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ated histidine-containing peptides and their b, ions has been undertaken. Density
functional theory calculations were utilized to predict how the fragmentation reactions
occur so that we might discern why the mass spectra demonstrated particular energy
dependencies. We compare our results to the current literature and to synthetic b, ion
standards. We show that the position of the His residue does affect the identity of the
subsequent b, ion (diketopiperazine versus oxazolone versus lactam) and that

| energy-resolved CID can distinguish these isomeric products based on their frag-

H mentation energetics. The histidine side chain facilitates every major transformation

except trans-cis isomerization of the first amide bond, a necessary prerequisite to

diketopiperazine b, ion formation. Despite this lack of catalyzation, trans-cis isomerization is predicted to be
facile. Concomitantly, the subsequent amide bond cleavage reaction is rate-limiting.
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Introduction

C ollision-induced dissociation (CID) of protonated or mul-
tiply protonated peptides frequently is used to provide
sequence information [1-3]. In favorable cases, fragmentation
occurs chiefly by cleavage of the various amide bonds [4] to
give a series of b, and y,,, ions [5, 6] representing, respectively,
the N-terminal and C-terminal fragment ions. Thus, cleavage of
an amide bond potentially produces a b, ion, a y,, ion, or both
(for a peptide of n + m residues long) depending on the
particular gas-phase chemistries in play. Usually it is these
series of b, and y,;, ions (for a peptide of n + m residues long)
that provide the most significant sequence information. How-
ever, if these series of fragment ions are incomplete or ambig-
uous, difficulties may arise in determining the amino acid
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sequence of the peptide. Consequently, there has been consid-
erable activity in exploring the factors that influence the frag-
mentation reactions observed, including the structures of the
fragment ions formed. Both the reactions observed and the
fragment ion structures are expected to be influenced by the
amino acid residues in the peptide and the sequence of these
residues [4] as this alters the gas-phase structures that are
populated at a given level of activation.

It has been established [7, 8] that y,, ions are protonated
amino acids (y;) or protonated truncated peptides (y,,), al-
though the prediction as to which y,, ions will be observed is
not straightforward. Initially it was proposed [5, 6] that b, ions
were substituted acylium ions. However, a number of studies
[9-11] have shown that simple b; ions (0-aminoacylium ions)
are unstable and exothermically eliminate CO to form the
appropriate iminium ion. Consequently, b; ions are rarely
observed unless some additional means of stabilization is pres-
ent [11]. Larger b, (n > 2) ions are extensively observed in
protonated peptide CID mass spectra. This observation sug-
gests that some interaction within the larger b, ions has oc-
curred to stabilize the ion, an obvious possibility being cycli-
zation to form a structure distinct from the acylium ion
structure.


http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-015-1298-4&domain=pdf
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To take a generic b, ion as an example, there are two
possible cyclization reactions, Scheme 1. The first involves
cyclization by nucleophilic attack by the adjacent carbonyl
group as the amide bond cleaves, resulting in formation of a
cyclic protonated oxazolone as shown in Scheme 1b. Extensive
tandem MS studies, H/D exchange studies, and theoretical
studies of small simple b, ions [12-21] have provided strong
evidence for the oxazolone structure, which has also been
supported by a number of infrared multiphoton dissociation
(IRMPD) studies [22-26] of smaller b,, ions.

An alternative cyclization involves nucleophilic attack of
the N-terminal amine group on the carbonyl function as the
amide bond is breaking as illustrated in Scheme 1c. For the b,
case, this results in formation of a protonated diketopiperazine
(cyclic dipeptide). Suhai and Paizs [4] have pointed out that for
the b, case, such a cyclization involves a trans-cis isomeriza-
tion of the amide bond, which is not being broken, an isomer-
ization which has a significant energy barrier. However, there
are a number of cases where protonated diketopiperazine for-
mation appears to have been observed for b, ions. In early
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work, O’Hair and co-workers [27] observed that the His-Gly and
GlyHis b, ions gave CID product ion mass spectra identical to
that of protonated cyclo-(GlyHis) indicating formation of the
protonated diketopiperazine structure (Scheme 1c) for the GlyHis
and HisGly b, ions. Recent nuclear magnetic resonance (NMR)
data on samples collected from MS/MS of [GlyHisGly + H]"
also support the diketopiperazine assignment, although with the
caveat that oxazolone structures are discriminated against with
this method as it requires re-dissolving the products prior to
purification and NMR analysis [28]. Calculations predict that
the diketopiperazine structure with the proton on the imidazole
side chain was the most stable species. More recently, Wysocki
and co-workers [29, 30] have reported that the His-Ala b, ionis a
mixture of diketopiperazine and oxazolone structures under their
experimental conditions. It appears that the His residue catalyzes
the trans-cis isomerization, which is necessary prior to
diketopiperazine formation. A study [30] of analogues of His
showed that the location and accessibility of the histidine -
nitrogen or an amine nitrogen on an aliphatic side chain were
necessary for this isomerization to occur. Wysocki and co-
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workers [31] also have reported that the His-Pro b, ion likewise
has a diketopiperazine structure. This unusual behavior by
histidine-containing peptides was also identified in statistical
comparisons of doubly protonated peptide spectra performed in
the Zubarev group [32]. Histidine in position 2 had the greatest
influence of those residues examined on whether Class I or Class
II spectra were observed. On this basis, Zubarev et al. [32]
hypothesized that doubly protonated peptides with histidine as
the second residue in the sequence would produce Class I spectra
that contained protonated diketopiperazine rather than protonated
oxazolone b, ion structures. Based on IRMPD studies, Polfer and
co-workers [33] have reported that the b, ion derived by water
loss from protonated GlyArg-OH has a diketopiperazine struc-
ture whereas that derived from protonated H-ArgGly-OH is a
mixture of diketopiperazine and oxazolone structures. Presum-
ably, the difficulty in proton mobilization here [4, 34-36] enables
the trans-cis isomerization reaction to occur, making the
diketopiperazine competitive. A third possibility exists for pep-
tides with histidine or other potentially nucleophilic side chain in
position 2 (Scheme 1d). If the nucleophilic attack on the second
amide carbonyl carbon occurs from an imidazole nitrogen of the
histidine side chain, a lactam structure will be formed. To com-
plicate matters even further, isomerization of the putative
oxazolone product b, ion structure to this lactam is also poten-
tially possible [37].

In the present work, we initially studied the fragmentation
reactions of protonated PheHis-OMe and HisPhe-NH, and
their b, ions. The reasons for this are: (1) these systems offer
a simplified model for investigating proton mobility in doubly
protonated peptides with C-terminal proton sequestration, (2)
the ongoing debate on b, ion structure, and (3) interest in the
practical details of ow the fragmentation mechanisms of these
reactions practically occur. We have studied the fragmentation
reactions of protonated cyclo-(HisPhe), the synthetic equiva-
lent of gas-phase generated protonated diketopiperazine, and
its product ions. In addition, following initial review, we ex-
panded the work to include the related sequences PheHis-NH,,
HisPhe-OMe, PheHisAla, and HisPheAla. This enabled a more
thorough comparison of the effect of leaving group on the
resulting product ion distributions by providing a short series
of systematically increasing gas-phase basicity (methanol <
ammonia < alanine).

Experimental

Experimental work was carried out using an electrospray/quad-
rupole/time-of-flight (QqToF) mass spectrometer (QStarXL;
SCIEX, Concord, Canada) and a Bruker MaXis plus (Billerica,
MA, USA) quadrupole time-of-flight mass spectrometer. The
product ion mass spectra for [M + H]" ions were obtained by
mass-selecting the appropriate ion with the quadrupole CID in
the collision cell followed by product analysis by the ToF
analyser. Data were collected as a function of collision energy.
The studies of the fragment ions involved quasi-MS? experi-
ments. In this approach, CID in the interface region (QStarXL)
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or between the two ion funnels (MaXis plus) produced frag-
ment ions with those of interest being selected by the quadru-
pole mass analyzer for CID and mass analysis in the usual
fashion. Breakdown graphs expressing the relative fragment
ion signals as a function of collision energy were obtained for
all species studied.

Ionization was by electrospray (ESI) with the sample at
micromolar concentrations in 1:1 CH3;0H:1% aqueous formic
acid introduced into the source at a flow rate of 10 yL.min "'
(QStarXL). For the MaXis plus experiments, micromolar ace-
tonitrile/water/formic acid (50/50/0.1%) solutions were utilized
at a flow rate of 3 uL.min"'. Nitrogen was used as nebulizing,
drying gas, and as collision gas in both instruments. Energy-
resolved breakdown curves for the various analytes were found
to be very similar between the two instruments for the same
laboratory collision energies. The compounds cyclo-(His-Phe),
PheHis-OMe, and HisPhe-NH, were obtained from Bachem
Biosciences (King of Prussia, PA, USA). HisPhe-OMe,
PheHis-NH,, HisPheAla, and PheHisAla were obtained from
GenSript (Piscataway, NJ, USA). All peptides were used as
received.

Theoretical Methods

Standard density functional theory calculations B3LYP
[38—40] and M06-2X [41, 42] with the 6-31+g(d,p) basis
set were performed with the Gaussian’09 [43] suite of
programs. Minima were characterized by harmonic fre-
quency calculations to identify local energy minima (all
real frequencies) and transition structures (one imaginary
frequency). Multiple transition structures (TSs) were in-
vestigated for each reaction. Intrinsic reaction coordinate
(IRC) calculations were run for all barriers to determine
which minima the TSs connected and thus define the
detailed reaction pathway. These consisted of up to 18
steps in each direction along the reaction coordinate. The
final structures on both the product and reactant sides of
the IRC were then optimized with small incremental
steps to identify the connecting minima with confidence.

Results and Discussion

Histidine-Containing Protonated Dipeptide
Fragmentation Chemistry

Fragmentation of protonated Phe-His-OMe produces sub-
stantial b, and y, ions followed by His immonium (m/z
110) and a, ions. The a;-y, products become increasingly
competitive at higher collision energies consistent with this
being an entropically favorable process (loose TS, genera-
tion of three gaseous species from the molecular ion rather
than two for the other reactions). This is generally consis-
tent with the computed TS energies at both levels of theory
[Table 1 for M06-2X/6-31+G(d,p) and Table S1 for
B3LYP/6-31+G(d,p)] with the B3LYP modeling making
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Table 1. Relative Energies of [PheHis-OMe + H]" Conformations at the M06-2X/6-31+G(d,p) Level of Theory. All Minima Configurations are the Typical Trans

Form Unless Indicated

Eo/H E\oarszpe/H AEq.7pe/kJ mol™ AH05/kJ mol™! AGheg/kJ mol ™! AS56/J mol™!

His ring -1066.479373 ~1066.109071 0.0 0.0 0.0 0.0

NT ~1066.470066 ~1066.098009 29.0 293 32.0 -8.9
N1 -1066.446193 -1066.07515 89.1 89.6 88.4 3.8

ol ~1066.459698 ~1066.088199 54.8 54.0 62.0 -27.0
02 ~1066.449563 ~1066.077949 81.7 80.3 90.5 343
03 n/a n/a n/a n/a n/a n/a

His Ring cis ~1066.459623 ~1066.088195 54.8 549 545 1.1

NT cis ~1066.469566 ~1066.095538 355 34.6 40.5 -19.7
Ol cis ~1066.445355 -1066.07398 92.1 924 92.0 15

02 cis ~1066.436079 ~1066.062803 1215 119.2 127.4 -27.8
Oxazolone b,- MeOH TS -1066.41792 ~1066.048142 160.0 158.7 164.5 ~19.3
Trans-cis Isomerization TS ~1066.420844 ~1066.050491 1285 126.9 132.3 -18.0
Diketopiperazine b,-MeOH TS ~1066.424456 ~1066.055313 141.1 1374 150.6 —44.4
Lactam b,-MeOH TS ~1066.395589 ~1066.027149 215.1 216.4 219.1 -8.8
Oxaz — Lact TS ~1066.401495 -1066.034212 196.5 195.5 156.6 130.5
a-y; TS ~1066.401662 ~1066.034844 194.9 198.6 187.7 36.8

the relative thresholds more similar than M06-2X. Which
of the multiple b, ion-forming pathways is most likely
based on these calculations?

Our calculations show the M06-2X/6-31+G(d,p) barriers to
ester, C(0)-0, bond cleavage to generate protontated
oxazolone and diketopiperazine b, ion structures as 160 and
141 kJ mol ™', respectively, whereas the B3LYP barriers are
essentially identical (162 and 158 kJ mol™"). The C(O)-O bond
cleavage barrier is rate-limiting for the protonated
diketopiperazine M06-2X/6-31+G(d,p) potential energy sur-
face; trans-cis isomerization requires at least 128.5 kJ mol '
to generate the cis conformers necessary for the subsequent
reaction. This scenario agrees with the predictions of Paizs and
Suhai [44] in that amide isomerization reaction may be quite
demanding. Practically, catalyzation of the trans-cis isomeriza-
tion by the histidine side chain does not appear to be a prereq-
uisite for isomerization as we located multiple amide bond
rotational pathways that achieved this with the histidine side
chain H-bonded elsewhere (Figure 1a, Scheme S2). The sub-
sequent methanol loss reaction occurs in a concerted manner
consistent with the unstable nature of the ester oxygen as a
protonation site (O3 in Table 1); proton transfer from the
histidine side chain to the C-terminal ester oxygen and cleavage
of the carbonyl carbon to ester oxygen bond occur consecu-
tively in a single complex motion. The TS is displayed in
Figure 1b. The analogous oxazolone-forming pathway also
involves the concerted proton transfer and carbonyl carbon to
ester oxygen bond cleavage (Figure lc, Scheme S1). In con-
trast, neither means of formation of the lactam b, ion structure
(Scheme S3) is predicted to be energetically competitive with
protonated oxazolone or diketopiperazine-forming reactions by
either level of theory (Table 1, Table S1). Consequently, the
protonated diketopiperazine structure is predicted to be the
predominant b, ion structure formed.

Upon collisional activation, the protonated peptide with
the reversed amino acid sequence, [His-Phe-NH, + H]",
initially produced b, ions followed by abundant a, and a,

ions. At higher collision energies, these ions began to
fragment, leading to the a,-CO-NH; fragment at m/z 212
(Figure S1). A low abundance peak at m/z 138 correspond-
ing to a by ion is also observed fleetingly at intermediate

(a) Trans-cis
Isomerization TS

(c) Oxazolone
b,-MeOH TS

Figure 1. Selected M06-2X/6-31+G(d,p) transition structures
from the [PheHis-OMe + H]" potential energy surface
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Table 2. Relative Energies of [HisPhe-NH, + H]" Conformations at the M06-2X/6-31+G(d,p) Level of Theory. All Minima Configurations are the Typical Trans

Form Unless Indicated

E/H Earzpe/H AE 4 7pi/kJ mol ™! AHho/kJ mol ™! AGhog/kJ mol™! AS>0¢/T mol ™!

His Ring -1007.339806 ~1006.983852 0 0 0 0

NT ~1007.320417 ~1006.965640 478 485 4.9 18.6
o1 ~1007.318936 ~1006.965312 48.7 484 48.4 -0.0
02 ~1007.306023 ~1006.950681 87.1 86.6 88.1 -5.1
N1 ~1007.303045 ~1006.948491 92.8 93.7 91.0 9.1

N2 -1007.288013 ~1006.960811 60.5 61.4 58.0 114
His Ring cis -1007.326115 -1006.971488 325 324 30.4 6.8
NT cis ~1007.316984 ~1006.961051 59.9 59.7 56.3 11.4
Ol cis ~1007.303468 ~1006.948214 93.6 94.0 92.4 55
02 cis -1007.295914 ~1006.940010 115.1 1153 1139 45
Oxazolone b,-NH;TS ~1007.272553 ~1006.920192 163.5 164.3 161.5 9.2
Trans-cis Isomerization TS -1007.286914 -1006.933619 131.9 131.1 131.0 0.4
Diketopiperazine b,- NH; TS ~1007.267191 ~1006.911748 189.3 188.1 187.9 0.5
ar-y; TS ~1007.255036 ~1006.90459 208.1 2127 1959 56.3
by-y; TS -1007.281478 -1006.926518 150.5 149.7 150.8 4.0

collision energies (dark blue line, Figure S1). The calculated
energetics of the [His-Phe-NH, + H]" minima and fragment
ion-producing reactions are summarized in Table 2 for M06-
2X/6-31+G(d,p) and Table S2 for B3LYP/6-31+G(d,p). The
obvious outlier in viewing the calculated barriers in light of
the experimental data is that of the transition structure to b;
ion production (Figure 2a, Scheme S4), which appears to be
inconsistent with our experimental findings as it is lower
than the lowest energy b,-NH; TS. This contradiction is
resolved by examining the energies of the separated products
(Scheme S4, Table 2), which clearly show that the b;-y;
reaction is product-limited and substantially more energeti-
cally demanding (4E.,; zpr = 207.3 kJmol ") than any of the
b,-NH; pathways.

(a) Lactam b,-y, TS

For the experimentally predominant b, ion product, our
calculations predict trans-cis isomerization to be facile as it
requires over 30 kJ mol ' less than either protontated
oxazolone or diketopiperazine b, ion formation (Table 2,
Figure 2, Schemes S5 and S6). Consequently, the amide bond
cleavage is predicted to be the rate-determining step in b, ion
formation for [HisPhe-NH, + H]". Despite this, the
diketopiperazine b, ion formation TS barrier is much higher
than the oxazolone pathway at both levels of theory. Thus an
oxazolone b, ion is predicted to result from [HisPhe-NH, + H] "
fragmentation (Figure 2b). We utilize pseudo-MS? fragmenta-
tion of the b, ion peak in each system to test the predicted
fragmentation chemistry. Protonated synthetic cyclo-(HisPhe)
was also examined for comparison.

(b) Oxazolone
b,-NH, TS

(c) Trans-cis
Isomerization TS

Figure 2. Selected M06-2X/6-31+G(d,p) transition structures from the [HisPhe-NH, + H]* potential energy surface
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Analysis of b, lon and Protonated Cyclo-(HisPhe)
Fragmentation

The fragmentation reactions of protonated cyclo-(HisPhe) and
the b, ions (m/z 285) derived from Phe-His-OMe and His-Phe-
NH, have been studied in detail. In addition, the fragmentation
reactions of the [M + H — CO]J" ion derived from cyclo-
(HisPhe) and the a, ions derived from protonated PheHis-
OMe, HisPhe-NH, have also been studied in detail. The results
for the protonated diketopiperazine cyclo-(HisPhe) are
discussed in comparison with the detailed experimental and
computational studies published concurrently by Armentrout
and Clarke [45], Siu and co-workers [46], and Bythell et al.
[47]. Energy-resolved fragmentation of b, ions has been shown
as a means of distinguishing oxazolone from diketopiperazine
structures based on the substantially higher barriers to fragmen-
tation present for the protonated diketopiperazine structure and
the resulting product ion distributions this provides [45, 47].
On this basis, it should be possible to tell the structures apart in

Reletive Abundance

Reletive Abundance

Relative Abundance

0 5 10 15 20 25
Laboratory collision energy/ eV

Figure 3. Breakdown graphs for the b, ions generated with the

original sequences PheHis-OMe (top panel) and HisPhe-NH,

(middle panel), as well as protonated cyclo-(HisPhe) (bottom

panel)
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the present case, provided that the presence of the basic histi-
dine residue does not obscure differences in structure.

Figure 3 presents the breakdown graphs obtained on the
Bruker MaXis instrument for the b, ions generated with the
original sequences PheHis-OMe (top panel) and HisPhe-NH,
(middle panel), as well as protonated cyclo-(HisPhe) (bottom
panel). Similar differences are observed in the breakdown
graphs obtained with the QStarXL over a wider collision
energy range as shown in Figures S8—S10 of the Supporting
Information. What is immediately clear is that there are differ-
ences between the b, ions with the original sequences PheHis
(top panel) and HisPhe (middle panel). The latter requires far
less energy to fragment than the former and produces abundant
a, and a, ions as well as the phenylalanine immonium ion with
initial onset of fragmentation being ~5 eV laboratory collision
energy. Furthermore, the spectrum generated from the b, ion
produced from the protonated PheHis-OMe is very similar to
that of protonated cyclo-(HisPhe). This provides strong evi-
dence that the major structure of the b, ions derived from
protonated PheHis-OMe is a protonated diketopiperazine and,
thus, the alternate sequence-generated, HisPhe, b, ion structure
is predominantly protonated oxazolone. Our calculations
strongly support the alternate sequence-generated, HisPhe, b,
ion being an oxazolone structure too; the energy threshold is
more than 20 kJ mol™' lower for the oxazolone pathway (and
this pathway being relatively entropically favorable too,
Table 2, Table S2). We cannot entirely rule out the possibility
that there is a small contribution from an oxazolone structure in
the population of b, ions generated from protonated PheHis-
OMe, but this would likely be very minor based on the exper-
imental results. This is reasonably consistent with our M06-2X
findings, which place the protonated diketopiperazine thresh-
old energy ~6 kJ mol™' lower. The only caveat is why the
difference is not larger. At very high ion ‘temperature’, the
diketopiperazine b,-MeOH TS becomes more energetically
demanding because of the highly unfavorable relative entropy
of the diketopiperazine b,-MeOH transition structure (—44.4 J
mol ™). Consequently, the oxazolone b,-MeOH TS, which is
less entropically hindered, is likely to become more competi-
tive at higher ion temperature, assuming any precursor is still
present.

We then calculated the barriers to carbon monoxide loss
from the various protonated diketopiperazine and oxazolone
forms to determine if this initial fragmentation reaction provid-
ed evidence for/against our structural assignments.
Decarbonylation of the putative PheHis sequence b, oxazolone
can occur either directly or following isomerization to the
lactam structure. The indirect pathway (Scheme 2a) requires
less energy to initiate. Isomerization of the b, oxazolone to
form the lactam is facile as it requires only 39.0 kJ mol™" to
initiate (Figure 4a). Subsequent expulsion of the CO from the
lactam then requires at least 128.7 kJ mol ™" (Figure 4b). We
found that the HisPhe sequence b, oxazolone has a relatively
low energy TS (Figure 4c) corresponding to direct
decarbonylation of the protonated oxazolone structure. This re-
quires at least 132.9 kI mol ™' [AE ., zpr, M06-2X/6-31+G(d,p)] to
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Scheme 2. Lowest energy decarbonylation reactions of b, ions (a) PheHis b, oxazolone ion isomerization to lactam, then CO
expulsion; (b) HisPhe b, oxazolone ion pathway; (c) the complicated, concerted [cyclo(HisPhe) + H]*, diketopiperazine b,-a,
pathway. We are aware that the a, ions generated in these pathways may cyclize and/or isomerize subsequently

access (Scheme 2b). For comparison, we also calculated the of [cyclo-(HisPhe) + H]", the protonated diketopiperazine pre-
barrier to the b, — a, reaction, which we recently studied fora  dicted as the product of [PheHis-OMe + H]" methanol loss?

series of oxazolone b, ions [48]. This reaction requires substan- Decarbonylation of the protonated diketopiperazine b, ion
tially more energy, AEq;zpr = 192.3 kImol'. How do these is far more energetically demanding than any of these process-
relatively low barriers compare with fragmentation reactions  es. The lowest energy pathway to fragmentation of this

(a)PheHis Oxazolone b,—Lactam b, (b) PheHis Lactam b,-a, TS
Isomerization TS 9
'{f E J

(c) HisPhe Oxazolone (d) Diketopiperazine b,-a, TS
b,-a, TS

sy

Figure 4. Selected important transition structures on Ieadlng to CO loss from the various b, ion possibilities on the M06-2X/6-
31+G(d,p) potential energy surface
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structure has a lot in common with the b,-X fragmentation
pathways of the precursor ions (X=NHj3 or MeOH). The frag-
mentation again follows a complicated, concerted mechanism
relying on local proton mobility (Scheme 2c). It begins from a
low energy His ring-protonated conformer with charge-
solvation provided by the adjacent His carbonyl oxygen and
additional hydrogen bonding between the phenylaniline ring
and its amide hydrogen. Proton transfer from the histidine side
chain to the phenylaniline amide nitrogen is followed by elon-
gation of, then cleavage of that amide bond to release CO. The
deprotonated histidine side chain effectively guides the CO
molecule out of the amide bond after protonating the amide
nitrogen by forming a very short-lived, lactam-like transition
structure, but with elongated bonds (2.67 A for the TS;
Figure 4d) between the carbonyl carbon and the deprotonated
ring-nitrogen. This reaction requires at least 256.7 kJ mol ' to
be active. Numerous alternate pathways were attempted, in-
cluding ones similar to those described for the protonated cylic
peptides, cyclo(GlyGly), cyclo(AlaAla), and cyclo(PheLeu)
[45—47], but these were even more energetically costly. Nev-
ertheless, these calculations are consistent with the experimen-
tal data displayed in Figure 3 with the b, ions in the top and
bottom panels requiring substantially higher energy collisions
in order to initiate significant fragmentation.

Does the C-Terminus Affect the b, lon Structures
Produced?

We agree with a reviewers comment that we should have also
looked at the sequences HisPhe-OMe and PheHis-NH, exper-
imentally. Consequently, we have had these peptides synthe-
sized along with HisPheAla and PheHisAla to provide a more
detailed investigation of leaving group effects on threshold
energy and, thus, product ion structure(s). Additionally, we
have completed M06-2X/6-31+G(d,p) potential energy surface
and TS calculations for these new systems to provide a short
series for comparison. These are summarized in Table 3.
These calculations predict the cleavage of the HisPhe—X
bond is affected by the nature of the leaving group. This affect
is relatively consistent for both the oxazolone and
diketopiperazine-forming pathways and follows an approxi-
mately linear trend, where increasing gas-phase basicity of
the leaving group [49] is correlated with lower HisPhe—X bond
cleavage barrier. The diketopiperazine b,-X TS is consistently
substantially more energetically demanding than the preceding
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trans — cis amide bond isomerization reaction and also the
oxazolone-forming pathway. Conversely, the trans — cis am-
ide bond isomerization reaction barrier is correlated with gas-
phase basicity of the C-terminal residue/modification, indicat-
ing that a more basic C-terminus is less effective at stabilizing
the isomerization reaction. Our calculations predict the
oxazolone product ion should predominate in all three cases.
Our b, ion MS® experiments (Figure S2) reveal a more com-
plex picture. While the b, ions generated from [HisPhe-NH, +
H]" and [HisPheAla + H]" show very similar breakdown
graphs, which are consistent with the oxazolone structure, the
b, ions generated from [HisPhe-OMe + H]" have a different
population (Figure S2, top panel). These provide intermediate
fragmentation characteristics that show lower prevalence of the
a, ion product and higher collision energy being necessary to
achieve over 50% dissociation (~18 eV versus ~12 eV colli-
sions), indicating that a relatively significant population of
diketopiperazine ions is present in addition to the oxazolone
ions. One possible explanation for this apparent discrepancy is
that the kinetic shift associated with the oxazolone b,-X TS
may be significantly larger than for the other two cases, thereby
enabling more consecutive fragmentation of the oxazolone
product to occur at the same time as some formation of the
diketopiperazine isomer also occurs. The potential depletion of
the oxazolone product would thus lead to a remaining popula-
tion with an higher diketopiperazine composition. The substan-
tially larger initial b,-X barriers for the [HisPhe-OMe + H]"
form supports this potential explanation.

The situation when histidine in the second residue is predict-
ed to be a lot more complicated. The gas-phase basicity of the
leaving group is correlated with lower PheHis-X bond cleavage
barrier for the oxazolone pathway, but not for either the
diketopiperazine or lactam congeners. As described previously,
the diketopiperazine b,-X pathway is supported experimentally
and theoretically for the C-terminal methoxy ester form. In
contrast, the [PheHis-NH, + H]" form narrowly predicts the
oxazolone pathway as most likely to be active (Table 3,
Figure S3), followed by the lactam (+5.1 kJ mol "), and then
the diketopiperazine (+8.5 kJ mol ). The significantly improved
H-bonding available to stabilize the transition structures when
NH; is the leaving group rather than methanol, reduces the
barriers here. The [PheHisAla + H]" system has reduced relative
stabilization to the amide-terminated form, as the additional bulk
of the leaving group limits the proximity of the H-bonding
possible. In the oxazolone and diketopiperazine pathways, this

Table 3. Relative Energies of TSs Relevant to the Formation of the Various b, Ion Structures from Protonated His-Containing Peptides Calculated at the M06-2X/6-

31+G(d,p) Level of Theory

Peptide Oxazolone b,-X TS, Trans — cis isom’ TS, Diketopiperazine b,-X TS, Lactam b,-X TS,
sequence AE 1:7pE(4G19g)/kJ mol ! AE g, 7pE(AG10g)/kT mol ! AE 1. 7pE(AG10g)/K] mol ! AE 1, 7p5(AG10g)/kT mol !
PheHis-OMe 160.0 (164.5) 128.5 (132.3) 142.1 (150.6) 215.1 (219.1)
PheHis-NH, 141.9 (146.5) 91.5(95.2) 150.4 (159.1) 147.0 (155.8)

PheHisAla 128.7 (136.6) 88.2 (89.8) 132.8 (141.7) 162.8 (170.0)
HisPhe-OMe 183.6 (188.0) 125.0 (129.3) 208.3 (217.5) -

HisPhe-NH, 163.5 (161.5) 131.9 (131.0) 189.3 (187.9)

HisPheAla 144.3 (145.7) 132.7 (131.0) 160.7 (165.9)
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is compensated for in part by the C-terminal carbonyl H-bonding
to the N-terminus leading to reduced relative barriers. This
stabilization is not available to the lactam TS, so this is relatively
less favorable (Figure S3). Overall, the oxazolone and
diketopiperazine (+4.1 kJ mol ') pathways are very similar
energetically and entropically. Despite this, at the minimum
voltage difference between the ion funnels (Bruker MaXis)
necessary to generate b ion signal, our subsequent MS? exper-
iments on the b, ion structures generated from [PheHisAla + H]"
produced breakdown graphs similar to the oxazolone
(Figure S4). In contrast, the breakdown graph of the b, ions
generated from [PheHis-NH, + H]" does show evidence of a
mixture (Figure S4 top right panel) with fragmentation behavior
that is intermediate between those of solely protonated
oxazolone or cyclo-(HisPhe). For example, Figure S4 indicates
50% dissociation at ~18 eV collision energy for b, ions gener-
ated from [PheHis-NH, + H]" as opposed to ~22 eV for [cyclo-
(HisPhe) + H]" and b, ions generated from [PheHis-OMe + H]".
Based on the M06-2X/6-31+G(d,p) calculations, it is unclear
why there is so much protonated diketopiperazine present in this
b, ion population generated from [PheHis-NH, + H]". Never-
theless, it is clear that the nature of the second residue and the
leaving group do significantly affect the TS energies and, thus,
the resulting product ion structure distributions.

Analysis of a, Ion and [Cyclo-(HisPhe)-CO]" Ion
Fragmentation

As Figures S5-S7 show, m/z 110 (His immonium ion) and m/z
212 are the major fragmentation products of the [M + H— CO]"
ion irrespective of whether this was generated from an
oxazolone of diketopiperazine structure. The m/z 212 fragment
corresponds to loss of CO + NHj. Similar products [47, 50, 51]
have been observed and studied with theory previously. Even-
tual formation of iminium ions involves initial generation of a
proton-bound complex of two imines. The fragmentation of a,
ions to form iminium ions by way of a proton-bound complex
of two imines was first proposed by Siu and co-workers [52]
for the GlyGly a, ion. Support for this pathway was provided
by a more detailed study [53] of the fragmentation of a variety
of a, ions, where it was shown that the imine with the greater
proton affinity produced the most abundant iminium ion. The
His imine has a greater proton affinity (~983 kJ mol ') than the
Phe imine (~929 kJ mol™"), so should overwhelmingly win the
battle to keep the proton and, as a result, be much more
pronounced in the product ion mass spectrum.

The breakdown graph for the a, ion (/m/z 257) derived from
protonated HisPhe-NH, is presented in Figure S6. The graph
differs from the graphs for the other m/z 257 ions (Figures S5
and S7) in showing a distinct signal at m/z 138, the His b, ion.
This b; ion readily fragments by loss of CO to give m/z 110,
suggesting multiple means of generation for the histidine
immonium ion. For the GlyGly a, ion derived from triglycine
IRMPD studies and theoretical calculations [54, 55] have
shown an N;-protonated 4-imidazolidinone. More recent spec-
troscopic and theoretical studies [56] of the TyrGly a, ion
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showed that in addition to this structure, non-cyclic isomers
can be formed if a suitable means of catalyzing proton transfer
across the ring is present. Similar results were obtained by Siu
and co-workers [57]. In principle, either the histidine or the
phenylaniline side chains can do this, thereby lowering the
barrier. Stein and co-workers [58] have shown that the Thr side
chain is also capable of catalyzing this isomerization. One
should note that many of these structures are identical to ones
formable from the protonated diketopiperazine. As usual, we
cannot eliminate the possibility that there may be a minor route
to m/z 110 through the diketopiperazine structure (if present). A
more detailed theoretical analysis of the interplay of these a,
ion chemistries will follow elsewhere.

Conclusions

A detailed study of the reactions necessary to form and then
fragment b, ions in an environment of local proton mobility has
been undertaken. The results show that the PheHis b, ion can
exist largely as either protonated diketopiperazine or oxazolone
(or even lactam, in the case of [PheHis-NH, + H]") under our
experimental conditions, and that the ion population is a func-
tion of the leaving group. Based on our limited series, the less
basic the leaving group (methanol < NHj < alanine), the higher
the oxazolone ion population. This is indicated by lower colli-
sion energy being necessary to fragment 50% of the precursor
ions and diagnostic fragment ions relative presence. In contrast,
the HisPhe b, ion exists largely as a protonated oxazolone.
Here, the exception is once again the methoxy form, which
shows evidence of the diketopiperazine form too. The reactions
necessary to generate these ions rely heavily on local proton
mobility primarily facilitated by the histidine side chain. The
exception to this appears to be trans-cis isomerization of the
first amide bond, which does not require direct involvement of
the histidine side chain in the present cases. This reaction was
facile for all systems examined with the subsequent —X bond
cleavage reaction being rate-limiting.

We also show that the prediction of Armentrout and Clarke
[45] that oxazolone and diketopiperazine structures should be
discernable based on their energy-resolved fragmentation
holds. Based on our experiments and calculations, oxazolone
fragmentation is substantially more facile. The fragmentation
chemistry of a, ions derived from protonated PheHis-OMe and
HisPhe-NH,, and protonated cyclo-(HisPhe), is a lot more
similar than the b, ion case. Nevertheless differences in the
structures or, more likely, the distribution of structures gener-
ated from the preceding collisional activation are apparent at
lower collisional energies, consistent with the premise that how
the ions are made can have a noticeable effect on the product
ion population distributions [59-64].
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