) spectrum; (c) the calculated
(green) oxazolone ring protonated isomer overlaid on the experimental (gray)
spectrum; and (d) the calculated (red) oxazolone N-terminally protonated
isomer overlaid on the experimental (gray) spectrum.

N-terminus, where the positive charge has been removed from
the ring nitrogen (Figure 2, panels ¢ and d, respectively). Prior
work on b, and b, ions clearly demonstrated absorption at similar
wavenumbers for oxazolone structures.® Experimentally, how-
ever, no significant peak is observed here for the b5 ion of [GsR
-+ H]". Additional scans where the laser power was optimized
to the 1800—2050 cm™! region were performed with longer
irradiation time (800 instead of 250 ms) to confirm that no
oxazolone C=O0 stretch peak could be detected. In contrast, the
cyclic peptide theoretical spectrum (Figure 2b) is much more
similar to the experimental spectrum over the whole spectral
range explored here than those calculated for the oxazolone
structures. The two main experimental features centered at
~1500 and ~1700 cm™! are only slightly red-shifted as
compared to the two maxima in the theoretical spectrum of the
O-protonated macrocyclic isomer. This strongly supports the
O-protonated macrocyclic isomer as being the form of the bs
ion present in the mass spectrometer.

It is also important to note that fragmentation of the oxazolone
isomer is clearly less energetically demanding than dissociation
of the macrocyclic isomer, as the former does not require proton
transfer reactions to an amide nitrogen to initiate fragmentation.
This is due to the fact that the oxazolone isomers initially
fragment by eliminating CO or water>>'%!*2? directly, but such
reactions are not likely for the O-protonated cyclic structure.
Instead, proton transfer to an amide nitrogen occurs first,
followed by opening of the macro-ring,*'* to form oxazolone
isomers (reaction cascade in Scheme 1 from bottom to top)
which then undergo the dissociations monitored when acquiring

(23) Paizs, B.; Szlavik, Z.; Lendvay, G.; Vékey, K.; Suhai, S. Rapid
Commun. Mass Spectrom. 2000, 14, 746.
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IRMPD spectra. In effect, an additional ~9 kcal mol ™! is needed
to fragment the macrocyclic structures. This means that the
current excitation method, which uses absorption of multiple
photons at a given wavenumber to induce fragmentation, should
be more sensitive to the presence of oxazolone isomers than to
the cyclic peptide forms. Despite this, no significant absorption
is observed at the oxazolone specific frequencies, which suggests
that the b5 ion population contains solely cyclic isomers. This
experimental and computational evidence clearly contradicts the
generally accepted view that cyclization reactions are favored
only for smaller ring-size (mostly to form 5- and 6-membered
rings). Here, we have evidence for the gas-phase formation and
gas-phase stability of a 15-membered ring.

There is no evidence of oxazolone ring protonated bs ions in
Figure 2. However, there are a couple of very small absorption
peaks in the IRMPD spectrum, blue-shifted from the edge of
the large backbone C=O stretch peak which ends at ~1800
cm™ !, Despite the preceding energetic and mechanistic argument,
we cannot completely exclude the possibility of these corre-
sponding to a very small population of N-terminally protonated
oxazolone bs ions being present in the mass spectrometer too.

Conclusions

Recent CID studies on medium-sized b ions indicate that
cyclic peptide isomers do play an important role in the
dissociation of these sequence ions.'* However, no direct
experimental evidence to confirm the existence of such b ions
as stable species, rather than fleeting transient intermediates,
has been available until now. Our combined infrared spectros-
copy and theoretical study provides direct evidence that the bs
ion of [GsR + H]" has a macrocyclic structure under the
experimental conditions applied. Consequently, other medium-
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sized b, ions (n = 5) are likely to exist in ion trap mass
spectrometers as macrocyclic structures. This experimental
discovery goes against the conventional wisdom that such large
cyclic structures should not be populated due to entropic
constraints. This finding is supported by our DFT calculations
which show this macrocyclic isomer to be energetically preferred
over the open oxazolone form despite the entropic constraints
the cyclic form introduces.

The existence of these macrocyclic, medium-sized b, ions
(or larger ones) is an obvious potential impediment if these ions
subsequently fragment as proposed elsewhere,'* as this can
produce nondirect or ‘scrambled’ sequence ions. If this is the
case, then these ‘sequence scrambling’ fragmentations of such
large macrocyclic ions need to be considered when analyzing
MS/MS spectra. At present, none of the data processing
strategies in proteomics incorporate this possibility into their
code, thereby increasing the rate of false peptide and protein
identifications.
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