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Abstract

Collision-induced dissociation (CID) experiments on protonated carnosine , [Carnosine + H]"
using several collision energies were shown to yield eleven different fragment ions with the
product ions [Carnosine — H,O + H]" and [Carnosine — NH; + H]" to be the lowest energy
processes. Energy-resolved CID showed that at slightly higher collision energies the ions
[Histidine + H]" and [Histidine — H,O — CO + H]" are formed. At even higher energies four
other product ions were observed, however, attained relatively lower abundances. Quantum
chemistry calculations, carried out at different levels of theory, were employed to probe
fragmentation mechanisms that account for all the experimental data. All the adopted
computational protocols give similar energetic trends and the range of the calculated free
energy barrier values for the generation of all the observed product ions is in agreement with

the fragmentation mechanisms offered here.
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Introduction

The dipeptide p-alanine-L-histidine, also known as carnosine, is a naturally occurring
substance synthesized by endogenous carnosine synthetase discovered more than 100 years
ago [1]. It is present at elevated levels in human skeletal and cardiac muscles as well as in
brain tissue [2-5] and is typically concentrated in the cytosol of cells due to its water
solubility [6]. Although not much is known about its physiological function, several possible
roles have been considered since its first discovery [7, 8] such as pH-buffering [9], metal
chelation [10] or neurotransmitter function [11]. Carnosine is also reported to have
antioxidant activity due to its ability to react with several highly reactive species, such as
hydroxyl, super oxide and molecular oxygen free radicals, especially in the water rich
environment inside the body [3, 12, 13]. More recently, carnosine was shown to play a role in
the detoxification of the anti-cancer drug oxaliplatin, one of the most commonly used Pt-
anticancer chemotherapeutic agents [14]. Additionally, it was shown that complexes formed
between carnosine and oxaliplatin reduce the efficacy of the Pt-drug causing increased
viability in cancer cells [14].

The interaction of carnosine with metals of biological relevance was the subject of several
studies including the reporting on metal binding energies to the peptide and providing
structural elucidation of the complexes and the resulting collision induced dissociation (CID)
products [14-21]. Studies of the CID products of protonated carnosine on the other hand
have received considerably less attention. In general, the observed fragmentation patterns
generated from protonated peptides ions typically depend on several factors including the
amino acid composition, the size of the peptides, the excitation method used and the charge
of the ions [22]. CID of protonated peptides employing soft ionization techniques such as
electrospray and matrix assisted laser desorption proved useful for determining amino acid

sequences. This in turn increased the interest in the fragmentation pathways of protonated
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peptides and the mechanisms of product ion formation which spurred several studies on
protonated a-amino acids [23-30] while studies on -amino acids or peptides that contain
those remain very sparse [31, 32].

Relatively simple CID mass spectra are generated due to the fragmentation of protonated
aliphatic a-amino acids which mainly show their respective iminium ions produced via the
concomitant loss of H,O and CO. Hydroxylic and acidic a-amino acids lose H,O through the
OH and COOH groups in their side chains in addition to the concomitant loss of H,O and
CO. Basic a-amino acids such as arginine and lysine have the a nitrogen on the side chain as
the favoured site of protonation [30] thus one of the major fragmentation pathways in these
amino acids involve the loss of NHj; and, in the case of protonated arginine, guanidine
[23,24]. Facile elimination of NHj is observed in all aromatic a-amino acids, with the
exception of protonated histidine in addition to the concomitant elimination of H,O and CO
[23, 33-36]. At higher collision energies, subsequent to the elimination of NHj the losses of
H,0, CO, CO; and CH,CO are observed while losses of HCN, HCNH,, and NH; take place
subsequent to the concomitant losses of H,O and CO [26].

Protonated peptide fragmentation under low-energy collision conditions are believed to be
charge induced and electron rearrangements involved in decomposition of an activated ion
into two or more fragments are assumed to be triggered by localization of charge on specific
sites within the molecular structure of the decomposing ions [22]. Thus, the observation of a
large number of product ions typically implies that there is a heterogeneous population of
fragmenting precursor isomers. This situation is likely since peptides contain multiple
functional groups and each of them can act as a protonation site. In the case of carnosine
these sites include the carboxylic, amino, and amide groups as well as the imidazole moiety
of histidine. The average pK values of these groups are 2.64 for the carboxylic, 6.77 for the

tele nitrogen of imidazole and 9.37 for the amino group [10]. This large range of values may
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explain the fact that carnosine can exist in several different tautomeric forms. In addition to
possibly having a large population of fragmenting precursor isomers it is also possible,
however, for inter-conversions between these protonated isomers to occur if low energy
barriers are required, which can also contribute to the formation of a large number of
collisionally-induced fragment ions.

In this paper, we report for the first time on a detailed examination of the CID products of
protonated carnosine and employ quantum chemistry calculations to rationalize the observed

fragmentation patterns.

Instrumentation

An LTQ linear ion trap mass spectrometer (Thermo Electron, San Jose, CA, USA) and an
Acquity TQ tandem quadrupole mass spectrometer, (Waters, MA, USA) both equipped with
electrospray ionisation interfaces were used in this work. Carnosine, HPLC-grade water and
methanol were all purchased from Sigma-Aldrich, UK. Deuterium exchange experiments
were carried out in solutions that contain deuterium oxide (99.9 %) and CH;0D (99.5 % both
from Sigma-Aldrich). The LTQ Resolving powers achieved were in the order of 1500 while
the upper instrumental error limit in measurements was 0.2 m/z units. The LTQ auto-tune
routine was used to obtain lens, quadrupole and octapole voltages for maximum transmission
of the ions of interest. Helium gas, admitted into the ion trap at a maintained pressure of
approximately 10~ Torr, was used as the buffer gas to improve the trapping efficiency and as
the collision gas for collision-induced dissociation experiments performed here. Experiments
designed to elucidate ion structures or fragmentation pathways on the LTQ were performed
as follows: the ion of interest was selected then collisionally activated by setting the

activation amplitude at 25-35% of the maximum voltage available (determined empirically),
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and the activation Q setting (used to adjust the frequency of the RF excitation voltage) was
set at 0.25 units.

The Acquity TQ was operated in positive ion mode, with typical values of cone and extractor
voltages set to 30, and 3 respectively. The capillary voltage was optimised day to day for
maximum signal transmission and spray stability, the optimised range was typically 2200-
2500 volts. The de-solvation gas was usually set at a flow of 250 L h'anda temperature of

150 °C. Argon was used as the collision gas at a typical flow rate of 0.15 ml min™. Tons

sampled from the electrospray suffered many collisions in an attempt to achieve effective
thermalization in the lens region, being from the orifice/skimmer to the first r.f. only
quadrupole. The bias potential in this lens region was set up to strike a compromise between
signal transmission and minimal collisional heating. The precursor ions underwent multiple
collisions with argon to produce tandem mass spectra obtained at collision energies in the
range 0-30 eV in the lab frame having both Q1 and Q3 operated at unit resolution with
typical a dwell time of 25 millisecond per transition. Both instruments described here were
previously successfully employed by us using the exact set up described to elucidate
structures of metal and non-metal containing biological ligands. [37-39] While some of our
previous studies were conducted near single collision conditions [40-42] the experiments

reported here were all performed under multiple collision conditions.

Computational Methods

All molecular orbital calculations were performed using GAUSSIAN 09 [43]. Structures
were fully optimized without symmetry constraints by means of density functional theory
(DFT) using the hybrid Becke’s three-parameter exchange functional and the correlation
functional from Lee, Yang and Parr (B3LYP) [44-46] in conjunction with the standard Pople

basis set 6-311++G(d,p) [47-49]. All critical points obtained here were characterised by
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harmonic frequency calculations as either minima or first order saddle point. All the
stationary points reported here were further characterized by harmonic frequency analysis to
have the appropriate number of imaginary frequencies, which are none for local minima and
one for first-order saddle points. Intrinsic reaction coordinate calculations [50] were run to
connect the transition state geometries with those of the corresponding minima. All species
considered in this work were in the singlet state and thus all calculations performed were on
closed shell species. The spin has been conserved through all the reactions described within
the manuscript. Total energies, zero-point energies, thermal corrections and entropies are
given in Supplementary Tables S1-S4. Long and weak interactions such as hydrogen bonds
are often difficult to accurately describe by DFT theory. However, studies employing DFT
calculations with the B3LYP functional accurately detail hydrogen bonding in small systems
such as hydrogen fluoride dimers, clusters of cyanoacetylene and hydrogen cyanide as well as
in water dimers and complexes [51-54]. The B3LYP and the 6-31++G(d,p) combination was
successfully used to model internal hydrogen bonding within a protonated triglycine and to
demonstrate the validity of the “mobile proton” model in the tripeptide [55] while the
B3LYP/6-311++G(2d,2p) level of theory was shown to predict the existence of a hydrogen
bonding stabilised zwitterionic form of protonated carnosine in the gas phase [21]. With the
aim of comparison, however, both single point MP2 (frozen core) [56] and MO06 [57]
calculations by using the same 6-311++G(d,p) basis set on optimized B3LYP/6-311++G(d,p)
geometries were carried out. The hybrid M06 exchange-correlation functional was employed
here as it is specifically designed to accurately describe non-covalent interactions.
Additionally, the M06 functional along with the 6-311++G(d,p) basis set was employed to
perform full optimization followed by frequency calculations of geometrical structures of
minima and transition states and to map the fragmentation pathways on the corresponding

PESs. For the sake of clarity, from this point forward the used levels of theory B3LYP/6-
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311++G(d,p), MO06/6-311++G(d,p), MO06/6-311++G(d,p)/B3LYP/6-311++G(d,p) and
MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p) will be indicated as B3LYP, M06, MO6SP,

MP2SP, respectively.
Results and discussion

Electrospraying a 1 mM solution of carnosine in a 1:1 (v/v) water-methanol solution
generated the mass spectra shown and assigned in Figure 1 (see panel A). The MS® spectra
of [carnosine + H]", for which the potential energy surfaces were extensively studied and
found to be relatively flat containing several low energy structures, [21] is shown in Figure 1
(see panel B). Collision-induced dissociation experiments are shown to yield eleven different
fragment ions as shown in Figure 1 (see panel B) and Figure 2. It is important to note that
results shown on Figures 1 and 2 were produced by two different mass spectrometers
operated by two different collision gases and not under single collision conditions. Thus
even at the same values of Ej, no direct comparison of ion intensities between the two
figures is possible. Although many pathways leading to the formation of such fragments
were examined, only those at lower energies are reported here. Relative gas-phase free
energies of minima and transition states are calculated with respect to the most stable
conformer of [carnosine + H]", 227 shown in Figures 3 and 4, which has also been previously
reported as the lowest energy species for protonated carnosine [17, 21, 58] obtained by
protonation at the pros imidazole nitrogen of the imidazole ring of the histidine residue and
containing two pseudo rings. The first is a pseudo eight membered ring due to the formation
of a hydrogen bond between the hydrogen atom of the protonated pros imidazole nitrogen
and the amide carbonyl oxygen atom. The second of such pseudo rings is formed through the
formation of a hydrogen bond between the hydrogen atom of the amide nitrogen and the
nitrogen atom of the amino group. The outcomes of all the employed levels of theory, that is

B3LYP, M06, MO6SP and MP2SP are reported and discussed.
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Many of the fragment ions observed in the MS? spectra shown in Figure 1 (see panel B) were
previously reported [17, 18]. The MS? spectra of [carnosine-ds + D] in which carnosine has
all its labile hydrogen atoms exchanged with deuterium atoms is shown in Figure S1 of the

supplementary material.

[Carnosine — CH,NH + H]*

The ion at m/z 198 shown in Panel B of Figure 1, which is assigned as [carnosine — CH,NH +
H]" is shown to be formed from the most stable conformer of [carnosine + H]", 227, through
the transition state TSj,7_198 With an associated barrier of 49.7, 52.3, 64.0 and 62.0 kcal mol
! calculated at the B3LYP, M06, MO6SP and MP2SP levels respectively as shown in Figure
3. Schematic representations and optimised structures at the B3LYP level of all involved
species are shown in Figure 4 and Figure S2 in the supplementary material respectively. This
ion is shown to correspond to the signals at m/z 203 and 204 at a ratio of 4:1 in the CID
spectrum of the deuterium-incorporated complex shown in Figure S1. This indicates that the
loss of a single deuterium atom most likely on the nitrogen atom of the eliminated CH,ND to
be the dominate pathway but that evidence of gas phase H/D exchange prior to the

elimination reaction observed.

[Carnosine - CH,NH - H,O + HJ*

The subsequent elimination of H,O from the ion [carnosine — CH,NH + H]+ to produce
[carnosine - CH,NH - H,O + H]", which is observed at m/z 180 in Figure 1 corresponds to a
signal cluster at m/z 183, 184, 185 and 186 in the in the CID spectrum of the deuterium-
incorporated complex shown in Figure S1. This cluster indicates the loss of up to three
deuterium atoms most likely due to the elimination of CH,ND and D,0 as consistent with the

proposed fragmentation pathway. The presence of such a signal cluster is also an indication
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of significant H/D gas phase scrambling prior to the elimination reaction observed. This
partial H/D gas phase scrambling has been previously reported in the CID of protonated and
metal ion bound-aromatic amino acids including histidine and tryptophan [25, 26, 42].
Mechanisms rationalising this observed H/D scrambling were reported [42] in which it is
assumed that the forward and reverse rate of each of the steps are fast, an assumption that is
reasonable as hydride transfers typically have fast reaction rates [25]. The proposed
fragmentation pathway to produce [carnosine - CH,NH - H,O + H]" is shown in Figure 3 to
go through a transition state calculated to be at 51.0, 56.2, 65.7 and 55.4 kcal mol™ at the
B3LYP, M06, MO6SP and MP2SP levels relative to structure 227, respectively. It is
important to note that for three of the used computational protocols, the second transition
state shown in Figure 3 is calculated to be very slightly higher in energy than the first
transition state shown on the figure. This energy difference where TS19s_,180 is shown to be
higher than TS27_108 is calculated to be at a maximum of 3.9 kcal mol™ at the MO6SP level
while at the MP2SP level the order is shown to be reversed with TS;¢5-,180 being lower by 6.6
kcal mol™. This may consequently explain, the relatively low abundance observed for the ion

[carnosine - CH,NH + H]".

[Carnosine — NH3 +H]

The CID curve shown in Figure 2 reveals that the loss of NHj3 pathway to produce the ion at
m/z 210 from the precursor [carnosine + H]" at m/z 227 as shown in Figure 1 is among the
lowest energy processes. The CID spectrum of the deuterium-incorporated complex shown
in Figure S1 indicates the losses of ND3;, NHD, and NH;D to be evident at approximate ratios
of 5:4:1. This significant H/D scrambling prior to the elimination of NH3; was previously
reported in metal ion containing and protonated amino acids. [26, 42] The calculated energy

profile for this reaction is shown in Figure 5, and the corresponding schematic representations
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and optimised structures at the B3LYP level of all involved species are shown in Figure 6 and
Figure S3 in the supplementary material respectively. The loss of NH; from [carnosine + H]"
to form [carnosine — NH3 +H]" observed at m/z 210 in Figure 1 is shown to go through the
transition state TS;27-.219 in which the hydrogen bond of structure 227 between the hydrogen
atom of the amide nitrogen and the nitrogen atom of the neutral amino group is no longer
present and a 1,3-hydride shift to the terminal amino nitrogen takes place. This transition
state TS227-210 leads to the release of NH3 and the formation of an ion molecule adduct as
shown in structure 210 in Figures 6 and S3, in which the remaining ion forms a hydrogen
bond with the newly liberated NH3; molecule through the hydrogen of the amide atom. This
rather long and weak hydrogen bonding interaction, being at 1.977 and 1.937 A as optimized
at the B3LYP and MO06 levels respectively is then very easily broken to produce the ion
observed at m/z 210. The production of this ion is shown to be among the lowest processes
calculated here, requiring an activation barrier of 47.1 kcal mol™”, at the B3LYP level,
calculated with respect to the lowest energy form of protonated carnosine, as shown in Figure
5. This same energy barrier is calculated to be the 44.8, 57.5 and 53.7 kcal mol ™! at the MO6,
MO6SP and MP2SP levels respectively.

All efforts to locate a ‘loose’ transition state for the direct removal of NH; from Structure 227
in Figures 6 and S3 resulted into a concerted transition state for the simultaneous shifting of
two hydrogen atoms: the first from the amide nitrogen to the terminal amino nitrogen,
forming the NHj3 which is subsequently lost as a neutral fragment, while the second being one
of the two hydrogen atoms on the CH, adjacent to the CO shifting to the amide nitrogen
atom. This step was calculated at the B3LYP level of theory to have a barrier of 72.1 kcal
mol™ relative to structure 227 of Figures 6 and S3. The second step in this pathway is the
removal of NHj involving a subsequent transition state which was calculated to have a barrier

of 37.3 kecal mol™ relative to structure 227 of Figures 6 and S3. This process detailed here is
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shown in supplementary Figure S5 and is calculated to be less viable than the one previously

described in Figures 5 and 6 for the loss of NHj.

[Carnosine - NH; - H,0 + H]+

The subsequent loss of H,O from the ion [carnosine — NH; +H]" observed at m/z 210 in
Figure 1 is shown in Figure 5 to occur by overcoming the transition state TS;19—192
schematically shown in Figures 6 and S3, in which the backbone of the dipeptide is
rearranged to allow for the carbonyl oxygen atom of the -COOH group to abstract the
hydrogen atom of the pros nitrogen of the imidazole ring which in turn allows for the
elimination of H,O and formation of a bond between the carbon atom of the remaining
carbonyl group and the pros nitrogen of the imidazole ring resulting in the formation of a
five-member ring within the ion [Carnosine - NH; - H,O + H]" which is observed at m/z 192.
The corresponding signal cluster for this ion in the CID spectrum of the deuterium-
incorporated complex shown in Figure S1 indicates the losses of one, two, three, four or five
deuterium atoms at ratios of 1:6:10:3:2 which is consistent with the mechanism proposed
here. The transition state TSz19—192 for this process is calculated to be only very slightly
higher in energy than the transition state TS;27-,210 responsible for the generation of the ion

[Carnosine - NH; + H]" at m/z 210.

[Carnosine - NH; - H,O - CO + H]

The subsequent loss of CO from the ion [Carnosine - NH3 - H,O + H]" produces the ion
[Carnosine - NH;3 - H,O - CO + H]" observed at m/z 164 in Figure 1. This process in which
the CO in the five-member ring of the ion [Carnosine - NH; - H,O + H]" is eliminated, as it is

shown in Figures 5 and 6, to produce the structure 164 going through the transition state
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TS192-164 calculated to be at 50.3 kcal mol” at B3LYP level relative to structure 227, this

value increases to 61.0, 70.0 and 59.5 at the M06, MO6SP and MP2 levels respectively.

[Carnosine - H>O + H] " and [Carnosine - H,O - CO + H] "

The ion at m/z 209 shown in panel B of Figure 1 is shown in Figure 7 to be produced initially
at relatively low collision energies; however, it does not attain any significant relative
abundance. This ion was assigned to be due to the loss of H,O from the precursor [Carnosine
+H]" at m/z 227 shown in Figure 1, the corresponding signal for this ion in the CID spectrum
of the deuterium-incorporated complex shown in Figure S1 is observed at m/z 213 and 214
indicating the losses D,O and HOD respectively. This ion is proposed to be formed by
overcoming the barrier relative to the transition state TS;27-,200 shown in Figure 7 in which a
very similar rearrangement to the transition state TSz19-192 Where H,O is eliminated from
[Carnosine - NH; + H]". Here, however, the resulting ion [Carnosine - H,O + H]" is
observed at m/z 209 as shown in Figure 1 and the barrier for the corresponding transition
state was calculated to be 43.0, 42.0, 52.0 and 43.2 kcal mol™ at B3LYP, M06, M06SP and
MP2 levels, respectively which is in line with our experimental observation of the formation

of the ion at m/z 209 being a relatively low energy process.

The subsequent neutral loss of CH,NH from the resulting ion [Carnosine - H,O + H]+ at m/z
209 is shown to proceed via a C-C bond cleavage and a hydride transfer of one of the
hydrogens on the terminal amino nitrogen atom to a carbonyl oxygen atom on the peptide to
produce the observed ion [Carnosine - H,O - CH,NH + H]" at m/z 180 and the neutral
fragment CH,NH as shown in Figures 6 and S3. While this process may be consistent with
the signal cluster around m/z 184 in the CID spectrum of the deuterium-incorporated
complex shown in Figure S1, this pathway proceeds through the transition state TSz99—.1808

shown in Figure 7 which is calculated to be 63.6, 70.5, 72.6 and 73.3 kcal mol™! as calculated
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at the B3LYP, M06, MO6SP and MP2 levels, respectively with respect to structure 227 to
produce structure 180B shown in Figures 6, S3 and 7. This is compared to the favoured
production route of structure 180 via the pathway shown in Figure 3 which proceeds through
the transition state TSqeg_180 calculated at 51.0, 56.2, 65.7 and 55.4 kcal mol™ for the same

levels of theory respectively.

The loss of CO from the ion [Carnosine - H,O + H]" at m/z 209 produces the ion [Carnosine -
H,O - CO + H]" which is observed at m/z 181 in Figure 1 and corresponding signals at m/z
185 and 186 in the CID spectrum of the deuterium-incorporated complex shown in Figure S1
consistent with the losses of D,O and HOD respectively. The barrier for this process was not
reported here, however, the barrier to the formation of the ion [Carnosine - H,O - CO + H]"

directly from [Carnosine + H]" was calculated to be 58.6 kcal mol™ at B3LYP level.

[Histidine + H]", [Histidine — HO + H] " and [Histidine — H,O — CO + H] "

The last three ions observed at m/z values of 156, 138 and 110 as shown in Panel B of Figure
1 are assigned as [Histidine + H]", [Histidine — H,O + H]" and as [Histidine — H,O — CO +
H]" respectively. The formation of [Histidine + H]" observed at m/z 156 through the loss of
CH(O)CH,CHNH from [carnosine + H]" is consistent with the ion cluster around m/z 161 in
the CID spectrum of the deuterium-incorporated complex shown in Figure S1 corresponding
to the losses of two, one or none of the deuterium atoms from the precursor ion [carnosine-ds
+ D]" at ratios of 2:6:1. This is consistent with the pathway for the formation of this ion
proposed here as shown in Figures 8 and 9 as well as Figure S4 in the supplementary material
to initially involve two rearrangement steps of the precursor ion [carnosine + H]". The first
of these rearrangement steps goes through the transition state TS;27-,2278 and is calculated to

require 57.7 kcal mol™ when the B3LYP protocol is used, relative to structure 227. This
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barrier is, in fact, calculated to be significantly higher in energy than that needed for the
eventual formation of the ion [Histidine + H]" observed at m/z 156 in Figure 1 Panel B as
shown in structure 156 in Figures 8 and 9 from the rearranged form of the ion [Carnosine +
H]" being structure 227C. The corresponding transition state for this process being structure
TS1270-156 18 calculated at the B3LYP, M06, MO6SP and MP2SP levels to be 36.0, 38.3, 37.9
and 36.6 kcal mol™ relative to structure 227 respectively. In turn, the loss of H,O from
[Histidine + H]" to produce [Histidine — H,O + H]" as observed at m/z 138 in Figure 1 Panel
B and at m/z 141 and 142 in the CID spectrum of the deuterium-incorporated complex shown
in Figure S1 corresponding to the retention of 3 and 4 deuterium atoms respectively is
calculated to go through the transition state TS;s¢_138 calculated at 64.9, 70.5, 81.6 and 72.8
keal mol™ respectively at the same levels of theory. Finally, the subsequent loss of CO from
[Histidine — H,O + H]" to produce the smallest observed ion [Histidine — H,O — CO + H]" at
m/z 110 in Figure 1 Panel B and at m/z 113 and 114 in the CID spectrum of the deuterium-
incorporated complex shown in Figure S1 again corresponding to the retention of 3 and 4
deuterium atoms respectively is shown to involve a transition state at 62.1, 72.4, 80.4 and
72.7 keal mol™ for B3LYP, M06, M0O6SP and MP2SP respectively relative to structure 227
which is 19.3, 14.5, 23.1 and 17.9 kcal mol” lower than the barrier needed to produce its
precursor. This may explain the observations presented in the collision induced dissociation
curve of Figure 2 in which the ion [Histidine — H,O + H]" at m/z 138 is shown not to attain
any significant abundance while the ions [Histidine + H]" and [Histidine — H,O — CO + H]"

at m/z values of 156 and 110 respectively reach significant relative abundances.

The results of the computational analysis of the fragmentation pathways reported here shows
that all the adopted computational protocols are able to reproduce and rationalize the
experimental evidence and give comparable energetic trends. However, the description of

the calculated energy profiles in terms of relative energies of the intercepted stationary points,
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calculated with respect to the reference energy of structure 227, appears to be significantly
different when single point calculations are carried out on previously optimized geometries

with the risk that the main features of the fragmentation PESs might not be captured.
Conclusions

Collision-induced dissociation experiments on protonated carnosine, [Carnosine + H]" using
several collision energies were shown to yield eleven different fragment ions with the
product ions [Carnosine — H,O + H]" and [Carnosine — NH; + H]" to be the lowest energy
processes. The MS? spectra of [carnosine-ds + D]" in which carnosine has all its labile
hydrogen atoms exchanged with deuterium atoms provided some insights into the CID
mechanisms although significant gas phase H/D scrambling prior to fragmentation was
evident. The outcomes of the present combined theoretical and experimental investigation of
the fragmentation pathways show that the lowest energy species for protonated carnosine
found here is the same as that previously proposed [17, 21, 58]. The adopted computational
protocols give comparable energetic trends and are all able to elucidate the fragmentation
mechanisms, which account for all experimental data. However, when single point M06 and
MP2 calculations on previously optimized B3LYP structures are carried out, the description

of the energy profiles in some regions were significantly different.
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Figure 1: Panel A, full scan MS spectrum of a 1mM of Carnosine in a (1:1) (v/v) water/methanol solution as without allowing
for incubation time. Panel B, MS? spectrum of the ion [Carnosine + H]* generated at 25 eV in the lab frame. Both mass spectra
were generated by an LTQ linear ion trap using helium as a collision gas as described in the instrumental section.
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Figure 2: Energy-resolved collision induced dissociation curves of [Carnosine +H]" as obtained on the Aquity

TQ tandem mass spectrometer employing argon as a collision gas as described in the instrumental section. Y-axis
are (ion abundance)/(total ion abundance) expressed as a percentage. Panel A shows the full curve while panel B
shows an expanded view for clarity. Only ions attaining relative intensities above 2.5% are labelled.
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Figure 3: B3LYP free energy profile for the fragmentation of [Carnosine + H]* to give the ion at m/z
180 and its precursor at m/z 198. Relative free energies at 298 K are in kcal mol-! and calculated with
respect to the most stable conformer, 227, of protonated carnosine. M06, MO6SP and MP2SP values
are reported in italics, in brackets and square brackets, respectively.
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Figure 4: Proposed mechanism for the collision induced fragmentation of [Carnosine + H]" to produce

the fragments observed at m/z 198 and 180.
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Figure 5: B3LYP free energy profile for the fragmentation of [Carnosine + H]* to give the ion at m/z 164 ar:i
its precursors at m/z 210 and 192. Relative free energies at 298 K are in kcal mol! and calculated with
respect to the most stable conformer, 227, of protonated carnosine. M06, MO6SP and MP2SP values are

reported in italics, in brackets and square brackets, respectively.
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Figure 6: Proposed mechanism for the collision induced fragmentation of [Carnosine + H]" to produce
the fragments observed at m/z 210, 192 and 164.
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Figure 7. B3LYP free energy profile for the fragmentation of [Carnosine + H]* to give the ion at m/z 180 ari
its precursor at m/z 209. Relative free energies at 298 K are in kcal mol-t and calculated with respect to the
most stable conformer, 227, of protonated carnosine. M06, MO6SP and MP2SP values are reported in italics,
in brackets and square brackets, respectively.
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Figure 8: B3LYP free energy profile for the fragmentation of [Carnosine + H]* to give the ion at m/z 110 anZ
its precursors at m/z 138, 156 and 227. Relative free energies at 298 K are in kcal mol-! and calculated with
respect to the most stable conformer, 227, of protonated carnosine. M06, MO6SP and MP2SP values are

reported in italics, in brackets and square brackets, respectively.
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Figure 9: Proposed mechanism for the collision induced fragmentation of [Carnosine + H]" to produce the fragment
ion observed at m/z 156, 138 and 110.



