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Abstract 

The inorganic antineoplastic drug cisplatin was made to react in solution with the 

dipeptide cysteinylglycine (CysGly), chosen as a functional model of glutathione, and 

the reaction products were analyzed using electrospray ionization mass 

spectrometry (ESI-MS). Selected complexes, i.e., the primary substitution product 

cis-[PtCl(NH3)2(CysGly)]+ and the chelate cis-[PtCl(NH3)(CysGly)]+, were submitted 

to IR multiple photon dissociation (IRMPD) spectroscopy obtaining their vibrational 

features. The experimental IR ion spectra were compared with the calculated IR 

absorptions of different plausible isomeric families, finding CysGly to bind 

preferentially platinum(II) via its deprotonated thiolic group in the monovalent 

complex, cis-[PtCl(NH3)2(CysGly)]+, and to evolve in the S,N-bound chelate structure 

cis-[PtCl(NH3)(CysGly)]+ through the SH and NH2 functionality of the cysteine 
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residue. Moreover, our findings indicate that the platination reaction does not affect 

the CysGly peptide bond, which remains in its trans configuration. 

These results provide additional insights into the reactivity of Pt(II)-complexes with 

glutathione which is involved in cellular cisplatin resistance.    

Keywords 

Antineoplastic drug; platinum complex; structural characterization; IR laser 

spectroscopy; mass spectrometry; DFT calculations 

1. Introduction 

Cisplatin, cis-PtCl2(NH3)2, is among the few inorganic antineoplastic drug still used in 

therapy and has been a first-choice drug for the treatment of several solid tumors for 

more than 40 years.  Its mechanism of action consists of the formation of intra-strand 

crosslinks in the DNA by platination of N7 atom of adjacent guanine. Transcription 

and replication of DNA is thus inhibited eventually leading to cell death.[1-6] The 

treatment with cisplatin is not free from contraindications. Side effects, in particular 

gastrointestinal issues,[7-9] and the occurrence of resistance phenomena [10] may 

limit its use. Second and third generation platinum-based drugs, including 

carboplatin and oxaliplatin, have partially overcome these problems, but they show 

at the same time lower success rate and limited applications.[11] Resistance to the 

drug in the cancer cells is connected to an increase of the production of exporting 

proteins, a lower expression of membrane copper and organic cation transporters, 

which are believed to have a fundamental role in the accumulation of cisplatin in the 

cells, and to an increase in the expression of detoxifying proteins and small 

peptides.[12,13] Among them, glutathione (GSH) is considered the major contributor 

to the sequestration of cisplatin. Indeed, as shown in Figure 1, it can directly bind to 
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the drug both hindering the formation of toxic DNA adducts and increasing the 

cisplatin efflux from the cells by the GS-X pump as Pt(GS)2 complex.[14-17]  

 

Figure 1. Possible roles of GSH in cisplatin resistance. It can interact with cisplatin 

promoting the drug elimination mediated by GS-X pump and hindering the formation 

of therapeutically targeted DNA adducts. 

Interaction with amino acid residues in proteins is also an important factor for the 

distribution of cisplatin in the body and is considered to be related to the appearance 

of side effects.[18] In agreement with the soft-acid character of Pt(II), amino acid 

residues presenting sulfur-containing nucleophiles, such as methionine and cysteine, 

are among cisplatin preferred binding sites together with the nitrogen atom of the 

histidine imidazole group.[18-26] In spite of being an overlooked topic when 

compared to the study of cisplatin interaction with nucleotides, it is clear that 

obtaining more information on the platination of proteins may help to design better 

Pt-based drugs to overcome some of their limitations.[18] When studied in solution, 

cisplatin reacts with the amino acids forming a variety of species, with a prevalence 

of bidentate and dinuclear complexes.[16,28-30] However, thanks to the combined 
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use of electrospray ionization mass spectrometry (ESI-MS) and IR multiple photon 

dissociation (IRMPD) spectroscopy, backed by quantum-mechanics calculations, it 

was possible to identify and characterize the first ionic products of the cisplatin 

reaction with selected amino acids (AA): cis-[PtCl(NH3)2(AA)]+, where AA is histidine, 

methionine or cysteine.[31-33] In particular, ESI-MS has the unique ability to mass-

select gaseous ionic intermediates, while its coupling with IRMPD spectroscopy 

ensures the recording of the vibrational features of ions without any interference from 

the matrix. Given that ions absorb light only when their vibrational modes are 

resonant with the impinging photons, by plotting the photodissociation yield as a 

function of the photon energy an action IR spectrum is produced.[34-38] Comparison 

with calculated IR spectra of candidate isomers enables the characterization of 

binding motifs and relevant structural features. This combined approach was found 

to be well suited to assay biologically relevant metal complexes.[34,35] Indeed, the 

reaction intermediates of cisplatin with several biological ligands, including amino 

acids,[31-33,39] but also nucleosides,[40,41] nucleotides[42,43] and small molecules 

mimicking nucleophilic binding sites in biomolecules,[44,45] were unveiled and fully 

characterized. In addition, IRMPD spectroscopy was employed to structurally 

describe cisplatin derivatives in which the ammonia ligands were substituted by 

amino acids.[46-48] Increasing the molecular complexity of the assayed cisplatin 

adducts, we have undertaken a multimethodological study of cisplatin complexes 

with the dipeptide cysteinylglycine (CysGly) in the present paper. It represents the 

active part of glutathione which also owns an additional glutamic acid residue thus 

forming a peptide bond with the N-terminus by its γ-carboxylic acid. In addition, 

exploring the structural features of cisplatin with a dipeptide gives the unique 

possibility to determine how platination may affect the peptide bond 
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isomerism.[49,50] IR ion spectroscopy was also exploited to assign the structure of 

the CysGly radical cation found to be a sulfur radical species,[51] and to study 

glutathione derivatives.[52-54] In the present paper we report the vibrational and 

structural characterization of the primary complex of cisplatin with CysGly, cis-

[PtCl(NH3)2(CysGly)]+, and the chelate cis-[PtCl(NH3)(CysGly)]+, using ESI-MS, 

IRMPD spectroscopy and DFT calculations. Findings from this study have provided 

unambiguous evidence for the primary binding site of Pt(II) to CysGly, which can be 

reliably extrapolated to cysteine-exposing proteins and GSH. 

2. Materials and methods 

2.1 Materials 

Cisplatin and the dipeptide CysGly were research grade products bought from 

commercial sources (Merck s.r.l. Milan, Italy) and were used without preliminary 

purification. To produce the complexes of interest, stock aqueous solutions of both 

CysGly and cisplatin were prepared at 10-3 M concentration, subsequently mixed in 

1:1 molar ratio and finally diluted in methanol/water (1:1 v/v) to reach a final 

concentration of 5·10-5 M in each analyte. The cisplatin solution was allowed to stand 

24h prior to use to favour aquation of the complex. 

2.2 MS and IRMPD experiments  

The complexes of interest have been obtained as gaseous species by ESI of the 

above described solution prepared as described previously. Typical ESI conditions 

were a flow rate of 6 μL/min, a capillary spray voltage set at –5.0 kV, nebulizer at 12 

PSI, drying gas flow at 5 L/min, and drying gas temperature at 275°C. 

IRMPD experiments in the IR fingerprint range (900-1900 cm-1) were recorded using 

the beamline of the IR free electron laser (FEL) of the Centre Laser Infrarouge 
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d’Orsay (CLIO). The FEL electron energy was set to 44 MeV to optimize the laser 

power in the frequency region of interest. The IR beam is allowed to interact with ion 

trapped in a hybrid FT-ICR tandem mass spectrometer (APEX-Qe Bruker) equipped 

with a 7.0 T actively shielded magnet and coupled to a quadrupole-hexapole 

interface for mass-filtering and ion accumulation.[55] Ions of interest were mass 

selected in the quadrupole and collisionally cooled for 300 ms in the hexapole with 

argon as buffer gas, prior to IR irradiation. Mass-selected complexes were irradiated 

for 0.2-0.5 s with the IR FEL light, after which the resulting mass spectrum was 

recorded. Laser attenuators were used in the case of the monodentate complex to 

avoid saturation and improve resolution of the most intense bands of its IRMPD 

spectrum. 

IRMPD spectra are obtained by plotting the photofragmentation yield R (R = -

ln[Iparent/(Iparent + ΣIfragment)]), where Iparent and Ifragment are the integrated intensities of 

the mass peaks of the precursor and of the fragment ions, respectively) as a function 

of the frequency of the IR radiation.[56] 

2.3 Computational details 

The most stable isomers and conformers of the cis-[PtCl(NH3)2(CysGly)]+ and the 

cis-[PtCl(NH3) (CysGly)]+ complexes were identified by adopting the same 

computational procedure previously used [33] and briefly described as follows.  

For each possible isomer a computational search was preliminary performed at the 

semiempirical tight-binding level, using the iMTD-GC approach implemented in 

CREST [57]. The resulting conformers were minimized at B3LYP/6-311+G(d,p) level 

of theory (using the LANL2DZ pseudopotential for Pt atom). A visual inspection was 

then performed in order to identify possible conformers that escaped the 

conformational sampling. For the surviving conformers a refinement of geometry, 
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electronic energies, thermodynamic properties (zero point energy (ZPE), thermal 

corrections, and entropies), and harmonic frequencies was obtained by minimizing 

the selected structures using a combined basis set, hereafter indicated as BS1, 

consisting of the 6–311+G(3df) basis set for the sulfur atom and 6–311+G(2df,pd) for 

the remaining atoms, except platinum, for which the LANL2TZ-f pseudopotential was 

adopted.  

Harmonic frequencies computed for cis-[PtCl(NH3)2(CysGly)]+ and cis-

[PtCl(NH3)(CysGly)]+ complexes were scaled by 0.98. All the calculated spectra were 

convoluted assuming a Gaussian profile with an associated width (fwhm) of 15 cm-1.  

Considering the large number of conformers detected for each isomer, we reported 

in this work only the first ten lowest energy structures for each of them. The other 

structures, including the corresponding calculated IR spectra, are available upon 

request. All quantum chemical calculations were performed using the Gaussian 09 

package [58]. 

For some specific structures (see results) of cis-[PtCl(NH3)(CysGly)]+ ion, we also 

performed fragment molecular orbital (FMO) calculations [59] with the three bodies 

approach (FMO3) [60] at RI-MP2/6-311G* level of theory [61,62]. The Pt atom was 

treated adopting the triple zeta model core potential (MCP-TZP) [63] and the 

electrostatic potential, described by the point-charges, was screened by using the 

damping function (SCREEN=1,1; RESPPC=-1) [64].The FMO method, associated 

with the pair interaction energy decomposition analysis (PIEDA) [65], has been 

widely applied to investigate macromolecular complexes such as protein-protein 

adducts [66,67], protein structures [68] and ligand-receptor complexes [69] also 

including metal-based binders [70]. Here, we used the FMO3/EDA approach [71] to 

study the trans influence exerted by SH on NH3 and Cl- ligands assessing the Pt-Cl 
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and Pt-NH3 pair interaction energies (PIEs). PIE between two generic fragments, I 

and J, is defined as follows: 

PIEIJ = EIJ - EI - EJ + Tr(∆DIJVIJ)            (1) 

where EIJ, EI and EJ are the internal energies of the IJ pair and of the isolated 

fragments I and J; ∆DIJ is the density matrix difference between the dimer IJ and the 

monomers I and J electron densities and VIJ is the matrix of the contribution of all 

other fragments to the electrostatic potential acting upon the dimer IJ [70]. 

The cis-[PtCl(NH3)(CysGly)]+ structures were split in four fragments: Pt2+, Cys-Gly 

peptide, NH3 and Cl- ion. All FMO calculations were performed in gas phase by using 

the GAMESS-US suite (version: 30 june 2021 - R1) [72]. 

3. Results and discussions 

3.1 Ionic products of the cisplatin-CysGly reaction 

Cisplatin was incubated with the CysGly dipeptide in a water/methanol solution. The 

reaction products were analyzed using ESI-MS. The mass spectrum is presented in 

Figure S1. The presence of hydrolyzed cisplatin cis-[PtCl(NH3)2(H2O)]+ is confirmed 

by the cluster of ions at m/z 281-285 which shows the characteristic isotopic pattern 

of a Pt- and Cl-containing ion. In the presence of CysGly, substitution occurs at the 

expense of the water ligand, forming the monoadduct cis-[PtCl(NH3)2(CysGly)]+ m/z 

441-446. The spectrum also shows an isotopic cluster m/z 459-464 attributable to 

the non-covalent encounter complex of hydrolyzed cisplatin with CysGly, cis-

[PtCl(NH3)2(CysGly)(H2O)]+, as already observed for the amino acids cysteine,[33] 

and methionine.[39] The isotopic cluster at m/z 424-428 can be attributed to the 

bidentate complex cis-[PtCl(NH3)(CysGly)]+, wherein an ammonia ligand was 

replaced by one of the nucleophilic functions of CysGly. This latter ion originates in 
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the gas-phase and can be observed in the ESI mass spectrum due to in-source 

fragmentation. Indeed, loss of ammonia is commonly observed in the CID of 

cisplatin-derived complexes [31-33,39-45,73] since ammonia acts as a better leaving 

group than chlorine in the absence of a protic solvent able to assist the substitution 

process. Moreover, the fragmentation path from cis-[PtCl(NH3)2(L)]+ to cis-

[PtCl(NH3)(L)]+, where L is a generic ligand, is facilitated in the case of chelating 

ligands due to the formation of a pentacoordinated transition state along the reaction 

coordinate, as reported in the case of the cis-[PtCl(NH3)2(His)]+ complex [32]. For the 

sake of simplicity, in the forthcoming discussion ions containing Pt and Cl will be 

defined by the isotopic signal containing 194Pt and 35Cl, therefore we will refer to the 

ions at m/z 441 and m/z 424 to indicate cis-[PtCl(NH3)2(CysGly)]+ and cis-

[PtCl(NH3)(CysGly)]+, respectively.  

3.2 IR ion spectra of cis-[PtCl(NH3)2(CysGly)]+ and cis-[PtCl(NH3)(CysGly)]+ 

Complexes cis-[PtCl(NH3)2(CysGly)]+ and cis-[PtCl(NH3)(CysGly)]+ were mass 

selected and irradiated in the 900 to 1900 cm-1 photon energy range. 

Photofragmentation mass spectra are reported in Figures S2 and S3 for cis-

[PtCl(NH3)2(CysGly)]+ and cis-[PtCl(NH3)(CysGly)]+, respectively. The former 

dissociates by ammonia loss producing the m/z 424 fragment ion. The subsequent 

dissociation channels are shared by both ions and consist of the competitive loss of 

either the second ammonia ligand or HCl, followed by the dissociation of the 

remaining ligand, thus generating a final fragment at m/z 371 assigned to 

[Pt(CysGly)]+. The photodissociation yield (R) is plotted as a function of the photon 

wavenumber and reported in Figure 2. There is a clear similarity between the two 

spectra, which testifies that the complexes share similar binding motifs. In addition, 

the presence of absorptions above 1700 cm-1 indicates the existence of CO groups 
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which are not Pt bonded: the formation of a coordinative bond between C=O and Pt 

would lead to a reduction of the double bond strength with a significant red shift 

(below 1700 cm-1) of the corresponding stretching mode.  This evidence confirms the 

platinum preference for the S- and N-atoms of the thiol and amino functions in 

peptides.[29,33] For an accurate and extensive assignment of the IR absorption of 

the two ions, a theoretical investigation of the vibrational modes of their possible 

isomeric forms has been performed. 

 

 

Figure 2. IRMPD spectra of cis-[PtCl(NH3)2(CysGly)]+ (top) and cis-

[PtCl(NH3)(CysGly)]+ (bottom). 

3.3 Structure of the substitution product, cis-[PtCl(NH3)2(CysGly)]+ 

When bound to a metal center, the CysGly dipeptide can act as monodentate as well 

as bidentate ligand. In the first case, the functional groups able to directly interact 

with Pt are -SH (Cys side chain), -NH2 (Cys, peptide N-term), C=O (Cys, involved in 

peptide bond with Gly) and COOH (Gly, peptide C-term) leading to the 
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corresponding mono-adducts, hereafter indicated as cSH, cN, cCO and gCOOH, 

respectively, where the first letter represents the one letter code of the amino acid to 

which the group pertains (c for cysteine and g for glycine). 

In the case of cSH and gCOOH isomers, the interaction with the Pt(II) ion increases 

the acidity of XH functions, thus promoting an intramolecular proton transfer to NH2 

or C=O moieties, and leading to the corresponding cS and gCOO isomers.  

To identify the most stable isomers and conformers generated under the present 

experimental conditions, an extensive computational study was performed. The 

lowest energy structures obtained at the B3LYP/BS1 level of theory are shown in 

Figure 3 and the corresponding free energy values are reported in Table S1. 

As found for the related complex cis-[PtCl(NH3)2(Cys)]+ [33], cS is the most stable 

isomer, where the NH3 function participates in three hydrogen bonds with Pt-bound 

S, O (peptide carbonyl moiety of cys) and Cl atoms. Indeed, the four lowest energy 

structures, cS-1 - cS-4, share most of their intramolecular hydrogen bonds. 

Noteworthy, these H bond interactions coincide with those found for cis-

[PtCl(NH3)2(Cys)]+ (cSz-1, ref. 33) suggesting that the presence of glycine does not 

substantially affect the S-platination of cysteine. A different H bond pattern for the cS 

isomer has been found in cS-7 (19.8 kJ mol-1), where the protonated N-ter interacts 

with chlorine and cC=O while the carboxylic gC=O establishes a H bond with 

(Pt)NH3 in trans position with respect to the Cl atom. The S atom is involved here in 

a H bond with the amidic NH function (Figure S4).  
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Figure 3. Optimized geometries of the most stable conformers of the cis-

[PtCl(NH3)2(CysGly)]+ ion computed in gas phase at B3LYP/BS1 level of theory. Free 

energies relative to cS-1 are reported in parenthesis in kJ mol-1. Hydrogen bond 

distances (Å) are indicated by a red dashed line. 

When the thiol function is protonated, the relative energy rises to 16.6 kJ mol-1, as 

shown by cSH-1 isomer (Figure 3). In this structure, the C=O groups of cysteine and 

glycine interact via H bond with the two NH3 ligands. Moreover, the lone pair of the 

NH2 group is oriented to the opposite side of the Pt-bound SH function establishing a 

hydrogen bond with the amidic (N)H atom. Replacing the latter interaction with the 

formation of both SH···NH2 and NH2···Cl, achieved by rotation of the amino group, 

leads to an increase of relative free energy up to 27.5 kJ mol-1, as reported for cSH-2 

(Figure S5). Notably, we also found a cSH conformer where NH2 directly interacts 

with SH via a strong H bond with a length of 2.17 Å (cSH-9, Figure S5). 



  13 

The lowest energy structure of the N-platinated product, cN-1 (10.0 kJ mol-1), is 

characterized by the cC=O engaged in two hydrogen bonds with Pt-NH2 and 

(Pt)NH3; the latter is also involved in a H bond with the C-term (CO moiety). The side 

chain of cysteine, containing the SH group, is oriented in the opposite direction of the 

peptide backbone forming the –S(H)···HNH(Pt) hydrogen bond. The remaining cN 

conformers are characterized by similar H bond patterns (Figure S4). 

The carbonyl group of cysteine and glycine might also interact with the metal atom 

leading to the mono-substituted products cCO and gCOOH, respectively. gCOOH-1 

is slightly more stable than cCO-1 with relative free energy of 61.9 and 65.8 kJ mol-1, 

respectively (Figure S5). 

In gCOOH-1 the carboxylic OH is involved in a H bond with Cl while the NH3 group, 

in cis position to C=O(Pt), interacts via H bonds with the -SH and C=O groups of 

cysteine. Finally, the NH2 group establishes a H bond with the amidic NH, as found 

for cSH isomers.  

The interaction with Pt increases the acidity of the COOH function and the most 

stable isomer of the gCOO family is only 4.5 kJ mol-1 higher in energy than the 

corresponding gCOOH isomer. In gCOO-1, the cC=O function is protonated and 

involved in a strong H bond with the free O atom of the COO moiety (H bond length 

of 1.37 Å). The proton released by the COOH moiety can also be transferred to the -

NH2 group, the most basic function of the molecule. However, the corresponding 

optimized conformers, gCOO-6, is 19.7 kJ mol-1 higher in energy indicating that the 

positive charge is stabilized more efficiently when the protonation site is the C=O 

function of cysteine.  
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In the other gCOOH conformers (gCOOH-2, gCOOH-3 and gCOOH-4) the COOH 

moiety assumes a trans configuration, with OH interacting with the amidic C=O 

group (Figures S5 and S6). 

When the CysGly dipeptide binds Pt via cC=O, the most stable conformer cCO-1 is 

characterized by several H bonds between NH and NH2 and between the SH and 

CO(OH) as acceptors with a NH3(Pt) ligand (Figure S5). In the remaining cCO 

conformers the other H bond donor/acceptor functional groups, such as SH, COOH 

and NH2, are free to give rise to different H bond patterns as shown in Figure S6. 

3.4 Spectral assignment of the cis-[PtCl(NH3)2(CysGly)]+ IRMPD spectrum 

The IRMPD spectrum of cis-[PtCl(NH3)2(CysGly)]+ was compared with the calculated 

IR spectra of the isomers and conformers obtained from the exploration of the ion 

conformational space. Figure 4 displays the experimental spectrum superimposed 

on the theoretical harmonic spectra of the four most stable S-bound conformers (cS-

1, cS-2, cS-3, cS-4) and the lowest energy conformers pertaining to the isomeric 

families either N-bound or SH-bound, cN-1 and cSH-1, respectively. At first glance, 

the spectra clearly show that the experiment is very well simulated by the IR 

frequencies of the cS-1-4 complexes (Table S2), which share a similar profile. The 

two bands in the highest wavenumber range of the fingerprint spectrum are well 

interpreted by the CO stretching modes of the cysteine and glycine residues 

calculated for all the reported cS isomers at ca. 1700 and 1770 cm1, respectively. 

The calculated NH bend of the amidic group is in good agreement with the IRMPD 

band at 1530 cm-1, while the following band at 1420 cm-1 can be assigned to 

vibrational modes involving the umbrella motion of the protonated amino group of 

cysteine and the OH bend of glycine, which fall in the 1400-1450 cm-1 range for cS-

1-4. The most intense signal of the IRMPD spectrum at 1286 cm-1 is related to the 
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umbrella modes of the ammonia ligands of platinum, while the 1155 cm-1 

experimental band is well reproduced by the OH bend of glycine carboxylic group. 

Finally, the 1113 cm-1 signal is a combination of the NC stretch in glycine with 

combined NH and CH bending modes of the CysGly cysteine residue. 

Isomer cN-1, with a relative free energy of 10.0 kJ mol-1 could explain some of the 

experimental absorptions; however, its profile presents hardly any vibrational activity 

around 1420 cm-1, and at 1100 cm-1, unlike the IRMPD spectrum. Moreover, the CO 

stretch of cysteine in CysGly is calculated at 1659 cm-1, showing poor agreement 

with the experimental band at 1705 cm-1. The theoretical spectrum of cSH-1, with 

relative free energy of 16.6 kJ mol-1, presents the same limitations. A detailed 

description of the vibrational modes of cN-1 and cSH-1 is reported in Table S3 and 

Table S4, respectively.  

Considering their high relative free energies, we expect that the gCOOH, cCO, and 

gCOO isomers do not contribute to the experimental IRMPD spectrum. As shown in 

Figure 4, this is confirmed by the poor correspondence between experimental data 

and theoretical IR absorptions computed for their low-lying structures, gCOOH-1, 

cCO-1 and gCOO-1.  Notably, the cC=O and gC=O stretching modes are predicted 

below 1700 cm-1 due to coordination with the Pt atom (Table S5). 

Comparison between experimental IRMPD spectrum and theoretical IR signatures of 

the remaining cis-[PtCl(NH3)2(CysGly)]+ isomers and conformers are shown in 

Figures S7-S10. 

Overall, based on both spectroscopic and thermodynamic data, it is possible to 

confirm the preference for platinum to bind the deprotonated thiolic group of cysteine 

even when interacting with a more complex bio-ligand, such as the present CysGly 

dipeptide. 
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As a side note, we point out that IRMPD spectroscopy coupled with QM calculations 

can unambiguously assess the cis/trans isomerism of the peptide bond [73-76].  

Notably, although the most stable configuration of the peptide bond is the trans 

geometry, a small but relevant percentage of the peptide bonds has been found  in 

cis configuration [77, 49]. Therefore, an explorative computational study starting from 

the lowest energy isomer, cS-1, was performed to assess whether platination might 

affect the peptide bond configuration. As shown in Figure 5, the cis cS-1 isomer was 

found to lie 29.8 kJ mol-1 higher in energy than the corresponding trans structure (the 

global minimum), highlighting that the trans configuration of the peptide bond is the 

most stable also in the presence of Pt(II) coordination of CysGly. This result is 

confirmed by comparison of the cis cS-1 theoretical IR signatures with the IRMPD 

spectrum (Figure 5). In fact, its computed IR spectrum is characterized by the 

absence of the relevant band at 1530 cm-1 because this absorption, associated to 

bending mode of the amidic N-H function coupled with CO-NH stretch, is significantly 

red shifted (1403 cm-1) as consequence of the steric clashes between the two 

moieties in trans positions which also induce a slight elongation of the peptide bond 

(Figure 5). In cis cS-1, the amidic N-H bending mode is also coupled with cC=O 

stretch, predicted at 1707 cm-1. 
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Figure 4. IRMPD spectrum (orange profile) and calculated harmonic IR spectra (blue 

profiles) of the lowest lying conformers and isomers of cis-[PtCl(NH3)2(CysGly)]+ ion 

(blue profile), computed at the B3LYP/BS1 level of theory. Free energies relative to 

cS-1 are reported in brackets (kJ mol-1).  
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Figure 5. IRMPD spectrum (orange profile), calculated harmonic IR spectra (blue 

profiles) and optimized geometries of the lowest energy structures of the cis and 

trans CysGly peptide isomers (cis cS-1 and trans cS-1, respectively) of cis-

[PtCl(NH3)2(CysGly)]+ ion (blue profile), computed at the B3LYP/BS1 level of theory. 

Lengths (in Å) of the peptide bonds are reported in blue. Free energies relative to 

cS-1 are reported in brackets (kJ mol-1). The vibrational band associated with amidic 

N-H bending mode coupled with CO-NH stretch is highlighted by a green arrow. 

 

3.5 Structure of the chelation product cis-[PtCl(NH3)(CysGly)]+ 

The dipeptide CysGly is characterized by four nucleophilic groups and therefore it 

can act as a bidentate ligand. After the first substitution, cis-[PtCl(NH3)2(CysGly)]+ 

can undergo a second substitution event by replacement of one amino ligand, 

leading to the chelation product, cis-[PtCl(NH3)(CysGly)]+. Starting from the first 

substitution complexes - cS, cSH, cN, cO, gCOOH and gCOO - several chelation 

isomers can be obtained, depending on the second nucleophilic group that binds Pt 

and hereafter indicated as cS_cN-n, cSH_cN-n, cN_cS-n and so on, in which the 
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first and second groups indicates those in trans to the ammonia and to the Cl 

ligands, respectively.  

Geometry optimization and frequency calculations were performed to identify the 

lowest energy isomers and conformers in the gas phase. The corresponding free 

energy values are reported in Table S6. 

As shown in Figure 6, the most stable isomer is represented by the chelation product 

cN_cSH-1, obtained from a cN isomer after a second substitution performed by SH 

moiety. The structure is characterized by an open conformation, similar to that of cS-

1, where the glycine is stretched out in an opposite direction relative to Pt. Indeed, 

only two hydrogen bonds are established between the cC=O and NH2(Pt) and 

between the C=O and NH of glycine. As shown by cN_cSH-2 (Figure 6), a “folded 

conformation” can be obtained after epimerization of S atom. Due to S-metalation, 

the latter becomes the second chiral center (the first being the Cα atom of cysteine 

with R configuration) of the complex assuming S or R configuration. In cN_cSH-1 (R, 

R), the hydrogen atom of the S-H function – with R configuration – is oriented toward 

the bottom of the Cl-Pt-NH3 plane and therefore it cannot establish a H bond with the 

carboxylic function of glycine. On the contrary, in the cN_cSH-2 (R, S) structure, the 

H atom bound to sulfur in S configuration is oriented above the Pt–containing plane 

allowing a strong H bond interaction of S-H with gC=O. Furthermore, the H bond 

between cC=O and NH2(Pt) becomes shorter, changing from 2.15 to 2.04 Å. 

The cSH_cN-1 (R, S) isomer is 21.2 kJ mol-1 higher in energy than cN_cSH-1 (R, R) 

indicating that the cN_cSH configuration is more stable than cSH_cN, in agreement 

with previous results obtained for cis-[PtCl(NH3)(Cys)]+ .[33]  

Interestingly, cSH_cN-1 (R, S) has the same “folded conformation” found for 

cN_cSH-2 (R, S) while cSH_cN-2 (R, R) and cN_cSH-1 (R, R) have a stretched 
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conformation. Therefore, the R,R configuration is the most stable one for the 

cN_cSH isomer while R,S is the lowest energy configuration for the cSH_cN isomer. 

Notably, the cN_SH and cSH_cN geometrical isomers only differ for the position of 

Cl and NH3 ligands. In cN_cSH the Cl and NH3 ligands are in trans and cis position 

to SH, respectively, while an opposite configuration characterizes the cSH_cN 

isomers. The different stability of the R,R and R,S epimers (stretched/folded 

conformation) for the two low-lying geometrical isomers can therefore be reasonably 

attributed to the slight modulation of the trans influence [78] of the thiol moiety due to 

H bond formation.  

The PIE analysis indicates that the formation of a H bond between SH and cC=O in 

cN_cSH-2 reduces the Pt-Cl interaction energy by 2.9 kcal mol-1 while no impact on 

Pt-NH3 binding strength has been found (Table S7). As a result, cN_cSH-2 is a less 

stable structure than cN_cSH-1. Conversely, as shown in Table S8, in cSH_cN-1 

and cSH_cN-2 the Pt-Cl and Pt-NH3 PIE values are comparable, with total ΔPIE of –

0.2 kcal mol-1, suggesting that the ligand in trans position to SH, the neutral NH3, is 

less affected by the increased trans influence of S than the negatively charged 

chlorido ligand. As a consequence, the formation of the strong SH···CO hydrogen 

bond in cSH_cN-1 stabilizes the structure more than the weak destabilization of the 

Pt-NH3 bond due to the increased trans influence of SH moiety, when it is engaged 

in H bond.  Other possible chelation products are the cN_cCO and cSH_cCO 

isomers. The lowest energy structures of these families are cN_cCO-1 and 

cSH_cCO-1 at 31.1 and 38.1 kJ mol-1 relative free energy, respectively (Figure S11). 

Starting from the latter, the proton transfer from the SH(Pt) function to cC=O leads to 

cS_cCO-1 isomer, with a significant increase of relative free energy (84.2 kJ mol-1). 
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 We also explored the stability of the cN_gN, cSH_gN and cS_gN isomers (Figure 

S12). The low-lying isomer is represented by cN_gN-1 (75.3 kJ mol-1) where the 

deprotonated amidic N atom chelates the Pt with protonation of cC=O. If the N-H 

function retains the proton, the relative free energy increases up to 95.6 kJ mol-1 

(cN_gN-2, Figure S12).  

 

Figure 6. Optimized geometries of the most stable conformers of the cis-

[PtCl(NH3)(CysGly)]+ ion, computed in gas phase at B3LYP/BS1 level of theory. Free 

energies relative to cN_cSH-1 are reported in parenthesis in kJ mol-1. Hydrogen 

bond distances (Å) are indicated by a red dashed line. The configuration of S* atom 

is also shown (R or S). 

3.6 Reaction pathway of the chelation process. 

The bi-dentate complex, cis-[PtCl(NH3)(CysGly)]+, is obtained in the gas-phase by in-

source fragmentation of the isolated mono-dentate adduct, cis-[PtCl(NH3)2(CysGly)]+. 

As described previously, the predominant cis-[PtCl(NH3)2(CysGly)]+ isomer in the 

sampled ion population is the cS isomer. Accordingly, the most abundant chelation 

product can be identified in the corresponding cSH_cN isomer. The reaction pathway 

of this process is composed by two steps: i)  cS → cSH and ii) cSH → cSH_cN. The 

first step consists of an intramolecular proton transfer from NH3
+ to S(Pt). Based on 
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the barrier calculated for a similar process involving the cis-[PtCl(NH3)2(Cys)]+ 

complex, an energy barrier of about 39 kJ mol-1 can be hypothesized.[33] The 

second step occurs via an intramolecular SN2-like mechanism where the NH2 

function attacks the Pt atom with release of the NH3 moiety (leaving group). The 

corresponding transition state (TS) is characterized by the well-known 

pentacoordinated adduct (Figure S13) where the bond angle NH2-Pt-NH3 is 76.4° 

(typically < 80°). Intrinsic reaction coordinate (IRC) calculations confirm this TS 

structure (Figure S14) which presents an energy barrier of 113.8 kJ mol-1 (Figure 

S15), indicating that the latter step is the rate-limiting step of the cS → cSH_cN 

chelation reaction.  

In addition, we investigated reaction pathways of alternative chelation processes in 

which the cN isomer of the mono-adduct complex is the starting point. This reaction 

is characterized by one step, cN → cSH_cN, where the free SH moiety attacks the 

Pt atom forming a bond angle SH-Pt-NH3 of 79.4°. The TS structure (Figure S16) 

has been confirmed by IRC calculations (Figures S17) and presents a relative free 

energy of 108.6 kJ mol-1 (Figure S15). Comparison of the energy barriers of the two 

processes, indicates that there are no significant differences between the kinetics of 

the two chelation reactions. 

3.7 Spectral assignment of the cis-[PtCl(NH3)(CysGly)]+  IRMPD spectrum 

Figure 7 compares the experimental IRMPD spectrum of cis-[PtCl(NH3)(CysGly)]+ 

(red profile) with the calculated vibrational spectra of the lowest energy conformers 

of the isomeric families cN_cSH, cSH_cN, cN_cCO, cSH_cCO and cN_gN. 

Theoretical IR spectra of other cis-[PtCl(NH3)(CysGly)]+ isomers and conformers are 

shown in Figures S18 and S19. 
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The cis-[PtCl(NH3)(CysGly)]+ IRMPD spectrum shows similarities with the spectrum 

of the monodentate complex as evident from the comparison of the two spectra 

presented in Figure 2. This indication agrees with the hypothesis that the chelate ion 

is produced by fragmentation of cis-[PtCl(NH3)2(CysGly)]+ inside the mass 

spectrometer, thus presenting similar binding motifs. The lowest lying structure, 

cN_cSH_1 and its isomer cN_cSH_2, can both interpret the experiment quite well, 

however these isomers may only be generated by chelation starting from a cN 

isomer of cis-[PtCl(NH3)2(CysGly)]+, a species which is not present in the assayed 

ionic population as discussed in the previous section. On the other hand, cSH_cN_1 

and cSH_cN_2 perfectly match the IRMPD spectrum as shown in Figure 7 and 

represent the lowest energy isomers produced by chelation from the cS isomer of 

cis-[PtCl(NH3)2(CysGly)]+, predominant in this ionic population.  

  A detailed description of mode assignment is reported in Tables S9 and S10. 

Among the spectroscopic features, it is interesting to compare the CO stretching 

signals of the chelate with the ones of the monodentate. In the chelate complex, 

bands at 1717 and 1768 cm-1, attributed to CO stretching modes of cysteine and 

glycine, respectively, are closer in frequency than the correspondng bands in cis-

[PtCl(NH3)2(CysGly)]+ by ca. 20 cm-1. Calculations reproduce this feature well. 

Arguably, the cysteine CO stretching mode is slightly more red-shifted in the 

monodentate complex due to the interaction with a stronger H-bond donor, the 

hydrogen of the protonated amino group, when compared to the hydrogen of the 

amino group bound to platinum in the chelate ion. It is worth pointing out the 

absence of any strong absorption around 1450 cm-1. This band was assigned to the 

monodentate complex to the umbrella mode of the protonated amino group of 
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cysteine. Its absence is a clear indication of the binding of the same amino group to 

platinum in the cis-[PtCl(NH3)(CysGly)]+ complex. 

Both the relative free energy values and the comparison between experimental and 

theoretical spectra (Figure 7 and Table S10) clearly indicate that the second 

nucleophilic group involved in the chelation reaction cannot be associated with the 

cCO (cN_cCO-1 and cSH_cCO-1) or to the amidic NH (cN_gN-1) functions. 

Spectroscopic data finally assess the formation of a chelate complex cSH_cN which 

is in line with reported findings in the case of the cisplatin-methionine interaction.[39] 

 

Figure 7. IRMPD spectrum (red profile) and calculated harmonic IR spectra of the 

lowest lying isomers and conformers of cis-[PtCl(NH3)(CysGly)]+ ion (blue profile), 
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computed at the B3LYP/BS1 level of theory. Free energies relative to cN_cSH-1 are 

reported in brackets (kJ mol-1).  

 

4. Conclusions 

In this work, we report IRMPD experiments combined with DFT calculations to 

characterize the products of mono-substitution and of the subsequent chelation 

reactions of cisplatin with the CysGly dipeptide, selected as functional model of 

GSH.  

We found that the IRMPD spectrum of cis-[PtCl(NH3)2(CysGly)]+ in the IR fingerprint 

range (900-1900 cm-1) is satisfactorily reproduced by the theoretical harmonic 

spectra of the lowest energy S-bound conformers, showing the same H bond pattern 

of cis-[PtCl(NH3)2(Cys)]+, as previously reported. The vibrational band at 1420 cm-1 

attributed to the umbrella mode of the protonated amino group of cysteine is highly 

diagnostic since it is not present in N-bound isomer allowing an unambiguous 

attribution. This evidence indicates that the thiol function is the most favorite 

metalation site of the CysGly dipeptide. Moreover, the combination of IRMPD 

spectroscopy with DFT calculations allowed us to study the possible impact of the 

reaction with cisplatin on the peptide bond configuration. The findings showed that 

the trans dipeptide remains the most stable CysGly isomer even after the platination 

process. 

The chelation product, cis-[PtCl(NH3)(CysGly)]+, has been obtained by means of 

fragmentation of cis-[PtCl(NH3)2(CysGly)]+ inside the mass spectrometer. Therefore, 

it is presumably originated from conformers of the lowest energy S-bound isomer, 

after chelation engaging the alpha amino group of cysteine. Indeed, the 

corresponding IRMPD spectrum is well interpreted by conformers of the S,N-bound 
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epimers, whose most stable structure is characterized by an intramolecular H bond 

between the CO and SH groups of cysteine, allowed only with sulfur in S 

configuration. 

The results reported herein may contribute to extend the information about the 

cisplatin reactivity with biological thiol derivatives, useful for an in depth 

understanding of the cisplatin resistance mechanism associated to GSH and 

eventually to design more effective Pt-based anticancer drugs. 
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