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Abstract: The gas-phase structures of the protonated pentapeptide Leu-enkephalin and its main collision-
induced dissociation (CID) product ions, bs and as4, are investigated by means of infrared multiple-photon
dissociation (IR-MPD) spectroscopy and detailed molecular mechanics and density functional theory (DFT)
calculations. Our combined experimental and theoretical approach allows accurate structural probing of
the site of protonation and the rearrangement reactions that have taken place in CID. It is shown that the
singly protonated Leu-enkephalin precursor is protonated on the N-terminus. The b, fragment ion forms
two types of structures: linear isomers with a C-terminal oxazolone ring, as well as cyclic peptide structures.
For the former structure, two sites of proton attachment are observed, on the N-terminus and on the
oxazolone ring nitrogen, as shown in a previous communication (Polfer, N. C.; Oomens, J.; Suhai, S.;
Paizs, B. J. Am. Chem. Soc. 2005, 127, 17154—17155). Upon leaving the ions for longer radiative cooling
delays in the ion cyclotron resonance (ICR) cell prior to IR spectroscopic investigation, one observes a
gradual decrease in the relative population of oxazolone-protonated b, and a corresponding increase in
N-terminal-protonated bs. This experimentally demonstrates that the mobile proton is transferred between
two sites in a gas-phase peptide ion and allows one to rationalize how the proton moves around the molecule
in the dissociation process. The a, fragment, which is predominantly formed via by, is also confirmed to
adopt two types of structures: linear imine-type structures, and cyclic structures; the former isomers are
exclusively protonated on the N-terminus in sharp contrast to bs, where a mixture of protonation sites was
found. The presence of cyclic b, and a, fragment ions is the first direct experimental proof that fully cyclic
structures are formed in CID. These results suggest that their presence is significant, thus lending strong
support to the recently discovered peptide fragmentation pathways (Harrison, A. G.; Young, A. B.; Bleiholder,
B.; Suhai, S.; Paizs, B. J. Am. Chem. Soc. 2006, 128, 10364—10365) that result in scrambling of the amino
acid sequence upon CID.

Introduction nated peptides predominantly fragment to produce so-called

Mass spectrometry is becoming increasingly important in the N-terminalb and C-terminaly fragment ions:” Despite great
life sciences due to its high sensitivity, high information content, instrumental advances in the automation of MS/MS of peptides,
and ability to study complex mixtures. Peptide tandem mass the correct interpretation of CID spectra is often complicated
spectrometry 3 (MS/MS) with the aim of determining the by incomplete sequence coverage and/or unusual dissociation
amino acid sequence of peptides is in fact the key technology processes. Current database search algorithms that make use of
for protein identification in the rapidly expanding field of tandem mass spectra, such as SEQUESIH Mascof, mainly
proteomics’® The most common instruments utilize collision- make use of the fragment masses, while neglecting their
induced dissociation (CID) of protonated peptides, where intensities. It is widely accepted in the peptide-sequencing
collisions with a neutral background gas induce bond cleavagescommunity that the interpretation of CID spectra could be much
in the molecule. Under low collision energy conditions, proto- improved by incorporating mechanistic information on the
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The first peptide fragmentation model that attempted to or inactivity of proton-transfer pathways is the main tenet of
explain the dissociation chemistry of protonated peptides was the mobile proton model, and the related predictive rules (see
the mobile proton modél-121n the framework of this model,  above) are directly incorporated into PIC. In other words, PIC
the extra proton is transferred upon excitation from an unreactive is a logical extension to the mobile proton model that considers
site of higher gas-phase basicity (e.g., Arg or Lys side chain or not only the initial proton transfer but also other reactions to
the N-terminal amino group) to form energetically less favored explain fragment ion abundances in the tandem mass spectra
but reactive backbone amide-protonated species. Protonation orof peptides.
the amide nitrogen leads to considerable weakening of the amide A plethora of PFP’s can be envisaged that lead to sequence
bond;? and the related species play a critical role in most of informativeb, a, andy fragments of protonated peptides. Recent
the PFP'$° that lead to sequence-informative a, andy studies indicate, however, that only a handful of these PFP’s
fragments. The mobile proton model is based on a broad rangeare indeed activé®31 The mechanism, energetics, and kinetics
of empirical peptide dissociatiétr2® and modeling’~2° studies. of the by-ym3273 a;ym and side-chain nucleophile activated
It allows one to predict whether a given peptide in a particular PFP’s are already well-known or the subject of recent detailed
protonation state is expected to produce sequence-informativestudies. PIC pays significant attention to the post-cleavage phase
tandem mass spectra, or whether selective cleavage at somef peptide fragmentation that attracted surprisingly limited
amide bonds hinders MS-based peptide sequeriirigpr research activity in the past. The fate of the added proton, that
example, peptide ions where the number of added protonsijs, which fragment survives the dissociation as the charged
exceeds the number of Arg and Lys residues are expected tospecies, can often be predicted considering fragment proton
fragment at various amide bonds, producing sequence-informa-affinities (or gas-phase basicitie®s).
tive MS/MS spectra. On the other hand, poor sequence coverage | g recent paper, we have shown that the fragments kept
is expected if the number of added protons equals the numberiggether in proton-bound dimers can undergo various transitions
of Arg residues, especially if the peptide contains Asp or Glu jncjuding association reactions and further dissociation of the
residues, as cleavage C-terminal to these residues (aspartic acitborganized parent ioh.Furthermore, it was shown that linear
effect) is mainly observed. Nevertheless, the mobile proton p, jons with a C-terminal oxazolone ring can rearrange to form

model cannot give an accurate prediction of the relative 5 cyclic peptide isomet the fragmentation of which could lead
intensities of fragment ions, for which a deeper understanding scrambling of the primary sequence information. Related

of peptide dissociation is necessary.

fragments have been termed non-direct sequence3lofise

The recently introduced pathways in competition (PIC) flexibility of PIC enables us to understand the rather rich
model provide a general framework to understand gas-phase chemistry of the post-cleavage phase of peptide fragmentation
peptide chemistry, taking into account specific features of that is not addressed by the mobile proton model.

individual peptide fragmentation pathways and their interaction.

Some of the current limitations to the understanding of peptide

The PIC model predicts that fragment ion abundances in the yissqciation mechanisms arise from the fact that the theoretically

MS/MS spectra of peptides are determined by pre-cleavage
amide bond-cleavage, and post-cleavage events. The pre

'predicted mechanisms and structures are difficult to validate

with experimental approaches. In particular, very few experi-

cIeayage phase involves proton-transfer _reactions and/or intgrnahental methods allow one to directly identify (1) the chemical
rotations necessary to produce fragmenting species. The activitygyctyre and (2) the protonation site(s) of peptide fragment ions.
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Infrared spectroscopy has in recent years been shown to give
detailed chemical information on ionic biomolecules in mass
spectrometry, such as the location of proton attachiféfithe
zwitterionic nature of amino acids and peptid&s! the binding
geometry of amino acids around transition mefaland the
reaction products of gas-phase H/D exchafigeecently, we
have demonstrated the powerful use of IR spectroscopy for the
structural identification of CID product ions, by experimentally
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showing that oxazolone ring structures are formed fortihe
CID fragment ion of protonated Leu-enkephafnHere, we

dissociation and maintaining reasonable ICR transients. Conversely,
using a gas pulse to momentarily increase the pressure was found to

of protonated Leu-enkephalin, involving the structural investiga- Which is essential to generate reliable IR spectra. The productibn of
tion of the precursor ion, as well as its main CID product ions was effected by employing a low-amplitude SORI voltage on protonated

be anda, under low-energy conditions. This peptide is in fact Leu-enkephalin, whereas the generatiormpivas optimized by using

f 1h . vel died b a slightly higher SORI voltage, as well as a simultaneous SORI pulse
one of the most intensively studied systems by mass spectro-to dissociatebs. Previous dissociation studies on these fragment ions

metric dissociation methods and hence constitutes an excellent,aye shown that the formation af requires a higher activation energy
example for comparisoft. > Furthermore, in a parallel study,  and have indicated thay is predominantly formed by sequential
the PFP’s of protonated Leu-enkephalin and its major fragments dissociation of protonated Leu-enkephalinbiofollowed by CO loss
were extensively studied using computational and complemen-to produceas,-526 although somew can also be produced directly
tary experimental techniqué%which support the interpretation ~ from protonated Leu-enkephalifi.
of the IR-MPD data presented here. IR-MPD Spectroscopy.Spectroscopy of mass-selected ions requires
“action” spectroscopy approaches, as their density is too low to allow
direct absorption spectroscopy. In these experiments, we made use of
Mass Spectrometry.All experiments were carried out at the FOM  infrared multiple-photon dissociation (IR-MPD) spectroscéiiy IR-
Institute for Plasma Physics “Rijnhuizen” (Nieuwegein, The Nether- MPD, the ion absorbs a photon when a vibrational mode of the molecule
lands) using a laboratory-built Fourier transform ion cyclotron resonance 1S resonant with the laser wavelength. This energy is quickly (i.e.,
(FT-ICR) mass spectromet&The singly protonated pentapeptide Leu- ~ ~Picoseconds) dissipated in the molecule by intramolecular vibrational
enkephalin ¥z 556) (Tyr—Gly—Gly—Phe-Leu) (Sigma Aldrich) was redistribution (IVR), which allows absorption of another photon at the
generated in a commercial electrospray ionization (ESI) source (Mi- Same wavelength. In this process, tens to hundreds of photons are
cromass, Manchester, U.K.). The peptide ions were accumulated in aabsorb_ed in a resonant, yet non-coherent fashion, leading to dissociation
hexapole trap prior to pulsed extraction via a quadrupole deflector and Of the ion.
an rf octopole ion guide to the Penning trap. As the ions travel through ~ The IR spectrum of the ion of interest was then recorded by
the octopole, its DC bias is switched (from ground potential to typically Monitoring its photodepletion and/or photodissociation yield as a
—40 V), thereby redefining the potential energy of the ions, while function of wavelength (here 86@500 cn1). In the IR-MPD study
leaving their kinetic energy unchanged. By means of this electrostatic of CID fragments, the photodissociation appearance spectrum (i.e.,
pulsing method (described in detail elsewhéfehe ions can be stored X (photofragments) (all ions)) was found to be less reliable due to an
in the ICR cell using relatively low trapping voltages without the need apparent nonconservation of the total ion count, suggesting that some
of a gas pulse. After a radiative cooling delay (typically 350 ms) and Photofragments were lost from the trap, or were at least less well
mass isolation, the protonated Leu-enkephalin precursor ion was detected. In the corresponding IR-MPD experiments on protonated Leu-
irradiated with pulses (40 macropulses at 10 Hz repetition rate) from €nkephalin precursor ion, where no SORI CID was carried out, this

Experimental Section and Computations

the free electron laser for infraredkgeriments (FELIXP® FELIX

produces high-energy pulses§0 mJ) of tunable wavelength{250

um) and is hence highly suited for inducing photodissociation.
In the CID experiments, the fragment ions of interést(nVz 425)

ion nonconservation problem was not observed. The discrepancy in
the CID experiments could be explained by the fact that SORI CID

causes the ion population to be taken away from the center of the trap,
thereby resulting in less efficient trapping/detection of the photofragment

anday (M/z397), were generated by sustained off-resonance irradiation ions. As the photodepletion spectra fai and bs were highly

(SORI) CID (2-4 s) with a background gas (2 10~ mbar). This

reproducible, these give an accurate representation of the IR spectra of

pressure was found to be a good tradeoff between inducing abundantthe ions. Moreover, the depletion and appearance IR-MPD spectra of
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212
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Soc. Mass Spectror997, 8, 771.

(52) Vachet, R. W.; Bishop, B. M.; Erickson, B. W.; Glish, G.L.Am. Chem.
S0c.1997 119 5481.
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Spectrom1997, 32, 209.

(54) Vachet, R. W.; Ray, K. L.; Glish, G. L. Am. Soc. Mass Spectrofr298
9, 341.

(55) Asano, K. G.; Goeringer, D. E.; McLuckey, S. it. J. Mass Spectrom.
1999 185/186/187 207.

(56) Paech, K.; Jockusch, R. A.; Williams, E. R.Phys. Chem. 2002 106,
9761.

(57) Rakov, V. S.; Borisov, O. V.; Whitehouse, C. M. Am. Soc. Mass
Spectrom2004 15, 1794.

(58) Paizs, B.; Schnoelzer, M.; Suhai, S.; Young, A. B.; Harrison, A. G.,
manuscript in preparation.

(59) Vvalle, J. J.; Eyler, J. R.; Oomens, J.; Moore, D. T.; van der Meer,
A. F. G.; von Helden, G.; Meijer, G.; Hendrickson, C. L.; Marshall, A. G.;
Blakney, G. T.Rev. Sci. Instrum2005 76, 23103.

(60) Oepts, D.; van der Meer, A. F. G.; van Amersfoort, P.Iifrared Phys.
Technol.1995 36, 297.

protonated Leu-enkephalin were found to be qualitatively identical (see
Figure 1A and B).

At each wavelength step, four mass spectra were averaged; five
photodissociation spectra were recorded for each ion, which were then
averaged to yield the final IR-MPD spectra. These spectra were also
linearly normalized for the laser power over the wavelength region. It
should be noted that an IR-MPD spectrum is not identical to a linear
absorption spectrum, but that a linear approximation serves as a
reasonably good approximatiéhThe discrepancies to an absorption
spectrum include red-shifting and broadening of vibrational bands, as
well as variations in intensities of adjacent bands, and have been well
documented? 364 The experimental IR spectra were compared to
theoretical spectra for putative calculated structures to obtain the best
match.

Calculations. All calculations were performed at the German Cancer
Research Institute in Heidelberg, Germany. A recently developed
conformational search engifié+5¢devised to deal with protonated

(61) Yalcin, T.; Csizmadia, I. G.; Peterson, M. B.; Harrison, A.JGAm. Soc.
Mass Spectroml99§ 7, 233.

(62) Bagratashvili, V. N.; Letokov, V. S.; Makarov, A. A.; Ryabov, E. A.
Multiple Photon Infrared Laser Photophysics and Photochemigtigr-
wood: Chichester, U.K., 1985.

(63) Oomens, J.; Tielens, A. G. G. M.; Sartakov, B. G.; von Helden, G.; Meijer,
G. Astrophys. J2003 591, 968.

(64) Oomens, J.; Sartakov, B.; Meijer, G.; von Helden|r®.J. Mass Spectrom.
2006 254, 1.

(65) Paizs, B.; Suhai, S.; Hargittai, B.; Hruby, V. J.; Somogyil®. J. Mass
Spectrom2002 219, 203.
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A appearance spectrum (b,) C

B depletion spectrum
C 0.0 kJ mol”
i
r|I "I J
A ) | A /"I | 1

D 0.4 kJ mol”

" | ]
/ | i .r'( 1

1000 12:'.)D 1;00 1500 1800
Wavenumber / cm™!
Figure 1. IR-MPD spectra of protonated Leu-enkephalin represented as (A) appearance spectinagpearance) and (B) depletion spectrum. Comparison

of the appearance spectrum (thin line) to the theoretical spectra (bold lines) for lowest-energy calculated structures (C) and (D) (reletvadicatey),
showing that structure D gives a better match.

peptides was used to scan the potential energy surface (PES) ofin Table S1 (Supporting Information). Note that for all ab initio and
protonated Leu-enkephalin and lisanda, fragments. These calcula-  DFT calculations, the Gaussian set of programs was #sed.
tions started with molecular dynamics simulations on the above ions  For the energetically most preferred protonated Leu-enkephalin
including various protonation sites using the Insight Il program (Biosym structures, we have performed frequency calculations at the B3LYP/
Technologies, San Diego, CA) in conjunction with the AMBER force  6-31G(d) level of theory. For the energetically most favdogdnda,
field,5” modified in-house to enable the study of oxygen- and nitrogen- isomers, frequency calculations at the B3LYP/6+&(d,p) level were
protonated amide bonds and species with C-terminal oxazolone andcarried out to produce more reliable theoretical spectra for comparison
imine moieties. to experiment. It should be noted here that the optimized structures
During the dynamics calculations, we used simulated annealing represent families in which the actual structures can be classified. As
techniques to produce candidate structures for further refinement, the ions are energetically excited, their structures are inherently dynamic
applying full geometry optimization using the AMBER force field. ~and can possibly interconvert between different conformations. The
Special attention was paid to sampling of the conformational spaces "élative energies are calculated by correcting the B3LYP/6G(,p)
of the cyclich, anday isomers. Because of the relatively small size of t0tal energies for zero-point vibrational energy (ZPE) determined at
the rings involved (12 and 11 atoms for and as, respectively) and B3LYP/6-31G(d). The theoretical |nfrar_ed spectra were then scaled by
the presence of many rigid amide bonds, these species are much lesS-965 for the protonated Leu-enkephalin structures and 0.98 fdy;the
flexible than their linear isomers, and the corresponding barriers to @nd @ structures, given the higher basis set used for the fragment
conformational changes are significantly higher than expected for linear Structures. The stick spectra were convoluted using a 25 ¢ufi-

species. Consequently, the cyclic isomers must be “heated” to higherwidth at half-maximum (fwhm) Gaussian profile to facilitate comparison
with the measured IR-MPD spectra.

temperatures in the simulated annealing procedure to effectively sample
the entire conformational space. Simultaneously, the original trans or
cis configuration of the ring amide bonds has to be constrained to avoid
their isomerization during the dynamics phase of the simulated (1) Protonation Site of Leu-enkephalin.IR-MPD of pro-
annealing. This modified sampling strategy resulted in new low-energy tonated Leu-enkephalin yielded merely one observable fragment
cyclic by structures that were not available to interpret the experimental jon b, The resulting IR-MPD appearance spectrum (Figure 1A)
b, IR-MPD spectrum in our previous publicatiéhlt is our experience was obtained by plotting the, fragment ion yield, whereas in
that simulated annealing between 900 and 450 K provides extensivethe depletion spectrum merely the depletion in the intensity of
sampling of the confo_rmational space of linear peptides and their protonated leu-enkephalin was monitored as a function of
ILaegrcny?:rI:E;S’i Svgrne;fsés this range must be extended to-148D K for wavelength. Both spectra are essentially identical, apart from
the fact that the appearance spectrum is slightly more sensitive

The collecteq AMBER optimized structures were gnalyzed by a for low-intensity bands (e.g., 1443, 1612, and 1666 8m
conformer family search program developed in Heidelberg. This

program groups optimized structures into families for which the most ~ OUr scan of the potential energy surface of structures for
important characteristic torsion angles of the molecule are similar. The YGGFL indicates that protonation at the N-terminal amino
most stable species in the families were then fully optimized at the group is more favored than protonation at amide oxygens by
PM3, HF/3-21G, B3LYP/6-31G(d), and finally at the B3LYP/6-3G- approximately 33.5 kJ/mol. Hence, the site of proton attachment
(d,p) levels, where the conformer families were regenerated at eachis clearly favored on the N-terminal NHjroup. The IR spectra
level. The total energies of the lowest-energy structures are presentedof the two lowest-energy calculated conformers (Figure 1C and
D) are compared to the experimental appearance spectrum,

(66) Wyttenbach, T.; Paizs, B.; Barran, P.; Breci, L. A; Liu, D.; Suhai, S.;  showing that the marginally higher energy structure-ED4
Wysocki, V. H.; Bowers, M. TJ. Am. Chem. So2003 123 13768.

(67) Case, D. A.; et alAMBER 99 University of California: San Francisco,
CA.

Results and Discussion

(68) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Pittsburgh, PA, 2003.
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Table 1. Assignment of Calculated IR Bands for Structure D in
Figure 1

expt calc

frequency frequency intensity
(cm™) (cm™)  (kmmol™?) assignment
1127 1107 109 Tyr €H in-plane bending, Nk wag
1118 68 NH™ rocking
1174 1167 91 Tyr deformation and~®—H bending
1169 92 Tyr deformation and-60—H bending
1266 86 COOH €& 0O—H bend and aliphatic
C—H bend
1272 1277 136 NH and C-H bend
1280 63 Tyr deformation and-6@0(H) stretch
1473 1496 210 symmetric Nfi umbrella mode and
N—H bend (Phe)
1498 121 symmetric Ngt umbrella and
N—H bend (Leu)
1511 118 Tyr deformation
1516 1515 259 symmetric Nff umbrella
1532 155 amide Il (N\-H bend)
1539 137 amide Il (N-H bend)
1655 1660 391 antisymmetric NHumbrella
1683 63 antisymmetric Ngt umbrella and &0
1690 211 amide | (€0 stretch) and antisymmetric
NHz* umbrella
1707 1712 782 amide | (€0 stretch)
1716 143 amide | (€0 stretch)

kJ/mol) yields a better match. The NHgroup in structure C

is solvated by the ¥G and F-L amide and the COOH carbonyl
oxygens and the Y aromatic side chain. In structure D, on the
other hand, stabilization is provided by the-6 amide and the
COOH carbonyl oxygens and the Y aromatic side chain. This
difference results in a blue-shift of the antisymmetric ;IH
bending mode from~1632 (structure C) to~1660 cnt?!
(structure D), thus giving an improved match for structure D.
The most intense>50 km moi™?) calculated vibrational modes
are summarized in Table 1, showing that the protonategNH
group is in fact involved in many relatively intense modes (e.g.,
~1500 and 1660 cr).

The low-intensity band at 1443 crhin the appearance
spectrum could be due to the diagnosti=e@—H™ bending
mode of amide oxygen-protonated structures (see later discus
sion on cyclichs fragment in part 2c). Given the weakness of
this band, only a low number of ions are in this protonation
state when the ions are at room temperature, which is consisten
with the calculated energies.

(2) Fragment lon bs. The structure ob fragment ions is
one of the most longstanding controversial questions in the
peptide dissociation community. Scheme 1 summarizes the PFP
that lead to the formation of various isomers of protonated
Leu-enkephalin. Historically, the linear acylium structure (reac-
tion 1, Scheme 1) was proposed fifsiut later studies showed
that this structure is unstabé?%and instead a five-membered
oxazolone ring is formed (reaction 2, Scheme 1) onlihgn,
PFP10 Recent computational and experimental data on proto-
nated YAGFL-NH3! indicate that thé structures terminated
by an oxazolone ring can isomerize (reaction 3, Scheme 1) to
cyclic peptides that can then, in principle, open up at any amide
bond (reaction 4, Scheme 1), leading to various linear structures
For theb, fragment of protonated Leu-enkephalin, such ring-

(69) Yalcin, T.; Khouw, C.; Csizmadia, I. G.; Peterson, M. R.; Harrison, A. G.
J. Am. Soc. Mass Spectrof995 6, 1165.

(70) Paizs, B.; Szlavik, Z.; Lendvay, G.; Vekey, K.; SuhaiR&apid Commun.
Mass Spectron200Q 14, 746.

closure and ring-opening pathways can lead to the original
YGGFoxa structure and isomers with permuted amino acid
sequences, GGky, GFYGyya and FYGGya Note that recent
computational data indicate that the cydii¢ structure is not
formed directly from the precurséf.

In summary, six differenb, isomers could be present in the
mass spectrometer, the open acylium structure, Y&GF
GGFYoxa GFYGoxa FYGGoxs and the cyclic peptide form. The
last five isomers can feature various protonated forms, leading
to a large number of possibilities. Experimentally, the fragment
ion by was generated in the ICR cell from protonated Leu-
enkephalin precursor ion by applying a SORI CID pulse. The
b, ion thus generated was interrogated with IR-MPD, yielding
photofragments atvz 120 (Phe immonium), 22b§), 278 (s),
and 397 &,). In the following sections (ad), we shall discuss
our spectroscopic findings in terms of the three major types of
proposed fragment structures foy, as well as the permuted
structures.

(&) Acylium Structure. As a test experiment, thpara-
aminobenzoic acid (PABA) was dissociated by CID to form
the stablgpara-aminobenzoyl cation (fN—CgHs—CO") frag-
ment, for which the IR spectrum was recorded in the range of
2100-2200 cn1? (see Figure 2). The strong absorption band
at 2170 cm? is attributed to the acylium CO stretch, which
has in fact been reported befdfeOn the other hand, the IR
photodissociation spectrum @&f over the spectral region of
2000-2500 cnt! shows no vibrational band under identical
experimental conditions. The absence of such a band ibsthe
IR spectrum clearly precludes the existence of linear acylium-
type structures. This also confirms the previous hypothesis that
b fragment acylium structures are unstafjté® 70

(b) Oxazolone by YGGFya In contrast to the acylium
structure, where the charge is fixed, YGgzfhas four possible
sites of proton attachment, the N-terminus, the carbonyls O1
and 02, as well as the oxazolone ring. Calculations indicate
that merely the N-terminus and the oxazolone ring are energeti-
cally accessibl& and hence only those structures are considered
here. The experimental IR photodepletion spectrurbsaiver

‘the spectral range of 842000 cnt!is shown in Figure 3A. It

is immediately apparent that there are three distinct bands (1780,
1890, and 1930 cmi) at frequencies higher than usually
tencountered in peptides, such as the conventional amide | (CO
stretching) mode of the peptide backbone~af00 cnr?l) and

the carboxylic acid CO stretch (at1750 cnv?).3740 This
indicates that a new chemical moiety must have been formed

¥n the CID process, which is not present in linear peptides. All

three bands can be ascribed to CO stretching modes of the
oxazolone structures B, C, and E (see Figures 3 and 4), as shown
in a previous publicatioff: Differences in the chemical environ-
ment lead to significant differences in the CO stretching
frequency of the oxazolone ring. When the proton is located at
the N-terminus and the oxazolone CO is hydrogen-bonded to it
(structure B), the observed CO frequency is as low as 1780
cmL. Conversely, when the proton is attached to the oxazolone
ring and the oxazolone CO is not hydrogen-bonded, the observed

"CO frequency appears at 1930 thistructure C), which is a

substantial 150 cmt higher than for structure B. The last

(71) (a) Oomens, J.; Bakker, J. M.; Sartakov, B.; Meijer, G.; von Helden, G.
Chem. Phys. LetR003 367, 576. (b) Oomens, J.; Moore, D. T.; Meijer,
G.; von Helden, GPhys. Chem. Chem. Phy&004 6, 710.
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Scheme 1. Dissociation of Singly Protonated Leu-enkephalin (A) Shown Schematically in Amino Acid Three-Letter Code, and (B) Shown
Mechanistically for Four Proposed Peptide Fragmentation Pathways (PFP’s), Yielding (1) Linear Acylium, (2) Linear Oxazolone Terminated
Structures, (3) Isomerization of the Linear Oxazolone Terminated Structure Can Give Rise to the Cyclic Isomer, and (4) Re-opening of the
Cyclic Structure Can Then Lead to a Range of Oxazolone Structures, with Either the Original Amino Acid Sequence or Permuted
Sequences

A bd’

Tyr-Gly-Gly-Phe-Leu 0 0

H2N—CHJ-|—NH—CH2—”—NH—CH2J-I—NH
0

N
C=0

OH

NH;——COOH 0 HNL
. HzN—CHJLNH—CHZ—”—NH—CH;</
DY J 0] o}

2. by, PFP

o o
HZN—CHJLNH—CHZ—”—NH—CHZ—LNH
0

o]

OH YGGF

OH oxa

YGGF,,, HO‘@j OH
GGFY,, . HNH —|3
o:‘ NH
GFYG,,, b o
FYGG,, H,C—TNH-CH,
0

remaining band at 1890 crhis well-matched by the calculated  exception of the band at 1440 cfn(erroneously ascribed in
oxazolone CO stretch for structure E, where proton attachmentour previous communication as the 1420 @rband)?* which
occurs on the N-terminus, but the oxazolone CO is not is much more prominent in the experimental spectrum than was
hydrogen-bonded. Although band intensities are not always aspredicted for these structures.
reliable in IR-MPD as in linear absorption techniques, the  (c) Cyclic by Structures. The oxazolone YGGdz, Structure
relative band intensities appear to reflect the relative stabilities can isomerize to the cyclic structure (Scheme 1, reaction 3).
of these oxazolone structures; that is, the N-terminal amino- The most basic site for this structure is one of the amide
protonated B structure is significantly more abundant than the oxygens, as no free N-terminal amine group is available. In
oxazolone-protonated C. The fact that the N-terminus competesprinciple, amide O protonation can be distinguished from other
as a site of protonation shows that the oxazolone ring is not proton attachment sites by its characteriste@-H" bending
always as basic as is commonly suggested in the liter&tité3 mode. However, in our previous pagéthe energetically most
The remainder of the IR spectrum agrees reasonably well favored cyclic peptide structure did not match theexperi-
with a mixture of structures B, C, and E, with the notable mental spectrum convincingly. In light of the recemtion

0204 — Para-aminobenzoyl IR spectrum

— by* IR spectrum

0.15 acylium v(CO)

ffﬁ/

0.10 4 C

0.05 4

Photodissociation yield

2000 I 21IUI'.I I ZZI{JO I 23I{JO ) Zdbﬂ ) 2500
Wavenumber / cm™?

Figure 2. Experimental IR spectra of thgara-aminobenzoyl cation (red)
and the CID product iorbs of Leu-enkephalin (black) over the spectral
range from 2000 to 2500 cri under identical experimental conditions,
clearly showing the acylium CO stretch of thara-aminobenzoyl cation
at~2170 cnrl. Conversely, no such band is observedgithus excluding
the linear acylium-type fragment structures (Scheme 1, reaction 1).
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cyclization mechanisr®t we have performed an even more
detailed scan (described in detail in the Computational Details
section) of the cyclid isomers and found new structures that
are energetically more favored than our previous candidate. One
of those structures (structure D, Figure 4) is protonated at the
Phe-Tyr amide oxygen, and its relative energy is 15.4 kJ/mol
higher than the N-terminal-protonated YGg&

The calculated IR spectrum of structure D shows a medium-
intensity band at~1440 cntl, due to the diagnostic €0—
H* bending mode, which gives a convincing match for the
unassigned band in the, experimental spectrum. While not
all cyclic structures give such a good agreement, the cyclic
structures consistently predict thesO—H* bending mode in
the range from 1400 to 1450 crh It appears that the DFT-
predicted GO—H™ bending mode frequency is strongly
dependent on the exact conformation of the cyclic structure,
and this explains our initial non-assignment of the 1440%tm
band** Another argument in favor of the cyclic structure is the
fact that this structure could rationalize the stronger-than-

(72) Polce, M. J.; Ren, D.; Wesdemiotis, L Mass Spectron200Q 35, 1391.
(73) Rodriquez, C. F.; Shoeib, T.; Chu, I. K.; Siu, K. W. M.; Hopkinson, A. C.
J. Phys. Chem. £00Q 104, 5335.
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A Experimental

amide |
amide |l ({C=0 stretch)
(N-H bend) H

' I T I T T T I ' L

B Oxazolone N-prot 0.0 kJ mol”

T T T T T T T
C Oxazolone ox-prot , 5.0kJ mol”

Figure 4. Structures corresponding to the theoretical spectra shown in
Figure 3, showing sites of proton solvation (black arrows) and oxazolone
rings (blue arrows).

GFYGoxa permuted structures cannot be present in substantial
amount, otherwise the intensity of the CO stretch at 1930'¢cm
linked to the oxazolone-protonated structure, should be much
higher. Note that this argument does not apply to the permuted
- — FYGGoxa Structure, where the N-terminus is also the favored
E Oxazolone N-prot  20.7 kJ mol”" site of proton attachment. It is also worth noting here that the
/* oxazolone-protonated GGk isomer is energetically the most
favored among the linedn, isomers (Figure S1, Supporting
Information). In separate M3xperiments ob, of protonated
1000 1200 1400 1600 1800 2000 Leu-enkephalin, it has been shown that only a small fraction of
Wavenumber / o™ the ion population in a Q-TOF type instrument are present as
Figure 3. (A) Experimental IR spectrum djs as compared to calculated GGFYoxa*® This suggests that “scrambling” pathways are not
IR spectra for (B) N-terminal-protonated oxazolone structure, (C) oxazolone the major reaction channels for thgion of Leu-enkephalin in
G Nt oo st Sestae. e he G-TOF,ufich s suprisng, gven the apparenty sgnifcant
ggectré indicated by bold IineF;). The relative energies of the structures areabgndance (_)f _CyCIIdD“ structures in our FT'IC_R mstrumer_n.
given. The assignment of the oxazolone CO stretching modes and cyclic This contradiction can be resolved by considering the relatively
structure &=O—H" bending modes is depicted in color-coding in the long time-scale of the latter experiment that clearly favors

experimental spectrum. The corresponding structures are shown in Figurerl:,.arrangememS occurring on the scrambling PFPs.
4. Note that none of the oxazolone structures can account for the relatively . . .
intense experimental band at 1440 ¢m (e) Evidence for the Proton Mobility between Two Sites.

In CID of protonated peptides, the internal energy of the peptide
expected amide | band at 1700 chwhich is underrepresented  is increased, leading to a mobile proton that induces charge-
by the theoretical spectra for the oxazolone structures B, C, anddirected dissociatioh:1?Theby-ym PFP'$% are believed to give
E. This shows that a mixture of oxazolone and cyclic structures rise to N-terminal lineab fragments with an oxazolone ring
is formed. Nonetheless, it is difficult to establish the relative (YGGFoxa for the bs-y; pathway of YGGFL), which are for a
abundances of each structure from the IR spectrum, especiallyshort period bound to the C-terminal fragment (Leu for
because the vibrational bands for both types of structures displayY GGFL). In the thus formed proton-bound dimer, the N- and
substantial overlap. C-terminal fragments compete for the extra proton before the

(d) Permuted Oxazolone StructuresAs the cyclic structures ~ complex falls apart. Given the much higher proton affinity (PA)
appear to be formed, this raises the possibility of permuted of the oxazolone fragment (978.2 kJ/mol) as compared to Leu
oxazolone structures as the cyclic structure opens up (Schemg909.2 kJ/mol), the former displays exclusive retention of the
1, reaction 4). The IR spectra neither provide evidence in favor proton on the oxazolone ring nitrogen (see Scheme 2). As the
nor against the existence of these structures (not shown).N-terminus is an energetically more favorable site of proton
Nonetheless, the calculations predict differences in the relative attachment for YGG#x,, one would expect to observe a gradual
energetics of proton attachment for the N-terminus relative to conversion of oxazolone-protonated to N-terminally protonated
the oxazolone ring (see Figure S1, Supporting Information). Structures.

Notably for GGFYxa and GFY Gy, proton attachment at the In these experiments, the ions are left to cool to room
oxazolone ring is energetically favored as compared to the temperature following SORI CID by leaving a radiative emission
N-terminus, while for FYGGx,, protonation at the N-terminus  delay prior to spectroscopic probing; previous experiments
is more preferred similarly to YGGk. While the calculated showed that an approximate temperature of-6800 K was

IR spectra do not allow us to directly differentiate between necessary to induce CID of this peptitfeFigure 5 shows the

oxazolone structures with the original amino acid sequence (i.e.,IR photodepletion spectra recorded after two different radiative
YGGFws) and permutedb, structures, the GGFRyY, and cooling delays: 0.5 and 4 s. It can clearly be seen that the
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Scheme 2. Schematic Showing the Main by, PFP Product from
Protonated Leu-enkephalin (See Figure 2), Where the N-terminal A 05 seconds radiative delay
bs Oxazolone Fragment Is Proton-Bound to the C-terminal Leu
Fragment, the Oxazolone Fragment Exclusively Retains the
Proton, Due to Its Higher Proton Affinity (PA). The Proton Is Then
Transferred to the N-terminus, Which Is the Highest PA Site

proton-bound dimer;
oxazolone by- Yy

Oxazolone N-prot (structure B Fig. 4)
Oxazolone ox-prot (structure C Fig. 4)
Oxazolone N-prot (structure E Fig. 4)

c
o
o -
i :ﬁ 5
H. H MH=C| H=CH: b
X HTN H o
-Q 5
£ o
;ﬁ ; < [a]
H o
o HHz OOH = ¥ T T ¥ T v T T T ¥ T
n': B 4.0 seconds radiative delay
o ooso] %
neutral Leu £ N I
- * oms -
N—i u-ﬁ-uu—cn NH=CH NH oH ] N
o] o T - RN
D podg ~
H & S

oa 0s 10 15 20
Radiative emission delay / s

intramolecular H* transfer

¥ T ' T ' LI U T ’ T
1650 1700 1750 1800 1850 1900 1950

+o 0 °
D R o Wavenumber / cm-!
Figure 5. IR photodepletion spectrum of the fragment fmrafter radiative

cooling delays of (A) 0.5 s and (B) 4 s. The structural assignment of the
oxazolone CO stretching bands is depicted in color-coding. The inset in
(B) shows the photodissociation yield af following irradiation ofbs at a
intensity of the 1930 cm' band (navy color), associated with  fixed wavelength of 5.2«m (~1930 cnt?) for various radiative cooling

the oxazolone-protonated structure (structure C, see Figure 4),d_elays; an exponential decay function is fitted to the photodissociation yield
is noticeably reduced after a cooling delay of 4 s, while this (le., appearance k).
band is quite prominent for a delay of merely 0.5 s. On the
other hand, the 1780 crhband (cyan) remains the most intense The time-scale of the SORI CID experiment is on the order of
oxazolone CO stretching feature, and even appears to slightlyseconds, and hence not evéryfragment ion is formed at the
increase in intensity upon increasing the delay time to 4 s same time. Given these long delays, it is not surprising that
(although this is more difficult to establish than the decrease in most proton transfer from the oxazolone nitrogen to the
the navy band). Note that the band at 1890 ¢tined) is much N-terminus would already have taken place by the time the IR
weaker, and hence none of the oxazolone-protonated structurespectra are recorded. To answer whethebafragment ions
are irreversibly converted into this higher-energy conformation. are initially protonated on the oxazolone ring nitrogen, as
This suggests that a net proton transfer takes place from thesuggested in Scheme 2, would require a much faster experiment,
oxazolone ring to the energetically more favorable N-terminus. which is beyond the scope of this study.
The reason why a significant amount of the ion population is  As the calculated energy difference between the lowest-energy
originally in the energetically less favorable oxazolone-proto- N-terminal-protonated and oxazolone-protonated structures is
nated form could be rationalized by the mechanistic pathway merely 5 kJ mot! (which lies within 2 kT,) an observable
in Scheme 2, where it is assumed that the proton is exclusively proportion (i.e.,> 10%) of the ion population should remain in
located on the oxazolone ring nitrogen after the proton-bound the energetically less favorable oxazolone-protonated structure.
bs-y; dimer separates. This is confirmed by the experimental findings, showing that

When the FELIX wavelength was set to a fixed wavelength the intensity of the 1930 cnt band does not reach zero even
of 5.2um (~1930 cn1?), corresponding to the band center of after 4 s radiative cooling delay (which is a longer delay, as
the oxazolone CO stretch in the oxazolone-protonated structuressomeb, ions may be formed toward the beginning of the SORI
the yield of the main photodissociation product mf ay, is pulse). While the proton mobility in peptides had already been
characterized by a smooth falloff on a time-scale of seconds, demonstrated experimentally by a combined H/D exchange and
which is adequately fitted by an exponential decay function (see peptide dissociation study,this is in fact the first time that
inset of Figure 5B). Such a decrease is consistent with a the proton mobility between two attachment sites can be directly
progressive depletion of structure C due to radiative cooling, monitored in the gas phase. Given the importance of the mobile
which is expected to be the main cooling pathway under these proton in the CID process, this gives interesting insight into
pressure conditions~2 x 1077 mbar)74 the dissociation chemistry of protonated peptides.

It should be noted though that the measurements in Figure 5 (f) Proton-Transfer Pathway. A careful inspection of
are mainly intended for establishing qualitative trends and not structures B, C, and E (Figure 4) shows thatons undergo

for determining proton_transfer kinetics in the ion popu|ati0nl not Oﬂly intramolecular proton transfer but also major structural
changes. All of these structures are stabilized by strong H-bonds,

(74) Dunbar, R. CMass Spectrom. Re2004 23, 127. which connect the N- and C-termini and lead to conformers

H
|

(8]
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Figure 6. Schematic showing how the proton transfer from the oxazolone ring (structure ¢ tortBe N-terminus (structure B or'’Bcan be rationalized
by interconversion via structures E of. BNote that the upper structures are folded anticlockwise, whereas the structures below are folded clockwise.
Interconversion between these folding conformations is more complicated, and no obvious pathway has been found. The relative energiesuoéshe struct

are given.
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Scheme 3. Schematic for Mechanisms of a4 lon Formation from by, as Well as a4 lon Cyclization
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o
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OH OH
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Cyclica,

featuring large intramolecular rings. Such structures can be play a critical role during this transition because these species
folded clockwise or anticlockwise. Structures B and E belong are already protonated at the amino group while the oxazolone
to the former group, while species C belongs to the latter class.ring is not rotated yet. This is the first experimental evidence
It is worth noting here that for each structure oppositely folded for such an intermediate structure on the proton-transfer
conformers (B C, and E) exist, as depicted in Figure 6. The pathway, which is probably only observed as some ions are
energetically most favorels-y; transition state (TS} leaves kinetically stabilized in this structure. It is likely that we observe
an oxazolone-protonated structure behind that is very similar species E and/or'EBnerely because the transition between C
and can rapidly isomerize to species C. However, we cannotand B is a rather complicated multistep process with substantial
exclude formation of CGtype oxazolone-protonated structures barriers that are due to the breaking of strong H-bonds.
based on the available experimental and theoretical data. (TheMoreover, the complexity of this transition is probably respon-
theoretical IR spectra for the-&C', B—B', and E-E' pairs are sible for the long time-scale of the overall process and allows
very similar to one another and do not allow one to distinguish for the monitoring of the proton-transfer process described above
the oppositely folded structures experimentally.) Structures C on the~seconds time-scale.

and C must undergo two major changes to transform to B and  (3) Fragment lon a4. In our experimentsa, ions are mainly

B’ including transfer of the added proton and rotation of the formed from oxazolone-protonatég speciesiy, — a, PFP)10.70
C-terminal oxazolone ring. It is very likely that proton transfer CO can be expelled from the parent ion “above” and “below”
to the N-terminal amino group occurs first, and this step is the plane of the oxazolone ring, leading to trans or cis imines
followed by rotation of the oxazolone ring. Structures E ahd E in the corresponding, species (Scheme 3). Similarly to various
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Figure 7. Lowest-energy structures fay fragment structures: (B) imine
trans N-terminal-protonated, (C) imine cis N-terminal-protonated, (D) imine
trans imine-protonated, (E) imine cis imine-protonated, and (F) cyclic
N-protonated (D_Phe), for which the IR spectra are shown in Figure 8.

b, ions/0 the barrier to formation of the trans form (129.2 kJ/
mol) is lower than the barrier to the cis form (144.7 kJ/mol)
for YGGFoxa8

Besides the ¥G and G-G amide bonds, theas ion
(YGGF,) features the C-termina-CO—N=C moiety. The
latter can quite freely rotate around the €8 bond (single
bond character), while theN=C— imine bond is fixed to the
trans or cis isomers depending on the— a4 TS in which the
particularay species is formed (see above). The conformational
spaces of the N-terminal amino, amide oxygen, and C-terminal
imine-protonated forms were carefully scantfecbnsidering

both the trans and the cis imine isomerization states. TheseFigure 8.

calculations indicated that the N-terminal amino group is the
energetically most favored protonation site, while protonation
at the C-terminal imine is 8 kJ/mol higher in energy. For both
the amino- and the imine-protonated forms, the trans imine
isomerization state is favored with respect to cis. All but one
of the amide oxygen-protonated forms af are energetically
much less favored and will not be discussed in detail in the
present paper.

Similarly to the YGGFExa bs species, the energetically most
favored YGGHy, structures feature strong H-bonds that connect
C- and N-terminal functionalities. In such geometrical arrange-

T T
0.0 kJ mol”!

B IM, TR, N-term-prot
/
m{_j \'\/\
I ¥ ' I ' :.3.2 kdJ Imol'1
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E IM, Cl, imine-prot

T T T T ¥ T
-0.3 kJ mol”!

F cyc, N-prot Q

T T T T T
1000 1200 1400 1600 1800
Wavenumber / cm™!

(A) IR photodepletion spectrum of the fragment iamn as
compared to the calculated spectra (bold lines) for (B) imine trans
N-terminal-protonated, (C) imine cis N-terminal-protonated, (D) imine trans
imine-protonated, (E) imine cis imine-protonated, and (F) cyclic N-
protonated, which are shown in Figure 7. The identification of structures B
and F is depicted in color-coding.

the proton from the N-terminus to the imine N, for example,
results in a blue-shift of the diagnostic imine CO stretch from
~1650 cn1? (structure B) to 1820 cmi (structure D). The
absence of a band 1800 cnt? clearly precludes the presence
of the imine group as a site of proton attachment (and thus of
structures D and E), whereas the red side of the relatively broad
1700 cnv! band is consistent with the presence of structure B

ments, the N-terminal amino group can attack (Scheme 3) the (color-coded in red in Figure 8). In fact, the broad band from

carbon center of the protonated imine group, forming a cyclic
isomer ofay. Scanning of the conformational spaces of cyclic
a4 ions resulted in two structures (D_Phe and L_Phe (Figure
S2, Supporting Information)) that are energetically as favored
(relative energy at-0.3 and 0.1 kJ/mol, respectively) as the
most stable YGGH species.

Thea, fragment ion was generated in slightly more energetic
SORI conditions and simultaneous SORIton The photodis-
sociation ofay gave rise to fragment ions atz 380 @4-NH3)
and 278 ). In the following two sections, we shall discuss
our spectroscopic findings in terms of the two major types of
proposed fragment structures (i.e., linear and cyclic)afpr

(a) Linear Imine a4 Structures. As discussed above, there
are a large number of putative structures &gr thus making
the interpretation of the IR spectrum potentially much more
difficult than in the case obs. The experimental IR spectrum
in Figure 8 is compared to four distinct linear imine-type

~1650-1800 cnt! can be well explained by structure B, as
the strong &N stretch at 1714 cmi coincides with the
maximum absorption of this band and even the shoulder to the
blue is reproduced (both color-coded in red). Moreover, the
remainder of the calculated spectrum for structure B matches
most of the experimental features, and it is apparent that
structure B gives a much better match to the experimental
spectrum than any of the other imine-type structures (i.e., C,
D, or E).

The absence of imine-protonated structures (i.e., structures
D and E) is surprising, as this site is commonly believed to be
more basic than the N-terminB&Moreover, in the case df,
it was possible to observe a mixture of structures with different
sites of protonation. (As shown in Schemegions are formed
on thebs — a4, PFP as imine-protonated species.) This suggests
that the proton transfer is much faster in the case of imine-type
a4 fragments than in the case of oxazolone-typestructures.

structures: the amino-protonated structures B (trans) and C (cis),This is likely due to the fact that the CO—N=C moiety in

as well as the imine-protonated structures D (trans) and E (cis).

the former is rather flexible while rotation of the oxazolone ring

There are clear differences in the calculated IR spectra that allowof the latter is more hindered. It is worth noting here that the
these chemical structural differences to be distinguished. Moving H-bond-stabilized macro-rings of structures B and D are
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similarly folded (Figure 7), thus facilitating the proton transfer ments that have taken place. Thus, it is confirmed thatbthe

from the C- to the N-terminus. fragment forms a mixture of linear oxazolone and cyclic
While imine-protonated structures can be conveniently ex- structures, while the, fragment forms a mixture of linear imine
cluded on the basis of the absence of an imine CO bal®D0 and cyclic structures. Moreover, the site of proton attachment

cm 1, the case is not quite as clear-cut for the cis imine structure and forb, even the dynamics of intramolecular proton transfer
protonated on the N-terminus (structure C). The main difference in the ion population can be followed by comparing the relative
here as compared to structure B is a red-shift of the imine CO intensities of the oxazolone CO stretch bands for varying time
stretch to~1640 cnt! and a less convincing match to the main delays. This gives qualitative insight into the mobility of the
absorption band around 1700 chand in particular the shoulder ~ proton, which plays a crucial role in peptide dissociation and
to the blue. We therefore conclude that some structure C maywhich so far has been difficult to ascertain with other gas-phase
be formed, but that structure B, with a trans imine bond, is the structural techniques. The proton-transfer kineticaiappeared
predominant imine-type structure generated. This shows thatto occur on a faster time-scale tharbip due to the more flexible
an insight can be gained on the dynamics oflthe~ a4, PFP. backbone ofa,, and could hence not be followed in this
(b) Cyclic a4 Structures. Despite the relatively clear picture  experiment.
for the imine-type structures, there are two experimental bands The experimental results can be well explained with the
that are not reproduced by structure B, the bands around 1380pathways in the competition (PIC) peptide fragmentation model.
and 1600 cm’. The appearance of these bands can be Interms of furthering the understanding of peptide dissociation
rationalized with cyclic structures (Figure 8F). In fact, two cyclic chemistry, the combined approach of computational modeling
structures were found, D_Phe and L_Phe (Figure S2, Supportingand IR spectroscopy is particularly beneficial. The calculations
Information), which differ from one another in the stereochem- require experimental techniques that can benchmark some of
istry of the Phex-carbon. That is, D_Phe and L_Phe correspond the predictions. By analogy, IR spectroscopy relies on com-
to thep andL configurations, respectively. It is worth noting  parison to calculated structures/spectra to interpret the results.
here that the energetically slightly more favored D_Phe structure |t is expected that the combined modelirgpectroscopy
is formed from trans lineaay species, while L_Phe can be approach can address many of the open questions in the field
derived only from cis lineaa, structures. The most favorable of peptide dissociation, such as whethdragment ions adopt
site of proton attachment in structures D_Phe and L_Phe is thelinear oxazolone or cyclic structures, or in fact mixtures as
N atom, which previously was the N-terminus of the imine observed here. These results suggest that formation of the cyclic
structure. This ammonium-type structure has two chemically structures is more common than previously thought, which
diagnostic bands: the out-of-plane bending mode of the'NH  presents possible challenges for the sequencing of amino acids
group at~1390 cn1? and the scissoring mode of this group at in tandem MS. The fundamental study of these processes should
~1600 cn1t. These two modes match the previously unassigned lead to an eventual semiquantitative prediction of the main PFP’s
bands, while also not contradicting the remainder of the in CID of protonated peptides and hence enhance the structural
experimental spectrum. While L_Phe appears to give a betterinformation that can be obtained from tandem mass spectra.
match (Figure S2, Supporting Information), both theoretical
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This work demonstrates the important structural information
on peptides and their dissociation products that can be gaine
from IR spectroscopy in combination with theoretical studies,
including the site(s) of protonation and the chemical rearrange- JA068014D
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