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ABSTRACT: Neutral loss of water and ammonia are often significant
fragmentation channels upon collisional activation of protonated peptides.
Here, we deploy infrared ion spectroscopy to investigate the dehydration
reactions of protonated AlaSer, AlaThr, GlySer, GlyThr, PheSer, PheThr,
ProSer, ProThr, AsnSer, and AsnThr, focusing on the question of the structure
of the resulting [M + H − H2O]

+ fragment ion and the site from which H2O is
expelled. In all cases, the second residue of the selected peptides contains a
hydroxyl moiety, so that H2O loss can potentially occur from this side-chain,
as an alternative to loss from the C-terminal free acid of the dipeptide. Infrared
action spectra of the product ions along with quantum-chemical calculations
unambiguously show that dehydration consistently produces fragment ions
containing an oxazoline moiety. This contrasts with the common oxazolone
structure that would result from dehydration at the C-terminus analogous to
the common b/y dissociation forming regular b2-type sequence ions. The
oxazoline product structure suggests a reaction mechanism involving water loss from the Ser/Thr side-chain with concomitant
nucleophilic attack of the amide carbonyl oxygen at its β-carbon, forming an oxazoline ring. However, an extensive quantum-
chemical investigation comparing the potential energy surfaces for three entirely different dehydration reaction pathways indicates
that it is actually the backbone amide oxygen atom that leaves as the water molecule.

■ INTRODUCTION

Peptide sequencing utilizing tandem mass spectrometry is a
key technology in proteomics,1−3 and collision-induced
dissociation (CID) is the most commonly used method to
induce fragmentation. CID results predominantly in backbone
cleavages of the peptide at the amide bond, giving b-type N-
terminal and y-type C-terminal product ions.4−6 Dissociation is
in most cases promoted by proton migration upon collisional
activation, where the new location of the proton on one of the
backbone amide linkages becomes the target of a nucleophilic
attack. The nucleophile is often either the adjacent backbone
amide oxygen or the N-terminal amine nitrogen.7−15 In the
formerand most commoncase, the N-terminal b-type
product ion contains an oxazolone ring moiety,4,12,15−18 while
in the latter case, head-to-tail cyclization forms a macrocyclic
b-type ion;19−21 in the case of a b2-ion, this corresponds to a
six-membered diketopiperazine ring.4,22,23 Over the past
decade and a half, infrared multiple-photon dissociation
(IRMPD) spectroscopy has contributed significantly to the
establ ishment of these CID product ion struc-
tures.10,14,16,17,19−26

Focusing on b2-ions, theoretical studies have shown that the
diketopiperazine structure is lower in energy than the
oxazolone structure but that the reaction mechanism leading

to this structure is kinetically disfavored, as it requires a trans-
to-cis isomerization of the peptide bond.4,13,27,28 The
competition between the formation of oxazolone and
diketopiperazine b2-ion structures is influenced by many
factors including the length of the peptide and the identity
of the residues involved.14,23,29,30 Alternative b2-ion structures
have also been established, particularly where functional
groups in the residues become involved in the reaction
pathways. Early on, O’Hair and co-workers suggested several
alternative structures for peptides containing Arg, His, Lys,
Met, Gln, Ser, or Asn residues.31 Wysocki and co-workers
utilized IRMPD spectroscopy to scrutinize the behavior of His-
containing peptides.22,23,32 Furthermore, the amide moieties in
the side-chains of Asn and Gln may lead to alternative b2-ion
structures, as was also established by IR ion spectroscopy.33,34

In CID of protonated peptides, small neutral losses are often
encountered, with water and ammonia detachment being
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common loss channels. Indeed, for larger peptides, small
neutral losses can be a dominant dissociation pathway that can
limit the reliability and coverage of top-down proteomics by
CID. Understanding the sequence dependence of these
processes should be useful in enhancing these methods.
Ordinarily, water loss from a protonated n-residue peptide
yields a fragment ion that formally, i.e., in terms of m/z,
corresponds to the bn sequence ion. However, MSn, H/D
exchange, and later also spectroscopic investigations, indicated
that protonated oligoglycines do not expel a water molecule
from the C-terminal free acid but via an entirely different
pathway. The combined work of different groups35−40 showed
that the water loss from protonated oligoglycines results from
the interaction of two backbone amide linkages within the
peptide, resulting in a dihydroimidazolone moiety.37 IRMPD
spectroscopic investigations25 of the dehydration product ions
were decisive in the determination of the correct structure.
Water loss from protonated dipeptidespossessing only a

single amide linkagemust follow a different path that has
been the subject of numerous studies as well.37,41−46 Several
studies employing IRMPD spectroscopy have focused
particularly on the question of the structure of this formal
b2-ion. The groups of Armentrout and of Polfer showed that
the water loss from ArgGly and AsnGly results in oxazolone
formation, while dehydration of GlyArg results partly in
diketopiperazine formation.47,48 Wysocki and co-workers
established dehydration pathways for protonated HisAla
bifurcating into oxazolone and diketopiperazine products.22

(Here, we use the term bifurcate to indicate multiple pathways
for decomposition, without implying anything regarding the
mechanisms of these pathways.) Our group recently
investigated dehydration pathways of protonated dipeptides
containing Asn and Gln.49 Whereas AlaAsn and AsnAla follow
a bifurcating mechanism leading to oxazolone as well as
diketopiperazine product ions, AlaGln exclusively produced
oxazolone fragments. In contrast, for GlnAla, expulsion of
water mainly occurs from the Gln side-chain, resulting in a five-
membered imino-substituted prolinyl structure, in line with
earlier studies on the dehydration and deamidation of peptides
with an N-terminal Gln or Glu residue.50

For peptides containing Ser and Thr residues, water loss
from the hydroxyl moiety in the side-chain may be an
alternative to water loss from the C-terminal carboxylic
acid.43,51−53 Very recently, we used ion spectroscopy to
investigate deamidation and dehydration of protonated
AsnThr, which suggested that water loss indeed does not
occur from the C-terminus, leading to a product ion containing
an oxazolinenot oxazolonemoiety (Schemes 1 and 2).53

Computational investigations of the potential energy surface
(PES) suggested the participation of the Asn side-chain amide
moiety so that the question of whether the formation of an
oxazoline fragment is a generic pathway for Thr- and Ser-
containing peptides is relevant. Therefore, we address here
dipeptides with an aliphatic side-chain at the first residue
(AlaSer, AlaThr, GlySer, GlyThr, PheSer, PheThr, ProSer, and
ProThr) and compare with results for AsnSer and AsnThr.53

A few earlier studies, based mainly on MSn, have investigated
the influence of Ser and Thr residues on peptide dissociation
and have reported on possible oxazoline formation. Harrison
studied the dehydration of longer, doubly protonated peptides
containing Ser and Thr residues and suggested formation of
product ions containing either aziridine or oxazoline
moieties.52 Several studies have proposed oxazoline ring

formation in the CID-driven loss of phosphoric acid from
phosphoserine residues.51,54 Most relevant to the present
report is perhaps a study by Reid and O’Hair involving N-
acetylated serine (as well as several other derivatives of this
amino acid),51 providing evidence for an oxazoline dehy-
dration product ion.
For the XxxSer and XxxThr peptides studied here, we start

from the assumption that dehydration occurs either from the
C-terminal carboxylic acid or from the hydroxyl side-chain and
that water expulsion is accompanied by cyclization to a five- or
six-membered ring product ion. Schematic dehydration
reaction pathways deemed likely for these protonated
dipeptides are outlined in Scheme 1, with resulting fragment
ion structures shown in Scheme 2, where colors correspond to
the arrows in Scheme 1. We apply IR action spectroscopy to
probe the structures of the [M + H − H2O]

+ CID fragment
ions and to establish the protonation site. Quantum-chemical
calculations are employed to relate observed IR spectra to
molecular structures and then to investigate the reaction
pathways leading to these structures. Although the oxazoline
structure (4) is confidently identified in most cases, its route of
formation appears to be different from what was hypothesized
by the red arrow in Scheme 1.

■ EXPERIMENTAL METHODS
IRMPD Spectroscopy. A modified Bruker quadrupole ion

trap mass spectrometer (AmaZon Speed ETD) coupled to the
Free Electron Laser for Infrared Experiments (FELIX) was
utilized to record IRMPD spectra of the peptide fragment
ions.55−57 Protonated peptides were generated by electrospray
ionization (ESI) using solutions of 10−6−10−7 mol L−1 of the
peptide in 50:50 acetonitrile/water with 0.1% formic acid and
mass isolated in the ion trap. Collisional activation of the
protonated precursor ions was effected with helium back-
ground gas for approximately 40 ms and an amplitude
parameter of ∼0.3 V, optimizing the intensity of the [M + H
− 18]+ fragment ion.
FELIX produces tunable infrared radiation in the form of 6

μs long macropulses of approximately 10−60 mJ at a 10 Hz
rep rate and a bandwidth of 0.5% of the center frequency. The
IR beam was focused in the center of the ion trap and is
estimated to overlap nearly 100% of the trapped ion cloud.
Resonant absorption of the infrared radiation by the ion
population leads to high vibrational excitation of the molecule
mediated by intramolecular vibrational redistribution (IVR).

Scheme 1. Potential Nucleophilic Attack Reactions That
Lead to the Dehydration of the Protonated Dipeptides
XxxSer (Left) and XxxThr (Right)a

aH2O is assumed to be expelled from the C-terminus with
concomitant nucleophilic attack on the C-terminal carbon or from
the Ser/Thr side-chain with concomitant nucleophilic attack on the β-
carbon atom. Arrows indicate nucleophilic attacks resulting in five-
and six-membered ring structures, which are considered to be most
likely. Arrow colors correspond to resulting fragment ion structures in
Scheme 2.
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After the dissociation threshold is reached, fragmentation of
the ion occurs, and the IR-frequency-dependent fragment yield
is recorded in a series of mass spectra with the laser scanning
over the desired frequency range. A vibrational spectrum was
then reconstructed relating the parent and fragment ions
intensities according to ∑Ifragments/(Iparent + ΣIfragments).
Computational Chemistry. Density functional theory

(DFT) was employed at the B3LYP/6-31++G(d,p) level of
theory as implemented in Gaussian1658 to predict IR spectra
for candidate molecular structures. The molecular geometry
was optimized for potential peptide fragments including
different protonation sites for each candidate structure.
Frequency calculations were then performed within the
harmonic approximation. The computed vibrational frequen-
cies were scaled by 0.975 and broadened by a 25 cm−1 full-
width-half-maximum Gaussian line shape function in order to
facilitate comparison with experimental spectra.
For selected structures that were particularly promising,

further conformational fine-tuning was performed using
Molecular Mechanics/Molecular Dynamics (MM/MD) with
AMBER 12.59 Geometries obtained from the initial DFT
calculations were minimized in a simulated annealing MD
procedure of up to 1000 K with a 1 fs step size. A total of 500
conformational structures were generated and grouped based
on geometrical similarity to obtain between 20 and 35 different
conformers. These structures were then optimized with the
above DFT protocol. Alternatively, chemical intuition was used
to design input configurations with optimal H-bonding. Single-
point calculations were performed at the MP2(full)/6-
311+G(2d,2p) level using the B3LYP/6-31++G(d,p) struc-
tures and zero-point vibrational and thermal corrections.
Unless noted otherwise, we present in the tables and figures
the lowest-energy conformer identified for the selected isomer/
protomer; this restriction is necessary to maintain readability of

this text, although we have inspected computed spectra for
higher-energy conformers. Also, because there are several
isomers of each product ion (different connectivities of the
backbone heavy elements), we use the term “protomer” to
distinguish the differently protonated forms of each of them.
The potential energy surface for the dehydration of

protonated GlySer was investigated at the same level of
theory: B3LYP/6-31++G(d,p) followed by MP2(full)/6-
311+G(2d,2p) single-point calculations. Transition states
(TSs) were located and optimized using one of the TS,
QST2, or QST3 protocols in Gaussian16 or by doing relaxed
potential energy surface (PES) scans, which generally connect
the TS with intermediates on either side. In all cases, it was
verified that the TSs correspond to first-order saddle points. In
any cases where the PES scans were ambiguous, intrinsic
reaction coordinate (IRC) scans were performed for selected,
more complex TSs to verify that they correspond to barriers
between the intended minima.

■ RESULTS AND DISCUSSION

[AlaSer + H − H2O]
+. In Scheme 1, we present a selection

of suggested (net) dehydration reactions, in which water loss is
accompanied by ring formation through a nucleophilic attack.
We have assumed that water loss occurs either from the C-
terminus or from the hydroxyl group in the Ser side-chain.
Only reactions leading to product ion structures incorporating
a five- or six-membered ring were considered, because
noncyclic and larger/smaller ring structures are often higher
in energy, and numerous reports have shown that they are less
common as (peptide) CID product ions. With these
considerations in mind, Scheme 2 presents the four most
likely isomeric product ion structures, where colors correspond
to the arrows in Scheme 1. For each of the possible product
ion structures, multiple protonation sites are conceivable as

Scheme 2. Potential Isomeric Fragment Ion Structures Formed by Dehydration of [XxxSer + H]+ and [XxxThr + H]+a

aThe dashed line indicates the additional methyl group of the Thr residue. Colors relate to cyclization reactions indicated in Scheme 1. Potential
protonation sites are indicated with numbers.

Table 1. Calculated Relative 298 K Gibbs Energies (in kJ/mol)a for the Possible Structures of the Dehydration Product Ions
of the Dipeptide [AlaSer + H]+b

structurecname → 1. diketopiperazine 2. oxazolone 3. monoketopiperazine 4. oxazoline

↓H+ site

1 optimizes to 1.5 optimizes to 2.4 73 (77) 33 (13)
2 104 (108) 175 (161) 115 (129) optimizes to 4.1
3 63 (54) 118 (114) 153 (150) 214 (201)
4 88 (89) 101 (87) 0 (0) 55 (50)
5 39 (22) 33 (26)

aAt the MP2(full)/6-311+G(2d,2p)//B3LYP/6-31++G(d,p) level. The B3LYP/6-31++G(d,p) energies are in parentheses. bConceivable
protonation sites are enumerated. cSee Scheme 2 for structures and numbering of protonation sites.
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indicated by the numbers in Scheme 2. The relative Gibbs
energies at 298 K of the lowest-energy conformer of each of
these protomers are listed in Table 1. Protonation at the ring
oxygens of the oxazolone and oxazoline structures typically
leads to spontaneous ring opening, and these structures were
not further considered.
Figure 1 shows the calculated spectra for structures 1.5, 2.4,

3.4, and 4.1, i.e., the lowest-energy protomers for each of the

likely isomers. The experimental IRMPD spectrum of [AlaSer
+ H − H2O]

+ is overlaid onto the computed spectra, which
clearly suggests that the product ion possesses an oxazoline
structure (4.1) and not one of the isomeric alternatives. Four
bands in the experimental spectrum are especially diagnostic:
1800 cm−1 (C-terminal C=O stretch of 4.1), 1625 cm−1

(unresolved NH2 scissor and C=N stretch of 4.1), 1500
cm−1 (oxazoline CH2 scissor of 4.1), and 1140 cm−1 (C−OH
bend of the carboxylic acid group). Only the computed
spectrum of oxazoline structure 4.1 simultaneously reproduces
these four bands, in particular, the most intense IR absorption
in the spectrum at 1140 cm−1. Observation of the free-acid
C=O stretch and C−OH bend at 1800 and 1140 cm−1

indicates directly that water loss leaves the C-terminal
carboxylic acid intact, such that H2O must be expelled from
elsewhere in the dipeptide.
The dissociation channels that are observed upon IRMPD of

[AlaSer + H − H2O]
+ are also suggestive of an oxazoline

structure. The m/z 116 product ion (neutral loss of 43,
ethanimine, CH3CH=NH) suggests detachment of the ethyl-
amine side-chain,52 which is only plausible for the oxazolone
and oxazoline structures. Neutral loss of the N-terminus as an
alkylimine, rather than neutral loss of CO, has been shown to
be diagnostic for b-type ions that are not oxazolones
protonated on the oxazolone N.36,60 Here, further evidence
for a non-oxazolone structure is provided by the absence in the
experimental spectrum of the main predicted IR band of
oxazolone structure 2.4 near 1930 cm−1 (oxazolone ring C=O
stretch). Again, this leaves the oxazoline structure as the only
plausible product ion structure. The m/z 71 IRMPD
dissociation product (neutral loss of 88) likely corresponds
to expulsion of ethanimine and HOCH=NH groups from the
oxazoline structure. Hence, [AlaSer + H − H2O]

+ possesses
the oxazoline structure 4.1, which does not correspond to the
thermodynamically most favorable structure, the monoketopi-
perazine 3.4, Table 1. The oxazoline product ion identified
suggests that water loss occurs from the Ser side-chain and the
amide oxygen acts as the nucleophile in the reaction. A more
detailed investigation of the reaction pathway is presented
below.

[AlaThr + H − H2O]
+. Table 2 lists the product ion

structures for [AlaThr + H − H2O]
+ that we consider to be

most likely, along with computed relative Gibbs energies for
different protomers. The candidate product ion structures are
analogous to those discussed above for the AlaSer system,
except for the additional methyl group; the energetic ordering
of the different isomers and protomers is also largely
analogous.

Figure 1. IRMPD spectrum (black in all panels) of the [AlaSer + H −
H2O]

+ ion at m/z 159 overlaid onto the computed spectra of the
various possible fragment ion structures (colored). Colors correspond
to arrows indicating ring closure in Scheme 1 and to structures in
Table 1. Optimized structures for each species are shown with an
arrow pointing to the protonation site. We assign the oxazoline
structure protonated on the oxazoline nitrogen (4.1) to this
dehydration product ion.

Table 2. Calculated Relative 298 K Gibbs Energies (in kJ/mol)a for Possible Structures of Dehydration Reaction Product Ion
of Protonated AlaThr

Structureb name → 1. diketopiperazine 2. oxazolone 3. monoketopiperazine 4. oxazoline

↓H+ site

1 optimizes to 1.2 optimizes to 2.4 88 (93) 36 (11)
2 88 (83) 163 (148) 170 (183) optimizes to 4.1
3 53 (35) 116 (108) 183 (166) 207 (187)
4 110 (105) 91 (73) 0 (0) 64 (51)
5 30 (12) 32 (25)

aAt the MP2(full)/6-311+G(2d,2p)//B3LYP/6-31++G(d,p) level. Relative B3LYP/6-31++G(d,p) energies are in brackets. bSee Scheme 2 for
structures and numbering of protonation sites.
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Figure 2 presents the IRMPD spectrum of the [AlaThr + H
− H2O]

+ product ion together with the calculated spectra of

structures 1.5, 2.4, 3.4, and 4.1. It is again immediately
obvious that the computed spectrum for the lowest-energy
oxazoline ion (4.1) matches the experimental spectrum far
better than any of the other candidates. Thus, the [AlaThr + H
− H2O]

+ product ion has an oxazoline structure, protonated at
the oxazoline ring nitrogen (4.1).
The diagnostic bands and their normal mode assignments

are also analogous to those for [AlaSer + H − H2O]
+, except

for the 1500 cm−1 band, which has predominantly oxazoline
NH bending character for [AlaThr + H − H2O]

+. Structure
4.1 is clearly the only candidate that can simultaneously
account for all diagnostic bands in the observed spectrum. The
MS3 fragments that are observed upon IRMPD include the
same neutral-loss channels (43 and 88) as observed for [AlaSer
+ H − H2O]

+. These observations suggest that the dehydration
reaction pathways for protonated AlaThr and AlaSer are the
same, i.e., H2O loss does not occur from the C-terminus but
rather likely involves the Thr side-chain hydroxyl moiety.

H2O-Loss Product Ions of Other Protonated XxxSer
and XxxThr Dipeptides. Water-loss product ions from
protonated AlaSer and AlaThr are thus assigned to possess an
oxazoline ring structure on the basis of the spectral
comparisons in Figures 1 and 2, which clearly rule out
alternative isomeric product ion structures. We now quickly
screen several other XxxSer and XxxThr peptides to investigate
whether this behavior is generic or whether the identity of the
first residue influences the reaction pathway and hence the [M
+ H − H2O]

+ product ion structure. We first consider peptides
with Gly, Phe, and Pro as the first residue, which are
significantly different, but have in common that they do not
possess additional nucleophiles. We therefore expect analogous
nucleophilic attack reactions to be likely so that analogous
product ion structures incorporating a five- or six-membered
ring are adopted as the most likely candidates.
The top two panels of Figure 3 present IRMPD spectra for

the H2O-loss product ion of GlySer and PheSer, along with the
calculated spectrum that was found to provide the best match;
additional comparisons with predicted spectra for alternative

Figure 2. IRMPD spectrum (black in all panels) of the [AlaThr + H
− H2O]

+ CID product ion from protonated AlaThr compared with
computed spectra for four candidate structures; the color coding
corresponds to the structures in Scheme 2. Optimized structures for
each species are shown with an arrow pointing to the protonation site.

Figure 3. Experimental IRMPD spectra of [GlySer + H − H2O]
+,

[PheSer + H − H2O]
+, and [ProSer + H − H2O]

+, in black overlaid
with the best matching computed spectra. The computed molecular
geometries and their relative energies with respect to the lowest-
energy system for each species are given. The arrow indicates the site
of the ionizing proton. The experimental spectrum of [ProSer + H −
H2O]

+ is compared with two computed spectra, corresponding to
oxazoline structures with protonation at the oxazoline nitrogen (4.1)
and at the N-terminal amine (4.4).
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structures are shown in the Supporting Information (Figures
S1 and S2). The corresponding structures and 298 K Gibbs
energies compared to the lowest-energy isomer for that species
are given in the respective panels. Tables S1 and S2 list relative
energies of all investigated structures.
For each of the two ions, we observe that the oxazoline

structure presents the best match with experiment, just as for
AlaSer discussed above. The four bands near 1800, 1625, 1500,
and 1140 cm−1 are again diagnostic for the oxazoline structure
and rule out any of the other isomers (see Figures S1 and S2).
Protonation on the oxazoline nitrogen atom corresponds to the
lowest-energy protonation site, in good agreement with the
observed spectra. The overall lowest-energy structure for
[PheSer + H − H2O]

+ and [GlySer + H − H2O]
+ is a

monoketopiperazine structure (3.4), as for [AlaSer + H −
H2O]

+, but this structure can unambiguously be excluded on
the basis of the clear mismatch of diagnostic bands in the
1400−1800 cm−1 range.
Interestingly, the situation for [ProSer + H − H2O]

+ is
somewhat different. In the range between 1400 and 1900
cm−1, we observe more absorption bands than for the XxxSer
peptides discussed above, which may suggest that there is more
than one structure contributing to the observed spectrum. One
may expect that the higher proton affinity of the N-terminal
secondary amine of Pro may become a competitive
protonation site. Inspecting the relative energies of the
oxazoline isomer with protonation at the oxazoline nitrogen,
4.1, and with protonation at the N-terminus, 4.4, we observe
that this is indeed the case: at the MP2 level, 4.4 is 13 kJ mol−1

lower in free energy than 4.1, whereas at the B3LYP level, 4.1
is lower by 3 kJ mol−1. Note, too, that these structures are
linked by simple motion of the proton and occupy a double-
well potential. The transition state for interconverting these
two structures lies 30 kJ mol−1 above 4.4 and 16 kJ mol−1

above 4.1, such that the TS lies below the zero-point motion of
the NH stretch in 4.1 (harmonic frequency of 3136 cm−1).
In the bottom two panels of Figure 3, we therefore compare

the experimental spectrum with computed spectra for the
oxazoline structures 4.1 and 4.4. The two strongest peaks in
the experimental spectrum near 1140 and 1800 cm−1 match
with intense predicted features for both structures, correspond-
ing to the COH bending and C=O stretching modes of the C-
terminal free acid, respectively. In the range between 1550 and
1700 cm−1, there are three features in the experimental
spectrum, and the theoretical spectra for 4.1 and 4.4 are
significantly different here. We suggest that a combination of
4.1 and 4.4 could explain the three bands in this range,
although the predicted band positions, especially for 4.4,
appear to be slightly off. This hypothesis assigns the band near
1650 cm−1 as the oxazoline C=N stretch of 4.4, the band near
1620 cm−1 as the C=N stretch of the protonated oxazoline of
4.1, and the band near 1560 cm−1 as the NH2 scissor mode of
the protonated N-terminus of 4.4. These normal mode
characters are schematically indicated in Figure 3. For the
remainder of the spectrum, the broad and partially resolved
feature between 1000 and 1400 cm−1 can be rationalized as
representing a sum of the predicted spectra of 4.1 and 4.4,
perhaps with the contribution of the lower-energy protomer
4.4 being dominant. A noticeable deviation between experi-
ment and theory is the high experimental intensity of the band
near 910 cm−1, which is not reproduced theoretically. The
weak bands predicted in this range for both 4.1 and 4.4 are

assigned to modes with delocalized C−C, C−O, and C−N
stretch character in the proline and oxazoline rings.
Spectral comparisons with alternative isomeric structures are

shown in Figure S3. We conclude that most other structures
can be excluded. An exception is the global minimum
monoketopiperazine structure 3.4, whose contribution cannot
be excluded on the basis of spectral comparison. It is clear,
however, that this structure alone cannot explain the observed
spectrum and that the oxazoline structures give a better overall
match with all bands in the 1400−1800 cm−1 range. We
therefore conclude that protonated GlySer, PheSer, and ProSer
all form oxazoline-type fragment ions upon dehydration.
Figure 4 presents IRMPD spectra for the analogous series of

[XxxThr + H − H2O]+ fragment ions produced from
protonated GlyThr, PheThr, and ProThr. Again, we only
show the computed spectrum that provides the best match
with experiment, which in all cases is the oxazoline isomer.
Spectral comparisons with alternative isomers give a far less
convincing match, as shown in Figures S4−S6, providing
further support for the assignment of oxazoline structures.
Each panel in Figure 4 gives the energy of the assigned
structure relative to the lowest-energy isomer for each species.
Relative energies for alternative (protonation) isomers are
listed in Tables S4−S6.
The overall lowest-energy isomer identified for [GlyThr + H

− H2O]
+, [PheThr + H − H2O]

+, and [ProThr + H − H2O]
+

is the monoketopiperazine structure protonated at one of the
piperazine nitrogen atoms (3.4). The diketopiperazine
structure protonated on one of the keto-oxygen atoms (1.5)
and the oxazoline structure protonated at the ring nitrogen
atom (4.1) are competitive in energy; the B3LYP level even
places these structures lower than 3.4 for some of the systems.
In all cases, however, computed spectra for these low-energy
alternatives are in clear disagreement with the experimental
spectra, particularly in the diagnostic frequency range between
1400 and 1800 cm−1. Some examples are shown in Figures
S4−S6. For the [ProThr + H − H2O]

+ fragment ion,
protonation at the secondary amine N-terminus (4.4) is
competitive with protonation at the oxazoline nitrogen (4.1),
and both computed spectra are shown in Figure 4. As
discussed above for [ProSer + H − H2O]

+, the experimental
spectrum suggests that both structures contribute, with 4.1
perhaps being the dominant protonation isomer. We note that
although 4.1 is 5 kJ mol−1 higher than 4.4 at the MP2 level, it
is predicted to be 10 kJ mol−1 lower in energy at the B3LYP
level. Again, these two species reside in a double-well potential
coupled by a transition state associated with proton motion.
The diagnostic bands in the spectra for the XxxThr-derived

fragments have mode characters that are entirely analogous to
their XxxSer counterparts. The band near 1800 cm−1 is the
carboxylic C=O stretch, the band near 1625 cm−1 results from
two unresolved modes with NH2-scissoring and oxazoline
C=N stretching, the 1500 cm−1 band combines C−O
stretching and NH bending in the oxazoline ring, and the
1140 cm−1 band is C−OH bending of the carboxylic acid
moiety. The experimental spectrum for [ProThr + H − H2O]

+

deviates from that for [ProSer + H − H2O]
+ in that the

anomalously strong band near 910 cm−1 is not reproduced; we
leave this as an experimental observation.
In conclusion, entirely analogous to the three XxxSer

dehydration products shown in Figure 3 and the AlaSer- and
AlaThr-derived fragment ions, we observe exclusively oxazoline
formation in the dehydration of these protonated XxxThr
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peptides. This result appears generic and provides spectro-
scopic confirmation for various studies that proposed oxazoline
formation upon dehydration of Ser- and Thr-containing
peptides.51,52,54 As compared to the dehydration of protonated
N-acetylated serine, reported to form an oxazoline species in
ref 51, it is interesting to note that the monoketopiperazine
isomer, which is the lowest-energy product ion for the
dipeptides in most cases, is not an alternative for the N-

acetylated amino acids, as they do not possess an N-terminal
amine.

Dehydration of Protonated AsnSer and AsnThr. In
contrast to the XxxSer and XxxThr peptides discussed above,
AsnSer and AsnThr contain additional nucleophiles that may
influence the dehydration reaction and the resulting product
ion structure. Deamidation of these peptides was shown to
expel NH3 from the amide moiety in the Asn side-chain,
forming a furanone ring product ion,53 which is rationalized by
ring closure between the Asn amide carbon atom and the
backbone amide nitrogen. If dehydration follows a parallel
mechanism, expelling H2O from the Asn side-chain with the
backbone amide nitrogen acting as the nucleophile, a
pyrrolidone ring-containing product would be formed
(structure 5 in Scheme 3). For protonated AsnThr, however,
the [AsnThr + H − H2O]

+ spectrum reported in ref 53
indicates that an oxazoline structure is formed, consistent with
the other [XxxThr + H − H2O]

+ systems presented here.
Below, we investigate the dehydration of protonated AsnSer.
We assume as candidate product ions the four isomeric
structures considered for XxxSer plus the pyrrolidone-
containing product ion (Scheme 3); moreover, we include
the Asn side-chain nitrogen and oxygen atoms as potential
protonation sites.
As compared to the systems discussed above, the spectrum

observed for [AsnSer + H − H2O]
+, shown in Figure 5, is

more difficult to match with computed spectra for likely
candidate structures. Figure S7 shows comparisons with low-
energy versions of each of the isomeric candidate structures;
relative energies are listed in Table 3. The IRMPD spectrum
obtained from all fragment mass channels, shown in the top
panel of Figure 5, features three IR bands in the 1675−1850
cm−1 region (labeled A, B, and C), whereas not one of the
computed spectra presents three vibrational bands in this
region. In contrast to the other XxxSer dipeptides, we suspect
that dehydration of protonated AsnSer proceeds along a
bifurcating m/z 220 → m/z 202 + H2O reaction pathway,
producing at least two isomeric [AsnSer + H − H2O]

+ product
ions. Analyzing each of the IRMPD fragment channels from
these ions individually reveals clearly distinct IR spectra,
consistent with more than one isomer in the [AsnSer + H −
H2O]

+ ion population generated upon CID.
The IR spectrum imprinted into the major dissociation

channel at m/z 185 ([AsnSer + H − H2O − NH3]
+, not

shown) displays a spectrum similar to the IRMPD spectrum
from all IRMPD fragment channels. This suggests that all
[AsnSer + H − H2O]

+ isomers undergo loss of NH3 as their
main IRMPD dissociation channel, which is plausible, because
all likely candidate structures feature a primary amine moiety,
and such a process parallels what was observed for [AsnThr +
H − H2O]

+.53

A clearly distinct spectral response is imprinted into IRMPD
channel m/z 87, corresponding to neutral loss of 115 mass
units from the [AsnSer + H − H2O]

+ precursor ion. This
spectrum is shown in the bottom panel of Figure 5 and
corresponds closely to the spectrum computed for oxazoline
structure 4.1. In the high-frequency range, one observes that
both the C-terminal carboxylic C=O stretch near 1800 cm−1

and the amide C=O stretch near 1700 cm−1 match the
experimental bands A and C, while band B is absent in this
fragment channel. With the oxazoline structure assigned, we
r a t i o n a l i z e t h e m / z 8 7 f r a g m e n t a s t h e

Figure 4. IRMPD spectra for [GlyThr + H − H2O]
+, [PheThr + H −

H2O]
+, and [ProThr + H − H2O]

+, compared with computed spectra
for an oxazoline fragment structure protonated at the oxazoline ring
nitrogen atom (4.1). The computed molecular geometries and their
relative energies with respect to the lowest-energy system for each
species are given. The arrow indicates the site of the ionizing proton.
For [ProThr + H − H2O]

+, protonation on the N-terminus (4.4) is
slightly lower in energy, and this spectral comparison is shown in the
bottom panel. See Figures S4−S6 for comparisons with computed
spectra for alternative isomers.

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Research Article

https://dx.doi.org/10.1021/jasms.0c00239
J. Am. Soc. Mass Spectrom. 2020, 31, 2111−2123

2117

http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00239/suppl_file/js0c00239_si_001.pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00239?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00239?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00239?fig=fig4&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jasms.0c00239/suppl_file/js0c00239_si_001.pdf
https://pubs.acs.org/doi/10.1021/jasms.0c00239?fig=fig4&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://dx.doi.org/10.1021/jasms.0c00239?ref=pdf


H2NC(=O)CH2CH=NH2
+ tail expelling the oxazoline ring

carboxylic acid as a neutral.
The third main dissociation channel is observed at m/z 143,

[AsnSer + H − H2O − 59]+. The IR spectrum imprinted into
this channel is shown in the middle panel of Figure 5 and is
clearly distinct from the spectrum observed in m/z 87. In the
high-wavenumber range, this spectrum displays bands A and B,
while band C is (nearly) absent. Matching this spectrum with
one of the computed spectra is more speculative, and we
tentatively suggest monoketopiperazine structure 3.4, which
provides the best matching frequencies for bands A and B. The
band near 1750 cm−1 is assigned to unresolved C=O stretches
of the strongly H-bonded carboxylic acid and the ring
carbonyl; the 1700 cm−1 band is the Asn amide C=O stretch.
Consistent with this assignment, the loss of 59 amu can be
identified as NH2C(=O)CH3, the side-chain on the mono-
ketopiperazine structure. This assignment fails to account for
observed bands near 1135 and 1790 cm−1 (weak), which may
be explained by the fractional presence of an alternative
conformation of 3.4, shown in lighter gray color, although this
is speculative. Computed spectra for alternative low-energy
isomers are shown in Figure S7.
Combining the calculated spectra of 4.1 and 3.4 in a 2:1

ratio gives the spectrum overlaid onto the IRMPD spectrum
obtained from all channels in the top panel of Figure 5. This
ratio has been chosen to roughly match the observed spectrum.
It is thus proposed that the dehydration reaction pathway of
protonated AsnSer bifurcates toward the thermodynamically
favored monoketopiperazine product and the (probably)
kinetically more favorable oxazoline structure. Both pathways
can be rationalized by H2O expulsion from the Ser side-chain
but induced by different nucleophiles: attack by the N-terminal
amino nitrogen produces the monoketopiperazine product and
by the backbone amide oxygen leads to the oxazoline ion. In
contrast, for dehydration of protonated AsnThr, no evidence
for formation of a monoketopiperazine reaction was found.53 A

Scheme 3. Considered Product Ion Isomers for [AsnSer + H − H2O]+

Figure 5. IRMPD spectrum for [AsnSer + H − H2O]
+ at m/z 202

obtained from all fragment channels (top) and from the individual
fragment channels at m/z 143 (middle) and m/z 87 (bottom). Bands
labeled A, B, and C are particularly diagnostic (see text) and suggest
that two distinct product ion structures are present in the ion
population. Computed spectra are overlaid onto the experimental
spectra: monoketopiperazine 3.4 (gray) in the middle panel and
oxazoline 4.1 (red) in the bottom panel; the light gray spectrum in
the middle panel is for an alternative conformer of the same isomer/
protomer lying at +22 kJ/mol (not included in Table 3). The colored
spectrum in the top panel is a 1:2 ratio composite of these isomers.
The computed molecular geometries and their relative energies with
respect to the lowest-energy system for each species are given. The
arrow indicates the site of the ionizing proton.

Table 3. Relative 298 K Gibbs Energies for Different (Proto)isomers of [AsnSer + H − H2O]a

Structure name → 1. diketopiperazine 2. oxazolone 3. monoketopiperazine 4. oxazoline 5. pyrrolidone

↓H+ site

1 optimizes to 1.2 optimizes to 2.4 120 (132) 49 (39) 131 (144)
2 134 (140) 231 (227) 257 (281)
3 97 (89) 116 (110) 70 (76)
4 114 (112) 110 (99) 0 (0) 54 (49) 139 (144)
5 80 (67) 94 (88) 226 (235)
6 100 (88) 183 (174) 75 (71) 120 (111)
7 237 (238) 82 (83) 137 (141)

aSee Scheme 3 for structures and protonation sites.
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detailed computational analysis of the PES for the breakdown
of protonated AsnSer will be presented in an upcoming paper.
Mechanistic Aspects. The oxazoline product ion structure

identified for the dehydration reactions of the investigated
XxxSer and XxxThr dipeptides suggests a reaction mechanism
as summarized by the red arrow in Scheme 1: collisional
activation induces proton transfer toward the hydroxyl oxygen,
and nucleophilic attack by the amide oxygen leads to H2O
expulsion and concomitant formation of the oxazoline product.
This pathway (see Scheme 4a) was suggested and computa-
tionally investigated for the dehydration of protonated Ac−
Ser−OH by Reid et al.,51 although a complete potential energy
surface going from reactants to products was not provided. At
the present level of theory, the TS for dehydration of
protonated GlySer shown in Figure 6a lies at 140 kJ mol−1

above the reactant, where we define GlySer protonated at the
N-terminus (shown in Figure 6, lower left) as the zero of
energy. (Notably, MP2 calculations assign this N-terminally
protonated structure as the ground structure, whereas B3LYP
prefers protonation the amide oxygen. These two structures lie
within 7 kJ mol−1 at either level of theory. An IRMPD
spectrum of the protonated parent ion suggests that the N-
protonated form is the dominant structure, see Figure S8.) Our
more detailed computational characterization of the Reid−
O’Hair reaction path reveals another, higher-energy TS to
arrive at the protonation isomer that leads to dehydration in
this mechanism. This rate-limiting step in the reaction, with a
TS lying 158 kJ mol−1 above the ground level, corresponds to a
proton transfer that yields a geminal diol complex, as shown in
Figure 6a. After this step, the molecule has to rearrange to
position the first carbonyl for backside attack at the side-chain
to eliminate water via the 140 kJ/mol TS shown in Figure 6a.
The full PES is shown in Figures S9 and S10. Because there are

two relatively high-energy TSs along this reaction coordinate,
other pathways were also investigated.
An alternative dehydration mechanism has been suggested

for [AsnThr + H]+ along with a detailed computational
investigation of the entire PES.53 Rate-limiting TSs leading to
the oxazoline product ion were found to be competitive with
those leading to the oxazolone product by water loss from the
C-terminus. In these pathways, sketched in Scheme 4b, the
added proton migrates to the carbonyl oxygen of the backbone
amide linkage. The electrophilic amide carbon is then
susceptible to attack by the Thr (or Ser) hydroxyl oxygen,
transferring its proton to a nearby nucleophile. In AsnThr, the
Asn side-chain oxygen acts as the proton accepting
nucleophile.53 In peptides that do not possess a nucleophile
in the first residue, the N-terminal nitrogen must act as the
nucleophile accepting a proton from the Ser or Thr side-chain.
The complete PES for this mechanism in [GlySer + H]+ is
shown in Figure S11, with the key TSs summarized in Figure
6b. Again, a relatively complicated series of dihedral angle
torsions position the side-chain hydroxyl to attack the amide
carbon while transferring the proton to the N-terminus, thus
generating a tetrahedral intermediate. This is the rate-limiting
step in the reaction for [GlySer + H]+, 97 kJ mol−1 above the
ground conformer. (In the [AsnThr + H]+ system, the
availability of the Asn side-chain reduces the energy of the
analogous TS.53) The protonated N-terminus then needs to
reposition itselfsee also Scheme 4bto transfer its proton
to the nearby hydroxyl group (the protonated carbonyl of the
first residue), leading to water expulsion. This TS lies
submerged at 77 kJ mol−1 for [GlySer + H]+. Note that in
this reaction mechanism, it is actually the backbone amide
oxygen atom that is expelled as a water molecule. A nearly
equivalent pathway involving a tetrahedral intermediate was
identified (not shown), in which the carboxylic acid group lies

Scheme 4. Overview of Potential Reaction Pathways for the Dehydration of [GlySer + H]+a

a(a) Pathway modeled after Reid−O’Hair; (b) tetrahedral intermediate pathway modeled after AsnSer pathway;53 (c) direct pathway.
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on the other side of the five-membered ring such that it cannot
assist in water formation. As a consequence, the two key TSs
lie 112 and 97 kJ mol−1 above the ground conformer, 15−20 kJ
mol−1 above the first pathway described.
Yet, an alternative dehydration mechanism, one that appears

most straightforward, is suggested in Scheme 4c for [GlySer +
H]+. Proton transfer from the N-terminus to the backbone
amide oxygen is facile,28,61 but rotation of the proton toward
the hydroxyl moiety of the Ser side-chain encounters a higher
barrier (+76 kJ/mol), as seen in the PES in Figure S10. This
gives access to a conformation with OH···OH and H2N···HN
hydrogen bonds that is virtually isoenergetic with the N-
terminally protonated starting point (+4 kJ/mol at MP2 but
−3 kJ/mol at B3LYP).62 Two slightly different conformers of
this structure lead to two nearly equivalent TSs for proton
abstraction by the Ser hydroxyl oxygen. Concomitant
nucleophilic attack by the amide oxygen onto the Ser β-
carbon corresponds to the rate-limiting TS at 231 and 242 kJ/

mol (Figures 6c and S12), leading to the incipient, oxazoline-
ring-containing product ion. This dehydration mechanism is
reminiscent of that proposed for protonated GlyGly,28 where
the carboxylic hydroxyl takes the role of the Ser hydroxyl group
(note that both the Ser β-carbon and the C-terminal carbon
are ε relative to the amide oxygen, leading therefore to five-
membered ring product ions, oxazoline and oxazolone,
respectively).
The pathway proceeding via the tetrahedral intermediate,

Scheme 4b, for expulsion of H2O from the backbone amide
oxygen is calculated to be the most favorable pathway. The
mechanism suggested in Scheme 4c, which may be attractive
for its simplicity, is disfavored energetically by a large margin.
The significantly lower rate-limiting TS energies for the other
two pathways can qualitatively be attributed to a more
favorable backside attack in the TS geometry. The pathway
in Scheme 4b distinguishes itself from the other two in that the
expelled water molecule carries the amide oxygen atom and
not the Ser hydroxyl oxygen. 18O-isotope labeling or
methylation of the Ser hydroxyl could therefore verify whether
the pathway via the tetrahedral intermediate is indeed
operative. Threshold CID studies could also differentiate
between possible pathways by providing accurate experimental
values for the TS energies. Water loss involving amide oxygens
has been experimentally established in deprotonated pep-
tides,63,64 but the mechanism had not been explored.
Various (spectroscopic) studies on the dehydration of

protonated dipeptides not containing a Ser or Thr residue
showed that water is expelled from the C-terminal carboxylic
acid group.28,47,48,50,65 This reaction is suggested to proceed via
a nucleophilic attack on the C-terminal carboxylic acid carbon
generating a b2-type sequence ion, which can have either an
oxazolone or a diketopiperazine structure. In contrast, for the
Thr and Ser terminal peptides studied here, an alternative
mechanism is at work. The monoketopiperazine structure is in
most cases the thermodynamically most favorable structure,
but it is the higher-energy oxazaline fragment ion that is
actually formed. This observation appears to be analogous to
the diketopiperazine/oxazolone dichotomy in the formation of
b2 sequence ions: although diketopiperazine is usually lower in
energy, oxazolone structures are in most cases formed.
Qualitatively, this has often been attributed to the unfavorable
trans-to-cis isomerization around the peptide bond required to
arrive at the diketopiperazine structure, although this is not the
rate-limiting TS, and more detailed simulations of the PES are
needed to quantitatively explain the preference for oxazolone
products. Such investigations may then also provide more
insight into the prevalence of oxazoline over monoketopiper-
azine products for the dehydration of XxxSer and XxxThr
dipeptides.
In addition to the lower reaction energies for the formation

of oxazoline versus oxazolone reported by Boles et al. for
protonated AsnThr,53 the relative energies of oxazaline versus
oxazolone structures and monoketopiperazine versus diketo-
piperazine structures appear to be consistently favored toward
the structure resulting from water expulsion not involving the
C-terminus. This thermodynamically more stable product
could further add to the preference of water-loss mechanisms
alternative to C-terminal water loss.

■ CONCLUSIONS
The dehydration products of several protonated XxxSer and
XxxThr dipeptides have been characterized with the use of

Figure 6. Simplified lowest-energy PESs for the three reaction
mechanisms outlined in Scheme 4. (a) Pathway of Reid et al.51 with
the first TS forming the predissociative protomer and the second TS
leading to H2O expulsion and the oxazoline product. (b) Pathway
with the first TS forming the tetrahedral intermediate, from where the
oxazoline product is reached over a submerged TS.53 (c) Direct
dehydration pathway; the structure on the lower left is the global
minimum [GlySer + H]+, to which all energies are referenced. Bonds
being made and broken are indicated by purple dashed lines. Full
PESs are shown in the Supporting Information, Figures S9−S12.
Energies are calculated at the MP2(full)/6-311+G(2d,2p)//B3LYP/
6-31++G(d,p) level including zero-point corrections.
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infrared action spectroscopy and quantum-chemical calcula-
tions, giving insight into the reaction mechanisms at play under
low-energy CID conditions. The experiments indicate that an
oxazoline product ion is formed for all [XxxSer + H]+ and
[XxxThr + H]+ precursor ions investigated (Xxx = Gly, Ala,
Phe, Pro, and Asn), although the alternative monoketopiper-
azine isomer is lower in energy in all cases. Only for the AsnSer
dipeptide does a minor parallel dissociation pathway appear to
be available as well, leading to the monoketopiperazine
structure, although this assignment is less secure. If correct,
this observation parallels a bifurcating dehydration mechanism
previously observed for protonated AsnAla, where H2O
expulsion from the C-terminus forms isomeric oxazolone and
diketopiperazine product ions.49

The potential energy surface for the dehydration of [GlySer
+ H]+ was computationally investigated. Several pathways
leading to the oxazoline product ion were probed at the
MP2(full)/6-311+G(2d,2p)//B3LYP/6-31++G(d,p) level. A
reaction mechanism similar to that reported for protonated
AsnThr in ref 53, proceeding via a tetrahedral intermediate
expelling H2O from the amide oxygen, was found to present
the lowest barriers. Interestingly, the oxygen atom expelled as
the water molecule is different for different mechanisms,
suggesting that isotope labeling experiments may shed further
light on the actual reaction mechanism.
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Influence of Peptide Composition, Gas-Phase Basicity, and Chemical
Modification on Fragmentation Efficiency: Evidence for the Mobile
Proton Model. J. Am. Chem. Soc. 1996, 118, 8365−8374.
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