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When ionized by electrospray from acidic solutions, the tripeptides Pro-His-Xaa (Xaa � Gly,
Ala, Leu) form abundant doubly-protonated ions, [M � 2H]2�. Collision-induced dissociation
(CID) of these doubly-protonated species results, in part, in formation of b2

2� ions, which
fragment further by loss of CO to form a2

2� ions; the latter fragment by loss of CO to form the
Pro and His iminium [immonium is commonly used in peptide MS work] ions. Although
larger doubly-charged b ions are known, this represents the first detailed study of b2

2� ions in
CID of small doubly protonated peptides. The most abundant CID products of the studied
doubly-protonated peptides arise mainly in charge separation involving two primary frag-
mentation channels, formation of the b2/y1 pair and formation of the a1/y2 pair. Combined
molecular dynamics and density functional theory calculations are used to gain insight into the
structures and fragmentation pathways of doubly-protonated Pro-His-Gly including the
energetics of potential protonation sites, backbone cleavages, post-cleavage charge-separation
reactions and the isomeric structures of b2

2� ions. Three possible structures are considered for
the b2

2� ions: the oxazolone, diketopiperazine, and fused ring isomers. The last is formed by
cleavage of the His-Gly amide bond on a pathway that is initiated by nucleophilic attack of one
of the His side-chain imidazole nitrogens. Our calculations indicate the b2

2� ion population is
dominated by the oxazolone and/or fused ring isomers. (J Am Soc Mass Spectrom 2009, 20,
2135–2143) © 2009 American Society for Mass Spectrometry
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With the introduction of the soft ionization
techniques of electrospray ionization (ESI)
[1–3] and matrix-assisted laser desorption

ionization (MALDI) [4, 5], tandem mass spectrometry
[6, 7] of protonated or multiply-protonated peptides has
become the method of choice for identifying the amino
acid sequence of peptides. As a result of many studies,
the main fragmentation channels of singly-protonated
peptides have been established, and considerable
progress has been made in understanding, in detail, the
mechanistic aspects of the fragmentation reactions;
these studies have been the subject of several recent
reviews [8–13].

In the field of proteomics, one frequently studies the
fragmentation of tryptic peptides, and it has been found
that more sequence information is often obtained by
studying the fragmentation of multiply-charged precur-
sors. Early mechanistic studies were limited to the basic
fragmentation patterns of doubly-protonated peptides
[14–17]; more recently the factors that control the frag-
mentation modes have seen more analysis by statistical
characterization of tandem mass spectral databases [18,
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19]. A kinetic model of the low-energy fragmentation of
multiply-protonated peptides also has shown promise [20].

Very recently, Bleiholder et al. [21] investigated the
structure and reactivity of doubly-protonated G5R by
studying CID in an ion trap instrument and detailed
scans of the corresponding potential energy surface.
These studies indicate that fragmenting species form
doubly-charged post-reaction complexes (Scheme 1),
which are stabilized by strong H-bonds via proton
bridges. These complexes will be referred to as doubly-
protonated dimers (DPD). Two major inter-converting
forms of the DPDs exist: a symmetrically charged
s-DPD, where both monomers carry an extra proton
(ion/ion complex), and the asymmetrically charged
as-DPD, where one of the fragments is doubly-protonated
and the other is neutral (ion/dipole complex). The
s-DPD dissociates in a charge separation process during
which the dissociating species must overcome a charge
separation barrier. On the other hand, the as-DPD
dissociates in an endothermic but barrier-less process
(in other words no barrier exists for the reverse pro-
cess). It is worth noting here that the dissociation
products formed from s-DPD (two singly protonated
species) are energetically likely to be more favored than
the products formed from as-DPD (a doubly-charged
and a neutral species). This is because the secondary

proton affinities (PAs) of molecules formed as peptide
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fragments are usually much lower than the primary
PAs of these species. The as-DPD dissociation channel
becomes competitive only if a significant charge sepa-
ration barrier is to be crossed during dissociation of the
s-DPD.

We have observed that tripeptides with the sequence
Pro-His-Xaa form abundant doubly-protonated species,
[M � 2H]2�. This affords the opportunity to study, in
detail, the fragmentation reactions of relatively simple
doubly-protonated species. A significant fragmentation
channel on collisional activation was found to involve
loss of the C-terminal residue as a neutral amino acid to
form b2

2� ions. Large doubly-charged b ions are fre-
quently observed (see, for example Haselmann et al.
[22], and there is a brief mention [23] of a doubly-
charged b2 ion produced by CID of doubly-protonated
substance P (an eleven residue peptide). However, this
is, to our knowledge, the first observation of a b2

2� ion
upon CID of small doubly-charged peptide precursors.
In addition, it is the first detailed study of the formation
and fragmentation modes of such small doubly-charged
b2 ions. It is worth noting here that doubly-charged a3

2�

and a2
2� ions of GGG were recently observed [24] in

CID of [La(GGG)(CH3CN)2]3�.
Fragmentation of histidine containing peptides at-

tracted some attention [11, 25, 26] in the past, still many
aspects of the related dissociation chemistry are not
clarified yet. The histidine side chain has a relatively
high proton affinity [27, 28] and, therefore, it is likely to
be protonated if the number of added protons is higher
than the number of arginines and lysines present in the
peptide ion under study. The side-chain imidazole
group can initiate cleavage of the C-terminal adjacent
amide bond to form alternative non-oxazolone b ions.
This reaction was studied by Wysocki and coworkers
[11] using various experimental techniques, while
O’Hair and coworkers [26] showed that the alternative
b ion is indeed a stable structure using quantum chem-
ical calculations. A plausible mechanism that explains
the observed experimental behavior includes proton
transfer to the C-terminal adjacent amide N and subse-
quent nucleophilic attack by the His side-chain on the
carbon center of the protonated amide bond [13].

Scheme 1. Fate of doubly-charged post-reaction complexes
(DPDs, doubly-protonated dimers) formed upon fragmentation of
doubly-protonated peptides.
O’Hair in another study [25] demonstrated that CID of
the b2 ion of Gly-His and His-Gly produces the same
fragmentation pattern that parallels that of the dike-
topiperazine derivative cyclo-GH.

The results of our studies on the fragmentation
patterns of doubly-protonated Pro-His-Xaa tripeptides
(Xaa � Gly, Ala, and Leu) are presented in the follow-
ing along with modeling data on the structure and
fragmentation pathways of doubly-protonated Pro-His-
Gly. Calculations were performed for the His-side-
chain initiated, diketopiperazine, and bn-ym (oxazolone)
cleavages of the His-Gly amide bond, which lead to
various b2

2� ion isomers. The post-cleavage phase of
fragmentation is analyzed by considering the structure
and dissociation energetics of the DPDs formed on the
bn-ym (oxazolone) pathway.

Experimental

All experimental work was carried out using an elec-
trospray/quadrupole/time-of-flight (QqTOF) mass
spectrometer (QStar; MDS SCIEX, Concord, Canada).
MS/MS experiments were carried out in the usual
fashion by mass-selecting the ions of interest with the
mass analyzer Q with CID in the quadrupole collision
cell q and mass analysis of the ionic products with the
time-of-flight analyzer. In the study of fragment ions
(pseudo-MS3 experiments), CID in the interface region
produced fragment ions with those of interest being
selected by the quadrupole mass analyzer Q for frag-
mentation and analysis in the usual manner. The cone
voltage was adjusted to give the best yield of the
fragment ion of interest; typically a cone voltage of
50–60 V was optimal.

The peptide samples, at micromolar concentrations,
were introduced into the electrospray source in 1:1
CH3OH:2% aqueous formic acid from a syringe pump
at a flow rate of 80 �L min�1. The electrospray needle
was held at 5100 V. In the absence of formic acid the
signals for the doubly-protonated peptides were very
weak. Nitrogen was used as nebulizing and drying gas
and as collision gas in the quadrupole collision cell.
Doubly-charged ion signals were identified by the
half-mass separation of the isotopic peaks.

All peptide samples (Pro-His-Gly, Pro-His-Ala, Pro-
His-Leu, and Leu-His-Leu) were obtained from Bachem
Biosciences (King of Prussia, PA) and showed no im-
purities in their mass spectra. Consequently, they were
used as received.

Calculations

Our conformational search engine [29–34] devised spe-
cifically to deal with protonated peptides was used to
scan the potential energy surface (PES) of [Pro-His-
Gly � 2H]2�. These calculations began with molecular
dynamics (MD) simulations on various forms of [Pro-
His-Gly � 2H]2� using the InsightII program (Biosym
Technologies, San Diego, CA, USA), in conjunction with

the AMBER force field [35] modified by us to allow



2137J Am Soc Mass Spectrom 2009, 20, 2135–2143 FRAGMENTATION OF DOUBLY-PROTONATED Pro-His-Xaa PEPTIDES
scans on amide nitrogen protonated species, oxazolone
terminated structures, and bn-ym type [31, 36] transition
structures (TS). During the MD simulations, structures
were regularly saved for further refinement by full
geometry-optimization using the same force field. In
the next stage of the calculations, these structures were
analyzed by our own conformer-family search pro-
gram. This program groups optimized structures into
families based on the similarity of the most important
characteristic torsion angles. The most stable species in
these families were then fully optimized at the HF/3-
21G, B3LYP/6-31G(d) and the B3LYP/6-31�G(d,p) lev-
els. The conformer families were regenerated at each
theoretical level.

Having scanned the PES, transition structures corre-
sponding to the various fragmentation pathways of
[Pro-His-Gly � 2H]2� were then sought using calcula-
tions at the B3LYP/6-31G(d) and B3LYP/6-31�G(d,p)
levels of theory. The resulting TSs were checked using
intrinsic reaction coordinate (IRC) calculations to unam-
biguously define which minima are connected by the TS
investigated. Post-reaction complexes on the b2-y1 path-
way were characterized at the B3LYP/6-31G(d) and
B3LYP/6-31�G(d,p) levels of theory in a manner sim-
ilar to that used for the various [Pro-His-Gly � 2H]2�

structures. Relative energies were calculated by using
the B3LYP/6-31�G(d,p) total energies and zero-point
energy corrections (ZPE) determined at the B3LYP/6-
31G(d) level. Entropies were calculated using the rigid-
rotor harmonic oscillator (RRHO) approximation. The
Gaussian [37] suite of programs was used for all ab
initio and DFT calculations.

Results and Discussion

CID of Doubly-Protonated PHG, PHA, PHL,
and LHL

With the acidic solvent the doubly-protonated ion sig-
nals [M � 2H]2� were usually of at least equal intensity
as the [M � H]� ion signals. Good quality CID mass
spectra were obtained at offset voltages of the quadru-
pole collision cell of 12–15 V, corresponding, for a
doubly-charged ion, to collision energies in the labora-
tory frame of 24–30 eV.

Figure 1 to Figure 2 present the CID mass spectra for
the [M � 2H]2� ions of Pro-His-Gly, Pro-His-Ala, and
Pro-His-Leu. Many of the fragments can be assigned as
primary dissociation products originating from cleav-
ages of either the Pro-His or His-Xaa amide bonds.
These include singly charged fragments like b2, y2, y1,
and a1 (Pro iminium ion, IP). All spectra show ion
signals corresponding to the doubly-charged b2

2� and
a2

2� at m/z 118 and m/z 104, respectively. (The b2
2� ion

has an additional proton compared to the b2
� ion and,

properly, should be identified as b2H2�. For simplicity,
it appears to be the custom not to specify the additional
proton.) In the same vein, it should be noted that the

b2

2� ion reported briefly by Quin and Yuan [23] con-
tains a basic Arg residue as well as a proline residue. In
addition, both Pro-His-Gly and Pro-His-Ala show weak
ion signals corresponding to the a3

2� ion (loss of H2O �
CO) at m/z 132.6 and m/z 139.6 (not labeled), respec-
tively. In contrast to the tripeptides with Pro in the
N-terminal position, doubly-protonated Leu-His-Leu
does not show (Figure 2b) formation of doubly-charged
fragment ions upon collisional activation. This indicates
that the N-terminal proline residue plays an important
role in formation of the observed doubly-charged frag-
ments and its nitrogen is likely to be protonated in these
ions.

The fragmentation pathways of doubly-protonated
Pro-His-Gly, Pro-His-Ala, and Pro-His-Leu are summa-
rized in Scheme 2. Cleavage of the His-Xaa amide bond
leads to the primary b2, y1, and b2

2� fragments. Pseudo-
MS3 studies (data not presented) of the b2

2� ion
showed three fragments, the a2

2� ion and the two
iminium ions m/z 70 (Pro, IP) and m/z 110 (His, IH), the
latter two in approximately equal abundance. These
results are consistent with initial loss of CO to form the
a2

2� ion followed by charge separation to form the two
iminium ions and neutral CO (Scheme 2). A similar

Figure 1. CID spectra of the [M � 2H]2� ions of (a) Pro-His-Gly
and (b) Pro-His-Ala. Ix denotes the iminium ion of amino acid X.
fragmentation pattern has been observed for the disso-
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ciation of singly charged a2 ions [38]. Pseudo-MS3

experiments (data not shown) indicate that the singly
charged b2 fragments further to form a2, the His and Pro
iminium ions (IH and IP) and fragments at m/z 162 and
166 (Scheme 2), respectively.

Cleavage of the Pro-His amide bond leads to y2 and
the iminium ion of Pro (Scheme 2), no doubly-charged
dissociation product is observed here. The IP/y2 and the
b2/y1 ion pairs are formed in apparent charge separa-
tion reactions (e.g., from s-DPDs of Scheme 1) that
produce at higher than the precursor m/z, the b2 and y2

singly-charged ions. If, as proposed, the b2 ion arises by
charge separation fragmentation of [M � 2H]2�, one
would expect corresponding ion signals for the y1 ion
and its fragmentation product, the appropriate iminium
ion [39, 40]. In each spectrum the appropriate y1 ion is
observed as well as the iminium ion formed by loss of
H2O � CO from y1. (The iminium ion signal (m/z 30)
derived from Pro-His-Gly was very weak, possibly
because of discrimination against low-mass products in
the QqTOF instrument.) Further, one would expect that
summed signals for the b2 ion plus fragments derived
therefrom should equal the signal for the y1 ion plus
fragments derived therefrom. Due to the unknown, but
possibly substantial, further fragmentation of b2 it is not

Figure 2. CID spectra of the [M � 2H]2� ions of (a) Pro-His-Leu
and (b) Leu-His-Leu. Ix denotes the iminium ion of amino acid X.
possible to compare quantitatively the relative ion sig-
nals although it does appear that the b2 ion plus
fragments are more intense than the y1 ion plus frag-
ments. The reasons for this phenomenon are not clear.
Similarly, formation of the y2 ion by charge separation
should be accompanied by formation of the proline
iminium ion (m/z 70) for the Pro-His-Xaa peptides and
the leucine iminium ion (m/z 86) for the Leu-His-Leu
tripeptide. This appears to be roughly true, although,
again, quantitative analysis is difficult because of fur-
ther fragmentation.

Comparing the CID spectra in Figures 1 and 2, one
easily observes that the weight of the doubly-charged
b2

2� and a2
2� fragments versus the corresponding sin-

gly charged fragments formed by charge separation (b2,
a2, and y1) decreases in the Pro-His-Gly, Pro-His-Ala,
and Pro-His-Leu series. A plausible explanation for this
observation considers the increasing PA [27, 28] of the
C-terminal fragment (G, A, and L for Pro-His-Gly,
Pro-His-Ala, and Pro-His-Leu, respectively), which is
likely to have a strong effect on the dissociation kinetics
of the related s-DPD and as-DPD post-cleavage com-
plexes. It is expected that as the PA of the C-terminal
fragment increases formation of the doubly-charged
b2

2� ion becomes energetically less favorable.

Structure of [Pro�His-Gly � 2H]2�

To understand atomic details of the fragmentation
chemistry of doubly protonated Pro-His-Xaa, we have
performed molecular dynamics and density functional
theory calculations on doubly protonated Pro-His-Gly.
In interpreting the experimental results, the first ques-
tion concerns the sites of protonation in the [M � 2H]2�

ions. The most likely sites would appear to be the
imidazole ring of histidine and the N-terminal amine
function. Bleiholder et al. [28] have shown that the
imidazole side-chain of histidine has a proton affinity
(232 kcal mol�1) almost the same as the amine function
of histidine while the proton affinity of imidazole itself
(225.3 kcal mol�1) [41] is quite high. Similarly, the
proton affinity of proline (224 kcal mol�1) [27, 28] also is
quite high, making these the likely sites of protonation.
Based on these considerations, we propose that the

Scheme 2. Fragmentation pathways of doubly-protonated Pro-

His-Xaa. For more details, see text.
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global minimum of [M � 2H]2� is a structure that is
protonated at the N-terminus (Pro) and the His side
chain. Two major forms were considered here, the
trans-trans and cis-trans isomerization states of the back-
bone amide bonds (Structure A in Figure S1, and
Structure A in Figure S2, Supplementary Material,
which can be found in the electronic version of this
article). The trans-trans structure is responsible for for-
mation of oxazolone type b ions on the bn-ym pathways
(Scheme 3, for more details, see below) [13, 31, 36, 42,
43]. On the other hand, the cis-trans isomer is necessary
to form diketopiperazine isomers of b ions on the
cyclic-peptide pathways (Scheme 4, for more details, see
below) [13, 31, 44]. Our calculations (Table 1) indicate
that the trans-trans form is �8 kcal mol�1 more favored
than the cis-trans structure. It is therefore likely that the
doubly-charged parent ion is present in the mass spec-
trometer as the all-trans form.

Cleavage of the His-Gly Amide Bond on the b2-y1

(Oxazolone) Pathway

The first step on the oxazolone or bn-ym pathway
(Scheme 3) is mobilization of a mobile proton to the
His-Gly amide bond. This can be done by proton
transfer from either the Pro amino group or from the

Scheme 3. Cleavage of the His-Gly amide bond on the b2-y1

pathway to form oxazolone isomer b & b 2� and y ions. Relative
2 2 1

energies (kcal mol�1) are indicated in italics.
His side chain. For the latter, one can consider two
different tautomers of the neutral His side-chain (the �1
N either has a hydrogen or not):

Our calculations on various doubly-protonated Pro-
His-Gly structures suggest that tautomer A is energet-
ically much more favored therefore we do not consider
form B in the following. This finding is in line with
recent computational data by MacDonald and Thachuk
[45] on protonated His-Gly.

The C-terminal amide nitrogen protonated struc-
tures of [Pro-His-Gly � 2H]2� with the second ionizing
proton at the His side-chain or the N-terminus (Struc-

Scheme 4. Cleavage of the His-Gly amide bond on the cyclic-
peptide pathway to form diketopiperazine isomer b2 & b2

2� and y1

ions. Relative energies (kcal mol�1) are indicated in italics.
tures B and C in Figure S1) have similar relative
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energies at 39.5 and 36.5 kcal mol�1 (Table 1), respec-
tively. Note that the relative energies of these amide N
protonated species are much higher than what is usu-
ally observed for single protonated peptides [13]. This is
very likely due to the Coulomb repulsion of the two
ionizing protons on this small peptide, which are forced
to get closer to each other for the amide N protonated
structures than for the global minimum. Cleavage of the
C-terminal amide bond can be initiated from both
structures (Paths A and B, Scheme 3) by nucleophilic
attack of the Pro-His amide oxygen on the carbon center
of the protonated amide bond. The b2-y1 TS (Scheme 3,
Path A) with protonated His side-chain (43.3 kcal mol�1,
Structure D in Figure S1, Supplementary Material) is
energetically clearly more favored than the one (Scheme
3, Path B) with neutral His side-chain (49.2 kcal mol�1,
second protonation at the N-terminus, Structure E in
Figure S1, Supplementary Material). Our calculations
indicate that the post-reaction doubly-protonated di-
mers (DPDs) formed right after crossing the two TSs are
energetically not favored and undergo rapid intramo-
lecular proton transfers (Scheme 3). On Path A, the
extra proton on the just formed oxazolone ring transfers
to the N-terminus of the b2 ion. On Path B, the extra
proton from the oxazolone nitrogen transfers to the His
side-chain. These two proton transfer reactions lead to
the same as-DPD (Scheme 3) with the ionizing protons
located at the Pro amino and His side-chain moieties of
the b2

2� ion, respectively.
Figure 3 shows a few representative DPDs formed on

the b2-y1 pathway. Structure A is the energetically most
favored as-DPD at 11.3 kcal mol�1 relative energy. For
this structure the two extra protons are efficiently
solvated by intra- and intermolecular H-bonds leading
to a surprisingly strongly-bonded doubly-charged post-
reaction complex. It is worth noting here that no s-DPD
can be formed from Structure A by a one-step proton
transfer. This reaction is possible from Structure B,
however (Figure 3), at 17.1 kcal mol�1 relative en-

Table 1. Total (Etot, Hartree) and relative (Erel, kcal mol–1) energ

Doubly-pr

Species Etot Erel S

NT and His protonation
(trans-trans)

�1082.308807 0.0 156.8 NT

NT and H-G amide N
protonation

�1082.249868 36.5 153.9 Hi

b2-y1 TS: NT protonation
and neutral H

�1082.227263 49.2 151.9 b2

cyclic-peptide TS �1082.219696 55.2 147.4 Hi
His-b2-y1 TS �1082.238873 43.8 152.4 as
as-DPD Structure B �1082.280460 17.1 158.1 s-D

A �797.782056 0.0 120.0
C �797.778944 2.6 122.8
E �797.726579 34.3 121.1
ergy. Here, one of the extra protons is bridged in the
NGly. . .H-N�
Pro H-bond and intermolecular proton transfer

results in an ion/ion complex where both monomers
are charged. The dissociation energetics of this complex
has been studied in constrained optimizations where
the distance of H and NPro was kept fixed at predefined
values (1.5–6.0 Å, 0.5 Å steps) and all other molecular
parameters were fully optimized. These calculations
give a curve with a maximum at 4 Å, and the corre-
sponding structure is shown in Figure 3. The relative
energy of this charge separation TS is 34.7 kcal mol�1,
which is lower than that of the b2-y1 amide bond
cleavage TS (43.3 kcal mol�1). It is worth noting here
that the charge separation TS shown in Figure 3 as
Structure C is one of the many possible such TSs for
doubly-protonated Pro-His-Gly, so its energy should be

nd entropies (S, cal K–1 mol–1) of the investigated species

ated PHG

Species Etot Erel S

His protonation (cis-trans) �1082.295935 8.4 154.5

e-chain and H-G amide N
nation

�1082.243737 39.6 154.0

S: His side-chain protonation �1082.236717 43.3 153.7

y1 reactive configuration �1082.300709 5.3 155.9
structure A �1082.288863 11.3 163.4

charge separation TS �1082.252426 34.7 n/a

B �797.780403 1.6 123.6
D �797.752791 17.7 122.8

Figure 3. Post-reaction doubly-protonated dimers (DPDs) on the
b2-y1 pathway: (a) energetically most favored as-DPD with proto-
nation at the Pro amino and His side-chain moieties, (b) a higher
energy as-DPD where PT to Gly is possible, (c) charge separation
transition structure. Ionizing protons are denoted by arrows and
ies a

oton

and

s sid
proto
-y1 T

s-b2-
-DPD
PD

b2
2�
relative energies are given in italics.
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considered only as an approximation (upper bound) to
the true threshold energy of the charge separation
process.

The dissociation energetics of as-DPD and s-DPD are
rather different. The former dissociates in a barrier-less
endothermic process to form the oxazolone isomer of
b2

2� (for more details on this isomer vide infra) and Gly
at 44.6 kcal mol�1 relative energy (Table 1). On the other
hand, s-DPD dissociate to form separated b2 and y1 ions
at 3.7 kcal mol�1 relative energy. These energetics
suggest that no b2

2� ions are formed upon CID of
doubly-protonated Pro-His-Gly, and only the singly
charged b2 and y1 fragments will be detected. As the
product ion spectrum displayed in Figure 1 shows this
is not the case: b2

2� is as abundant as b2 and a2
2�

(formed from b2
2�) is more abundant than a2. Formation

of the doubly-charged fragments can be explained by
the substantial charge separation barrier (TS approxi-
mately at 35 kcal mol�1 relative energy) observed for
the dissociation of s-DPD.

Formation of Diketopiperazine b2
2� Isomers on the

Cyclic-Peptide Pathway

The first step on the cyclic-peptide pathway is trans to cis
isomerization of the Pro-His amide bond. This involves
species where the His amide nitrogen is protonated,
reducing the partial double-bond character of the Pro-
His amide bond to allow rotation [44]. As described
above, the resulting Pro nitrogen and His side-chain
protonated cis-trans form (Structure A in Figure S2,
Supplementary Material) is energetically less favored
than the trans-trans structures by �8 kcal mol�1. In the
next step, the ionizing proton from the Pro nitrogen is
transferred to the His-Gly amide nitrogen, followed by
nucleophilic attack of the Pro nitrogen on the carbon
center of the protonated His-Gly amide bond. Our
calculations indicate that the proton transfer and nu-
cleophilic attack occur in a concerted manner. While we
could locate some high-energy His-Pro amide nitrogen
protonated structures as local minima, most of these
structures undergo spontaneous proton transfer to the
Pro nitrogen during the course of geometry optimiza-
tions. This behavior is noted in Scheme 4 by putting the
respective structure into parentheses. The energetically
most favored TS (Structure B in Figure S2, Supplemen-
tary Material) we located in our scans is at 55.2 kcal
mol�1 relative energy, which is much higher than the
threshold energy of the b2-y1 pathway (43.3 kcal mol�1).
Furthermore, the reaction entropies (�S298, �3.1, and
�9.8 cal mol�1 K�1 (Table 1) for the b2-y1 and cyclic-
peptide pathways, respectively) clearly disfavor forma-
tion of diketopiperazine b2

2� isomers. These energetics
and entropy effects indicate that the cyclic-peptide
pathway is not active for doubly-protonated Pro-His-

Gly.
His Side-Chain Initiated Amide Bond Cleavage:
Formation of b2 Isomers with Fused Imidazole and
Lactam Rings

The amide bond cleavage pathway initiated by the His
side-chain (referred to as His-bn-ym) was studied in
detail by Wysocki, O’Hair, and coworkers [11, 25, 26].
Based on these investigations, we proposed a mecha-
nism that involves transfer of the extra ionizing proton
from the His side-chain to the C-terminal adjacent
amide nitrogen and subsequent nucleophilic attack of
the imidazole nitrogen on the carbon of the protona-
ted amide bond [13]. Our calculations on doubly-
protonated Pro-His-Gly indicate that transfer of the
ionizing proton and nucleophilic attack by the His side-
chain occur in a concerted manner. The corresponding
TS (Scheme 5; Structure B in Figure S3, Supplementary
Material) has a low threshold energy at 43.8 kcal mol�1.
On the reactant wing of this TS no stable amide N
protonated structure was found by IRC calculations.
Instead, the extra proton on the amide N transfers back
to the His side-chain, and the related structure is
stabilized in a H-bond with the C-terminal COOH
group (5.3 kcal mol�1 relative energy, Structure A in
Figure S3). In other words, the His pathway can be
initiated by “local” proton transfer from protonated His
side-chain, and the related structures are usually ener-
getically more favored than amide nitrogen protonated
structures, which are reactive configurations on the
bn-ym pathways. The reaction entropy of the His-b2-y1

channel [�4.4 cal mol�1 K�1 (Table 1)] is similar to that
of the oxazolone b2-y1 pathway (�3.1 cal mol�1 K�1).
The similar threshold energies and reaction entropies
obtained for the oxazolone b2-y1 and His-b2-y1 channels
suggest the b2

2� population contains both oxazolone
and fused ring isomers. However, the accuracy of the

Scheme 5. Cleavage of the His-Gly amide bond on the His-bn-ym

pathway to form b2 & b2
2� and y1 ions. The b2

2� and b2 ions have
fused imidazole and lactam rings at their C-terminus. Relative

energies (kcal mol�1) are indicated in italics.
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applied theoretical models does not allow more quan-
titative estimation of the relative weight of the two
isomers.

Structural Isomers of b2
2� Ions

The threshold energies of the bn-ym, cyclic-peptide, and
His-bn-ym amide bond cleavage pathways are at 43.3,
55.2, and 43.8 kcal mol�1, respectively, while the corre-
sponding reaction entropies are �3.1, �9.8, and �4.4
cal mol�1 K�1 (Table 1). This energetics indicates that
the b2

2� ion population will be dominated by the
oxazolone and fused ring isomers with very minor
diketopiperazine forms if the various b2

2� isomers do
not interconvert after their formation. Our calculations
on the b2

2� isomers indicate that the energetically most
favored form is the diketopiperazine isomer (Figure 4,
Structure A), which is stabilized by a strong N�1–H. . .O
H-bond. The fused ring b2

2� isomer (Figure 4, Structure
B) formed on the His-bn-ym pathway is at 1.6 kcal mol�1

relative energy, while the energetically most favored
oxazolone structure (Figure 4, Structure C) with proto-
nation at the Pro nitrogen and His side-chain is at 2.6
kcal mol�1 relative energy. It is worth noting that a few
other protonated forms are possible for the oxazolone
structure. For example, proton transfer from the Pro
nitrogen to the oxazolone ring leads to a structure
(Figure 4, Structure D) at 17.7 kcal mol�1 relative en-
ergy. Furthermore, proton transfer from the His side-
chain to the oxazolone ring results in a structure (Figure
4, Structure E) at more than 30 kcal mol�1 relative
energy. This structure is very likely involved in re-
isomerization pathways between the oxazolone and
fused-ring b2

2� structures, since nucleophilic attack of
the imidazole N�1 on the carbonyl C of the oxazolone
ring leads to the fused-ring isomer. Since structure E is
energetically less favored, we propose that these struc-
tures do not interconvert to one another due to the

Figure 4. Various b2
2� structures derived for th

italics and ionizing protons are denoted by ar
oxazolone isomer b2

2� structures derived for th
italics and ionizing protons are denoted by arro
high-energy intermediates involved.
Conclusions

Electrospray ionization from acidic solutions of tripep-
tides with histidine in the central position results in
significant yields of doubly-protonated ions [M � 2H]2�.
This affords the opportunity to study the fragmentation
reactions of relatively simple doubly-charged species.
When proline is in the N-terminal position as in Pro-His-
Xaa (Xaa � Gly, Ala, Leu) fragmentation results, in part, in
the formation of b2

2� ions; such small doubly-charged b
ions have not been observed previously upon CID of
small doubly-protonated peptides, although a brief men-
tion [23] has been made of the formation of a b2

2� ion from
doubly-protonated Substance P. However, the main frag-
mentation reactions observed remain charge separation
reactions producing b2 and y2 ions at higher mass.

Our calculations on doubly-protonated Pro-His-Gly
indicate that the energetically most favored structure on
the PES is a trans-trans species with protonations at the
Pro nitrogen and His side-chain. Cleavage of the His-
Gly amide bond is possibly involves TSs at 43–44 kcal
mol�1 relative energies on the bn-ym and His-bn-ym

pathways to form b2
2� and b2 ions with oxazolone and

fused imidazole and lactam rings, respectively. These
channels are both energetically and entropically more
favored than the cyclic-peptide pathway that leads to
diketopiperazine derivative b2 isomers. Limited scans of
the doubly-protonated post-cleavage complexes on the
b2-y1 pathway indicate that charge-separation to form b2

and y1 ions involves a significant barrier. Further work
will explore the prevalence of doubly-protonated spe-
cies in small peptides containing basic residues and
delineate their fragmentation modes.
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