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ABSTRACT: Glutathione is a biologically abundant and redox active tripeptide that serves to 

protect cells from oxidative stress and rid the body of toxic heavy metals. The present study 

examines the coordination complexes of glutathione (GSH) with metals that are central to redox 

processes in biology, Zn, Cu, and Fe, using infrared multiple photon dissociation (IRMPD) action 

spectroscopy with a free electron laser. For all three metals, a complex between the metal dication 

and deprotonated GSH was formed, M(GSH-H)+. The experimental IRMPD spectra were 

compared to scaled harmonic vibrational spectra calculated at the MP2/6-311+G(d,p) level of 

theory after thorough exploration of conformational space using a simulated annealing protocol. 

Interestingly, spectra calculated at the B3LYP or ωB97XD level do not match experiment as well. 

These findings offer the first gas-phase spectroscopic evidence for how the biologically relevant 

metal ions coordinate with glutathione. There are spectral features that are common to all three 

metals, however, noting the differences in the strengths of the common features between the three 

metals enables an assessment of the preference or specificity that each individual metal has for a 

given coordination site. Additionally, all three metals form structures where the deprotonated thiol 

of the cysteine side chain coordinates with the metal center, which is consistent with the 

involvement of the thiol site in biologically relevant redox chemistry.  
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INTRODUCTION

Glutathione (L-γ-glutamyl-L-cysteinylglycine, GSH) is a biologically abundant tripeptide 

that is involved in many biological processes, including protein synthesis, DNA synthesis, enzyme 

activity, metabolism, and defense of cells against oxidative stress.1-2 When GSH is deactivated by 

the formation of a disulfide bridge between two oxidized GSH molecules forming GSSG or simply 

of limited availability, the ability of GSH to respond to oxidative stress within the body is 

decreased. Failure to respond and mitigate cellular oxidative stress has been linked to a number of 

diseases3 including Wilson’s disease4 and Parkinson’s disease.5 Patients with Wilson’s disease 

have low levels of reduced glutathione, and as a result, the concentration of copper in their blood 

is too high leading to organ damage.4 For patients with Parkinson’s disease, the iron concentration 

in the substantia nigra within the brain is elevated.5 Increased iron concentration becomes 

problematic because Fe can generate hydroxyl radicals, inducing oxidative stress upon cells. The 

redox chemistry of GSH mitigates the effects of oxidative stress by reducing redox active metals 

and reactive oxygen species, including hydroxyl radicals, or by binding to heavy metals for 

subsequent elimination from the body.6-8

Several studies have shared the objective of obtaining structural information related to the 

coordination of metals to glutathione to ultimately elucidate the mechanism by which glutathione 

works to restore and maintain homeostasis.9-14 These studies reveal that Zn and Cu, along with 

other heavy metals such as Cd, Pb, and Hg preferentially bind to the thiol site, whereas Fe 

coordinates with carboxylate sites. Although biologically relevant, many of these studies were 

carried out in solution, where the structure of the species under investigation is influenced by 

interactions with the solvent (for example, extensive hydrogen bonding networks and hydration of 

the metal center) and is highly sensitive to the pH conditions used in the study. Gas-phase 

experiments offer the opportunity to study metal-glutathione complexes free of solvent effects to 

reveal the intrinsic binding characteristics between glutathione and metal dications. Bohme and 

coworkers15 previously investigated the dissociation pathways of deprotonated glutathione 

complexed with Co2+, Ni2+, Cu2+, and Zn2+. Their study suggests that these metals preferentially 
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bind to the thiol site of the cysteine side chain, and it was presumed that the C-terminus was 

deprotonated. Upon dissociation, the oxidation states of Co, Ni, and Zn do not change. In contrast, 

the Cu2+ radical in the copper complex can be reduced to Cu+ upon dissociation. This reduction 

can lead to more insidious implications in radical formation that leads to DNA damage in 

biological systems.

Previous IRMPD studies have examined protonated GSH and its S-nitroso derivative,16 

demonstrating that gas-phase GSH forms intramolecular hydrogen bonds that reduce the 

complexity and flexibility observed for GSH in solution. The spectroscopic study presented here 

focuses on the coordination chemistry of deprotonated glutathione with biologically relevant, 

metals that are central to redox processes in biology: zinc, copper, and iron. Notably, copper and 

iron are redox-active, whereas zinc(II) is redox-inert; however, zinc(II) has been demonstrated to 

have a central role in the control of redox biology.17 To elucidate the site of deprotonation in 

forming the M(GSH-H)+ species under investigation, it is worthwhile to consider the pKa values 

of the active sites within glutathione. In the simplest considerations, the pKa values for sites within 

the individual amino acids are as follows: pKa (Glu N-terminal amino site) = 9.60, pKa (Glu C-

terminus) = 2.19, pKa (Cys thiol side chain) = 8.18, pKa (Gly C-terminus) = 2.34.18 (The pKa values 

of the Glu side chain and Cys C-terminus are not included here as they are involved in GSH 

backbone formation. Likewise, the Cys and Gly amino sites, pKa = 10.28 and 9.60, respectively, 

are converted to amide sites, which in general, are mildly acidic.) Importantly, because acid/base 

chemistry trends in the gas phase are the reverse of what is reported in solution,19-20 we anticipate 

that the common deprotonation sites for the M(GSH-H)+ complexes will include the N-terminus 

and thiol site, and given the conclusions of Bohme and coworkers,15 we also consider 

deprotonation at both carboxylic acids. Additionally, we anticipate that deprotonation of the thiol 

site (creating the anionic S– moiety) creates a strong M2+ binding site, which is directly comparable 

to observations from solution-phase studies. The present study conducted in the absence of solvent 

interactions may shed light on other favorable metal coordination sites within GSH that might 

provide more detail related to the mechanism by which GSH manages oxidative stress in biological 
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systems. Several previous studies have successfully employed infrared multiple photon 

dissociation (IRMPD) action spectroscopy to obtain structural information for a wide range of 

systems21 including biological molecules22-28 and metal-cationized biological molecules,29-34 for 

instance, amino acids,25, 35-62 dipeptides,63-65 tripeptides,66-68 and amino-acid based dimers.69-70 The 

success of these previous IRMPD studies of metalated peptides provides a strong foundation to 

support the current study of the metalated tripeptide, GSH.

METHODS

Sample Preparation

Solutions were prepared by dissolving glutathione (Sigma-Aldrich) and the respective 

metal dichloride, Zn, Cu, and Fe (Sigma-Aldrich), in 50:50 H2O:acetonitrile. These solutions were 

further diluted in methanol to 10-5 M concentrations for use in the electrospray ionization (ESI) 

source and mass isolated for subsequent IRMPD experiments. For all three metals, the primary 

complexes formed were singly charged combinations of the metal dication with deprotonated 

glutathione, designated as M(GSH-H)+ hereafter.

IRMPD Experiment

Experiments were carried out using the ion trap instrument coupled to the beamline of the 

Free Electron Laser for Infrared eXperiments (FELIX) at Radboud University, The Netherlands.71 

The details of the full experimental setup have been described previously.72 The FEL was scanned 

over the 700 to 1900 cm-1 region and operated at a 10 Hz macropulse repetition rate with a 

maximum pulse energy of 50 mJ. Spectra shown below include only 1000 – 1900 cm-1 because no 

peaks were observed in the 700 – 1000 cm-1 range. The full experimental spectra are shown in 

Figures S1 – S3. The 700 – 1900 cm-1 range was examined spectroscopically because previous 

studies of similar systems have shown this to be a region where the most characteristic peaks are 

observed and this was the optimized range for these experiments during the available beamtime. 

Calculations indicate that peaks from 300 – 700 cm-1 are generally low in intensity and not 

particularly distinctive, see Figures S4 – S6. The trapped ions were irradiated with a single 
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macropulse that was attenuated in order to prevent excessive ion depletion (saturation).73 The 

IRMPD spectra shown here were generated by plotting the photofragmentation yield, 𝑌 =  ― ln [Σ

 𝐼𝑝/(Σ 𝐼𝐹 + Σ 𝐼𝑃)], where IF and IP are the integrated intensities of the fragment and precursor mass 

peaks, respectively, as a function of the frequency of IR radiation. The yield was corrected for 

frequency-dependent variation in the laser pulse energy. These corrections are appropriate for this 

experiment because the power dependence of the dissociation is practically linear until saturation 

occurs because of the incoherent nature of the multiple photon excitation process, a phenomenon 

well detailed in the literature.73-74

Computational Details

A simulated annealing program explained in greater detail previously75-80 along with two 

structures from a previous computational study81 of Co(GSH-H)+ were used to identify low-energy 

structures for the Zn(GSH-H)+ complexes. It is important to realize that to provide comprehensive 

structural coverage the simulated annealing protocol must start with structures where the proton 

has been removed from several different sites and where the iminol structures discussed below are 

explicitly considered. Briefly, our simulated annealing procedure employs the Amber force field79-

80 to generate unique structures followed by geometry optimizations at the B3LYP/6-31G(d)82-83 

level of theory using the Gaussian1684 software package. These geometries were then used as 

starting points for the Cu(GSH-H)+ and Fe(GSH-H)+ systems. Spin states considered for these 

three systems were singlet for Zn, doublet for Cu, and singlet, triplet, and quintet for Fe. For Fe, 

structures with a singlet and triplet spin state were found to lie higher in energy than the quintet 

states and are not discussed further. These structures and additional higher energy structures for 

all systems are instead listed in the Supplementary Information, Table S1. The geometries of low-

energy structures (energies less than 0.02 Hartrees with respect to the lowest energy species as 

calculated at the B3LYP/6-31G(d) level) were optimized using B3LYP/6-311+G(d,p) within the 

Gaussian1684 software package. Additionally, structures of selected species were optimized with 

MP285/6-311+G(d,p). Before comparison with experimental spectra, harmonic vibrational 

frequencies calculated for the optimized structures at the B3LYP and MP2 levels were scaled by 
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0.975 and 0.965, respectively. This scaling factor for B3LYP has been shown to accurately 

reproduce IRMPD spectra of related molecules in previous studies.24-28, 41, 44, 46-48, 50, 52-62, 65, 70  The 

MP2 scaling factor was chosen such that the carbonyl stretch was reproduced, and this was 

consistent for all three metal systems, see below. A Gaussian line shape (FWHM = 25 cm-1) was 

used to broaden the calculated vibrational spectra for comparison to the IRMPD spectra.86 This 

FWHM accounts for the finite laser bandwidth and unresolved rotational structures. When 

comparing theoretical calculated spectra to experimental spectra, it is important to note that the 

intensities may differ because the calculated spectra correspond to a single-photon process whereas 

acquisition of the IRMPD spectra require the absorption of multiple IR photons of resonant 

wavelength to induce dissociation. Vibrational assignments provided below were based on the 

predicted vibrational character and are included next to the wavenumber of the experimental band 

in parenthesis. 

Single point energy (SPE) calculations for the B3LYP optimized structures were performed 

using the 6-311+G(2d,2p) basis set with the B3LYP, ωB97XD,87 and MP2(full), where full 

indicates correlation of all electrons, levels of theory. Zero-point energy (ZPE) corrections and 

298 K thermal corrections using frequencies calculated at the B3LYP/6-311+G(d,p) or MP2/6-

311+G(d,p) level, as indicated, were applied to SPEs to provide the relative enthalpies at 0 K and 

Gibbs energies at 298 K. Vibrational frequencies used for ZPE and thermal corrections were scaled 

by 0.9896.88 In select cases, we also performed CCSD(T)/6-311+G(d,p)//MP2/6-311+G(d,p) 

single point calculations. Structures were also optimized using the B3LYP-GD3BJ89-90 level of 

theory using the 6-311+G(d,p) basis set to assess the influence of dispersion forces on energies 

and structures. These structures were then used to calculate SPEs including the GD3BJ dispersion 

corrections using the larger 6-311+G(2d,2p) basis set. 

RESULTS AND DISCUSSION

Nomenclature
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Glutathione is a unique tripeptide in that it is not composed of three amino acids bound by 

traditional peptide bonds. In glutathione, glutamic acid forms a gamma peptide linkage to 

cysteinylglycine through an amide bond between the carboxylic acid carbon of the glutamic acid 

side chain and the amino group of the cysteine residue. To provide a thorough description of how 

the metal coordinates with glutathione, we label the various heteroatoms of GSH as shown in 

Figure 1. Here, we denote the amino nitrogen of the glutamic acid residue as N1, the amide nitrogen 

of the cysteine residue as N2H, and the amide nitrogen of glycine as N3H (not shown). When the 

hydrogen originally on N has migrated to a nearby oxygen atom of a carbonyl group to form an 

iminol group, the iminol nitrogen of the cysteine residue is denoted as N2 (not shown) and the 

iminol nitrogen of glycine as N3. (Note that the iminol motif shown here is uncommon in bare 

GSH and tautomerization to such a structure is driven by metal complexation.9, 91) To address the 

fact that there is a glutamyl gamma bond to cysteinylglycine, we denote the carbonyl of the side 

chain of the glutamic acid as COγ and refer to the backbone carboxylic acid of glutamic acid as 

CO1, the backbone carbonyl of the cysteine residue as CO2, and the backbone carbonyl of glycine 

as CO3. In instances where the peptide linkage is in the iminol tautomeric form, the carbonyl where 

the proton has migrated is denoted as COγH (not shown) or CO2H, corresponding to either the 

glutamyl gamma carbonyl or the cysteine carbonyl, respectively. The thiol side chain of the 

cysteine residue is referred to as S unless the tripeptide is deprotonated at that site, in which case 

it is denoted as S– (not shown). The description of which sites bind to the metal is provided in 

square brackets. Table S2 in the Supplementary Information also includes a designation of the 

dihedral angles along the backbone of the deprotonated GSH ligand. Additionally, Table 1 

compares the metal-ligand bond distances for each of the systems discussed here. 

Comparison of Zn (GSH-H)+, Cu(GSH-H)+, and Fe(GSH-H)+ Spectra

A comparison of the experimental IRMPD spectra of the Fe(GSH-H)+, Cu(GSH-H)+, and 

Zn(GSH-H)+ complexes is shown in Figure 2. All M(GSH-H)+ complexes possess strong spectral 

features near 1685 (CO3 and COγ stretches), 1617 (N1H2 scissor and COγ stretch), and 1425 cm-1 

(CO3H in-plane bend and CH2 scissor). Zn(GSH-H)+ possesses a strong feature at 1763 cm-1 (CO1 
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stretch) that becomes less pronounced in the Cu(GSH-H)+ spectrum and is absent in the 

Fe(GSH-H)+ spectrum. As will be discussed below, this feature is associated with the CO stretch 

of an uncoordinated carboxylic acid, indicating that the Zn and Cu complexes possess a free 

carboxylic acid site, whereas Fe coordinates with both carboxylic acid sites, in agreement with the 

previous solution phase study where Fe shows a clear preference for coordination with carboxylate 

donor sites.14 A feature near 1500 cm-1 (CO3H and CN2H in-plane bend) is a minor feature for the 

Zn(GSH-H)+ species, more prominent and red shifted for the Cu analogue, and strongest for the 

Fe analogue. The feature in the Zn spectrum near 1147 cm-1 (uncomplexed carboxylic acid COH 

in-plane bend) decreases in intensity and blueshifts as one works across the row from the zinc to 

the copper to the iron system. This is an experimental indication of variations in the metal binding 

to the carboxylic acid groups. Zn(GSH-H)+ has a strong, characteristic feature at 1073 cm-1 (N1H2 

wag) that is possibly shifted for the Cu complex and weakest for the Fe complex. Each of the 

M(GSH-H)+ spectra also possess bands near 1230 cm-1 (N1H2 twist and predominantly CN2H and 

CN3H in-plane bends) and 1280 cm-1 (backbone CH2 and N1H2 twists). Each of the M(GSH-H)+ 

spectra have a peak labelled v9, however all these peaks correspond to different vibrations. All 

vibrations listed here are labelled in Figure 2 and identified further in Tables S6, S7, and S8 for 

the Zn, Cu, and Fe complexes, respectively.

Relative Energies and Structures of Zn(GSH-H)+

The relative energies of low-lying Zn(GSH-H)+ structures identified through simulated 

annealing and calculated using the B3LYP//B3LYP, B3LYP-GD3BJ//B3LYP-GD3BJ, and 

ωB97XD//MP2 density functionals and MP2(full)//MP2 level of theory are detailed in Table S3. 

The lowest energy structures of each of the four unique metal coordination motifs are shown in 

Figure 3. Notably, although the energies differ, the B3LYP and B3LYP-GD3BJ calculations 

converge to nearly identical structures, whereas the MP2 structures show some distinct differences, 

as detailed below. The calculated global minimum (GM) at all levels of theory is [N1, COγ, S–, 

CO3], which coordinates the Zn2+ with the N-terminus and gamma carbonyl of the glutamic acid. 

The thiol site is deprotonated, as expected on the basis of pKa considerations, and the sulfur 
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coordinates with the metal along with the C-terminal carbonyl. The [N1, CO1, COγ, CO3–] structure 

lies 4 - 8 kJ/mol above the GM at 298 K and again coordinates Zn2+ with the N-terminus and 

gamma carbonyl of the glutamic acid. The backbone carbonyl of the glutamic acid, CO1, is rotated 

into the metal binding pocket. The thiol site is protonated and therefore is oriented away from the 

metal. Instead, the C-terminus is deprotonated, and the metal coordinates with one of the C-

terminal oxygen sites. The [CO1, COγ, S–, CO3] structure is similar to the GM, but for this species, 

the CO1 group of the N-terminus binds to the metal in place of the N1 amino group. This exchange 

of glutamic acid backbone coordination sites results from the rotation of one dihedral angle and 

increases the energy of the complex by 5 – 17 kJ/mol relative to the GM. The [N1, CO1, N2H, S–] 

structure coordinates the Zn2+ with the N-terminus, the CO1 carbonyl, the amine backbone 

nitrogen, and the deprotonated thiol site. (This is one of the structures identified for Co(GSH-H)+ 

by Spezia et al.81) This structure lies 13 – 16 kJ/mol above the GM at most levels of theory; 

however, B3LYP suggests that it is nearly isoenergetic with the GM. For the Zn(GSH-H)+ system, 

iminol structures lie higher in energy than their amide counterparts by 3 – 21 kJ/mol (Table S2). 

This contrasts with previous IRMPD investigations of the structures of metalated tripeptides,68, 92 

which indicated that iminol type structures can lie lower in energy than their amide counterparts, 

such that they are experimentally present. However, in these previous studies, the peptide was not 

deprotonated and the complex retained a charge of 2+. 

IRMPD spectrum of Zn(GSH-H)+

The photodissociation spectrum of Zn(GSH-H)+ is shown in Figure 3. Major spectral 

features are located at 1763, 1688, 1620, 1543, 1499, 1426, 1284 (broad), 1231, 1147, and 1073 

cm-1. Spectra calculated at the MP2/6-311+G(d,p) level for the GM structure and for the lowest-

energy conformations for each of the other three unique metal chelation structures are also shown 

in Figure 3. The predicted GM at all levels of theory, [N1, COγ, S–, CO3], has a calculated spectrum 

that reproduces the experimental spectrum remarkably well, both in terms of the locations and 

intensities of the bands. The calculated spectrum for the GM possesses features at 1752 (CO1 

stretch), 1724 (CO2 stretch), 1683 (CO3 stretch), 1605 (COγ stretch), 1544 (CN2H in-plane bend), 
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1510 (CN3H in-plane bend), 1425 (C-terminus in-plane COH bend), 1364 (CO1H in-plane bend), 

1303 (CO3H in-plane bend), 1253 (CH2 twists), 1221 (N1H2 twist and CN2H and CN3H in-plane 

bends), 1176 (CO3H in-plane bend), 1163 (N1H2 wag), 1149 (CO1H in-plane bend), 1089 (CC 

backbone stretch), and 1071 cm-1 (N1C stretch). Arguably, the calculated spectrum for the GM 

structure does not capture the intensities of the bands observed at 1231 and 1073 cm-1. However, 

the intensity of the 1073 cm-1 band may have been artificially enhanced because it is positioned to 

the red of a strong absorption band, which is a well-known and documented artifact of IRMPD 

spectroscopy.93 The spectra shown in Figure 3 were calculated at the MP2/6-311+G(d,p) level of 

theory, and although MP2 is more computationally expensive than the B3LYP/6-311+G(d,p) and 

ωB97XD/6-311+G(d,p) DFT methods, the DFT methods do not adequately reproduce the CO3 

carbonyl stretch at 1688 cm-1 or the bands observed at 1426 and 1073 cm-1, see Figure S4. The 

MP2 calculations suggest that Zn2+ binds tightly to GSH as the bond lengths between Zn2+ and the 

GSH coordination sites are ~0.03 Å shorter in the MP2 structure than in the B3LYP structure. 

The spectrum for the [N1, CO1, COγ, CO3–] structure possesses features that reproduce a 

few of the experimental bands well with features at 1689 (CO1, CO2, and CO3– stretches), 1610 

(COγ stretch), 1228 (CSH in-plane bend and CH2 twist), and 1080 cm-1 (N1H2 wag). However, this 

spectrum overestimates the intensity of the band at 1532 cm-1 (CN2 stretch) and does not capture 

the experimentally observed features at 1763, 1426, and 1147 cm-1. 

The spectrum for the [CO1, COγ, S–, CO3] structure reproduces the features at 1688, 1620, 

and 1426 cm-1 but fails to capture the major features at 1763, 1147, and 1073 cm-1. The spectrum 

for the [N1, CO1, N2H, S–] species approximates many of the experimental bands with vibrations 

at 1757 (CO3 stretch), 1726 (COγ stretch), 1690 (CO1 stretch), 1421 (CO1H in-plane bend), and 

1396 and 1155 (CO3H in-plane bends), and 1105 cm-1 (N1H2 wag). This spectrum does not 

reproduce the major features observed at 1620, 1284, 1231, and 1073 cm-1 and is unlikely to be a 

major contributor to the experimental spectrum.

The comparison of the locations and intensities of the calculated spectral features with 

those contained in the experimental spectrum convincingly suggests that the GM structure, 
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[N1, COγ, S–, CO3], is the primary contributor to the experimental spectrum. The 

[N1, CO1, COγ, CO3–], [CO1, COγ, S–, CO3], and [N1, CO1, N2H, S–] structures may be present, 

although they are not necessary to reproduce the experimental spectrum. 

Relative Energies and Structures of Cu(GSH-H)+

The relative energies of four unique Cu(GSH-H)+ chelation structures are provided in 

Table S4 and shown in Figure 4. Again, B3LYP and B3LYP-GD3BJ calculations converge to very 

similar structures. The [N1, CO1, N2H, S–] structure is predicted to be the 298 K GM for all levels 

of theory except for MP2, where it is 30 kJ/mol above the MP2 GM at 298 K, [N1, COγ, S–, N3H, 

CO3]. To further explore this discrepancy, we also calculated CCSD(T)/6-311+G(d,p)//MP2/6-

311+G(d,p) Gibbs energies at 298 K, finding that the former structure lies 11 kJ/mol above the 

latter. The [N1, CO1, N2H, S–] structure utilizes the N-terminus and CO1 group to coordinate Cu2+. 

The thiol site is deprotonated, as anticipated based on pKa considerations mentioned above, and is 

therefore available as a metal coordination site. The [N1, S–, CO2] structure is 6 – 22 kJ/mol higher 

in energy than the GM. This ostensibly tri-dentate coordination probably also has a Cu interaction 

with N2, although the Cu-N2 distance is 2.49 Å, which is slightly longer than that in the GM [N1, 

CO1, N2H, S–] structure, where the Cu-N2 distance is 2.22 Å. (It can be noted that a key difference 

between the structures obtained by B3LYP and MP2 is the Cu-N2 bond distance, 2.22 Å for MP2 

but 2.85 Å for B3LYP, which leads to several vibrational bands shifting appreciably.) The [N1, 

COγ, S–, N3H, CO3] structure is the MP2 and CCSD(T) 298 K GM, whereas other levels of theory 

calculate this structure to be 14 – 57 kJ/mol higher in energy with respect to their GM. Here, the 

B3LYP and MP2 structures differ much less in the Cu-N3 interaction, with bond lengths of 2.20 Å 

and 2.10 Å, respectively. Note that a [N1, COγ, S–, CO3] structure was identified as the GM for the 

Zn2+ system, where there is essentially no interaction with N3H with a Zn-N3 distance of 2.85 Å 

(3.01 Å in the B3LYP structure). Lastly, the [N1, CO1, N2, S–, CO2] structure is 20 – 51 kJ mol 

higher in energy with respect to the GM. This structure coordinates Cu2+ with the N-terminus, the 

carbonyl of the carboxylic acid of glutamic acid, the iminol tautomerized peptide linkage N2, the 

deprotonated thiol, and the backbone carbonyl of the cysteine residue. Because the C-terminus is 
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not involved in binding, this section of the molecule is oriented away from Cu2+, leading to a less 

compact structure. The stability of this structure is consistent with a previous IRMPD study of a 

Cu coordinated histidine dipeptide, which indicated that Cu2+ forms low-energy pentadentate 

structures using a similar theoretical treatment as the approach used here.65

IRMPD spectrum of Cu(GSH-H)+

The photodissociation spectrum of Cu(GSH-H)+ is shown in Figure 4. Major spectral peaks 

are centered at 1770, 1685, 1587, 1505, 1423, 1246, 1159, and 1102 cm-1. Spectra calculated at 

the MP2/6-311+G(d,p) level for the lowest-energy conformations of each unique metal chelation 

structure are also shown in Figure 4. The [N1, CO1, N2H, S–] structure is the GM at all levels of 

theory except for MP2 and CCSD(T) and has a calculated spectrum that reproduces the 

experimental spectrum fairly well with bands predicted at 1757 (CO3 stretch), 1684 (COγ stretch), 

1675 (CO1 stretch), 1589 (N1H2 scissor), 1514 (CN3H in-plane bend), 1395 (CO3H in-plane bend), 

1275 (CO3H in-plane bend and CH2 wag), 1155 (CO3H in-plane bend), and 1097 cm-1 (N1H2 wag). 

This spectrum does not reproduce the intensities of the bands at 1587 and 1246 cm-1. Here, the 

B3LYP and MP2 (shown) spectra are more similar, Figure S5, although the MP2 spectrum 

reproduces the bands observed at 1505 and 1102 cm-1 better than the B3LYP spectrum. In contrast 

to the Zn complex, the bond lengths between the metal and the complexation sites are more 

comparable (0.005 Å smaller for MP2) for N1, CO1, and S–; however, as noted above, the 

interaction between Cu and N2Although the [N1, S–, CO2] structure captures the location of the 

1770, 1159, and 1102 cm-1 peaks with calculated bands at 1777 (CO1 stretch), 1761 (CO3 stretch), 

1159 (CO3H in-plane bend), and 1086 cm-1 (N3C stretch), it does not sufficiently reproduce the 

intensities of the experimentally observed bands, it fails to capture  major peaks from 1200 – 1750 

cm-1, and it overestimates the intensities of the bands at 1330 and 1650 cm-1. 

The [N1, COγ, S–, N3H, CO3] structure is the MP2 and CCSD(T) GM and has a calculated 

spectrum that reproduces most features in the experimental spectrum with bands predicted at 1759 

(CO2 stretch), 1749 (CO1 stretch), 1695 (CO3 stretch and CO3H in-plane bend), 1620 (COγ stretch), 

1581 (N1H2 scissor), 1529 (CN2H in-plane bend), 1441 (CO3H in-plane bend and nearby NH2 
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wag), 1362 (CO1H in-plane bend), 1303 (CO3H in-plane bend), 1178 (CO3H in-plane bend), 1148 

(CO1H in-plane bend), 1107 (CN3 stretch), and 1091 and 1071 cm-1 (CN1
 stretches). However, the 

predicted spectrum for the [N1, COγ, S–, N3H, CO3] structure overestimates the intensity of the 

peak at 1770 cm-1 and underestimates the intensities of the features at 1587, 1505, and 1246 cm-1, 

which could suggest that one or more additional isomers contribute to the experimental spectrum. 

Here, the B3LYP and MP2 spectra are similar (Figure S5), and the B3LYP spectrum reproduces 

the bands at 1423 and 1159 cm-1 but also predicts a band at 1058 cm-1 that is not observed in the 

experimental spectrum. The bond lengths between Cu2+ and each of the GSH coordination sites in 

the MP2 structure are ~0.05 Å shorter than those in the B3LYP structure except for the Cu-N3H 

bond, which is 0.09 Å shorter.

The calculated spectrum for the [N1, CO1, N2, S–, CO2] structure possesses features at 1759 

(CO3 stretch), 1701 and 1688 (CO1 and CN2 stretches), 1634 (CO2 stretch), 1534 (CN3H in-plane 

bend), 1447 (CH2 scissor), 1403 (CO3H in-plane bend), 1327 (cysteine CH bend), 1296 (COγH in-

plane bend), 1263 (COγH in-plane bend), 1158 (CO3H in-plane bend), 1098 (N3C stretch and 

CO3H in-plane bend), and 1068 cm-1 (N1H2 wag). This spectrum reproduces the features at 1770, 

1246, 1159, and 1102 cm-1 in the experimental spectrum; however, the calculated spectrum for 

this pentadentate species does not capture the locations or intensities of the features in the 1400 to 

1700 cm-1 range, and the predicted 1036 cm-1 band is not observed. 

We conclude that the calculated GMs, [N1, CO1, N2H, S–] and [N1, COγ, S–, N3H, CO3], 

are likely to be present and contribute to the experimental spectrum. 

Relative Energies and Structures of Fe(GSH-H)+

The relative energies of the unique Fe(GSH-H)+ chelation structures with a quintet spin 

state, calculated using the B3LYP//B3LYP, B3LYP-GD3BJ//B3LYP-GD3BJ, and 

ωB97XD//MP2 density functionals and MP2(full)//MP2 level of theory are detailed in Table S5. 

Their structures and energies are displayed in Figure 5. B3LYP and B3LYP-GD3BJ calculations 

converge to nearly identical structures. Most of the structures were reproduced at all three 

multiplicities except for one higher-energy structure that was unstable with a quintet multiplicity. 
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In all cases, the triplet and singlet spin states produce structures that are higher in energy by more 

than 103 and 141 kJ/mol, respectively, with some differences in the relative energetic ordering of 

the different structures.

The GM at all levels of theory for Fe(GSH-H)+ is [CO1, S–, CO2, CO3], a four-coordinate 

structure. The peptide wraps around the metal ion and represents a charge solvated (CS) structure. 

In this structure, GSH is deprotonated at the thiol group, as predicted by the comparison of pKa 

values for the functional GSH sites, which provides a strong coordination site for Fe2+. The [CO1, 

COγ, S–, CO3] structure lies 9 – 17 kJ/mol above the GM at 298 K and is structurally similar with 

three of the four binding sites being the same, including the deprotonated sulfur. The energy 

difference is the result of a backbone rotation that orients the CO2 group outward and rotates the 

COγ group into the metal binding pocket. At the MP2 level, this structure also appears to have a 

weak Fe-N3H interaction characterized by a bond length of 2.49 Å and an HNCO dihedral angle 

of 153°. This is absent in the B3LYP geometry where the bond length is 3.12 Å and the dihedral 

is 175°. Because of the energetic proximity of these two structures, we also calculated their relative 

298 K Gibbs energies at the CCSD(T)/6-311+G(d,p)//MP2/6-311+G(d,p) level finding that [CO1, 

COγ, S–, CO3] remains higher in energy by 15 kJ/mol. The [N1, CO1, N2, S–, CO2] structure lies 11 

– 50 kJ/mol above the GM at 298 K. This structure is an iminol that coordinates the N-terminus 

and the deprotonated thiol, however, the proton originally on the N2H group migrates to the COγ 

group, allowing the N2 atom to bind to the metal. The [N1, N2H, S–, CO2] structure lies 20 – 52 

kJ/mol above the GM. In this structure, the N-terminus, deprotonated thiol, and the CO2 groups 

coordinate with the metal. Here, we also assign the N2H as occupying a coordination position given 

the Fe-N2 bond distance of 2.29 Å, only slightly elongated compared to the Cu-N2 bond distance 

in the B3LYP GM of 2.22 Å. 

IRMPD spectrum of Fe(GSH-H)+

The photodissociation spectrum of Fe(GSH-H)+ is shown in Figure 5. Major spectral 

features are centered at 1685, 1602, 1517, 1425, 1263, 1219, 1162, and 1040 cm-1. Spectra 

calculated at the MP2/6-311+G(d,p) level for the quintet spin complexes are overlaid with the 
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experimental spectrum in Figure 5. The calculated spectrum for the GM, [CO1, S–, CO2, CO3], 

possesses features at 1709 (CO1, CO2, and CO3 stretches), 1696 (COγ stretch), 1667 (CO1 stretch), 

1608 (CO2 stretch), 1599 (N1H scissor), 1536 (CN3H in-plane bend), 1488 (CN2H in-plane bend), 

1461 (CO1H in-plane bend), 1307 (CO3H in-plane bend and nearby CH2 wag), 1269 (CO1H in-

plane bend and nearby CH bend), and 1177 cm-1 (CO3H in-plane bend), which correspond well 

with the positions of major spectral features in the experimental spectrum except for the intense 

band at 1461 cm-1. However, the spectrum for the GM does not reproduce the intensities of the 

bands observed at 1517, 1263, and 1219 cm-1. The B3LYP spectrum for this species is similar to 

that shown for MP2 but does a poorer job of reproducing the bands at 1602 and 1040 cm-1, see 

Figure S6. In the MP2 calculated spectrum, the band at 1461 cm-1 has red-shifted to overlap better 

with the experimentally observed band at 1425 cm-1, although its intensity is still too large. The 

only appreciable difference between the MP2 and B3LYP [CO1, S–, CO2, CO3] structures is the 

Fe-S bond length, which is 0.02 Å shorter in the B3LYP structure. 

Because the [CO1, COγ, S–, CO3] structure is reasonably low in energy at most levels of 

theory, it is possible that this structure is present and contributes to the experimental spectrum. The 

calculated spectrum for the [CO1, COγ, S–, CO3] structure is similar to that of the GM and includes 

features at 1735 (CO2 stretch), 1713 and 1688 (CO1
 and CO3 stretches), 1608 (COγ stretch), 1595 

(N1H2 scissor), 1545 (CN2H in-plane bend), 1461 (CN3H in-plane bend), 1433 (CO1H in-plane 

bend), 1302 (CO3H in-plane bend), 1181 (CO3H in-plane bend), and 1154 and 1149 cm-1 (CN3 

stretch and C1H2 twist) that reproduce major features in the experimental spectrum. This spectrum 

nicely reproduces the shapes of the bands at 1685 cm-1 and 1425 cm-1. Similar to the GM, the 

intensities of the bands observed at 1517, 1263, 1219, and 1162 cm-1 are not reproduced well, and 

the calculated spectrum does not reproduce the minor band observed at 1040 cm-1. The B3LYP 

spectrum for this species is very similar to the MP2 spectrum in Figure 5 (see Figure S6) although 

the shape of the band at 1685 cm-1 is reproduced better by the MP2 spectrum. The structures 

calculated using MP2 and B3LYP are similar, but the bond lengths between Fe and the GSH 

coordination sites are 0.02 – 0.04 Å longer in the MP2 structure than in the B3LYP structure. 
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Interestingly, this is in contrast to the observations of MP2 with Zn and Cu, where the bond lengths 

are shorter than those obtained using B3LYP. 

Both the [N1, CO1, N2, S–, CO2] and [N1, N2H, S–, CO2] structures possess major features 

at 1759 (CO3 stretch) and 1775 (CO1 stretch) cm-1, respectively, that do not correspond to features 

in the experimental spectrum. Therefore, we conclude that these two structures do not contribute 

to the experimental spectrum. (The latter structure was assigned as the global minimum structure 

for Co(GSH-H)+ by Spezia et al.81)

On the basis of spectroscopic matches, we conclude that the [CO1, COγ, S–, CO3] and 

[CO1, S–, CO2, CO3] structures are the main contributors and present under the experimental 

conditions. 

Comparison to solution phase studies

The [N1, COγ, S–, CO3] GM structure identified for Zn(GSH-H)+ indicates that the thiol 

site is deprotonated, resulting in Zn2+ coordination with the deprotonated thiol. Coordination of 

Zn2+ with the thiol site of GSH in the gas phase reflects solution phase observations where Zn2+ 

shows a clear preference for thiol binding sites.14 The same solution-phase study indicates that 

Zn2+ will also bind with the N-terminus of GSH, as also reflected by our GM. 

Overall, the energetic predictions for Cu2+ are not as clear-cut as those for the Zn2+ 

complex. The DFT methods identified [N1, CO1, N2H, S–] as the GM whereas MP2 identified [N1, 

COγ, S–, N3H, CO3] as the GM. However, the prevalence of low-lying structures where Cu2+ 

coordinates with the deprotonated thiol site aligns with solution-phase studies that also show Cu2+ 

coordinates with GSH at the thiol site.11-12 Further, coordination of GSH with Cu(II) has been 

shown to be particularly important in mitigating metal-mediated oxidative damage to DNA, 

although adequate mitigation may occur by the involvement of a second GSH molecule to form 

the Cu(II)-GSSG complex.12 Studies into the structure of the dimer, Cu(II)-GSSG may offer 

additional insight and help explain why there might be two low-energy structures for the monomer.

Our analysis of the Fe2+ system identified the [CO1, COγ, S–, CO3] and [CO1, S–, CO2, CO3] 

structures as the main contributors to the experimental spectrum. Compared to the other metal 
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complexes examined here, these results are consistent with solution-phase observations that 

indicate Fe2+ binds preferentially with carboxylate donor sites along with the active deprotonated 

thiol site. 

Our results indicate that the deprotonated thiol site of cysteine is active in metal binding, 

as anticipated on the basis of the redox activity of GSH in biological systems. Our results concur 

with solution phase studies that indicate Zn2+ binds with the thiol and N-terminus of GSH, Cu2+, 

which is particularly insidious in causing oxidative stress, binds to the active thiol site, and Fe2+ 

coordinates with free carboxylates. Agreement between our results and those from solution-phase 

studies offers support that gas-phase studies may offer valuable structural information that can be 

applied to deduce mechanisms involved in biological processes.

Comparison to previous studies

Dunbar et al. investigated factors that may influence the preference of a metal for imidol 

(IM) and charge separated (CS) binding configurations using dialanine and trialanine91 as model 

systems. They highlighted that the IM isomer is favored by factors such as increased metal ion 

charge, electrostatic interactions, and stronger ion binding. Dunbar introduced an electrostatic 

parameter, q/R (where q is ion charge and R is distance to chelation site), that scaled with the 

binding energies of “main-group” metals but was less reliable for “transition” metals. Additionally, 

factors such as metal hardness, peptide length (dipeptide vs. tripeptide), and number of chelation 

points were explored. However, Dunbar found that metal hardness and peptide length had minimal 

predictive ability, resulting in similar outcomes regardless of Lewis-basic chelation points 

available.

When considering the factors that affect metal ion – peptide binding configurations 

outlined in the previous work of Dunbar et al., we anticipated that IM structures would be identified 

as low-energy species for the complexes of Zn2+, Cu2+, and Fe2+ with deprotonated GSH. In 

contrast, Zn2+ IMs were higher in energy and not contributors to the experimental spectrum. 

Although all Cu2+ and Fe2+ complexes did have IM representation among the four low-energy 

unique structures, none of the iminol structures were identified as dominant contributors to the 

Page 17 of 36 Physical Chemistry Chemical Physics



18

experimental spectrum. Fe2+ is the metal that is closest to “borderline” character described by 

Dunbar et al., such that the prevalence of CS structures for the Fe(GSH-H)+ complex is consistent 

with their predictions. The use of dialanine as a model peptide system provided a baseline for 

prediction of metal binding motifs in small, simple peptides; however, GSH is larger and more 

complex than dialanine or trialanine, has a gamma peptide linkage, and – likely most important – 

functionalized side chain sites that compete with the backbone amide linkages in metal binding. 

Consequently, the factors influencing metal-peptide bonding interactions identified by Dunbar are 

useful for peptides with aliphatic side chains but do not take into account the competition from  

Lewis basic sites in side chains of more complex peptides. 

CONCLUSION

In previous work on similar metalated complexes,25, 34, 36, 38-50, 52, 55-70 comparisons of 

B3LYP spectra with experimental IRMPD spectra were generally sufficient to identify the 

structures present with confidence. In the present work, we found that MP2 predicted spectra 

generally provided a superior reproduction of the experimental spectra. Although the differences 

in the theoretical spectra are subtle and the GSH molecule cannot be considered ideal, the strength 

of the metal binding interactions predicted by MP2 and density functional approaches lead to 

distinct changes in the frequencies of several bands in all three complexes examined here.  Moving 

forward, this suggests that the more expensive MP2 calculations be considered for spectral 

identification in problematic systems. 

Several spectral features are observed that are prevalent for each M(GSH-H)+ complex. 

The features near 1685 (CN2 and COγ stretches), 1617 (N1H2 scissor and COγ stretch), 1425 (CO3H 

in-plane bend and CH2 scissor), 1280 (backbone CH2 twist and N1H2 twist), and 1230 (N1H2 twist, 

and predominantly CN2H in-plane bend and CN3H in-plane bend) cm-1 were observed for all three 

M(GSH-H)+ complexes. The spectrum for the Zn(GSH-H)+ complex possesses a strong feature at 

1763 cm-1 that is weaker in the Cu(GSH-H)+ spectrum and absent in the Fe(GSH-H)+ spectrum. 

The feature at 1763 cm-1 is associated with the CO stretch of an uncoordinated CO1 site, 
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demonstrating that Zn does not coordinate with this site, only a portion of Cu complexes do, and 

Fe does coordinate with the CO1 and CO3 sites, in agreement with observations that Fe 

preferentially coordinates with carboxylate sites noted in solution phase studies.9-14 The feature at 

1500 cm-1 (CO3H and CN2H in-plane bend) is a minor feature for the Zn(GSH-H)+ species and is 

more intense for the Cu(GSH-H)+ species and strongest for the Fe(GSH-H)+ species, which is 

consistent with an increased preference for Fe2+ to coordinate more strongly with carboxylic acid 

sites. The feature near 1147 cm-1 (carboxylic acid COxH in-plane bend) decreases in intensity and 

blueshifts from the Zn to the Cu to the Fe system. This variation is associated with distinct modes: 

for Fe, this is indicative of coordination with CO3; for Cu, coordination with CO1; and for Zn, the 

CO1 group does not coordinate with the metal. Although many of the spectral features among each 

of the three metals overlap, structural and spectral analysis indicates that GSH coordination is 

distinct for each metal. 

When the cysteine thiol is deprotonated, each of the metals in this study forms structures 

that coordinate with the sulfur. Zn2+ coordination with the deprotonated thiol site on cysteine (Cys) 

was also reported in a previous IRMPD study.53 Results from that study indicate that the metal 

coordinates in a [N,CO,S–] fashion, consistent with the systems studied here. Both studies indicate 

that the deprotonation site is located at the sulfur, while the additional complexity of the GSH 

compared to Cys provides additional accessible coordination sites. This finding offers information 

related to how heavy metal ions coordinate with glutathione. It is well known1-2, 5-14 that the thiol 

of the cysteine residue is the active site for the redox chemistry of glutathione. The redox capability 

of glutathione is dependent upon the ability of the thiol group to donate the hydrogen to reduce 

reactive oxygen species. Consequently, donation of the hydrogen leaves the sulfur atom free to 

either bind directly to heavy metals for subsequent elimination from the body or leaves the sulfur 

atom vulnerable to forming disulfide bridges with other oxidized glutathione molecules. Formation 

of the glutathione dimer, GSSG, renders glutathione unable to perform its necessary functions to 

manage oxidative stress and maintain homeostasis, and Cu2+ has been shown to oxidize GSH to 

form a Cu-GSSG complex.12 Future IRMPD spectroscopy studies focusing on the coordination of 
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other biologically relevant heavy metals to GSH and to the oxidized dimer, GSSG, will be helpful 

in establishing more concrete comparisons and trends related to metal complexation with GSH and 

would likely reveal more information regarding how glutathione directly eliminates heavy metals 

from the body. The comparisons of the present gas-phase experiments to observations made in 

prior solution-phase studies show strong promise that gas-phase studies may offer fundamental 

structural information that can be directly applied to the condensed phase and used to deduce 

mechanisms governing biological processes.
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Table 1. Comparison of metal-ligand bond distances for each of the systems discussed at MP2 

level of theory. 

Zinc Binding Motif Metal-Ligand Bond Distance (Å)

[N1, COγ, S–, CO3] [2.06, 2.02, 2.22, 2.05]

[N1, CO1, COγ, CO3–] [2.05, 2.09, 2.02, 1.86]

[CO1, COγ, S–, CO3] [2.02, 2.02, 2.21, 2.05]

[N1, CO1, N2H, S–] [2.09, 2.12, 2.16, 2.17]

Copper Binding Motif Metal-Ligand Bond Distance

[N1, CO1, N2H, S–] [2.06, 1.99, 2.22, 2.14]

[N1, S–, CO2] [1.97, 2.16, 1.95]

[N1, COγ, S–, N3H, CO3] [1.99, 2.20, 2.23, 2.10, 2.07]

[N1, CO1, N2, S–, CO3] [2.02, 2.11, 2.27, 2.23, 1.99]

Fe Quintet Binding Motif Metal-Ligand Bond Distance

[CO1, S–, CO2, CO3] [2.00, 2.29, 2.11, 2.17]

[CO1, COγ, S–, CO3] [2.07, 2.06, 2.30, 2.13]

[N1, CO1, N2, S–, CO2] [2.19, 2.27, 2.16, 2.32, 2.13]

[N1, N2H, S–, CO2] [2.13, 2.29, 2.28, 2.06]
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Figure 1. Detailed example of the nomenclature used to describe the metal coordination sites of 
glutathione. Here, GSH is deprotonated at the sulfur and the CO2H-N3 linkage is in its iminol 
form.
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Figure 2. Comparison of the M(GSH-H)+ experimental IRMPD spectra for M = Fe (black), Cu 

(red), and Zn (blue). Vertical lines correspond to the major peaks in the Zn system that correlate 

well with those observed in the Cu and Fe systems. 
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Figure 3. Comparison of the Zn(GSH-H)+ experimental IRMPD spectrum (solid black line) with 

spectra calculated at the MP2/6-311+G(d,p) level of theory for low-lying conformers. Relative 298 

K Gibbs energies (kJ/mol) are given at the B3LYP//B3LYP, B3LYP-GD3BJ//B3LYP-GD3BJ, 

ωB97XD//MP2, and MP2(full)//MP2 levels, respectively, using the 6-311+G(2d,2p) basis set. 

Structures of Zn(GSH-H)+ conformers calculated at MP2/6-311+G(d,p) level of theory are shown 
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to the right of their calculated spectrum. Dashed lines indicate hydrogen bonds and yellow dashed 

lines indicate metal-ligand interactions. 
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Figure 4. Comparison of the Cu(GSH-H)+ experimental IRMPD spectrum (solid black line) with 

spectra calculated at the MP2/6-311+G(d,p) level of theory for low-lying conformers. Relative 298 

K Gibbs energies (kJ/mol) are given at the B3LYP//B3LYP, B3LYP-GD3BJ//B3LYP-GD3BJ, 

ωB97XD//MP2, and MP2(full)//MP2 levels, respectively, using the 6-311+G(2d,2p) basis set. 

Structures of Cu(GSH-H)+ conformers calculated at MP2/6-311+G(d,p) level of theory are shown 
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to the right of their calculated spectrum. Dashed lines indicate hydrogen bonds and yellow dashed 

lines indicate metal-ligand interactions. 
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Figure 5. Comparison of the Fe(GSH-H)+ experimental IRMPD spectrum (solid black line, light 

gray times 5) with spectra calculated at the MP2/6-311+G(d,p) level of theory for low-lying 

conformers. Relative 298 K Gibbs energies (kJ/mol) are given at the B3LYP//B3LYP, B3LYP-

GD3BJ//B3LYP-GD3BJ, ωB97XD//MP2, and MP2(full)//MP2 levels, respectively, using the 6-

311+G(2d,2p) basis set. Structures of low-lying Fe(GSH-H)+ conformers with quintet spin state 

calculated at the MP2/6-311+G(d,p) level of theory are shown to the right of their calculated 

spectrum. Dashed lines indicate hydrogen bonds and yellow dashed lines indicate metal-ligand 

interactions. 
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Supplementary Information.

Page 36 of 36Physical Chemistry Chemical Physics


