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Auranofin (AF) is the most used gold()-containing drug, whose mechanism of action involves targeting
sulfur and selenium-containing amino acids, including cysteine (Cys) and selenocysteine (Sec). These resi-
dues are present in the active sites of crucial proteins including thioredoxin reductase. Despite extensive
exploration of AF-protein interactions over the years, experimental data at the molecular level are still
limited. In this work, we studied the vibrational and structural features of solvent-free complexes obtained
by the reaction of AF with Cys and Sec, [(EtsP)AuCys]* and [(EtzsP)AuSec]™ ions, respectively. Using tandem
mass spectrometry and IR ion spectroscopy supported by density functional theory (DFT) calculations, we
unveiled markedly different behaviors for the Cys and Sec bound complexes. In particular, our results indi-
cate that, whereas the [(EtsP)AuSec]* ions are mainly Se-bound, in agreement with the well-known
affinity of Se for gold(), the sampled [(EtzP)AuCysl* ionic population is composed of both N- and
S-bound isomers, with their ratio depending on the dielectric constant of the solvent used in the starting
solution. Additionally, we found that the deamination process occurring in the gas-phase during col-
Received 8th August 2024, lision-induced dissociation experiments significantly differ between the two complexes. This work's
Accepted 22nd October 2024 findings contribute to a deeper understanding of AF's reactivity with Cys and Sec-containing protein
DOI: 10.1039/d4qi02023e targets and highlight how the chemical environment may influence target selectivity of gold-containing
rsc.li/frontiers-inorganic drugs, which is crucial for their pharmacological activities.

1. Introduction Since its approval in 1985, the treatment of rheumatoid

arthritis has advanced thanks to novel medicines, whose intro-
Gold-containing drugs have a long history spanning from tra- duction has led to a decline in AF usage. On the other hand,
ditional Chinese medicine and classical remedies based on
gold amalgams to the entrance into clinical practice of gold(i)-
based complexes used as antiarthritics." Auranofin (1-Thio-p-p-
glucopyranosyltriethylphosphine gold-2,3,4,6-tetraacetate, AF,
Scheme 1) represents the most widely used of these drugs, due
to its appropriate oral bioavailability and decent risk-benefit
ratio.
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Toernooiveld 7, 6525ED Nijmegen, the Netherlands Scheme 1 2D structure of auranofin (AF) retrieved from the Drugbank
+Electronic supplementary information (ESI) available. See DOI: https:/doi.org/  Online (https://go.drugbank.com). The thiosugar moiety, which is
10.1039/d4qi02023e replaced by Cys or Sec leading to [(EtsP)AuCys]® and [(EtsP)AuSec]*
1 The authors contributed equally. complexes, respectively, is highlighted by the dashed orange box.
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AF and related gold(i)-containing drugs have lately attracted
researchers’ attention for their activity towards other patho-
logical targets, including different types of tumors, and para-
sitic, bacterial, and viral infections.>™*" Specifically, the possi-
bilities offered by the repurposing of AF for gold-based chemo-
therapy have created new interest in this drug."”*® Indeed,
among the variety of transition elements that populate the per-
iodic table and that have been tested for their potential anti-
cancer activity, primarily platinum(u)-drugs, cisplatin and
related complexes, have found their way into clinical therapy
for cancer.>®*" Interestingly, platinum(ir) and gold (1) complexes
present differences in their mechanism of action: while cispla-
tin and congeners damage the DNA by binding with the
nucleobases,>'** gold complexes present a greater affinity for
proteins.>?* In particular, AF and related complexes favor
binding to sulfur and selenium-containing amino acids, such
as the cysteine (Cys) and selenocysteine (Sec) residues con-
tained in proteins like albumin, the proteasome system, the
NF«kB protein complex and thioredoxin reductase
(TrxR).*»***” Among them, TrxR is believed to be the main
target in AF’s anticancer activity. Au(1) binds to the redox-active
site of TrxR, finally causing oxidative stress that potentially
leads to cellular death.'® For this reason, it is anticipated that
auranofin and its derivatives may produce synergistic effects
with current metal-based anticancer therapies.'”'%2%2°

It is generally recognized that the mechanism of action of
AF is based on the interaction of its cationic part, the [(Et;P)
Au]” ion, with the target nucleophile. Indeed, replacement of
the thiosugar moiety with different ligands has not produced
any significant alteration in the anticancer activity of the
[(EtsP)Au]" portion, suggesting the former to act as a carrier."”
Au(1) is highly thiophilic and readily reacts in solution with
amino acids containing sulfur. Additionally, it shows a predi-
lection for nucleophiles containing selenium. Indeed, the
main protein target of AF, TrxR, features a Sec residue in its
active site. Mass spectrometry experiments are particularly apt
at identifying metalation sites in proteins,***°* and have con-
firmed the formation of ionic species in which [(Et;P)Au]" is
bound to Sec and Cys.*® Mechanistic and structural studies on
the interaction of AF and related gold(i)-complexes with pro-
teins, peptides and amino acids have been based mainly on
theory,>*”® but experimentally obtained data for their inter-
action at the molecular level are largely lacking. In fact, NMR
data are only reported for models of biological thiol and
selenol (benzenethiol and benzeneselenol, respectively).*®

The present work presents a comprehensive characteriz-
ation of the vibrational and structural features of complexes
generated by reaction of AF with Cys and Sec, particularly the
[(Et;P)AuCys]" and [(EtsP)AuSec]’ ions, by using tandem mass
spectrometry and IR ion spectroscopy backed by quantum-
chemical calculations. This approach has been successfully
applied to a variety of biomolecular metal-ligand complexes,
including cisplatin,*>*' platinum(iv) complexes with anti-
cancer activity?> and, more recently, dinuclear copper com-
plexes specifically designed to interact with the phosphate
groups in the backbone of DNA.** IR ion spectroscopy, per-
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formed by monitoring the IR multiple photon dissociation
(IRMPD) process at varying photon energies, allows the record-
ing of the vibrational features of mass-selected ions in a mass
spectrometer.***® Resulting vibrational signatures can be
directly assigned to specific structural motifs, due to the
absence of matrix effects on the experimental bands of mass-
selected sampled ions.*” Results herein reported are compared
with previous theoretical investigations on the reaction mecha-
nism of substitution of the AF thiosugar moiety by Cys and
Sec.” Furthermore, the IRMPD spectra as well as the fragmen-
tation mechanism occurring in the CID conditions are eluci-
dated by density functional theory (DFT) calculations which
reveal some interesting chemical reactivity differences between
Se and S atoms in gas phase.

2. Experimental section

2.1. Materials

Research-grade auranofin and i-cysteine products were pur-
chased from Merck s.r.l., Milan, Italy and used without further
purification. r-Selenocysteine was directly obtained in solution
(water/methanol 1:1) by reduction of r-selenocystine in the
presence of dithiothreithol in a 1:4 proportion (solution A);
both products were obtained from Merck s.r.l., Milan, Italy. A
stock solution of auranofin was mixed with either a cysteine
solution or solution A and diluted in water/methanol 1:1 to
reach a final concentration of 107> M of each analyte.

2.2. MS and CID experiments

Electrospray ionization mass spectra and CID experiments
were performed by a commercial linear ion trap (LTQ-XL,
Thermo-Fisher). Samples were directly infused in the electro-
spray ionization source of the mass spectrometer with a 6 pL
min~" flow rate. ESI conditions were set as follows: sheath gas
flow at 5 ml min™", spray voltage at 5 Kv, capillary temp at
250 °C, capillary voltage at 22 V and tube lens voltage at 50 V.
CID experiments were performed in the linear ion-trap
through radiofrequency excitation (30 ms) with helium as
buffer gas. MS® experiments were performed on peaks arising
from the first dissociation step to verify the fragmentation
route.

2.3. IRMPD spectroscopy

IR spectroscopy experiments of mass-selected ions were done
at the Free Electron Laser for Infrared eXperiments (FELIX)
Facility (Nijmegen, The Netherlands)*® employing a commer-
cial 3D quadrupole ion trap mass spectrometer (Bruker
Amazon speed ETD), which was modified to allow trapped
ions to interact with the FEL light.* Complexes of interest
were mass-selected and irradiated by a single IR macropulse
from the FEL to induce frequency-dependent infrared mul-
tiple-photon dissociation (IRMPD). Each ~7 ps-long macro-
pulse consists of a train of ~5 ps-long micropulses spaced by 1
ns. For the aims of this work, FELIX was operated in two spec-
tral ranges: the structurally diagnostic fingerprint (700 to
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1800 cm™') and the XH (X = C, N, O) stretching (1800 to
3600 cm™') regions. In the fingerprint range, an energy of
10-75 m] per macropulse was obtained, whereas in the XH
stretching region the energy output was 10-40 mJ per macro-
pulse (bandwidth 0.5% of IR frequency). In both cases, spec-
troscopic analysis was performed with steps of 5 cm™" and
with six replicate mass spectra averaged at each IR frequency.
The spectra were recorded at several levels of laser-pulse
energy attenuation to avoid excessive depletion of the parent
ions and minimize the possibility of formation of fragment
ions with m/z lower than the low-mass cut-off of the MS.>° To
visualize the IRMPD spectra, the photofragmentation yield
R (R = —In[Ip/(Ip + X I§)], where I and Iy are the abundances of
the precursor ion and of a fragment ion, respectively) was
plotted as a function of the photon wavenumber.’*
Additionally, a linear correction for the frequency-dependent
variation in laser pulse energy was applied to R.>*

2.4. Computational details

Quantum-chemical calculations were performed with two
objectives: (1) to identify the most abundant species of [(Et;P)
AuCys]" and [(Et;P)AuSec]” ions under the experimental con-
ditions by calculating their theoretical vibrational frequencies
for comparison with the IRMPD spectra; (2) to elucidate their
fragmentation pathways observed in CID experiments.

As shown in Fig. 1, in the [(Et;P)AuCys]" and [(Et;P)AuSec]"
complexes, Cys and Sec can coordinate Au through three
different groups, -SH/-SeH, NH, and the carboxyl function
(COOH), leading to the corresponding ¢SH, ¢N, cCOOH and
uSeH, uN and uCOOH isomer for Cys and Sec, respectively
(the first lowercase letters, “c” and “u”, represent the one-letter
code of Cys and Sec, respectively).
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When the thiol/selenol and the COOH groups directly bind
to the metal center, their acidity increases, leading to intra-
molecular proton transfer to the NH, group. The corres-
ponding isomers are therefore named as ¢S, cCOO and uSe,
uCOO for Cys and Sec, respectively (Fig. 1).

In order to identify the most stable structures of [(Et;P)
AuCys]” and [(EtsP)AuSec]” complexes, a conformational
search study was performed for each isomer at the DFT tight-
binding level of theory (GFN2-xTB method),”*”* using the
iMTD-GC algorithm implemented in CREST software.>®>® A
clustering analysis was then carried out using the CREGEN
procedure available in CREST.

The most representative structures were preliminarily opti-
mized at B3LYP/6-311+G(d,p) level of theory, using the
LANL2DZ pseudopotential for Au, computing the vibrational
frequencies and thermochemistry parameters (zero-point
energy, thermal corrections, and entropies). After a visual
inspection, the geometry of the lowest-energy conformers of
each isomer were refined at the B3LYP level of theory adopting
a basis set referred to as named BS1, consisting of 6-311+G
(2df,pd) for H, C, N and O atoms, 6-311+G(3df) for P and S/Se,
and the LANL2TZ-f pseudopotential for Au,®” to compute the
thermochemistry parameters and the harmonic vibrational fre-
quencies used for the interpretation of experimental IRMPD
spectra.

To increase the accuracy of theoretical predictions, we com-
puted the anharmonic spectra of the lowest energy structure of
cN and cS isomers (¢N-1 and ¢S-1), using the so-called hybrid
approach,®® considering only the active modes falling in the
range of 700-4000 cm ™, with the second-order perturbation
theory, VPT2.”® Thus, the anharmonic corrections are evalu-
ated at a less computationally demanding level of theory as
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Fig. 1 2D structures of (A) [(EtzsP)AuCys]* and (B) [(EtsP)AuSec]* isomers investigated in this study, along with their corresponding labels (see the
text for details). The S and Se atoms are colored in red and orange in [(EtsP)AuCys]* and [(EtzsP)AuSec]* complexes, respectively.
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B3LYP/6-311+G(d,p)/LANL2DZ and applied to harmonic fre-
quencies computed using a larger basis set (B3LYP/BS1):

yrid — harm (B3 YP/BS1) + A" ™ (B3LYP/6-311
+ G(d, p)/LANL2DZ)

(1)

The relative stability of ¢N-1 and ¢S-1 in methanol, water and
their mixture (50:50) were also performed at the B3LYP/BS1
level of theory using the CPCM>**° and Onsager®" methods.

To shed light on the fragmentation processes occurring in
CID experiments, we investigated the deamination products of
uSe and ¢S, u*Se and c¢*S, respectively, by performing geometry
optimization at the B3LYP/BS1 level of theory, including the
calculation of thermochemistry properties and IR vibrational
frequencies.

Harmonic frequencies computed at the B3LYP/BS1 level of
theory and used for the interpretation of the IRMPD spectra
were scaled by 0.985 and 0.955, in the 700-2000 and
2000-3800 cm™" ranges, respectively. All the calculated spectra
were convoluted assuming a Gaussian profile with a full width
at half maximum of 15 em™ in the 700-2000 cm™" range and
5cm™" in the 2000-3900 cm ™" frequency range.

In order to further characterize the possible dissociation
pathway occurring during CID experiments, relaxed potential
energy scans were performed at B3LYP/6-311+G(d,p)/LANL2DZ
along the Au-Se/S and C,~NH;" bond reaction coordinates by
using a step of 0.25 A for a total of 45 steps.

All quantum chemical calculations were performed using
the Gaussian 09 package.®?

3. Results and discussion

3.1. Mass spectrometry and CID experiments

Samples containing auranofin and either cysteine or the mixed
solutions prepared to obtain selenocysteine were mass ana-
lyzed in positive ion mode using a linear ion trap. Their mass
spectra, reported in Fig. S1 and S2 in the ESI,j respectively,
show the presence of complexes in which the thioglucose
moiety of auranofin is substituted by the amino acids yielding
the molecular formulas [(Et;P)AuCys]” (m/z 436) and [(Et;P)
AuSec]" (isotopic cluster at m/z 480-486). Indeed, this evidence
agrees with previously reported mass spectrometry experiments
in which the gas-phase behavior of auranofin was studied as an
isolated species in combination with cysteine and methyl-
selenocysteine.*® Together with the complexes of interest, both
mass spectra present several mass peaks that can be related to
auranofin, in particular [auranofin + H]" at m/z 679, [(Et;P),Au]"
at m/z 433 and [(Et;P)Au + auranofin]" at m/z 993. Additionally,
the spectrum of the auranofin and cysteine solution presents a
signal at m/z 750 corresponding to [((EtsP)Au),(Cys-H)]" and a
similar ion appears also in the mass spectrum of the selenocys-
teine containing solution at m/z 794-800, in agreement with the
formula [((Et;P)Au),(Sec-H)]".

The fragmentation paths of mass-selected [(Et;P)AuCys]"
and [(Et;P)AuSec]" have been examined by CID and verified by

This journal is © the Partner Organisations 2024
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MS® experiments in the linear ion trap as reported in Fig. S3
and S4,7 respectively. Either reactant species yield primary
product ions that result from ammonia loss, indicating that
both S and Se atoms bind strongly to the gold-containing
cation [(Et;P)Au]’. Sequential fragmentation paths result in the
dissociation of the X-Au bond (X = S in Cys; Se in Sec) leading
to the formation of [(EtsP)Au]” (m/z 315). In the case of [(Et;P)
Au(Sec-NH;)]" (Fig. S471), a distinct fragment is observed at m/z
393-395 by elimination of C3;H,0,, which still retains the
characteristic isotopic pattern of selenium and the [(Et;P)Au]”
ion, thus indicating a stronger Au-Se interaction relative to
Au-S. In order to elucidate the effective binding site of both
amino acids to [(Et;P)Au]’, the structural and vibrational fea-
tures of the primary substitution products of auranofin by Cys
and Sec, Le., [(Et;P)AuCys]” and [(EtsP)AuSec]’, will be investi-
gated and described in the following section.

3.2. IRMPD spectroscopy and structure of [(Et;P)AuSec]

A DFT study at the B3LYP/BS1 level of theory was performed to
locate the lowest energy structures of each possible isomer of
[(EtsP)AuSec]’, named uSe, uSeH, uN, uCOO and uCOOH,
based on the different functional groups of Sec coordinating
to the metal center, and to calculate the corresponding IR sig-
nature to support the interpretation of the IRMPD spectrum.

The lowest energy structure computed for [(Et;P)AuSec]’ is
represented by the uSe-1 complex, where the amino group is
protonated and the negatively charged Se atom coordinates
Au(i), leading to zwitterionic Sec (Se”, NH;'), as shown in
Fig. 2.

The proton transfer from the selenol moiety of the Sec side
chain (pK, = 5.4) to NH, is facilitated by coordination with
Au(1), which enhances the acidity of SeH function. The uSe-1
structure is characterized by a Se-Au bond distance of 2.47 A
and stabilized by two intramolecular H-bonds, established
between the NH;" group and Se and C=O of the carboxylic
group, located far from the metal center. This specific H-bond
network was also found for Cys involved in the complex with
cisplatin.’®*! When the COOH group is instead close to Au(i),
maintaining the same H-bond pattern, the relative free energy
is raised by 1.3 k] mol™" (uSe-2, Fig. S51).

Each ethyl moiety bonded to the P-atom is characterized by
two single bonds for which a free rotation is possible leading
to a great number of conformers close in energy, where Sec
assumes the same binding conformations. For instance, the
conformers uSe-3 and uSe-4 differ only by 0.1 k] mol™" due to
the different conformation of the three ethyl tails (Fig. S57).
The free energy values relative to the global minimum, uSe-1,
and the optimized geometries of other low-energy uSe confor-
mers are reported in Table S1 and Fig. S5.1

The lowest-lying structure of the second most stable iso-
meric family uN, i.e. uN-1, lies at 7.3 k] mol™" of relative free
energy and presents the Au(1) center coordinated to neutral
cysteine at the NH, functionality. The two hydrogen atoms of
the NH, group are in turn engaged in two different H-bonds
with SeH and with C=O0, while the hydrogen of the selenol
moiety is involved in a third H-bond with the oxygen of the

Inorg. Chem. Front,, 2024, 11, 8464-8478 | 8467
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uSeH-1 (16.6)

Fig. 2 Optimized geometries of the most stable isomers and conformers of the [(EtsP)AuSec]” ion, computed in gas phase at the B3LYP/BS1 level

of theory. Free energy values relative to uSe-1 are reported in parenthesis in kJ mo

carboxylic OH group. The breaking of the latter interaction
leads to the conformer uN-2 (Fig. S67), 4.7 k] mol™" higher in
energy. Several less stable uN conformers were also identified,
characterized by different H-bond patterns or distances, as
shown in Fig. S6 and Table S1.}

In the lowest-energy conformer with a uSeH structure,
uSeH-1 (16.6 k] mol™"), the metal center coordinates the undis-
sociated SeH function of neutral Sec, which benefits from a
strong H-bond between the hydrogen of the SeH function and
the lone pair of the amino group. Moreover, one of the NH,
hydrogen atoms establishes an H-bond with the carboxylic OH
group, while the carbonyl oxygen points towards the Au(i) ion.
Other higher in energy uSeH conformers, with different
H-bonding networks or arrangements of the ethyl tails, are
reported in Fig. S7 and Table S1.}

Isomers where the oxygen atom of the carboxylic group
coordinates to the Au(i) center were also assessed (Fig. S8t).
The most stable member of this family, i.e. uCOO-1 lying at
26.9 k] mol™", is characterized by [(Et;P)Au]" binding with the
zwitterionic Sec deprotonated at the carboxylic function. The
corresponding isomer, where neutral Sec instead coordinates
the Au(r) ion by the COOH group, namely uCOOH-1, is signifi-
cantly higher in relative free energy (66.9 kJ mol™).
Conformers of both uCOO and uCOOH species lie much
higher in energy than uSe-1 (Table S17), allowing to rule out a
significant contribution of these structures to the sampled ion
population.

The theoretical IR frequencies were used to support the
interpretation of the experimental IRMPD spectra and to ident-
ify the species sampled in the gas phase. The IRMPD spectrum
of [(Et;P)AuSec]” is shown in Fig. S91 and superimposed with
calculated IR spectra of lowest energy isomers uSe-1, uN-1, and
uSeH-1 in Fig. 3. To obtain the experimental spectrum, the ion
at m/z 484 was mass-selected and submitted to FEL radiation.
The photofragmentation products generated upon resonance
agrees with the CID dissociation pathways, as usually observed
for the IRMPD process, and include predominantly ammonia
loss at m/z 467, but also elimination of C3H,0, (m/z 395) and
formation of [(Et;P)Au]" (m/z 315). As shown in Fig. 3, the
experimental spectrum of [(Et;P)AuSec]" is well interpreted by
the lowest-energy structure, uSe-1, both in the fingerprint
(700-1900 cm™") and X-H stretch (2000-3600 cm™") ranges. In

8468 | Inorg. Chem. Front., 2024, 11, 8464-8478

1. Hydrogen bond distances (A) are indicated by red dotted lines.

the first region, the most intense bands at 1775, 1390 (broad
band), 1150 and 1090 cm™' are well described by the
vibrational modes computed at 1776, 1419/1406, 1165 and
1108 cm ™, respectively (Table S21). The weaker bands located
in the 765-1010 cm™" region are also well described by theore-
tical frequencies computed for uSe-1 (see Table S2t). In the
second region, 2000-3600 cm™', the X-H stretch vibrations
match fairly well if one takes into account that the DFT com-
puted strong NH stretching mode at 2669 cm™" is actually
observed as a broad spectral band (2200-2850 cm™") due to a
dynamic H-bond of the NH group with the carbonyl
function.®®>"®* The contribution of other low-energy uSe confor-
mers likely explains the very structured bands in the finger-
print region of the IRMPD spectrum (Fig. S10 and S117).
Indeed, the position of the band found at 1040 cm™" is repro-
duced with high accuracy by the theoretical spectrum com-
puted for uSe-1 (1045 cm™') while its high intensity can be
rationalized by the contribution of additional uSe conformers
also characterized by an absorption at ~1045 cm™".

Notably, the intense band at 1390 cm™" associated with the
NH;-umbrella mode is critical for structural assignment.
Although some important experimental bands find a correspon-
dence in the theoretical spectrum of uN-1 (Table S37), such as
the C=0 stretching mode (1784 ¢cm™'), NH, bending modes
and OH scissoring (1222, 1155/1145 cm™') and the bending
modes of ethyl tails (763 cm™"), the region between 1370 and
1500 cm ™" is only characterized by weak adsorptions, in contrast
with the IRMPD spectrum, due to the absence of the NHj
moiety and therefore of the corresponding umbrella mode.

The X-H stretch region for uN-1 also presents only partial
agreement with experimental signature. In particular, the stretch-
ing mode of the NH group H-bonded to the carbonyl is com-
puted at 3284 cm™, fairly red-shifted compared with the corres-
ponding experimental band (3350 cm™'). The comparisons
between the theoretical IR spectra of the remaining uN confor-
mers and the IRMPD spectrum are reported in Fig. S12 and S13.}
The marked differences between the experimental profile and the
computed spectrum for uN-1 allow us to exclude a significant
contribution of this isomer to the sampled ion population.

The experimental spectrum is also poorly described by the
theoretical absorption bands computed for the uSeH-1
isomers (Fig. S14 and S15, Table S41) and related conformers

This journal is © the Partner Organisations 2024
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IRMPD spectrum of the [(EtsP)AuSec]™ ion (red profiles) and calculated harmonic IR spectra (green profiles) of uSe-1, uN-1, and uSeH-1,

computed in the gas-phase at the B3LYP/BS1 level of theory. Free energy values relative to uSe-1 are reported in parenthesis in kJ mol™.

and there is no correspondence with the theoretical signatures
of uCOO-1 and uCOOH-1 isomers, which are characterized by
high relative free energies (Fig. S167).

In summary, the comparison of theoretical and experi-
mental spectra confirms that the most abundant species in the
[(Et;P)AuSec]” ion population is the zwitterionic uSe isomer
(Se™, NH;"), characterized by the presence of a protonated
amino group, whose associated umbrella mode gives rise to a
highly diagnostic band in the structural assignment.

3.3. IRMPD spectroscopy and structure of [(Et;P)AuCys]"

Geometry optimization and harmonic frequency calculations
were performed for the lowest-energy isomers and conformers
of [(EtsP)AuCys]" ion to support the elucidation of its IRMPD
spectrum. The relative free energy values of the most stable
isomers and conformers are reported in Table S5.t

Unlike [(EtsP)AuSec]’, the lowest energy structure is rep-
resented by ¢N-1, characterized by the N-coordination of Au(i).
As found in uN-1, the two H-atoms of the NH, group are
involved in two H-bonds with SH and the carbonyl oxygen. As
shown in Fig. S17,1 ¢N-2 has the same H bond pattern as uN-1
with the S---HN distance shorter than Se---HN (2.53 and
2.62 A, respectively). As found for the corresponding [(EtsP)
AuSec]" complexes, the many conformations of the ethyl tails
lead to many conformers close in energy, where Cys assumes
the same conformation and the same non-covalent inter-
actions (Fig. S177).

This journal is © the Partner Organisations 2024

Despite the high S affinity of the Au(i) ion, the ¢S isomer,
where the zwitterionic Cys is characterized by -NH;" and S~
functions with the latter coordinating the metal center, is
8.3 k] mol™" higher in energy than ¢N-1 isomer. This result
indicates that in the gas-phase N-coordination should be pre-
ferred to S™-coordination. Notably, ¢S-1 shows the same
H-bond pattern found in uSe-1, where Cys adopts the same
conformation as Sec, where the -NH;" group is involved in two
H-bonds with both the C=0 and S~ functions (Fig. 4). This
motif is present in the first ten lowest-energy conformers
(Fig. S18t), which only differ by the ethyl tail conformation.

The most stable conformer of the ¢SH isomer is found at
12.4 k] mol™". The conformation of Cys as well as the intra-
molecular H-bonds are qualitatively like those observed in
uSeH-1, with a strong H-bond between SH and N and the C=0
group pointing toward the metal center (Fig. 4). In ¢SH-2, the
NH, moiety is oriented towards Au(i) in place of C=0, raising
the relative energy to 14.7 k] mol™". Different H-bond inter-
actions and conformations of the ethyl moieties are found in
other ¢SH conformers that are higher in energy (Fig. S197).

The isomer characterized by the coordination of the metal
center by the deprotonated carboxylic function, ¢COO-1, is
found at 17.9 kJ mol™, while the corresponding ¢COOH-1
isomer, with Au coordinated by the neutral COOH group, is
significantly less stable (42.8 kJ mol™"). The lowest energy
conformers of ¢COO and c¢COOH isomers are shown in
Fig. S20.7
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Fig. 4 Optimized geometries of the most stable isomers and conformers of the [(EtsP)AuCysl]* ion, computed in gas phase at B3LYP/BS1 level of
theory. Free energy values relative to cN-1 are reported in parenthesis in kJ mol™%. Hydrogen bond distances (A) are indicated by red dotted lines.

Theoretical harmonic vibrational frequencies were com-
puted for the most stable structures and used for the elucidation
of the experimental IRMPD spectra. The comparison between
the experimental IRMPD (orange profile) and theoretical spectra
(blue profile) of the three low-lying isomers, ¢N-1, ¢S-1 and
c¢SH-1 is shown in Fig. 5. The IRMPD spectrum covering the
whole range from 700 to 3700 cm ™" is reported in Fig. $211 and
shows no absorptions in the 1900-2700 ¢cm™ region (not
reported in Fig. 5). As in the case of [(Et;P)AuSec]’, IRMPD of
the ion at m/z 436, corresponding to [(EtsP)AuCys]’, produces
the same fragmentation as observed with CID, i.e. mainly NH;
loss, but also the formation of [(Et;P)Au]" at m/z 315.

cSH-1 (12.4)

1. T

cN-1 (0.0)

1200 1400 1600

1800

The 700-1300 cm™' range as well as the sharp band at
1781 ecm™" of the IRMPD spectrum are well interpreted by the
theoretical bands computed for ¢N-1, the lowest energy struc-
ture. In detail, the bands at 773, 1032/1053, 1142 and
1781 em™" are predicted at 763, 1044/1052, 1145/1171 and
1786 cm™", respectively. They can be attributed to rocking of
CH,/CHj; of the ethyl tails, stretching of C,-N of Cys, scissor-
ing of OH coupled with a bending mode of NH, (wagging and
twisting) and to stretching of the C=O group, respectively
(Table S6t). The X-H stretch region of the experimental spec-
trum is also well described by theoretical signatures computed
for eN-1, with the sole exception of the band at 3340 cm™" pre-

a1

2800 3000 3200 3400 3600 3800 3900

Wavenumber ( em’” )

Fig. 5

IRMPD spectrum of the [(EtsP)AuCys]* ion (orange profiles) and calculated harmonic IR spectra of cN-1, cS-1, and cSH-1 (blue profiles) com-

puted in gas phase at B3LYP/BS1 level of theory. Free energy values relative to cN-1 are reported in parenthesis in kJ mol™.
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dicted at 3309 cm ' and associated with antisymmetric
stretching of NH, group. However, the region of the experi-
mental spectrum between 1320 and 1480 cm™" is characterized
by a structured band with a maximum at 1409 cm™", only
weakly present in the ¢N-1 spectrum for which only absorp-
tions with intensity lower than 50 km mol ' were computed.
As discussed above, this region is typical of the umbrella mode
of protonated alpha amino group. Indeed, the theoretical spec-
trum of ¢S-1, where Cys is in the zwitterionic state with S~ and
NH;", is characterized by two intense bands in that region.
They are computed at 1404 and 1412 cm™" and are attributed
to the umbrella mode of NH;", coupled with the rocking of
C,—H and scissoring of OH function, respectively (Table S77).
As listed in Table S7,f other experimental bands are well
described by theoretical frequencies computed for cS-1,
especially in the X-H stretch region. However, in the finger-
print region the most intense bands show relative intensities
quite different from the IRMPD spectrum, thus excluding an
ion population of solely ¢S-1. The theoretical IR spectra of
other stable ¢N and ¢S isomers are shown in Fig. S22-S25.

Summarizing, the comparison of the experimental IRMPD
spectra with the theoretical harmonic signatures computed for
cN-1 and c¢S-1 indicates that the experimental envelope can be
explained considering the contributions of both isomers to the
sampled ion population.

The harmonic theoretical spectra computed for the lowest
energy structure presenting canonical Cys bound to Au(i)
through the S-atom, ¢SH-1, (Fig. 5 and Table S8t) and other
¢SH conformers (Fig. S26 and S27t) show a poor correspon-
dence with the experimental spectrum in both regions of the
spectrum. An even worse agreement was found with theore-
tical signatures computed for ¢cCOO and ¢cCOOH conformers
as shown in Fig. S28.1 This evidence, together with the com-
puted relative free energy values, allows us to discard the pres-
ence of ¢SH, ¢cCOO and ¢COOH isomers in the ionic mixture
sampled in the experiment.

To improve the accuracy of the theoretical prediction, we
computed the anharmonic corrections at the B3LYP/6-311+G
(d,p) level of theory for both e¢N-1 and ¢S-1 and then applied
them to the harmonic vibrational frequencies computed at the
B3LYP/BS1 level of theory. Bending modes of OH and NH,
groups can indeed present a high anharmonic nature.®®
Moreover, in c¢S-1, these vibrations are coupled with the
umbrella mode of NH;*, which affects the most intense bands
falling in the fingerprint region. Therefore, the theoretical pre-
diction is expected to greatly benefit from including anharmo-
nic corrections. As shown in Fig. 6 and S29,} the anharmonic
corrections significantly improve the correspondence with the
experimental spectrum for both ¢N-1 and ¢S-1, allowing band
attribution without applying any scaling factors. Notably, the
region of the experimental spectrum between 700 and
1300 cm™" is well interpreted and described by eN-1 absorp-
tions, while the structured band with a peak at 1409 cm™" can
be clearly attributed to the participation of the ¢S-1 isomer.
Furthermore, the harmonic bands computed for ¢S-1 at 1404
and 1412 cm™* are red shifted by the anharmonic corrections

This journal is © the Partner Organisations 2024
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to 1349 and 1394 cm ', respectively. The larger splitting
between these two bands leads to a less intense and more
structured spectral envelope reproducing more accurately the
experimental band at 1409 cm™". The stretching mode of the
C=0 group is instead well described by both theoretical
spectra. The X-H stretch region also agrees with both anhar-
monic spectra, while the experimental band at 3340 cm™" may
be explained by only considering the presence of ¢S-1.

The comparison of the anharmonic corrected theoretical
and the IRMPD spectra suggests that in the experimental con-
ditions both isomers are present in the sampled ion popu-
lation and therefore both species contribute to the experi-
mental spectrum.

To shed some light on the relative abundance of the
sampled cN and cS isomers, we studied the relative stability of
¢N-1 and ¢S-1 in the condensed phase, considering water and
methanol as solvents (see the Experimental section). It is
worth noting that in principle the ESI source, a soft ionization
technique,”” transfers to the gas-phase the ionic species
already present in solution.®® Thus, the composition of the
ionic population in the gas-phase may reflect the relative stabi-
lity of those species in solutions.

Considering that the starting solution was composed of
water and methanol 50:50, we performed geometry optimiz-
ation calculations at the B3LYP/BS1/CPCM level of theory of
cS-1 and cN-1 using methanol and water as solvents to assess
their relative stability in the condensed phase. As shown in
Table 1, cN-1 is the lowest energy structure in methanol
although €8-1 is very close in energy (1.4 k] mol ™). In contrast,
cS-1 is the most stable isomer in water, with ¢N-1 only 0.7 kJ
mol~" higher in energy. This result confirms that a more polar
solvent (water, ¢ = 78.36) stabilizes the zwitterionic form of the
cS-1 isomer more than cN-1. The latter is therefore more stable
in less polar solvents such as methanol (¢ = 32.61), where the
calculated population is closer to that of the gas phase (& = 1).
The different reactivity of Cys with Au(i) determined by the
solvent polarity, as suggested by DFT calculations, might have
an impact also in the reactivity with biological targets, since
the dielectric constant of a protein can vary depending on the
considered region: low values (6-7) for the inner partition or
hydrophobic regions, moderate values (20-30) for a protein’s
surface and high local ¢ for the charged residues.*

To perform a first evaluation of the relative stability of eN-1
and ¢S-1 under our experimental conditions (water : methanol
= 50:50), we computed their free energies as the average of
their absolute free energies in methanol and water (Table 1).
As a result, ¢N-1 appears to be the most stable structure, with
¢S-1 only 0.4 k] mol ™" higher in energy. A similar analysis was
also carried out by adopting the Onsager method, which allows
using a specific value of dielectric constant, although it is a sol-
vation method less accurate than CPCM. Thus, adopting ¢ =
55.49 (corresponding to average value of dielectric constant of
water and methanol), we found that eN-1 is 3.6 k] mol™ more
stable than ¢S-1 (Table 1). These results suggest that in a 50:
50 methanol-water mixture, the ¢N and ¢S isomers might be
present in almost the same amount or with a slight excess of
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Fig. 6

IRMPD spectrum (orange profiles) and calculated anharmonic IR spectra (blue profiles) of the lowest energy isomers of the [(EtsP)AuCys]*

ion, cN-1 and cS-1, computed in gas phase at B3LYP/BSL1 level of theory. The anharmonic corrections were computed at B3LYP/6-311+G(d,p) using
the LANL2DZ pseudopotential for Au'. The anharmonic averaged spectrum computed by considering contributions from 68% of cN-1 and 32% of

cS-1is shown in the top panel. No scaling factors have been applied.

Table 1 Relative free energy values (kJ mol™) of cN-1 and cS-1 computed in solution (methanol and water) using the CPCM and Onsager methods

Relative free energy - CPCM

[(EtsP)AuCys]” isomer Gas Methanol Water Relative averaged energy (methanol and water)
¢N-1 0 0 0.7 0.0“
cS-1 8.3 1.4 0 0.4“

Relative free energy — Onsager method

[(Et;P)AuCys]" isomer e =1 (gas phase) e =32.61 (methanol)

& =78.36 (water) £ = 55.49” (water-methanol mixture 50 : 50)

cN-1 0
cS-1 8.3

0.0
3.5

0.0
3.2

0.0
3.3

“Free energy value computed as [G(methanol) + G(water)/2] to estimate the relative free energies in a water-methanol mixture (50:50).
b Hypothetical dielectric constant of a water-methanol mixture (50 : 50) computed as [¢(methanol) + ¢(water)]/2.

cN. Therefore, a similar ratio may be expected in the gas-phase
ion population assuming that kinetic trapping of the different
isomers occurs during the desolvation process.

Considering a Boltzmann distribution, these relative free
energy values correspond to a ¢N-1:c¢S-1 population, in a
water-methanol mixture (50:50) and at room temperature, of
52% :48% and 68% : 32% computed with CPCM and Onsager

8472 | Inorg. Chem. Front., 2024, 11, 8464-8478

methods, respectively; a corresponding averaged anharmonic
spectrum is shown in Fig. 6 and S29.1 Of the two, the anhar-
monic spectrum for a 68:32 ratio accurately matches the
experimental spectrum, not only in the positions of the bands
(without frequency scaling), but also in their relative intensi-
ties, an additional indication that both isomers, ¢N and cS, are
present in the sampled ion population, with an excess of ¢N.

This journal is © the Partner Organisations 2024
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Indeed, in real-case scenarios, amino acid residues in pro-
teins will expose to auranofin only nucleophilic sites in their
side chains, making the formation of eN-like structures unvi-
able. However, the similar binding preference observed for N
and S nucleophiles suggests possible competition for gold(1)
binding between side-chain residues with amino functions,
such as lysine and arginine, likely in low-polarity regions of
proteins where their protonation is inhibited.

3.4. Theoretical interpretation of the CID behavior

As already described in section 3.1, CID studies of [(Et;P)
AuCys]" and [(Et;P)AuSec]” were performed finding that both
species primarily expel NH;. Their product ions then fragment
to [(EtsP)Au]” and to the neutral deaminated derivatives of Cys
and Sec, indicating that the breaking of the Au-S/Se bond for
both species is energetically more demanding than the loss of
NH;. Indeed, NH; can be released only by those isomers where
the NH, group is not involved in the chelation of the metal
center, suggesting that the fragmentation process involves cSe
and ¢S isomers for [(Et;P)AuSec]’ and [(Et;P)AuCys]’, respect-
ively. Theoretical calculations in condensed phase and the
comparison between IRMPD spectra of [(Et;P)AuCys]” with
theoretical predictions have however demonstrated that in the
sampled ion mixture both e¢N and ¢S isomers are present, with
an excess of the former. Therefore, an isomerization reaction
from ¢N to ¢S should be invoked to interpret the CID behavior
of the Cys-system.

The formation and structural characterization of the deami-
nated complexes [(Et;P)Au(Sec-NH;)]" and [(Et;P)Au(Cys-NH;)]",
namely u*Se and c*S, respectively, is discussed hereafter.

As shown in Fig. S30 and S31,f three isomers can be
obtained after NH; loss, named u*Se-n/c*S-n, with n = 1, 2 or
3. In detail, u*Se-1/c*S-1 is characterized by the presence of
3-sulfanylidenepropanoic acid or 3-selanylidenepropanoic acid

A)
.. ®
(C;Hs);PAU—Sg NH;
(R)
Wy ",
B “/COOH
H H
uSe-1
B)
(CoHg)sPAU'—S, NH;
(R),
\\\u"' 0y
“/COOH
H H
cS-1
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obtained after NH; loss and hydride attack from Cg to Cy
leading to a thio/selen-aldehyde (reaction path 1, Fig. S30A¥).
u*Se-2/c*S-2 can be obtained after a H' capture by S™/Se™ and
the consequent formation of a double bond between C, and
Cg leading to 3-selanylprop-2-enoic acid and 3-sulfanylprop-2-
enoic acid for Sec and Cys, respectively (Fig. S30BfY).
Finally, the third isomer, u-Se-3/c*S-3, results from the nucleo-
philic attack of Se”/S™ to C, leading to three-member cyclic
structures as 1-(selanylcyclopropan-2-yl)methanoic acid and
1-(thiacyclopropan-2-yl)methanoic acid (reaction path 3,
Fig. S317).

To identify the most stable structures of the deaminated
isomers, we performed geometry optimizations as reported in
Table S9.7 Interestingly, we found that the most stable isomers
are u*Se-3 for [(Et;P)AuSec*]" and ¢*S-1 for [(Et;P)AuCys*]",
suggesting that Se and S exhibit different chemical reactivity
when losing NH;. While Se acts as a nucleophilic group attack-
ing directly the C, carbocation, S facilitates the hydride trans-
fer from Cg to C, with formation of a double bond between S
and Cg.

This different reactivity can be explained by considering
that selenolate ions are more nucleophilic than thiolates due to
the greater polarizability of selenium.”® In addition, one should
consider the different energy stability of the n-bonds formed by
S and Se with C atom. As is well known, the strength of n-bonds
is larger when the involved atoms are first-row elements.”*
Heavier elements, such as Se, are characterized by more diffuse
p-orbitals leading to a weaker p-overlap, therefore favoring the
formation of ¢ over & bonds.”® One exception is represented by
the CS bond for which the energies of 6- and n-bonds are com-
parable,”" making the formation of both possible.

To shed some light on the reaction mechanism of the NH;
loss for Cys and Sec in the [(EtsP)AuSec]” and [(Et;P)AuCys]
ions, we performed relaxed potential energy scans simulating

®
C;Hs);PAU'—Se
(CzHs)sPAU * + NH,

o, "y

HOOC

u*Se-3

c*S-1

Fig. 7 Most probable reaction paths leading to NH3 loss based on DFT calculations starting from (A) uSe-1 and (B) cS-1. The deaminated structures

are indicated with an asterisk (*).
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the NH; detachment by increasing the C,~NH; distance by
0.25 A for 45 steps for both uSe-1 and cS-1.

As shown in Fig. S32 and S$33,1 the NH; loss by [(Et;P)
AuSec]" and [(Et;P)AuCys]" leads to more stable products than

View Article Online

Inorganic Chemistry Frontiers

the direct breaking of Au’-Se and Au'-S bonds suggesting that
the deamination process is the favored reaction path from a
thermodynamic point of view. On the contrary, the energy
barrier estimated for the NH; loss starting from uSe-1 is sig-

u*Se-1 (4.4)
o
o
J
u*Se-3 (0.0) ny &

Fig. 8

1000 1400 1600 1800 1900

Wavenumber ( cm'l)

IRMPD spectrum of the [(EtsP)AuSec*]" ion (red profiles) and calculated harmonic IR spectra (green profiles) along with optimized geome-

tries of u*Se-3 and u*Se-1, computed in the gas-phase at the B3LYP/BS1 level of theory. Free energy values relative to u*Se-3 are reported in par-

enthesis in kJ mol™.

¢*S-3 (16.1)

c*S-1(0.0)

Fig. 9
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IRMPD spectrum of the [(EtzP)AuCys*]* ion (orange profiles) and calculated harmonic IR spectra (blue profiles) along with optimized geome-

tries of the c*S-1 and c*S-3, computed in the gas-phase at B3LYP/BSL1 level of theory. Free energy values relative to c*S-1 are reported in parenthesis

in kJ mol™.
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nificantly lower than the value computed for ¢S-1 due to
different reaction mechanisms.

It is worth noting that the formation of a 3-member ring
structure (Fig. S341) and the hydride transfer (Fig. S36) spon-
taneously occur during the relaxed scan in correspondence of
the highest energy step for the deamination process of uSe-1
(step 4, blue profile of Fig. S321) and ¢S-1 (step 5, blue profile
of Fig. S337). These results confirm that, according to the reac-
tion mechanism proposed in Fig. 7, u*Se-3 and c*S-1 species
should be the most stable isomers after NH; loss and then
undergo Au'-Se/S dissociation in CID conditions.

In order to confirm this theoretical hypothesis, the IRMPD
spectra of isolated deaminated [(EtsP)AuSec*]” and [(EtsP)
AuCys*]" ions were recorded and compared to the harmonic IR
signatures computed at the B3LYP/BS1 level of theory.

As shown in Fig. 8, the theoretical spectra computed for
u*Se-3 (Table S10%) reproduce the IRMPD spectrum better
than u*Se-1 (Table S117), suggesting that intermediate species
produced by the NH; loss from uSe-1 might actually be u*Se-3,
where Sec* is 1-(selanylcyclopropan-2-yl)methanoic acid. On
the contrary, the IRMPD signature of [(EtsP)AuCys*]" is well
described by the theoretical spectrum computed for c*S-1
(Fig. 9, Table S12%), supporting the theoretical prediction that
the most stable c*S isomer is represented by that in which
Cys* is the 3-sulfanylidenepropanoic acid. The ¢*S-3 theore-
tical spectrum is however also in fair agreement with the
experimental data (Fig. 9, Table S131). As a consequence, it is
not possible to conclusively determine the absence of ¢*S-3 in
the assayed ionic population, despite its higher relative free
energy (16.1 k] mol ™).

Other isomers were also evaluated for both [(Et;P)AuSec*]"
and [(Et;P)AuCys*]" ions, but their poor agreement with the
IRMPD spectra allows to exclude their presence in the sampled
ions (Fig. S38 and S397), in agreement with relative free energy
values (Table S97).

DFT calculations and IRMPD experiments therefore allow
to identify the most probable Au-Se/S dissociation mecha-
nisms, confirming a different chemical reactivity for Se and S
under our CID conditions.®*7°

4. Conclusions

This work reports the first structural characterization of com-
plexes generated by the interaction of auranofin with the pro-
teinogenic amino acids cysteine and selenocysteine, [(EtsP)
AuCys]" and [(Et;P)AuSec]’, respectively, by means of mass
spectrometry, IRMPD spectroscopy, and DFT calculations.
Proteins, such as thioredoxin reductase, are recognized as rele-
vant pharmacological targets of auranofin, and residues of
cysteine and selenocysteine represent the most favorable
binding sites for the drug.

The complex generated by the substitution of the thiosugar
moiety of auranofin by Sec, [(Et;P)AuSec]", is well simulated by
the theoretical spectrum of the lowest energy Se-bound
isomer, in agreement with the strong tendency of gold(i) to

This journal is © the Partner Organisations 2024

View Article Online

Research Article

bind soft nucleophiles, such as the selenolate function of Sec.
Surprisingly, the assayed ion population of the corresponding
complex generated in the presence of Cys, [(EtsP)AuCys]’, is
found to be composed of both N- and S-bound isomers. The
relative amount of the two isomers is likely related to their
mutual stability in the condensed phase, which may be drasti-
cally modified by the solvent dielectric constant. Higher values
stabilize the S-bound isomer in which the amino acid is in
zwitterionic form. This information could be relevant when
interpreting the binding of auranofin to proteins, if one con-
siders the variety of local dielectric values present in different
regions of these macromolecules. It is important to note that
in proteins only the side-chain substituents are available for
binding, and therefore, competing ligands to S-binding may
be envisioned in the nucleophilic sites of amino acidic resi-
dues presenting amino groups, e.g. lysine and arginine.

The fragmentation behavior of [(Et;P)AuCys]’ and [(Et;P)
AuSec]" was studied and found to produce predominantly
ammonia loss, a process that involves a preliminary isomeriza-
tion reaction from the N-bound isomer of [(Et;P)AuCys]".
IRMPD spectra were also collected for these product ions,
[(Et;P)Au(Cys-NH;)]" and [(Et;P)Au(Sec-NH;)]", respectively.
Despite their similarities, comparison with calculations has
shown that they present different structures. In particular, the
deaminated cysteine bound to the cationic portion of aurano-
fin presents a thioaldehyde-substituted structure, while deami-
nated selenocysteine cyclizes to 1-(selanylcyclopropan-2-yl)
methanoic acid. Therefore, the two amino acids, despite
differing only by the presence of sulfur or selenium in their
structures shows a different unimolecular reactivity.

The evidence collected in this work may contribute to
better model auranofin binding to its biological targets, aiding
the understanding of its wide range of pharmacological activi-
ties and potentially adding new value from the repurposing of
this drug. Moreover, these surprising results highlight the
possibility of targeting different nucleophilic functions with
gold-containing complexes depending on the dielectric con-
stant of the medium and have shown that the unimolecular
reactivity of cysteine and selenocysteine produces different
results in the presence of a soft electrophile such as gold(i).
Further studies are currently underway, focusing on the reac-
tion products of auranofin with amino acids that feature nitro-
gen-containing side chains, as well as small peptides, to
explore the potential for N-binding in proteins and to uncover
binding preferences in increasingly complex model systems.
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