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Abstract

Collision-induced dissociation (CID) experiments on the protonated carnosine-oxaliplatin
complex, [Carnosine + OxPt + H]" using several collision energies were shown to yield nine
different fragment ions. Energy-resolved CID experiments on [Carnosine + OxPt + H]"
showed that the generation of the product ion [Carnosine — H + Pt(dach)]” (where dach is 1,2-
diaminocyclohexane) is the lowest energy process. At slightly higher collision energies the
loss of neutral carnosine from [Carnosine + OxPt + H]" to produce [OxPt + H]" was observed
followed by the loss of oxaliplatin from the same precursor ion to produce [Carnosine + H]" .
At significantly higher energies, the ion [OxPt — CO, + H]" was shown to be initially formed
while the last two investigated ions [Carnosine + OxPt — CO, + H]" and [Carnosine — NH; —
H +Pt(dach)]” were shown not attain any significant relative abundance. Density functional
calculations at the B3LYP/LANL2DZ level were employed to probe fragmentation
mechanisms that account for all experimental data. The lowest free energy barriers for the
generation of each of the ions [Carnosine — H + Pt(dach)]’, [OxPt + H]", [Carnosine + H]",
[Carnosine + OxPt — CO, + H]" and [Carnosine — NH3 — H +Pt(dach)]" from [Carnosine +
OxPt + H]" according to the fragmentation mechanisms offered here were calculated to be

31.9, 38.8, 49.3, 75.2, 85.6 kcal mol™, respectively.
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Introduction

The endogenous dipeptide L-carnosine (ﬂ-alanyl-L-histidine)[1'3 ]

is found in different body
organs such as the stomach, kidney and at elevated levels in skeletal and cardiac muscles as
well as in brain tissue in olfactory bulb and hippocampus.'**! Owing to its water solubility,
carnosine levels are found to be particularly elevated in cytosolic cellular fractions.! Since
its discovery there have been many investigations of its biological functions. It is now
known, for example, that carnosine is able to interact with aldehydes generated inside the
body as a result of glycation reactions which occur between reducing sugar and different
body proteins.”*! This helps in protecting body proteins, giving carnosine its anti-glycating

[7-9

effect!’”! which in turn can help in minimizing the effects of some diseases such as diabetes

and Alzheimer.""” Carnosine also has significant anti-inflammatory, antihypertensive, anti-

aging, neurological and wound healing effects!'

in addition to possessing unique antioxidant
properties due to its ability to interact with highly reactive species, such as hydroxyl, super
oxide and molecular oxygen free radicals, especially in the water rich environment inside the
body. These antioxidant properties are prominent in the ability of carnosine to hinder lipid
peroxidation, which helps in preserving the integrity of body membranes. Carnosine is also
known for its buffering capability, being able to buffer the increased acidity generated by
lactic acid formation inside muscle tissue during muscle stress.!'?! It is also reported that
carnosine can act as an effective heavy metal ion chelator able to interact with the circulating
metals ions within the body such as iron, calcium, metal containing enzymes and especially
copper and zinc.!"*! These metal chelating properties make carnosine an effective agent in the
prevention and partial reversal of cataracts''¥ and in the treatment of Wilsons disease!"”! and

Alzheimers. The ability of carnosine to bind Zn®* has been found to help modulating

neuronal excitability by preventing the Zn®" inhibition of neurotransmitter receptors.'” In
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fact polaprezinc, a commercially available carnosine-zinc(II) drug complex is marketed for

its effective antiulcer properties and the ability to improve gastric health.!'”""]

[20, 21

Additionally, it has been shown that carnosine acts as a neuroprotector I'and can retard

tumour growth in mouse models.**! More recently, it has been reported that carnosine can

prevent cell proliferation in colon cancer cells.[ 24

However, very recently it has been
shown that carnosine may be involved in complexation with and sequestering of platinum
anti-cancer drugs. Specifically in vitro studies on hepatocellular carcinoma HepG2 cells have
shown that carnosine may inhibit the cytotoxic action of the third generation
chemotherapeutic drug, oxaliplatin, most likely through the formation of complexes that are

less cytotoxic than oxaliplatin alone.!*!

Mass spectrometry has proven to be an invaluable technique in studying the interactions
between anticancer platinum containing metallodrugs and biomolecules including DNA,
proteins and peptides on a molecular level (for recent reviews see references 26 and 27) This
is especially important as understanding these interactions allows for a better informed design
of future drugs. Studies of anticancer platinum metallodrugs interactions with DNA have
been most prevalent as DNA is considered the ultimate pharmacological target for such

drugs. [28-30]

However, more recently other targets such as proteins and peptides that often
play a role in the toxicological profile of platinum anticancer drugs have been considered.
Recent examples include the successful use of Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS) with electron capture detection (ECD) to identify the
binding sites of cisplatin to several proteins and peptides.”'! In that study, side chain losses
from the charge-reduced platinum species provided characteristic indicators for the

BY In other studies

localization of the Pt-binding sites to certain amino acid residues.
inductively coupled plasma mass spectrometry (ICP-MS) was employed in studying cisplatin

binding to the model protein cytochrome C which is a relatively small and well-characterized
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protein %!

as well as to plasma proteins being among the major metabolic pathways of this
metallodrug. **! Coupling capillary electrophoresis to ICP-MS, on the other hand, allowed
for examining the interaction of different candidate platinum anticancer drugs with human
serum anbumin (HSA) including measurements of the kinetics of binding and the
determination of number of drug molecules attached to HSA.** A similar study where the
identification of products formed upon the binding of cisplatin, carboplatin and oxaliplatin
with proteins like B-lactoglobulin, HSA and hemoglobin was examined employed Liquid
chromatography electrospray ionization time of flight mass spectrometry (LC-ESI-TOF-
MS).**1 Finally, electrospray ionization with tandem mass spectrometry (ESI-MS/MS) was
employed to probe structural information and examine dissociation pathways for the main

reaction products of cisplatin with several sulphur containing peptides.[3 6]

Specifically a study on the interactions of oxaliplatin with carnosine as well as two of its
derivatives B-alanyl-N-methylhistidine (anserine) and N-acetylcarnosine (NAC) was recently
reported employing various mass spectrometric techniques utilizing electrospray ionization

and chip nanospray.[zs]

In that study a detailed characterization of the protonated complexes
of oxaliplatin with each of these three dipeptide ligands as well as their collision induced
fragments have been presented.””)  In the present paper, an analysis of the potential energy
surfaces (PESs) for the gas phase dissociation of the protonated carnosine-oxaliplatin
complex is presented. A comparison between the calculated potential energy surfaces of the

dissociation process and the energy resolved collision induced dissociation of the protonated

carnosine-oxaliplatin complex is also reported.

Instrumentation
A tandem quadrupole mass spectrometer, An Acquity TQ (Waters, MA, USA) equipped with

electrospray ionisation interface was used in this work. The instrument was operated in
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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 0-25 eV in the lab
frame having both Q1 and Q3 operated at unit resolution with typical a dwell time of 25

millisecond per transition.

Reagents
Carnosine, HPLC-grade water and methanol were all purchased from Sigma-Aldrich, UK

while oxaliplatin was obtained from Sanofi-Synthelabo Limited, UK.

Computational methods

Geometry optimizations without symmetry constraints as well as frequency calculations for
all the reactants, intermediates, products and transition states were performed at the Density
Functional level of theory by using the hybrid exchange-correlation B3LYP functional®"*"]
as implemented in GAUSSIANO3*! code. For all the atoms the LANL2DZM*** basis sets

were employed. The recent successful use of the LANL2DZ basis set is proved by the

calculation of both structural details of gold based drug complexes with cysteine and

[45

selenocysteine!™! and geometrical features and thermodynamic properties of Cd** complexes



Dalton Transactions

with GSH."®! The same basis set was used to gain insight into the decomposition pathways of

7] and to obtain excellent agreement with

photo-activated Pt containing anticancer complexes
experimental Raman and IR data of Pt-carboplatin complexes.*® The use of the
B3LYP/LANL2DZ computational protocol in investigating transition metal containing
compounds is well established.**") In fact, it was recently used to successfully investigate
the structures of the anti-arthritic drug auranofin and its complexes with cysteine;[45] to model
CO adsorption on Pt nanoclusters;® to obtain structural information and binding energies for
the complexation of cis- and trans-Pt(NH3),Cl" to guanine;”’! to investigate monomeric
complexes between cisplatin and glutathione;'®! to obtain excellent agreement with X-ray

I as well as to examine the

data for cisplatin analogues'®! and oxaliplatin analogues!®
mechanism of Pt and Pd catalysed coupling and cyclopropanation reactions between
olefins.'® Most recently, this level of theory was used to study the interactions of the anti-
cancer Pt containing drug oxaliplatin with each of the cytoplasmic thiol containing tripeptide

ligands y-L-glutamyl-L-cysteinyl-glycine (GSH)™”

as well as the biologically active f-
alanine-L-histidine dipeptide carnosine.”” In another recent study this level of theory has
been employed to study the binding modes and binding energies of carnosine to various
biologically relevant metal cations as well as to some Pt based anticancer drugs. In that study
the Pt*" binding energy to carnosine was calculated via seven different levels of theory being
B3P86/LANL2DZ, B3PWO91/LANL2DZ, B3LYP/SDD, B3P86/SDD, B3PWO91/SDD,
B3LYP/LANL2DZ//6-31G(d) and M06/SDD//6-311G(d,p). It was determined that all values
obtained for Pt*" binding energies with the exception of those obtained using B3P86/SDD
exhibited relatively small deviation.!®®! In addition, the bond dissociation energy of the Pt'-

CH, bond was also calculated at five different levels of theory and results were shown to

exhibit very small variations.!®! More importantly, results were all, with the exception of the
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value calculated at the B3P86/LANL2DZ level of theory, shown to be within 2.3 kcal mol™

of the experimentally determined value.®® ®”]

For each optimized stationary point vibrational analysis was performed to establish its nature
either as a minimum (no imaginary frequency) or a first order saddle point (one imaginary
frequency). The vibrational mode associated to the imaginary frequency of each intercepted
transition state was shown to correspond to the correct movement of the involved atoms. In

70 71 method was used to show that each

addition, the intrinsic reaction coordinate (IRC)
located transition state is properly connected to its respective reactants and products along the
imaginary mode of vibration. Calculated total electronic energies, zero-point energies,

thermal corrections and entropies for all stationary points are given in Supplementary Tables

S1-S4.
Results and discussion

Electrospraying a 2:1 mM solution mixture of carnosine with oxaliplatin in 1:1 (v/v) water-
methanol solvent system generated the mass spectra shown and assigned in the top panel of
Figure 1. The mass selection and subsequent collision induced dissociation (CID) of the ion
[Carnosine + OxPt + H]" resulted in the MS? spectra shown in the bottom panel of Figure 1.
Performing the CID experiments on the [Carnosine + OxPt + H]" containing the three most
abundant isotopes of platinum being '**Pt, '’Pt and '*°Pt confirms that there is no difference
in fragmentation pathways among the three platinum isotopes but most importantly allows for
a quick identification of the product ions which contain the platinum metal. The product ions
observed as labelled in Figure 1 and their precursor ion [Carnosine + OxPt + H]" were all

I The energy-resolved CID spectra shown in Figure 2

previously reported and identified.'*’
reveals that [Carnosine + OxPt + H]+ initially loses the elements of HOC,0,0OH to produce

the ion [Carnosine — H + Pt(dach)]” as the lowest energy process. The neutral species lost in
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this case, being the elements of HOC,0,0OH, may be lost as one molecule or as a combination
of CO; and HCOOH or CO,, H,O and CO. At slightly higher collision energies the loss of
neutral carnosine from [Carnosine + OxPt + H]" to produce [OxPt + H]" can be observed
followed by the loss of oxaliplatin from the same precursor ion to produce [Carnosine + H]".
It is interesting to note that even at the highest collision energies employed here no evidence
of declining relative abundances of these three fragment ions were observed, in fact in all the
three cases no clear maximum was reached. This implies that subsequent fragmentation
reactions of these three product ions, due to tertiary collisions, may be considered to have a
minimum contribution to the overall observed fragmentation pattern. At significantly higher
energies, however, the ion [OxPt — CO, + H]" is shown to be initially formed, reaching a
modest 9% relative abundance while its most likely precursor [Carnosine + OxPt — CO, +

H]" as well as the last ion observed [Carnosine — NH; — H +Pt(dach)]” were shown not attain

any significant relative abundance.
Fragmentation Mechanism 1

Two mechanisms are presented for the loss of CO, from [carnosine + OxPt + H]", see Figures
3 and 4 as well as Scheme 1. In both mechanisms the initial starting point is the precursor ion
[carnosine + OxPt + H]" in its lowest gas phase conformation, structure 1A as shown in
Figures 7-9 and Schemes 1-3. This conformer of protonated carnosine-oxaliplatin complex
was previously shown to be the global minimum on this potential energy surface.’*
Structure 1A involves Pt coordination to the pros nitrogen atom of the histidine ring of
carnosine and formal protonation on one of the carbonyl oxygen atoms of the oxalate moiety
of oxaliplatin. This protonation arrangement results in a strong hydrogen bond with the
terminal amino nitrogen of carnosine as demonstrated by a 1.315A bond length, see Figures

7-9. The Pt coordination on the pros nitrogen atom of the histidine ring of carnosine is

consistent with an earlier study examining the silver ion binding energies of all 20 a-amino
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acids, showing that histidine had the third highest silver ion binding energy being lower than
that of arginine and only slightly lower than that of lysine.”” The lowest energy conformer of
the Ag'-histidine complex in that previous study also showed Pt-coordination to the pros
nitrogen atoms of the histidine ring./®” Structure 1A, as shown in Figures 7-9 and Schemes 1-
3, is stabilised by three strong hydrogen bonds in addition to the one to the terminal amino
nitrogen of the carnosine dipeptides. The number and, more importantly, the strength of
these hydrogen bonds, with the longest being 1.886 A, make structure 1A to be a relatively
rigid conformer. This is evident in the fact that 1A structure was calculated here to have the
lowest entropy value of all conformers of [carnosine + OxPt + H]" (See Tables S1-S4). This
is in line with a previous study that showed structure 1A to have the second lowest calculated

entropy value of twenty five conformers of this complex. [25]

The initial step in the first path proposed for the loss of CO, to produce the ion [Carnosine +
OxPt — CO, + H]" is shown in Figures 3 and 7 as well as Scheme 1 involves the breaking of
the hydrogen bond to the terminal amino nitrogen atom of the carnosine dipeptide and
migration of the proton from its initial position on one of the carbonyl oxygen atoms to the
other carbonyl atom, both of the oxalate moiety of oxaliplatin (see TSua—1s) in Figure 7 and
Scheme 1). These concerted hydrogen bond breaking and hydrogen migration result in the
corresponding transition state TSqa—1s) to be 48.3 kcal mol™ higher in free energy relative to
1A. This transition state leads to formation of the minimum structure 1B (see Figure 7 and
Scheme 1), being 8.7 kcal mol™ higher in free energy relative to 1A, which shows the
retention of three of the hydrogen bonds shown in 1A while no evidence of hydrogen
bonding to the terminal amino nitrogen atom is observed. That hydrogen atom is now, in
fact, fully migrated to the other carbonyl oxygen atom of the oxalate moiety. A simple
rearrangement via rotation of the resulting OH group produces the transition state TSap—1c)

shown in Figure 7 and Scheme 1 that is calculated to be 20 kcal mol™ higher in energy with
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respect to 1A. This transition state in turn leads to minimum structure 1C (see Figures 3 and
7 as well as Scheme 1) in which the OH group is rotated. The highest barrier to CO,
elimination in this mechanism results from the subsequent transition state TSuc—.2a) (see
Figures 3 and 7 as well as Scheme 1), which involves the breakage of the C-C bond of the
oxalate moiety and the migration of “inside” proton of the OH group of the oxalate from the
oxygen atom to the carbon atom of the newly formed HCOO group. This transition state
which involves the simultaneous breaking of two bonds and the formation of a new one is not
surprisingly high in energy, presenting a barrier of 71.2 kcal mol™ relative to its associated
starting minimum structure 1C. This transition state leads to the minimum structure 2A,
Figure 7, in which the newly formed HCOO group is attached to the Pt centre through a
carbonyl oxygen atom and the CO, molecule is now formally eliminated. This released CO;
molecule is shown in in Figure 7 and Scheme 1 to be held to the amidic hydrogen atom of
structure 2A by a relatively weak hydrogen bond, being the bond length 1.967 A. Removing
the eliminated CO, molecule and allowing for simple rotations about single bonds produces
conformer 2B of the ion [Carnosine + OxPt — CO, + H]", which in combination with CO, is
8.2 keal mol™ lower in free energy relative to 2A. Structure 2B is shown to be connected to
the transition state TSg-3a) in which the Pt-carbonyl oxygen atom bond is broken. This
same carbonyl oxygen atom simultaneously abstracts the hydrogen atom of the OH group of
carnosine causing the elimination of a HCOOH group and the formation of structure 3A
corresponding to the ion [Carnosine — H + Pt(dach)]”. The highest barrier calculated in this
mechanism is for the process of NH; elimination from structure 3A through TS3a—44), Which
involves two concomitant 1,2-hydrogen shifts and results in the formation of structure 4A
corresponding to the ion [Carnosine — NH; — H +Pt(dach)]" as shown in Figures 3 and 7 as
well as Scheme 1. This transition state is shown to be 85.6 kcal mol™ higher in energy than

the 1A global minimum on the PES.
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Fragmentation Mechanism 2

The initial step in the second path proposed for the loss of CO, from [Carnosine + OxPt +
H]" is shown in Figures 4 and 8 as well as Scheme 2. In analogy with the proposed first
mechanism, the initial step here also involves breaking of the hydrogen bond with the
terminal amino nitrogen atom of the carnosine dipeptide. However, unlike in mechanism 1,
here the proton retained by the carbonyl oxygen atom does not move from its initial position,
as shown in structure TSga—1p) in Figure 8 and Scheme 2. This transition state is only 11.1
kcal mol™ higher in free energy relative to the starting structure 1A and leads, as shown in
Figure 8, to formation of structure 1D, which being internally stabilised by four hydrogen
bonds, is higher in free energy relative to structure 1A by only 3.1 kcal mol™. Two simple
rotations about the H-O and C-C bonds in the oxalate moiety convert structure 1D into 1E
through the transition state TS(p—1g), whose structure is shown in Figure 8 and Scheme 2,
overcoming a free energy barrier of 8.2 kcal mol™” as shown in Figure 4. The elimination of
CO, from the 1E conformer of the ion [carnosine + OxPt + H]" by means of the breakage of
the C-C bond of the oxalate moiety and the migration of “inside” proton of the OH group of
the oxalate from the oxygen atom to the carbon atom of the newly formed HCOO group takes
place via the transition state TSqg—2c)in Figure 8 and Scheme 2. This transition state for the
elimination of CO, involves a free energy barrier of 74.1 kcal mol™ relative to the starting
point structure 1E. This barrier for the elimination of CO, is 2.9 kcal mol™ higher in energy
than that shown in Figure 3, which details mechanism 1. However, it involves the transition
state TSg—2c), shown in Figure 8 and Scheme 2, which is 6.4 kcal mol™ lower in energy
relative to reference energy of the starting structure 1A on the free energy scale. Like in
mechanism 1, here, the transition state TSug—2c) leads to the minimum structure 2C for the
ion [Carnosine + OxPt — CO, + H]" in which the newly formed HCOO group is attached to

the Pt centre through a carbonyl oxygen atom and the CO, molecule is now formally



Dalton Transactions

eliminated. This eliminated CO, molecule is shown in structure 2C in Figure 8 and Scheme
2 to be held by a very weak hydrogen bond at a distance of 2.289 A to the hydrogen atom
retained by the HCOO group. Removing the eliminated CO, molecule and allowing for
simple rotations about single bonds produces the same conformer 2B as in mechanism 1 (see
Figure 8 and Scheme 2), which together with CO, is 2.1 kcal mol™ lower in free energy
relative to 2C. The remainder of the path of mechanism 2, involving the elimination of
HCOOH and NHj; groups is identical to that described previously in mechanism 1. The
formation of structure 4A, corresponding to the ion [Carnosine — NH; — H +Pt(dach)]" as
seen in mechanisms 1 and 2, is shown to involve the highest barriers in these mechanisms.
Such barriers, indeed, are 85.6 kcal mol™ higher in free energy relative to the 1A global
minimum on either of these surfaces. This agrees with the energy-resolved CID data which
shows the ion [Carnosine — NH; — H +Pt(dach)]" to be produced at significantly high energies

and not attaining any significant relative abundance.
Fragmentation Mechanism 3

Both mechanisms 1 and 2 show that the formation of the ion [Carnosine — H + Pt(dach)]” via
the sequential eliminations of CO, and HCOOH from [carnosine + OxPt + H]" entails high
free energy barriers of 81.6 and 75.2 kcal mol™, respectively above the 1A global minimum.
This is, however, not consistent with the energy-resolved CID data shown in Figure 2 which
indicates that the ion [Carnosine — H + Pt(dach)]" is easily produced at low collision energies.
This inconsistency led us to investigate a mechanism in which the starting structure 1A is
interconverted to 1D through the transition state labelled TS(1a—1p) in the same fashion as in
mechanism 2 previously described. Nevertheless, structure 1D shown in Figure 9 and
Scheme 3 in this case undergoes a transformation in which the Pt-O bond connecting the Pt
metal to the oxalate moiety is broken and replaced by a Pt bond to the carbonyl oxygen atom

of the carnosine dipeptide as shown in structure 1F in Figure 9 and Scheme 3. This leaves
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the oxalate moiety to form a 1.572 A hydrogen bond through one of its carbonyl oxygen
atoms to one of the hydrogen atoms of the amino groups of the dach ligand and another 1.540
A hydrogen bond through its oxygen atom of its OH group to the hydrogen atom of the OH
group the carnosine peptide. This transformation to produce structure 1F is shown to go
through the transition state TSap—1r), which is calculated to be 31.9 kcal mol™ in free energy
higher than structure 1A as shown in Figure 5. Structure 1F undergoes a simple rotation
about a single bond involving a free energy barrier of only 6 kcal mol” in order to produce
structure 1G in which the OH hydrogen of the oxalate moiety is on the “inside” while both
hydrogen bonds to the oxalate moiety are retained. This resulting structure 1G (see Figure 9
and Scheme 3) is shown to undergo a further transformation by which the “inside” hydrogen
atom of oxalate moiety is transferred to the opposing carboxylic oxygen atom of the oxalate
while leaving the now formally deprotonated oxygen atom to abstract the hydrogen atom of
the OH group of the carnosine peptide. This transformation is shown to take place via the
transition state TS g—3p) shown in Figure 9 and Scheme 3 with an associated free energy
barrier of only 1.2 kcal mol™! to produce structure 3B in which the resulting HOC,0,0H
fragment appears to be attached to the rest of the molecule through a single hydrogen bond
formed by one of its hydrogen atoms with a carbonyl oxygen of the carnosine dipeptide. This
hydrogen bond is easily broken to eliminate the HOC,0O,0H group in order to produce the
ion [carnosine + OxPt + H]". The highest free energy barrier to the formation of this ion, by
following this fragmentation path, is calculated to be 31.9 kcal mol™ relative to the global
minimum structure 1A, as shown in Figure 5. This is a significantly lower barrier than
previously described in mechanisms 1 and 2 for the production of [Carnosine — H +
Pt(dach)]” and is in agreement with the energy-resolved CID data which shows this ion to be

easily produced at low collision energies. The subsequent elimination of NH; from this ion
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to produce the ion [Carnosine — NH; — H +Pt(dach)]" is shown to go through the transition

state TS3B—44) Which possesses a the relatively high free energy barrier of 99.8 kcal mol™.
Production of [OxPt + H] " and [Carnosine + H] "

The energy-resolved CID data shown in Figure 2 clearly indicates that the ion [Carnosine — H
+ Pt(dach)]" is the first ion that is produced from the precursor[Carnosine + OxPt + H]" ion at
the lowest dissociation energies. Two other ions are shown to be produced in significant
abundances, but at slightly higher dissociation energies. These ions are [OxPt + H]" and
[Carnosine + H]" which are experimentally generated from the fragmentation of the precursor
ion [Carnosine + OxPt + H]'". The pathways to produce [OxPt + H]" and [Carnosine + H]"
from [Carnosine + OxPt + H]" were investigated and are shown in Figure 6 where the
conformer structure 1A of the ion [Carnosine + OxPt + H]" is interconverted into structure
1D through the transition state TSa—1p) previously described in mechanisms 2 and 3. Here,
however, structure 1D is shown to dissociate to produce the combinations Carnosine and
[OxPt + H]" or OxPt and [Carnosine + H]" via transition states TSap—oxpey and TSap—.carn
calculated to be 42.0 and 52.5 kcal mol’ in free energy higher than structure 1A,
respectively. These relatively low barriers are consistent with the relative ease of production
of these two ions experimentally. The relative free energies of the barriers of TSup—_oxptm)
and TSap—carny shown in Figure 6 also predicts the production of [OxPt + H]+ to be more
favoured at lower energies which is corroborated by the energy-resolved CID data shown in

Figure 2.
Conclusions

In this paper, collision-induced dissociation experiments on the protonated carnosine-
oxaliplatin complex, [Carnosine + OxPt + H]" using several collision energies were shown to

yield nine different fragment ions. Generation of the product [Carnosine — H + Pt(dach)]" ion
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from [Carnosine + OxPt + H]" is shown to be the lowest energy process. This agrees well
with our calculations as shown in mechanism 3 where the generation of [Carnosine — H +
Pt(dach)]” ion via the direct loss of HOC,0,0H from [Carnosine + OxPt + H]" involves the
smallest energy barrier calculated here being 31.9 kcal mol”. Two other pathways were
calculated for the generation of [Carnosine — H + Pt(dach)]" through the sequential losses of
CO, and HCOOH from [Carnosine + OxPt + H]" and were shown to involve significantly
higher barriers being 81.6 and 75.2 kcal mol™ respectively as shown in mechanisms 1 and 2.
At slightly higher collision energies the loss of neutral carnosine from [Carnosine + OxPt +
H]" to produce [OxPt + H]" was experimentally observed, followed by the loss of oxaliplatin
from the same precursor ion to produce [Carnosine + H]". This corresponds well with the
two calculated pathways for the generation of these observed ions were the barriers for the
production of [OxPt + H]" and [Carnosine + H]" were shown to be 42.0 and 52.5 kcal mol”,
respectively. At significantly higher energies, the ion [OxPt — CO, + H]" was shown to be
initially formed, while the last two investigated ions [Carnosine + OxPt — CO, + H]" and
[Carnosine — NH; — H +Pt(dach)]” were shown not attain any significant relative abundance.
The calculated barriers for the generation of these two latter ion was shown to be 75.2 and

85.6 kcal mol™ respectively.
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Figure 1: Top Panel, full scan MS spectrum of a (2:1) molar mixture of Carnosine and OxPt in a (1:1) (v/v) water/methanol solution as without
allowing for incubation time. The signals assigned as [OxPt + H]* and [Carnosine + OxPt + H]* are each expanded and normalized to 100% in
inserts A and B respectively for clarity. Bottom Panel, MS? spectrum of the ion [Carnosine + OxPt + H]* generated at 25 eV in the lab frame.
Panels C, D and E show the CID patterns obtained due to the isotopes 1°Pt, 195Pt and 1%Pt of [Carnosine + OxPt + H]* respectively.
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Figure 3: Potential energy surface for the fragmentation of the protonated carnosine-oxaliplatin
complex, ion 1A. Structure labels are in bold, top numbers are in kcal mol-* while bottom
numbers in parentheses are in kJ mol-.
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Figure 4: Potential energy surface for the fragmentation of the protonated carnosine-oxaliplatin
complex, ion 1A. Structure labels are in bold, top numbers are in kcal mol-t while bottom numbers
in parentheses are in kJ mol-L.
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Figure 6: Potential energy surface for the fragmentation of the protonated carnosine-oxaliplatin
complex, ion 1A. Structure labels are in bold, top numbers are in kcal mol-t while bottom numbers
in parentheses are in kJ mol-2.
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Figure 7: Structures corresponding to the fragmentation mechanism described in Figure 4. All structures are
calculated at the B3LYP/LANL2DZ level of theory. Bond lengths are in Angstroms, relative free energies are
indicated in parenthesis. Gray, red, blue and white spheres represent carbon, oxygen, nitrogen and hydrogen atoms

respectively.
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Figure 8: Structures corresponding to the fragmentation mechanism described in Figure 5. All structures are
calculated at the B3LYP/LANL2DZ level of theory. Bond lengths are in Angstroms, relative free energies are

indicated in parenthesis. Gray, red, blue and white spheres represent carbon, oxygen, nitrogen and hydrogen atoms
respectively.
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Figure 9: Structures corresponding to the fragmentation mechanism described in Figure 6. All structures are
calculated at the B3LYP/LANL2DZ level of theory. Bond lengths are in Angstroms, relative free energies are
indicated in parenthesis. Gray, red, blue and white spheres represent carbon, oxygen, nitrogen and hydrogen atoms

respectively.



Page 37 of 40

Dalton Transactions

Table S1: Electronic energies, Zero-Point Vibrational Energies, Thermal Energies, Entropies
and relative free energies for species calculated at B3LYP\LANL2DZ for structures
described in Figures 3 and 7. Italicized relative free energy values are in kcal mol™ while
values in parentheses are in kJ mol™.

smewe ey (AL M MR D e oy
(Hartrees) at 298 K
1A -1639.2886242 312.6 19.6 196.8 0.0 (0.0)
TSa-18) -1639.2026501 309.3 20.5 207.5 48.3(202.1)
1B -1639.2708451 3124 20.5 207.6 8.7 (36.4)
TSas-10) -1639.2497207 311.1 20.5 206.8 20.8 (87.0)
1C -1639.2682279 3123 20.5 206.6 10.4 (43.5)
TSac-2a) -1639.1456481 307.1 20.9 210.0 81.6 (341.4)
2A -1639.2843606 3114 21.4 218.1 -3.1(-13.0)
2B+ CO, -1639.288777 312.0 20.5 235.1 -11.3(-47.3)
TSes 34+ CO, -1639.232367 309.8 20.6 241.0 20.3 (84.9)
3A +CO, -1639.262436 310.4 20.9 244 .4 1.3(5.4)
TSiaamaay+ CO,+ -1639.101313 305.2 21.1 283.6 85.6 (358.2)
HCOOH
4A + CO,+ -1639.229491 307.3 21.7 256.1 7.2 (30.1)

HCOOH
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Table S2: Electronic energies, Zero-Point Vibrational Energies, Thermal Energies, Entropies
and relative free energies for species calculated at B3LYP\LANL2DZ. for structures
described in Figures 4 and 8. Italicized relative free energy values are in kcal mol™ while
values in parentheses are in kJ mol™.

smewe ey (AL M MR D e oy
(Hartrees) at 298 K
1A -1639.2886242 312.6 19.6 196.8 0.0 (0.0)
TSqa-1p) -1639.2696380 312.8 19.8 200.6 11.1(46.4)
1D -1639.2817215 312.8 20.0 202.8 3.1(13.0)
TSap-1x) -1639.2682464 311.8 19.8 199.7 11.3(47.3)
1E -1639.285837 312.6 19.8 199.3 1.1 (4.6)
TSaE-20) -1639.1570269 307.9 20.5 208.7 75.2 (314.6)
2C -1639.2923679 311.7 21.1 221.7 -9.2 (-38.5)
2B+ CO, -1639.288777 312.0 20.5 235.1 -11.3(-47.3)
TSes 34+ CO, -1639.232367 309.8 20.6 241.0 20.3 (84.9)
3A +CO, -1639.262436 310.4 20.9 244 .4 1.3(5.4)
TSiaamaay+ CO,+ -1639.101313 305.2 21.1 283.6 85.6 (358.2)
HCOOH
4A + CO,+ -1639.229491 307.3 21.7 256.1 7.2 (-30.1)

HCOOH

Page 38 of 40



Page 39 of 40 Dalton Transactions

Table S3: Electronic energies, Zero-Point Vibrational Energies, Thermal Energies, Entropies
and relative free energies for species calculated at B3LYP\LANL2DZ for structures
described in Figures 5 and 9. Italicized relative free energy values are in kcal mol™ while
values in parentheses are in kJ mol™.

Electronic Relative
Structure ener ZPE H3,; —Hp Entropy free energy

gy (kcal mol™) (kcal mol™) (cal mol’ K')  at298 K

(Hartrees) T
(kcal mol™)

1A -1639.2886242 312.6 19.6 196.8 0.0 (0.0)
TSaa—1p) -1639.2696380 312.8 19.8 200.6 11.1(46.4)

1D -1639.2817215 311.3 20.0 202.8 3.1(13.0)
TSap-1r) -1639.2355338 312.4 19.9 201.9 31.9 (133.5)
1F -1639.250696 312.3 20.2 203.2 22.1(92.5)
TSar-16) -1639.2404708 3114 19.9 200.6 28.1(117.6)
1G -1639.259443 314.5 19.2 199.2 18.1(75.7)
TSac-38) -1639.253522 310.8 20.2 197.7 19.3 (80.8)
3B -1639.2720841 313.2 20.0 201.0 10.1(42.3)
TSapan * -1639.0980300 307.6 20.3 248.1 99.8 (417.6)

HOC,0,0H

4A + HOC,0,0H  -1639.2268208 309.6 20.9 250.6 21.4(89.5)
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Table S4: Electronic energies, Zero-Point Vibrational Energies, Thermal Energies, Entropies
and relative free energies for species calculated at B3LYP\LANL2DZ for structures shown in
Figure 6. Italicized relative free energy values are in kcal mol™ while values in parentheses
are in kJ mol™.

Electronic 7PE HSyq — HO Entropy Relative
Structure energy (kcal mol™)  (kcal mol™) (cal mol” K" free energy
(Hartrees) at298 K
1A -1639.2886242 312.6 19.6 196.8 0.0 (0.0)
TS1a-1D) -1639.2696380 312.8 19.8 200.6 11.1(46.4)
1D -1639.2817215 311.3 20.0 202.8 3.1(13.0)
TSap—oxpany -1639.2181703 311.7 19.9 201.9 42.0 (175.7)
Carnosine
TSap-cant -1639.1995789 310.5 19.8 201.5 52.5(219.7)
OxPt
OxPtH + Car -1639.2368711 312.7 20.3 207.3 30.0 (125.5)

Car + OxPtH -1639.2798599 313.6 19.2 201.1 5.4 (22.6)




