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Evidence of Diketopiperazine and Oxazolone Structures for HA b," lon
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Structures and mechanisms of formation of fragment ions from
protonated molecules in the gas phase are of interest because these
studies improve our knowledge of chemistry in the absence of solvent.
In addition, determination of whether an isolated gas phase reaction
occurs with formation of the kinetically or thermodynamically most
stable product can be used to show how different substituents, such
as different amino acid side chains, influence the outcome of a
competitive reaction pathway. The formation and structure of peptide
b,™ ions have been studied for a number of years. Two main structures
have been proposed for b, ions. The N-terminal amino group can
act as a nucleophile and attack the carbonyl carbon of the second amino
acid residue, forming the thermodynamically more stable six-membered
ring diketopiperazine structure, or the carbonyl oxygen from the first
residue can act as the nucleophile and attack at the second carbonyl
carbon to form the five-membered ring oxazolone structure.' A recent
statistical analysis of peptide fragmentation spectra revealed that a
distinct subset of peptide MS/MS spectra can be classified based on
the presence of a dominant b,/y,—» cleavage.2 A better understanding
of b," ion formation and its presence or absence in peptide fragmenta-
tion spectra could improve peptide sequencing algorithms and the
current models for peptide fragmentation.

Many studies have suggested that the oxazolone structure is the
more likely b," isomer.? These studies have focused on simple aliphatic
residues such as alanine or glycine where the side chain is unlikely to
be involved in the fragmentation mechanism. The presence of a basic
side chain can influence the b, ion formation pathway and structure.
Computational modeling of b, ions containing arginine and lysine
showed that cyclic structures formed through side chain reactions are
more stable than the oxazolone structures.* O’Hair and co-workers
compared the fragmentation patterns of histidine-containing b," ions
from protonated HG-OMe, GH-OMe, HGG-OMe, and GHG-OMe
with the GH diketopiperazine and found the fragmentation spectra to
be very similar, suggesting the formation of a diketopiperazine b,"
ion.” The HA b, ion is thus a strong candidate for spectroscopic and
reactivity-based confirmation of the diketopiperazine structure.

A number of techniques can be used to probe ion structures.
Multistage tandem mass spectrometry is often used to elucidate
fragmentation pathways, shedding light on the structure of the parent
ion. Tandem mass spectrometry is often combined with quantum
chemical calculations and computational modeling to provide insights
into possible structures, protonation sites, and conformations. Gas-
phase hydrogen/deuterium (H/D) exchange has also been used to probe
gas-phase structural features, including those of peptide ion fragments.®

Variable wavelength infrared multiple photon dissociation
(IRMPD) spectroscopy combined with theoretical vibrational spectra
has also been used as a powerful complementary technique for
probing ion structure. IRMPD spectroscopy has been used to
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Figure 1. IRMPD spectra (fragmentation efficiency vs wavenumber) of (a)
the b,™ ion produced by CID fragmentation of protonated HA, and (b)
protonated cyclic HA dipeptide. Calculated spectra for selected (c) diketopip-
erazine and (d) oxazolone structures. Arrows indicate protonation site.

investigate fragment ion structure for several systems,’ including
determination of the b, ion structure from protonated AGG, AAA,
and tryptic model peptides.®

IRMPD spectroscopy results described here were obtained at the
CLIO Free Electron Laser Facility in Orsay, France, with an electro-
spray ionization-Paul ion trap mass spectrometer (Bruker Esquire
3000+, modified as described previously; FTICR data are shown in
Figure S1, Supporting Information).” The protonated HA, precursor
ion was isolated in the ion trap and fragmented to generate the HA
b," ion species which was then isolated for IRMPD fragmentation.
Figure 1 shows the IRMPD spectra for the b,™ ion of HAAAA and
the protonated cyclic dipeptide HA (cHA) along with the calculated
IR vibrational spectra for the two protonated diketopiperazine and
oxazolone structures that best match the experimental spectra. Calcula-
tions were performed using Gaussian 03 at the B3LYP/6-311++G**
level.*°

The major fragments produced by IRMPD for both HA b," ion
and cHA appear at m/z 192 (loss of NH3) and m/z 181 (loss of CO).
Fragments also appear at m/z 148 (192 — CO,), m/z 164 (181 — NH;),
and m/z 136 (181 — NH; — CO). Geometry optimization and
frequency calculations were performed on diketopiperazine, oxazolone,
and acylium ion structures. Table S1 summarizes the relative energies
for calculated structures with different protonation sites (see SI). The
diketopiperazine structure with a proton bridged between the imidazole
pi nitrogen (N,) and the adjacent His carbonyl oxygen (COpys)
corresponds to the lowest energy structure (Figure 1c). Among the
oxazolone structures, the lowest energy structures have a proton bridged
between the N, and the oxazolone ring nitrogen (ring Noy.,), between
the N; and the His amino group (Nymino), Or between the N, and the
oxazolone ring oxygen (ring O,y,,) (Figure 1d). All oxazolone structures

10.1021/ja9054542 CCC: $40.75 © 2009 American Chemical Society



COMMUNICATIONS

are higher in energy by >85 kJ/mol compared to the most stable
diketopiperazine structures (see SI). This large calculated energy
difference between the most stable diketopiperazine and the oxazolone
structures is consistent with the theoretical results for HisGly obtained
by O’Hair and co-workers.” In addition, the energy difference between
the lowest energy diketopiperazine and the oxazolones is much greater
for HA (~85 kJ/mol) than for the previously reported AlaGly case
(~17 kJ/mol).®*

The theoretical diketopiperazine vibrational spectrum for the diketo
His N;—CO;) structure (Figure 1c) shows excellent agreement to
the spectrum for protonated cHA (a commercial diketopiperazine,
Figure 1b). The three major peaks corresponding to carbonyl and ring
stretching modes of the diketopiperazine are present in the experimental
spectrum: 1748 cm™! corresponds to the unprotonated Ala carbonyl
amide stretching mode (amide I mode); 1683 cm™! results from
simultaneous stretching at the bridging His carbonyl group and the
protonated imidazole ring, and 1619 cm™! corresponds to the ring
breathing mode for the imidazole side chain. The HA b," spectrum
also contains these three bands matching a diketopiperazine structure.
An additional band, however, is present at 1875 cm™!, which matches
the carbonyl stretching band from the oxazolone theoretical spectrum
for a protonated form as shown in Figure 1d. The presence of features
from both the diketopiperazine and oxazolone theoretical spectra
indicate that the HA b," ion is a mixture of the two structures. In
contrast to the aliphatic side chain b, ions previously reported as
oxazolones, it is plausible that the basicity of the His side chain allows
diketopiperazine formation by serving as a protonation site, allowing
the unprotonated nucleophilic N-terminal amine to attack the second
carbonyl. A systematic study of b,™ formation for His analogues is
underway to test this hypothesis.

Gas-phase hydrogen/deuterium (H/D) exchange also serves as a
technique for probing gas-phase structure. When a less basic deuterating
reagent such as CD;0D or D,0O is used, Beauchamp and co-workers
proposed the ‘relay mechanism’ to explain deuterium incorporation
into the analyte, where a bridging deuterated solvent molecule inserts
between two relay sites."' Computational modeling was performed to
identify intermediates for the relay mechanism using the diketopip-
erazine and oxazolone structures. In the diketopiperazine structure, the
DO bridges from the s nitrogen in the histidine side chain to the
neighboring carbonyl oxygen, consistent with exchange of one
hydrogen. In the oxazolone, the D,0 bridges between the amino group
and the 7 nitrogen in the histidine side chain, which allows for up to
three exchanging hydrogens (Figure S2). These exchange patterns can
be used as signatures for the two structures. The AG b, ion, e.g.,
which was confirmed as an oxazolone structure by IRMPD
spectroscopy,™ shows three exchanges (data not shown).

An IonSpec 4.7 T Fourier transform ion cyclotron resonance
instrument was used to perform the H/D exchange studies. The cHA
ion was produced by ESI and transferred to the ICR cell while the
b," ion from HA, was generated by SORI-CID (1—3 V, 500 ms) in
the cell. Each ion of interest was isolated in the cell and subjected to
exchange with CD;0D (~1 x 1077 Torr) for 5—840 s. Figure 2a
shows the H/D exchange for the protonated cHA at increasing
exchange times with CD;OD. Even at extended exchange times (840
s), the cHA diketopiperazine structure has only exchanged one
hydrogen. H/D exchange results for the b, ion from HA, are shown
in Figure 2b. In addition to the population that incorporates only one
deuterium, a faster exchanging population is detected that incorporates
up to three deuterium atoms (see also Figure S3).

In conclusion, IRMPD spectroscopy shows that the HA b,™ ion is
a mixture of diketopiperazine and oxazolone structures. H/D exchange
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Figure 2. Gas-phase H/D exchange of (a) protonated cHA and (b) HA
b," ion with increasing exchange time.

of the b," ion from HA, also shows the presence of a second population
with exchange behavior matching the signature of an oxazolone
structure, providing further support that the HA b," ion is a mixture
of both diketopiperazine and oxazolone structures. This is the first
spectroscopic evidence for a diketopiperazine b,* ion structure and
for the presence of a mixture of b, ion structures. Additional studies
are needed to determine which other sequences produce diketopip-
erazine vs oxazolone structures or a mixture of b, ion structures.
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