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ABSTRACT: Catalytic cancer therapy targets cancer cells by exploiting the specific characteristics of the tumor microenvironment
(TME). TME-based catalytic strategies rely on the use of molecules already present in the TME. Amino groups seem to be a suitable
target, given the abundance of proteins and peptides in biological environments. Here we show that catalytic CuFe,O, nanoparticles
are able to foster transaminations with different amino acids and pyruvate, another key molecule present in the TME. We observed a
significant in cellulo decrease in glutamine and alanine levels up to 48 h after treatment. In addition, we found that di- and tripeptides
also undergo catalytic transamination, thereby extending the range of the effects to other molecules such as glutathione disulfide
(GSSG). Mechanistic calculations for GSSG transamination revealed the formation of an imine between the oxo group of pyruvate
and the free —NH, group of GSSG. Our results highlight transamination as alternative to the existing toolbox of catalytic therapies.
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atalytic nanoparticles have recently been enlisted as new

weapons in the fight against cancer. In particular, it is
expected that they will help to modify the chemistry of the
tumor microenvironment (TME), fostering tumor cell death
or at least a nonproliferative scenario. Catalytic actions
followed two main strategies. The first corresponds to the
so-called “pro-drug activation” approach that involves in situ
production of chemotherapy drugs from less toxic or inert
molecules, usually by metal-catalyzed chemical reactions’ such
as dealkylation,” azide—alkyne cycloaddition,” or carbamate
cleavage® (Figure la). This has given rise to a vast array of
possibilities, especially with deprotection chemistry, as
researchers devised creative ways of anchoring inactive
functional groups that could later be cleaved on site by the
action of a metal catalyst."”> The second strategy, often termed
“nanocatalytic therapy”, exploits essential features of the tumor
microenvironment (TME)®™® and, in contrast to the pro-drug
activation route, rather than introducing foreign molecules,
attempts to do chemistry with the chemical species already
available. The set of reactions targeted for catalytic therapy has
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not changed in years, including only four processes, namely, (i)
glutathione (GSH) oxidation;” (ii) reactive oxygen species
(ROS) production (H,0,, *O,— or *OH);'""" (iii) O,
production using endogenous H,0,,'* and (iv) glucose
oxidation'? (Figure 1b). These reactions interfere with cellular
metabolism in general but are particularly harmful to cancer
cells given their elevated oxidative stress'* and dependency on
glucose uptake.'® In vitro and in vivo studies have analyzed
potential effects on proteins, enzymes, and genes involved in
redox homeostasis whose functioning becomes altered by these
catalytic processes, such as, glutathione peroxidase (GPX4),'®
dihydroorotate dehydrogenase (DHODH),"” or hypoxia-
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Figure 1. Different nanoparticle-catalyzed strategies developed for cancer therapy. (a) Bioorthogonal catalysis based on pro-drug activation
strategies typically require a transition-metal catalyst including Pd, Pt, Au, Rh, or Cu to form a cytotoxic compound by either removing a chemical
group from a pro-drug or binding two low-toxicity molecules. (b) Reactions employed in the context of nanocatalytic therapy in the TME: (i) GSH
oxidation, (ii) *OH or (iii) O, generation using endogenous H,0,, and (iv) glucose oxidation. (c) New scenario potentially enabled by the
internalization of transition-metal leaching nanoparticles. In particular, Cu®* catalyzes the transamination reaction between the —NH," group
attached to a-C of an amino acid/peptide and the keto group of pyruvate to yield b/L-alanine and the corresponding keto-acid derived from the
amino acid/peptide. Reactions target key biomolecules in the cell: glutamine, glutamic acid, aspartic acid, and GSSG.

induced factor (HIF-1)'® among others. These catalytic
reactions are powerful tools to disrupt tumor homeostasis by
altering its redox balance (via processes i and ii), the typically
hypoxic environment (via process iii), and nutrient supply (via
process iv), respectively. However, reactions i, ii, and iv are
oxygen-dependent and are therefore hampered under the
hypoxic conditions of the TME. This is where reaction iii
enters, aimed to partially alleviate hypoxia locally using
available H,0,, but on many occasions, the reaction rates or
the insufficient availability of H,O, limit the feasibility of the
process. Therefore, unveiling new O,-independent processes of
therapeutic interest is of paramount interest.

As already mentioned, the existing nanoparticle catalysts for
catalytic therapy work exclusively around the four processes
described in Figure 1b, and no new reaction pathways have
been reported. This is surprising since the TME is teeming
with key molecules and reactions that could be exploited, and
it seems unlikely that these four processes could exhaust all of
the catalytic opportunities available to fight cancer growth.
Recently, Moran and co-workers'”” demonstrated that
transamination, a reaction of biological importance that is
usually governed by enzymatic catalysis, could also be
catalyzed in a test tube by Co*, Ni**, V**, and especially
Cu’* cations. Inspired by this work, we hypothesized that the
use of Cu-releasing nanoparticles that are easily internalized by
endocytosis and display a rapid Cu®* release kinetics’' could
effectively perform this type of catalysis within cancer cells,
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thus adding a new reaction to the panoply pictured in Figure
1b. Specifically, we propose that the catalytic action of
transition metals on key molecules such as amino acids and
a-ketoacids (Figure 1c) may open up unexplored therapeutic
opportunities.

Especially noteworthy, in view of its potential therapeutic
value, is the oxygen-independent character of the trans-
amination processes, enabling them to occur within the
hypoxic TME without the need to resort to complex oxygen-
generation schemes. Cancer cells are particularly sensitive to
the depletion of key molecules employed as building blocks to
sustain the energetic and growth demands of their accelerated
metabolism.”” Amino acids are essential players in these
metabolic routes, and indeed, amino acid starvation is currently
employed in the clinic to treat acute lymphoblastic leukemia or
non-Hodgkin lymphoma by targeting asparagine through the
enzyme L—asparaginase,23 while others like glutamine, arginine,
or methionine are currently being explored in preclinical or
clinical phases.”* Finally, as presented in Figure 1b, glutathione
(GSH) is rapidly becoming another therapeutic target due to
its central role in balancing intracellular redox stress in cancer
cells. Transition-metal catalysis’ converts GSH into gluta-
thione disulfide (GSSG).>"*> Unfortunately, this process can
be easily reverted through the action of glutathione
reductase,” thereby reducing the therapeutic effect of the
oxidation. In contrast, the transamination process of Figure 1c
could provide another, nonoxidative way to deplete both GSH
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Figure 2. '"H NMR analysis of the transamination reaction in the presence of CuFe,0, nanoparticles: (a) Schematic display of the transamination
reaction between selected amino acids (glutamine, glutamic acid, and aspartic acid acting as amino donors) and pyruvate to yield a-ketoacid acid
and alanine. (b) 'H NMR analysis of the glutamine—pyruvate transamination reaction at different times. (c) UPLC-MS chromatogram of the
produced alanine from the glutamine—pyruvate transamination (m/z = 90, [M + H]*). (d) Control experiment using CuFe,0, as catalyst in the
absence of GSH using glutamine as the amino acid substrate. (e) 'H NMR spectra of the glutamic acid—pyruvate transamination at different
reaction time intervals. (f) Evolution of alanine concentration with reaction time in a system containing 1 mM GSH using glutamic acid as the
amino acid substrate (additional 'H NMR spectra and UPLC-MS chromatograms can be found in Figure SS and Figure S6). Alanine derived from
aspartic acid—pyruvate transamination reaction was also found in (g), the "H NMR spectra corresponding to the aspartic acid—pyruvate
transamination at different reaction time intervals. (h) UPLC-MS analysis of alanine derived from aspartic acid—pyruvate transamination
(additional '"H NMR spectra/UPLC-MS chromatograms are depicted in Figure S6 and Figure S7). Reaction conditions for all experiments: [Cu] =
6 mM, [pyruvate] = 30 mM, [amino acid] = 45 mM, [GSH] = S mM, pH = 7.4 (Na,HPO,/NaH,PO, 1M), T = 37 °C.

and GSSG pools since they have an iso-peptidic bond between

the —COO~ group from the side chain of the glutamate
residue and the amino group from cysteine that is expected to

be chemically able to undergo transamination.

Using CuCl, as the Cu(ll) source requires a previous
reduction step into Cu(I)*’ to be internalized through the
high-affinity Cu(I)-selective copper ion channel (CTRI1),*®
which restricts the total copper uptake by cell. Instead, here,
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we have used CuFe,O, nanoparticles as reservoirs to deliver

much larger amounts of Cu upon internalization into U251-
MG glioblastoma cells. Nanoparticle internalization typically

. . 29-31
occurs via an endocytosis

and this enables higher

internalization rates. Specific Cu importers such as members
of the Ctrl family have evolved to maintain Cu homeostasis
and, therefore, manage very low ion fluxes. In contrast, the

primary particle size of the CuFe,O, nanoparticles is around 8
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nm and the specific Cu intake in each internalization event is
likely to be much larger, as in the culture medium the particles
form 37 nm agglomerates, according to NTA results.”’ This
means that internalization of Cu-containing nanoparticles is
highly efficient to supply Cu to the cell, and in fact,
agglomerates of CuFe,O, NPs are easily visible in confocal
microscopy images after a few hours of incubation.”” Herein,
we investigate whether the Cu?* cations leached from the NPs,
besides promoting GSH oxidation,”*’ may also catalyze
transamination reactions using pyruvate and different amino
acids/peptides as substrates. In addition, we have performed
DFT calculations to provide a theoretical support to the
catalytic outcomes observed and specifically to the variation of
intracellular glutamine, as a key amino acid, together with
alanine, as the transamination reaction product. We also
demonstrate a promising and nonpreviously reported specific
transamination of GSH, thereby adding a new reaction that
may target this antioxidant key for the regulation of redox
homeostasis in cancer cells.

We first carried out kinetic studies of the removal of
glutamine, glutamic acid, and aspartic acid via transamination,
although in this case we used CuFe,O, nanoparticles as
catalysts'” (information regarding the synthesis and character-
ization of CuFe,0, nanoparticles can be found in the
Supporting Information and Figure S1). The selection of this
nanostructure was motivated by two crucial reasons. First, this
catalyst exhibits exceptional performance in GSH oxidation
due to the synergy between Cu and Fe catalysis.”' Second, this
specific partnership works particularly well under TME
conditions (i.e, hypoxia and low pH'’~'?). Therefore, we
hypothesize that CuFe,O, nanoparticles can operate in a
sequential manner. Initially, the high concentration of GSH in
cancerous cells can trigger the release of copper ions from
CuFe,0,. Subsequently, these copper ions can rapidly deplete
GSH levels through oxidation catalysis, aided by the presence
of the remaining Fe-enriched nanoparticle. Finally, the copper
ions might catalyze a transamination reaction using endoge-
nous amino acids/peptides and pyruvate as substrates.
Consequently, all tested reactions in our system were carried
out in the presence of S mM of GSH, an expected intracellular
concentration in tumor cells.”” This is important because the
presence of GSH promotes Cu** leaching, to a much larger
extent than any of the amino acids tested in this work (Figure
S2). Additionally, the catalyst showed negligible leaching in the
absence of GSH/amino acids (Figure S3).

Regarding the transamination of glutamine, the primary
amine of glutamine (highlighted in blue, Figure 2a) undergoes
exchange with the keto group of pyruvate (highlighted in red,
Figure 2a) yielding the corresponding a-ketoacid derived from
the amino acid and alanine (Figure 2a). This reaction is
catalyzed by the released Cu?* from the CuFe,O, NPs.”' It is
noteworthy that this reaction is nonstereospecific'’ and,
consequently, the D-alanine generated as byproduct (half of
the total produced) becomes useless for cells. Therefore, the
transamination reaction depicted in Figure 2a is potentially
useful for a catalytic starvation therapy scenario since it
simultaneously removes glutamine and pyruvate, two key
molecules in different types of cancers,””** and can perform in
an oxygen-independent ambient atmosphere.”* Afterward, we
monitored the reaction between the CuFe,O, NPs and
glutamine at different times (Figure 2b—d). '"H NMR analysis
at early reaction stages (S h, Figure 2b) revealed the
characteristic signal of the generation of GSSG as byproduct
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of the GSH oxidation.”"*® In contrast, we could not detect
alanine, suggesting that kinetics of Cu’*-catalyzed GSH
transformation into GSSG are faster in comparison to the
Cu**-catalyzed transamination reaction.

More extended reaction times resulted in an increase in the
alanine signal (CH;, 1.48 ppm, Figure S4), also detected by
UPLC-MS (Figure 2c), and a-ketoglutaramic acid (Figure S6),
the a-ketoacid derived from glutamine. The reaction also took
place in the absence of GSH (Figure 2d, Figure SS), since
glutamine itself has the potential to release copper cations
(Figure S2), which are the catalytically active species in the
transamination reaction.'” We also tested transamination with
other important single amino acids, such as glutamic acid
(Figure 2ef, Figure S7 and Figure S8) and aspartic acid
(Figure 2gh, and Figure S9 and Figure S10). The results were
analogous to glutamine. '"H NMR and UPLC-MS analyses
revealed a time-dependent increase of alanine and the
corresponding a-ketoacid (except for the case of the
oxalacetate produced from aspartic acid, which can be easily
decarboxylated in the presence of transition metals such as
Cu® %), together with the depletion of pyruvate and the
donor amino acid (Figures S7—S10). No alanine was detected
in the absence of the CuFe,0, NPs (Figure S11).

The reaction rates depended on the amino acid employed as
substrate, with initial kinetic constants (ki) sorted in the
following order: aspartic acid > glutamic acid ~ glutamine
(Figure S12) in agreement with the results of Mayer et al.”?
using CuCl,. The generation of alanine using the CuFe,O,
NPs was lower than that of the control experiments with CuCl,
as catalyst (Figure S13), but the observed kinetic constant
(kops) exhibited similar values. This can be attributed to the
immediate availability of copper when CuCl, is utilized, in
contrast to the progressive release taking place in the case of
the CuFe,0, nanoparticles (Figure S2). We also observed that
the concentration of GSH played a key role in the reaction
kinetics. Decreasing the initial concentration of GSH from 5
mM (expected intratumoral levels) to 1 mM positively affected
the progress of the reaction (Figure 2f), reducing the activation
time and increasing the total alanine produced, in comparison
to the experiments where the initial concentration of GSH was
S mM (Figure S12b). Two additional control experiments
were conducted to delve deeper into the role of GSH. First, the
presence of 1 mM GSH also hampered the progression and
yield of transamination using CuCl, as catalyst (Figure S14).
Second, the absence of GSH enhanced the overall yield and
kinetics of the transamination reaction of glutamine using
CuFe,0, (Figure 2d). This system was chosen because
glutamine itself can also release copper from CuFe,0, (Figure
S2), although to a minor extent in comparison to GSH.
Besides GSH, we also tested the influence of another
biologically relevant sulfhydryl containin§ molecule, cysteine,
known by its affinity toward copper ions.”” In the presence of
100 uM of cysteine, a concentration equal to intracellular
levels,® the transamination reaction could also ocecur,
producing alanine since early reaction times (Figure S15).

A higher concentration of GSH increases the reducing
character of the mixture, decreasing the availability of Cu**
ions in solution,”’ which is the active species in the
transamination reaction.'” In contrast, if the amino acid
employed as substrate does not induce copper release, a small
amount of GSH or of another suitable agent is required to
trigger this release. Finally, the transamination reaction using
CuO nanoparticles rendered similar ki, values to CuFe,O,,

initial
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Figure 3. Cu-catalyzed transamination of GSH-GSSG in the presence of CuFe,O, nanoparticles. (a) Cu**

released from CuFe,O, nanoparticles

first catalyzes GSH oxidation with dissolved O,, giving GSSG; then it furthers catalyzes its transamination with pyruvate. (b) "H NMR and (c)
UPLC-MS analysis of the generation of alanine from transamination of GSSG at different reaction times. (d, e) MS analysis of the formation of a-

ketoGSSG and the depletion of GSH at various reaction times. Reaction conditions: [Cu]

(Na,HPO,/NaH,PO, 1 M), T = 37 °C.

=6 mM, [pyruvate] = 30 mM, [GSH] = S mM, pH = 7.4

reinforcing the general applicability of any copper-containing
nanostructure able to release Cu(II) cations for this reaction
(Figure S16).

We also hypothesized that the same transamination could
extend beyond single amino acids to include peptides that
possess free carboxyl (—CO,”) and amino (—NH;*) groups
linked to the a-C atom of an amino acid residue. A very
important example of this family of compounds would be GSH
and its oxidized form GSSG. Both are peptides that exhibit this
specific structural configuration (highlighted in orange in
Figure 3a). Given their central role in redox homeostasis in
cancer cells, transamination of these molecules could have
significant interest in cancer therapy because the resulting
unnatural a-ketoGSSG product might be more challenging for
cancer cells to metabolize compared to naturally occurring
antioxidants like GSH and GSSG.*

In the presence of O,, the Cu**-catalyzed oxidation of GSH
to GSSG exhibited faster kinetics than the competing
transamination, as can be seen at early reaction times (1 h),

4095

where UPLC-MS analysis revealed predominant generation of
GSSG (Figure 3d) and depletion of GSH (Figure 3e), with
minimal formation of alanine through transamination (Figures
3b,c). However, at longer reaction times (24 h and beyond),
the UPLC-MS, 'H NMR, and MS analyses detected the
formation of alanine and a-ketoGSSG, demonstrating
successful transamination of GSSG (Figures 3b—d). Additional
experiments confirmed the compatibility of other polypeptides,
such as y-Glu-e-Lys with this transformation (Figure S17).
Moreover, it was experimentally determined that amino acids
containing secondary amines, such as proline, were not
transaminated (Figure S18).

The transamination mechanism was investigated by using
density functional theory (DFT). Due to the presence of
strong interactions among the different components, a direct
evaluation of the Gibbs free energy difference (AG) between
the isolated reagents and products did not yield informative
results (Figure S19). Consequently, we used a comprehensive
modeling approach that encompassed all pertinent reaction
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components, including GSSG/a-ketoGSSG, Cu’*, pyruvate/
alanine, and HPO,*", in the calculations illustrated in Figure 4.

Initially, Cu®* establishes strong interactions with the
—CO,” groups present in GSSG and pyruvate (Int-I, Figure
4d). In the most stable conformation discovered, the cation
predominantly coordinates with three —CO,~ groups, two of
which stem from a folded branch of GSSG, and the other from
pyruvate. Subsequently, one of the —NH;" groups of GSSG
reacts with the ketone of pyruvate, resulting in the formation of
a protonated imine that requires deprotonation before
coordinating with Cu to generate Int-II. This sequence of
steps exhibits slight endergonicity (AG = 4.1 kcal-mol ") when
one of the —CO,™ groups acts as the base for deprotonation to
obviate the need for separate calculations. Consistent with
previous Cu-catalyzed transaminations,'” the calculated rate-
limiting step involves the presence of the activated imine---Cu
group. Therefore, the pH employed could influence the
reaction kinetics as a more alkaline solution would render
deprotonation and subsequent imine---Cu coordination. This
theoretical approach is supported by the observed 2-fold
reaction rate increase upon raising the pH from S to 9 (Figure
4c). Furthermore, the computational findings indicate that the
transamination equilibrium is essentially energetically balanced
(AG = 1.1 kcal'mol ™!, Figure 4d), emphasizing the importance
of an excess of pyruvate in the medium to drive the equilibrium
toward the a-ketoGSSG product.

Similar to previous mechanisms calculated for metal-
catalyzed transaminations,'” the kinetics of the process are
governed by a stepwise 1,3-H migration. In this mechanism, an
HPO,*" basic molecule from the solution buffer triggers an H
shift from the a-C atom to the iminic C atom (Figure 4a). As
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in the imine-Cu coordination process, this base-promoted 1,3-
H migration should be favored by more basic pH environ-
ments, which aligns with the experimental kinetic trend
(Figure 4c). Interestingly, this process involves not only C=
N---Cu activation but also CO, ---Cu activation of the —CO,~
group located next to the carbanion resulting from H
abstraction. The Cu atom coordinates with this —CO,~
group, enhancing its capability to stabilize neighboring
carbanions and thus reducing the energy barriers (AG* from
39.8 to 16.0 kcal in TS-II B and TS-II A, respectively, Figure
4b).

Encouraged by the activity of lixiviated Cu®* as a
transamination catalyst for a variety of biologically relevant
substrates, we evaluated the potential of CuFe,O, NPs to
disrupt the amino acid pool in U251-MG cancer cells. We
selected these cells because of the significant role of glutamine
in their metabolism.*”® Indeed, some studies point out the
relevance of glutamine in NADPH production and anaplerotic
reactions (i.e., to generate Kreb’s cycle intermediates) beyond
their role as a nitrogen source in glioblastoma cells.”" We
detected a significant decrease in the intracellular glutamine
levels in U251-MG cells incubated with CuFe,O, NPs after 72
h (Figure Sa). On the other hand, intracellular alanine levels
clearly increased for the CuFe,O,-treated group up to 48 h.
This is consistent with the results shown above, as there is a
significant pool of intracellular pyruvate and using pyruvate as
the ketoacid always yielded alanine in all transamination
reactions evaluated throughout this work, regardless of the
amino precursor. Interestingly, alanine was consumed in both
the control and treated U251-MG cells (Figure Sb) at 72 h.
We attribute this result to cellular metabolic responses. In the
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Figure S. Tracking the intracellular transamination induced by CuFe,O, nanoparticles. (a) Intracellular glutamine concentrations decrease for both
control and treated U251-MG cells. Glutamine is a key metabolite for cells as one of the major nitrogen sources and is used both for the TCA cycle
or for fatty acid/nucleotide biosynthesis.® Treatment with CuFe,O, nanoparticles significantly decreased glutamine levels especially after 72 h. (b)
Monitoring intracellular alanine concentration revealed different profiles in control/treated U251-MG cells. After 24 and 48 h, the alanine
concentration was significantly larger for treated U251, suggesting that artificial transamination had been successfully induced. (c) Pyruvate
concentration present in cell media at different incubation times with 0.05 mg:mL™" CuFe,0, nanoparticles. As a result of the Cu-catalyzed
transamination reaction, the concentration of pyruvate was lower after 48 and 72 h in comparison to the control experiment. Intracellular pyruvate
could not be determined with sufficient accuracy due to low concentration levels. (d) Confocal microscopy analysis of U251-MG cells revealed the
internalization of CuFe,O, nanoparticles in the form of aggregates (highlighted in yellow). (e) Intracellular copper levels of U251-MG cells treated
with 50 ugmL™" of CuFe,0, showed a strong increase of copper concentration up to 48 h, followed by a decrease at 72 h. (f) Schematic
illustration of some possible catalytic pathways of the intracellular amino acid pool: glutamine (or other amino acids) can enter different metabolic
routes to enable ATP or lipid biosynthesis. However, internalization of CuFe,O, nanoparticles increases the intracellular concentration of Cu**, a
catalyst that promotes artificial amino acid/pyruvate transamination, as well as that of other species with suitable chemical structure such as GSH
and GSSG. For GSSG this reaction competes with the reduction of GSSG to GSH by glutathione reductase. Statistically significant differences were
expressed as follows: *p < 0.05, **p < 0.00S, ***p < 0.000S, and ****p < 0.0000S.

absence of other amino acids, alanine can be incorporated into main product of GSH oxidation, in cell media progressively
the TCA cycle to support ATP blosynthe51s through its increased after nanoparticle treatment (Figure S20b). All these
enzymatic transamination to pyruvate.”” In addition, alanine changes in the concentration of glutamine, alanine, pyruvate,
can also serve as nitrogen source in glutamine-starved and GSH help to explain the abrupt interruption seen in the
glioblastoma cells.”> Both of these facts may explain the growth of cells for the treatment (Figure S21) after 24 h. We
strong decrease observed in both groups after 72 h. Finally, evaluated the cell viability using nanoparticles prepared by an
although only glutamine was monitored, our results show that identical procedure but without containing copper (i.e., iron
the catalyst promotes transamination of a variety of amino oxide). As can be seen in Figure S22, a significant decrease of
acids and peptides, causing a severe disruption of the cell viability is detected for Cu-containing nanoparticles at every
metabolism. concentration studied. The successful internalization of the

We also monitored the concentration of pyruvate, the a-keto CuFe,0, nanocatalyst was confirmed by confocal microscopy
acid that acts as substrate for the Cu-catalyzed transamination (Figure 5d). Nanoparticle aggregates could be detected inside
reaction, in cell media (Figure Sc). We found a larger U251-MG cells due to their own reflection close to the cellular
consumption of pyruvate in the presence of 0.0S mg-mL™' nucleus stained in blue (Figure Sd). We also studied the
CuFe,0, catalyst, which reinforces the idea of a trans- evolution of total intracellular Cu, the main homogeneous
amination reaction in the biological environment. The catalysts studied in this work, after treatment with CuFe,O,
intracellular GSH levels in the presence of the CuFe,O, NPs NOs using MW plasma atomic emission spectroscopy (MP-
dropped after 24 and 48 h in comparison to those in control AES) (Figure Se). The maximum intracellular copper value

experiments (Figure S20a). Likewise, the GSSG signal, the was reached at 48 h after the treatment with SO pg-mL™'
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CuFe,0,, which is in agreement with the maximum
concentration of intracellular alanine in treated U251-MG
cells (Figure Sb). After 72 h, the intracellular Cu concentration
decreased down to 14.5 mM, following cellular regulation
mechanisms and excretion of remaining nanoparticles via
endosomes or copper ions via protein exporters such as
ATP7A/B.”” However, 72 h gives ample time for Cu*" to
perform catalysis using the amino acid pool or the cytosolic
GSSG as amino donors, and the pyruvate as a-ketoacid to
catalyze the transamination reaction (Figure 5f).

In summary, Cu®** cations released from CuFe,0, nano-
particles can catalyze transamination using glutamine, glutamic
acid, and aspartic acid as amino acid substrates under
conditions relevant to TME (ie., hypoxia and a 5§ mM
concentration of GSH). The scope of transamination extends
to tri- and dipeptides as suitable substrates if an @-C with a free
—COO™/—NH;" group is present in their structure. We have
shown experimentally that GSSG can also be subjected to
transamination as a result of the formation of an imine
between the oxo group of pyruvate and the free —NH, group
of GSSG, followed by the coordination of the imine to Cu(II).
Lastly, we have observed that glutamine consumption is
accelerated while intracellular alanine levels rise and cell
proliferation abruptly stops, a scenario in good agreement with
transamination reactions catalyzed by Cu(Il)-releasing nano-
particles. In summary, the results of this work establish copper-
catalyzed transamination as a new valuable reaction to be
added to the existing toolkit of TME-directed nanocatalytic
therapy.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04947.

Additional information about nanoparticle synthesis,
copper leaching tests, transamination experiments with
glutamine, glutamic acid, aspartic acid, proline, gluta-
thione disulfide and y-Glu-e-Lys, DFT calculations,
evolution of GSH and GSSG in biological media and
toxicity of control iron nanoparticles; figures of TEM
images, size distribution, XRD pattern, evolution of
copper vs time, copper release kinetics, 'H NMR
spectra, UPLC-MS chromatograms, production of
alanine at different times, Gibbs free energies, evolution
of intracellular GSH, Variation of GSSG signal, cell
number vs incubation time, cell viability; AQME data
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Jose L. Hueso — Instituto de Nanociencia y Materiales de
Aragon (INMA) CSIC-Universidad de Zaragoza, 50018
Zaragoza, Spain; Department of Chemical and
Environmental Engineering, University of Zaragoza, 50018
Zaragoza, Spain; Networking Res. Center in Biomaterials,
Bioengineering and Nanomedicine (CIBER-BBN), Instituto
de Salud Carlos I1I, 28029 Madrid, Spain; Instituto de
Investigacion Sanitaria (11S) de Aragén, S0009 Zaragoza,
Spain; © orcid.org/0000-0002-4546-4111;
Email: jlhueso@unizar.es

Jesus Santamaria — Instituto de Nanociencia y Materiales de
Aragon (INMA) CSIC-Universidad de Zaragoza, 50018

4098

Zaragoza, Spain; Department of Chemical and
Environmental Engineering, University of Zaragoza, 50018
Zaragoza, Spain; Networking Res. Center in Biomaterials,
Bioengineering and Nanomedicine (CIBER-BBN), Instituto
de Salud Carlos I1I, 28029 Madrid, Spain; Instituto de
Investigacion Sanitaria (IIS) de Aragon, S0009 Zaragoza,
Spain; ©® orcid.org/0000-0002-8701-974S;

Email: Jesus.Santamaria@unizar.es

Authors

Javier Bonet-Aleta — Instituto de Nanociencia y Materiales de
Aragon (INMA) CSIC-Universidad de Zaragoza, 50018
Zaragoza, Spain; Department of Chemical and
Environmental Engineering, University of Zaragoza, 50018
Zaragoza, Spain; Networking Res. Center in Biomaterials,
Bioengineering and Nanomedicine (CIBER-BBN), Instituto
de Salud Carlos I1I, 28029 Madrid, Spain; Instituto de
Investigacion Sanitaria (IIS) de Aragon, S0009 Zaragoza,
Spain; © orcid.org/0000-0002-1791-0188

Juan Vicente Alegre-Requena — Departamento de Quimica
Inorgdnica, Instituto de Sintesis Quimica y Catdlisis
Homogénea (ISQCH), CSIC-Universidad de Zaragoza,
50009 Zaragoza, Spain

Javier Martin-Martin — Instituto de Nanociencia y Materiales
de Aragon (INMA) CSIC-Universidad de Zaragoza, 50018
Zaragoza, Spain; Department of Organic Chemistry,
University of Zaragoza, S0009 Zaragoza, Spain

Miguel Encinas-Gimenez — Instituto de Nanociencia y
Materiales de Aragon (INMA) CSIC-Universidad de
Zaragoza, 50018 Zaragoza, Spain; Department of Chemical
and Environmental Engineering, University of Zaragoza,
50018 Zaragoza, Spain; Networking Res. Center in
Biomaterials, Bioengineering and Nanomedicine (CIBER-
BBN), Instituto de Salud Carlos III, 28029 Madrid, Spain;
Instituto de Investigacion Sanitaria (IIS) de Aragén, S0009
Zaragoza, Spain

Ana Martin-Pardillos — Instituto de Nanociencia y Materiales
de Aragon (INMA) CSIC-Universidad de Zaragoza, 50018
Zaragoza, Spain; Department of Chemical and
Environmental Engineering, University of Zaragoza, 50018
Zaragoza, Spain; Instituto de Investigacién Sanitaria (1IS) de
Aragén, S0009 Zaragoza, Spain

Pilar Martin-Duque — Networking Res. Center in
Biomaterials, Bioengineering and Nanomedicine (CIBER-
BBN), Instituto de Salud Carlos III, 28029 Madrid, Spain;
Instituto de Investigacion Sanitaria (IIS) de Aragén, S0009
Zaragoza, Spain; Surgery Department, Medicine Medical
School, University of Zaragoza, S0009 Zaragoza, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.3c04947

Author Contributions

J.B.-A. and J.L.H. prepared and characterized the nanoparticles.
J-B.-A. and J.M.M. performed 'H NMR experiments. J.B-A.,
AM.P.,, and M.E.G. performed in vitro experiments. J.V.A.-R.
carried out quantum mechanical calculations. J.B.-A,, J.V.A-R,,
AMP, JLH, and ]J.S. designed research. J.B.-A., J.L.H., and
J.S. wrote the manuscript. All authors have contributed and
given approval to the final version of the manuscript.

Funding

The authors are thankful for the financial support from the
European Research Council (ERC) Advanced Grant CA-
DENCE number 742684. J.V.A.-R. acknowledges Gobierno de

https://doi.org/10.1021/acs.nanolett.3c04947
Nano Lett. 2024, 24, 4091-4100


https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04947?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04947/suppl_file/nl3c04947_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+L.+Hueso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4546-4111
mailto:jlhueso@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesus+Santamaria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8701-9745
mailto:Jesus.Santamaria@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Bonet-Aleta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1791-0188
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Vicente+Alegre-Requena"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Martin-Martin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Encinas-Gimenez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Marti%CC%81n-Pardillos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pilar+Martin-Duque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04947?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Aragon-Fondo Social Europeo (Research Group E07_23R)
and the State Research Agency (AEI) of Spain for financial
support through a Juan de la Cierva Incorporacion contract
(reference: IJC2020-044217-I). J.V.A.-R. acknowledges the
computing resources at the Galicia Supercomputing Center,
CESGA, including access to the FinisTerrae supercomputer,
the Red Espafiola de Supercomputacion (grant number QH-
2023-1-0003) and the Drago cluster facility of SGAI-CSIC.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

JB-A. acknowledges the Spanish Government for an FPU
predoctoral contract. The TEM measurements were conducted
at the Laboratorio de Microscopias Avanzadas, Instituto de
Nanociencia y Materiales de Aragon, Universidad de Zaragoza,
Spain. The synthesis of materials has been performed by the
Platform of Production of Biomaterials and Nanoparticles of
the NANBIOSIS ICTS, more specifically by the Nanoparticle
Synthesis Unit (Unit 9) of the CIBER in BioEngineering,
Biomaterials & Nanomedicine (CIBER-BBN). Finally, we
acknowledge Prof. Luis Oriol and Prof. Milagros Pifiol for
granting access to their laboratories and fruitful discussions.

B REFERENCES

(1) Sousa-Castillo, A.; Marino-Lopez, A.; Puertolas, B.; Correa-
Duarte, M. A. Nanostructured Heterogeneous Catalysts for
Bioorthogonal Reactions. Angew. Chem., Int. Ed. Engl. 2023, 62
(10), No. e202215427.

(2) Perez-Lopez, A. M.; Rubio-Ruiz, B.; Sebastian, V.; Hamilton, L.;
Adam, C; Bray, T. L,; Irusta, S.; Brennan, P. M.; Lloyd-Jones, G. C,;
Sieger, D.; Santamaria, J.; Unciti-Broceta, A. Gold-Triggered
Uncaging Chemistry in Living Systems. Angew. Chem., Int. Ed. Engl.
2017, 56 (41), 12548—12552.

(3) Clavadetscher, J.; Hoffmann, S.; Lilienkampf, A.; Mackay, L.;
Yusop, R. M,; Rider, S. A.; Mullins, J. J.; Bradley, M. Copper Catalysis
in Living Systems and In Situ Drug Synthesis. Angew. Chem., Int. Ed.
Engl. 2016, S5 (50), 15662—15666.

(4) Chen, Z,; Li, H,; Bian, Y.; Wang, Z.; Chen, G.; Zhang, X.; Miao,
Y.; Wen, D.; Wang, J.; Wan, G.; Zeng, Y.; Abdou, P,; Fang, J.; Li, S,;
Sun, C. J; Gu, Z. Bioorthogonal catalytic patch. Nat. Nanotechnol
2021, 16 (8), 933—941.

(5) Liang, T. X. Z,; Chen, Z. W.; Li, H. J.; Gu, Z. Bioorthogonal
catalysis for biomedical applications. Trends in Chemistry 2022, 4 (2),
157—-168.

(6) Huo, M.; Wang, L.; Wang, Y.; Chen, Y.; Shi, J. Nanocatalytic
Tumor Therapy by Single-Atom Catalysts. ACS Nano 2019, 13 (2),
2643—2653.

(7) Yang, B.; Chen, Y.; Shi, J. Nanocatalytic Medicine. Adv. Mater.
2019, 31 (39), No. e1901778.

(8) Liu, P. L.; Huo, M. F.; Shi, J. L. Nanocatalytic Medicine of Iron-
Based Nanocatalysts. Ccs Chemistry 2021, 3 (2), 2445—2463.

9) Xiong, Y.; Xiao, C,; Li, Z.; Yang, X. Engineering nanomedicine
for glutathione depletion-augmented cancer therapy. Chem. Soc. Rev.
2021, 50 (10), 6013—6041.

(10) Yang, B.; Chen, Y.; Shi, J. Reactive Oxygen Species (ROS)-
Based Nanomedicine. Chem. Rev. 2019, 119 (8), 4881—4985.

(11) Tang, Z.; Zhao, P.; Wang, H.; Liu, Y.; Bu, W. Biomedicine
Meets Fenton Chemistry. Chem. Rev. 2021, 121 (4), 1981—2019.

(12) Szatrowski, T. P.; Nathan, C. F. Production of large amounts of
hydrogen peroxide by human tumor cells. Cancer Res. 1991, SI (3),
794—798.

(13) Wang, C. H;; Yang, J. X.; Dong, C. Y.; Shi, S. Glucose Oxidase-
Related Cancer Therapies. Advanced Therapeutics 2020, 3 (10),
No. 2000110.

4099

(14) Hayes, J. D.; Dinkova-Kostova, A. T.; Tew, K. D. Oxidative
Stress in Cancer. Cancer cell 2020, 38 (2), 167—197.

(15) Liberti, M. V.; Locasale, J. W. The Warburg Effect: How Does
it Benefit Cancer Cells? Trends in biochemical sciences 2016, 41 (3),
211-218.

(16) Wu, C.; Liu, Z.; Chen, Z.; Xu, D.; Chen, L,; Lin, H.; Shi, J. A
nonferrous ferroptosis-like strategy for antioxidant inhibition-syner-
gized nanocatalytic tumor therapeutics. Sci. Adv. 2021, 7,
No. eabj8833.

(17) Chen, S.; Yang, J.; Liang, Z.; Li, Z.; Xiong, W.; Fan, Q.; Shen,
Z.; Liu, J; Xu, Y. Synergistic Functional Nanomedicine Enhances
Ferroptosis Therapy for Breast Tumors by a Blocking Defensive
Redox System. ACS Appl. Mater. Interfaces 2023, 1S5 (2), 2705—2713.

(18) Sun, Y,; Zhou, Z; Yang, S.; Yang, H. Modulating hypoxia
inducible factor-1 by nanomaterials for effective cancer therapy. Wiley
Interdiscip Rev. Nanomed Nanobiotechnol 2022, 14 (1), No. el766.

(19) Mayer, R. J.; Kaur, H.; Rauscher, S. A.; Moran, J. Mechanistic
Insight into Metal Ion-Catalyzed Transamination. J. Am. Chem. Soc.
2021, 143 (45), 19099—19111.

(20) Dherbassy, Q.; Mayer, R. J.; Muchowska, K. B; Moran, J.
Metal-Pyridoxal Cooperativity in Nonenzymatic Transamination. J.
Am. Chem. Soc. 2023, 145 (24), 13357—13370.

(21) Bonet-Aleta, J.; Encinas-Gimenez, M.; Urriolabeitia, E.; Martin-
Duque, P; Hueso, J. L.; Santamaria, J. Unveiling the interplay
between homogeneous and heterogeneous catalytic mechanisms in
copper-iron nanoparticles working under chemically relevant tumour
conditions. Chem. Sci. 2022, 13 (28), 8307—8320.

(22) Vander Heiden, M. G.; Cantley, L. C; Thompson, C. B.
Understanding the Warburg effect: the metabolic requirements of cell
proliferation. Science 2009, 324 (5930), 1029—33.

(23) Butler, M.; van der Meer, L. T.; van Leeuwen, F. N. Amino
Acid Depletion Therapies: Starving Cancer Cells to Death. Trends in
endocrinology and metabolism 2021, 32 (6), 367—381.

(24) DeBerardinis, R. J.; Chandel, N. S. Fundamentals of cancer
metabolism. Science advances 2016, 2 (S), No. e1600200.

(25) Wang, D.; Wy, H,; Wang, C; Gu, L.; Chen, H.,; Jana, D.; Feng,
L; Liu, J; Wang, X; Xu, P,; Guo, Z; Chen, Q; Zhao, Y. Self-
Assembled Single-Site Nanozyme for Tumor-Specific Amplified
Cascade Enzymatic Therapy. Angew. Chem., Int. Ed. Engl. 2021, 60
(6), 3001—3007.

(26) Fagan, R. L; Palfey, B. A. Flavin-Dependent Enzymes. In
Comprehensive Natural Products II; Liu, H.-W.; Mander, L., Eds,;
Elsevier: Oxford, 2010; pp 37—113.

(27) Ohgami, R. S.; Campagna, D. R.;; McDonald, A.; Fleming, M.
D. The Steap proteins are metalloreductases. Blood 2006, 108 (4),
1388—94.

(28) Chen, L; Min, J,; Wang, F. Copper homeostasis and
cuproptosis in health and disease. Signal Transduct Target Ther
2022, 7 (1), 378.

(29) Bonet-Aleta, J.; Sancho-Albero, M.; Calzada-Funes, J.; Irusta,
S.; Martin-Duque, P.; Hueso, ]J. L.; Santamaria, ]J. Glutathione-
Triggered catalytic response of Copper-Iron mixed oxide Nano-
particles. Leveraging tumor microenvironment conditions for chemo-
dynamic therapy. J. Colloid Interface Sci. 2022, 617, 704—717.

(30) Wang, Z; Li, N; Zhao, J.; White, J. C; Qu, P.; Xing, B. CuO
nanoparticle interaction with human epithelial cells: cellular uptake,
location, export, and genotoxicity. Chemical research in toxicology
2012, 25 (7), 1512-21.

(31) Rennick, J. J.; Johnston, A. P. R; Parton, R. G. Key principles
and methods for studying the endocytosis of biological and
nanoparticle therapeutics. Nat. Nanotechnol 2021, 16 (3), 266—276.

(32) Elia, L; Rossi, M.; Stegen, S.; Broekaert, D.; Doglioni, G.; van
Gorsel, M.; Boon, R.; Escalona-Noguero, C.; Torrekens, S.; Verfaillie,
C.; Verbeken, E.; Carmeliet, G.; Fendt, S. M. Breast cancer cells rely
on environmental pyruvate to shape the metastatic niche. Nature
2019, 568 (7750), 117—121.

(33) Yoo, H. C; Yu, Y. C.; Sung, Y.; Han, J. M. Glutamine reliance
in cell metabolism. Exp Mol. Med. 2020, 52 (9), 1496—1516.

https://doi.org/10.1021/acs.nanolett.3c04947
Nano Lett. 2024, 24, 4091-4100


https://doi.org/10.1002/anie.202215427
https://doi.org/10.1002/anie.202215427
https://doi.org/10.1002/anie.201705609
https://doi.org/10.1002/anie.201705609
https://doi.org/10.1002/anie.201609837
https://doi.org/10.1002/anie.201609837
https://doi.org/10.1038/s41565-021-00910-7
https://doi.org/10.1016/j.trechm.2021.11.008
https://doi.org/10.1016/j.trechm.2021.11.008
https://doi.org/10.1021/acsnano.9b00457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b00457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201901778
https://doi.org/10.31635/ccschem.020.202000519
https://doi.org/10.31635/ccschem.020.202000519
https://doi.org/10.1039/D0CS00718H
https://doi.org/10.1039/D0CS00718H
https://doi.org/10.1021/acs.chemrev.8b00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00977?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adtp.202000110
https://doi.org/10.1002/adtp.202000110
https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.1016/j.ccell.2020.06.001
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1126/sciadv.abj8833
https://doi.org/10.1126/sciadv.abj8833
https://doi.org/10.1126/sciadv.abj8833
https://doi.org/10.1021/acsami.2c19585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c19585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c19585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wnan.1766
https://doi.org/10.1002/wnan.1766
https://doi.org/10.1021/jacs.1c08535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c08535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2SC01379G
https://doi.org/10.1039/D2SC01379G
https://doi.org/10.1039/D2SC01379G
https://doi.org/10.1039/D2SC01379G
https://doi.org/10.1126/science.1160809
https://doi.org/10.1126/science.1160809
https://doi.org/10.1016/j.tem.2021.03.003
https://doi.org/10.1016/j.tem.2021.03.003
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1002/anie.202008868
https://doi.org/10.1002/anie.202008868
https://doi.org/10.1002/anie.202008868
https://doi.org/10.1182/blood-2006-02-003681
https://doi.org/10.1038/s41392-022-01229-y
https://doi.org/10.1038/s41392-022-01229-y
https://doi.org/10.1016/j.jcis.2022.03.036
https://doi.org/10.1016/j.jcis.2022.03.036
https://doi.org/10.1016/j.jcis.2022.03.036
https://doi.org/10.1016/j.jcis.2022.03.036
https://doi.org/10.1021/tx3002093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx3002093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx3002093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-021-00858-8
https://doi.org/10.1038/s41565-021-00858-8
https://doi.org/10.1038/s41565-021-00858-8
https://doi.org/10.1038/s41586-019-0977-x
https://doi.org/10.1038/s41586-019-0977-x
https://doi.org/10.1038/s12276-020-00504-8
https://doi.org/10.1038/s12276-020-00504-8
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(34) Hockel, M.; Vaupel, P. Tumor hypoxia: definitions and current
clinical, biologic, and molecular aspects. J. Natl. Cancer Inst 2001, 93
(4), 266-76.

(35) Ngamchuea, K; Batchelor-McAuley, C.; Compton, R. G. The
Copper(II)-Catalyzed Oxidation of Glutathione. Chem. Eur. J. 2016,
22 (44), 15937—15944.

(36) Krebs, H. A. The effect of inorganic salts on the ketone
decomposition of oxaloacetic acid. Biochem. J. 1942, 36 (3—4), 303—
S.
(37) Luo, Y.; Zhang, L.; Liu, W.; Yu, Y.; Tian, Y. A Single Biosensor
for Evaluating the Levels of Copper Ion and L-Cysteine in a Live Rat
Brain with Alzheimer’s Disease. Angew. Chem., Int. Ed. 2015, 54 (47),
14053—14056.

(38) Tian, M.; Guo, F.; Sun, Y.; Zhang, W.; Miao, F.; Liu, Y.; Song,
G.; Ho, C.-L,; Yu, X;; Sun, J. Z.; Wong, W.-Y. A fluorescent probe for
intracellular cysteine overcoming the interference by glutathione.
Organic & Biomolecular Chemistry 2014, 12 (32), 6128—6133.

(39) Bansal, A.; Simon, M. C. Glutathione metabolism in cancer
progression and treatment resistance. J. Cell Biol. 2018, 217 (7),
2291-2298.

(40) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A;; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams; Ding, F.; Lipparini,
F.; Egidi, F,; Goings, J.; Peng, B.; Petrone, A.; Henderson, T;
Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G;
Liang, W.; Hada, M.; Ehara, M,; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T;
Throssell, K;; Montgomery, Jr., J. A, Peralta, ]J. E,; Ogliaro, F;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N,; Keith, T. A,; Kobayashi, R.; Normand, J.; Raghavachari, K;
Rendell, A. P.; Burant, J. C,; Iyengar, S. S;; Tomasi, J.; Cossi, M.;
Millam, J. M,; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, Rev. C.01; Gaussian, Inc.: Wallingford, CT, 2016.

(41) Alegre-Requena, J. V.; Shree, S. S.; Pérez-Soto, R.; Alturaifi, T.
M,; Paton, R. S. AQME: Automated quantum mechanical environ-
ments for researchers and educators. Wires Comput. Mol. Sci. 2023, 13
(5), No. el663.

(42) Landrum, G. RDkit Open-source cheminformatics software.
version 2018.03.3.0. 2018, 149 (150), 650. (https://github.com/
rdkit/rdkit).

(43) Becke, A. D. Density-functional thermochemistry. V. Systematic
optimization of exchange-correlation functionals. J. Chem. Phys. 1997,
107 (20), 8554—8560.

(44) Chai, J. D.; Head-Gordon, M. Long-range corrected hybrid
density functionals with damped atom-atom dispersion corrections.
Phys. Chem. Chem. Phys. 2008, 10 (44), 6615—20.

(45) Hehre, W. J; Ditchfield, R;; Pople, J. A. Self—Consistent
Molecular Orbital Methods. XII. Further Extensions of Gaussian—
Type Basis Sets for Use in Molecular Orbital Studies of Organic
Molecules. J. Chem. Phys. 1972, 56 (S), 2257—2261.

(46) Hariharan, P. C; Pople, J. A. The influence of polarization
functions on molecular orbital hydrogenation energies. Theoretica
Chimica Acta 1973, 28 (3), 213—222.

(47) Krishnan, R; Binkley, J. S; Seeger, R; Pople, J. A. Self-
consistent molecular orbital methods. XX. A basis set for correlated
wave functions. J. Chem. Phys. 1980, 72 (1), 650—654.

(48) McLean, A. D.; Chandler, G. S. Contracted Gaussian basis sets
for molecular calculations. I. Second row atoms, Z = 11—18. J. Chem.
Phys. 1980, 72 (10), 5639—5648.

(49) Francl, M. M.; Pietro, W. J.; Hehre, W. J,; Binkley, J. S;
Gordon, M. S.; DeFrees, D. J.; Pople, J. A. Self-consistent molecular
orbital methods. XXIII. A polarization-type basis set for second-row
elements. J. Chem. Phys. 1982, 77 (7), 3654—3665.

(50) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to Rn:

4100

Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7
(18), 3297-305.

(51) Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn.
Phys. Chem. Chem. Phys. 2006, 8 (9), 1057—6S.

(52) Cances, E.; Mennucci, B.; Tomasi, . A new integral equation
formalism for the polarizable continuum model: Theoretical back-
ground and applications to isotropic and anisotropic dielectrics. J.
Chem. Phys. 1997, 107 (8), 3032—3041.

(53) Mennucci, B.; Cances, E.; Tomasi, J. Evaluation of solvent
effects in isotropic and anisotropic dielectrics and in ionic solutions
with a unified integral equation method: Theoretical bases, computa-
tional implementation, and numerical applications. J. Phys. Chem. B
1997, 101 (49), 10506—10517.

(54) Mennucci, B.; Tomasi, J. Continuum solvation models: A new
approach to the problem of solute’s charge distribution and cavity
boundaries. J. Chem. Phys. 1997, 106 (12), 5151—5158.

(55) Tomasi, J.; Mennucci, B.; Cances, E. The IEF version of the
PCM solvation method:: an overview of a new method addressed to
study molecular solutes at the QM ab initio level. Journal of Molecular
Structure-Theochem 1999, 464 (1-3), 211-226.

(56) Scalmani, G.; Frisch, M. J. Continuous surface charge
polarizable continuum models of solvation. I. General formalism. J.
Chem. Phys. 2010, 132 (11), No. 114110.

(57) Marenich, A. V,; Cramer, C. J.; Truhlar, D. G. Universal
solvation model based on solute electron density and on a continuum
model of the solvent defined by the bulk dielectric constant and
atomic surface tensions. J. Phys. Chem. B 2009, 113 (18), 6378—96.

(58) Luchini, G.; Alegre-Requena, J.; Funes-Ardoiz, I; Paton, R. S.J.
F. GoodVibes: automated thermochemistry for heterogeneous
computational chemistry data. F1000Res. 2020, 9, 291.

(59) Altman, B. J; Stine, Z. E;; Dang, C. V. From Krebs to clinic:
glutamine metabolism to cancer therapy. Nat. Rev. Cancer 2016, 16
(10), 619—34.

(60) Recouvreux, M. V.; Grenier, S. F; Zhang, Y.; Esparza, E;
Lambies, G.; Galapate, C. M.; Maganti, S.; Duong-Polk, K,; Bhullar,
D.; Naeem, R;; Scott, D. A;; Lowy, A. M.,; Tiriac, H.; Commisso, C.
Glutamine mimicry suppresses tumor progression through asparagine
metabolism in pancreatic ductal adenocarcinoma. Nat. Cancer 2024, §
(1), 100—113.

(61) DeBerardinis, R. J.; Mancuso, A.; Daikhin, E.; Nissim, L;
Yudkoff, M.; Wehrli, S.; Thompson, C. B. Beyond aerobic glycolysis:
transformed cells can engage in glutamine metabolism that exceeds
the requirement for protein and nucleotide synthesis. Proc. Natl. Acad.
Sci. U. S. A. 2007, 104 (49), 19345—50.

(62) Nelson, D. L.; Lehninger, A. L.; Cox, M. M. Lehninger Principles
of Biochemistry; W. H. Freeman: 2008.

(63) Tardito, S.; Oudin, A.; Ahmed, S. U.; Fack, F.; Keunen, O.;
Zheng, L.; Miletic, H.; Sakariassen, P. O.; Weinstock, A.; Wagner, A,;
Lindsay, S. L.; Hock, A. K.; Barnett, S. C.; Ruppin, E.; Morkve, S. H,;
Lund-Johansen, M.; Chalmers, A. J.; Bjerkvig, R.;; Niclou, S. P,;
Gottlieb, E. Glutamine synthetase activity fuels nucleotide biosyn-
thesis and supports growth of glutamine-restricted glioblastoma. Nat.
Cell Biol. 2015, 17 (12), 1556—68.

https://doi.org/10.1021/acs.nanolett.3c04947
Nano Lett. 2024, 24, 4091-4100


https://doi.org/10.1093/jnci/93.4.266
https://doi.org/10.1093/jnci/93.4.266
https://doi.org/10.1002/chem.201603366
https://doi.org/10.1002/chem.201603366
https://doi.org/10.1042/bj0360303
https://doi.org/10.1042/bj0360303
https://doi.org/10.1002/anie.201508635
https://doi.org/10.1002/anie.201508635
https://doi.org/10.1002/anie.201508635
https://doi.org/10.1039/C4OB00382A
https://doi.org/10.1039/C4OB00382A
https://doi.org/10.1083/jcb.201804161
https://doi.org/10.1083/jcb.201804161
https://doi.org/10.1002/wcms.1663
https://doi.org/10.1002/wcms.1663
https://github.com/rdkit/rdkit
https://github.com/rdkit/rdkit
https://doi.org/10.1063/1.475007
https://doi.org/10.1063/1.475007
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1007/BF00533485
https://doi.org/10.1007/BF00533485
https://doi.org/10.1063/1.438955
https://doi.org/10.1063/1.438955
https://doi.org/10.1063/1.438955
https://doi.org/10.1063/1.438980
https://doi.org/10.1063/1.438980
https://doi.org/10.1063/1.444267
https://doi.org/10.1063/1.444267
https://doi.org/10.1063/1.444267
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b515623h
https://doi.org/10.1063/1.474659
https://doi.org/10.1063/1.474659
https://doi.org/10.1063/1.474659
https://doi.org/10.1021/jp971959k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp971959k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp971959k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp971959k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.473558
https://doi.org/10.1063/1.473558
https://doi.org/10.1063/1.473558
https://doi.org/10.1016/S0166-1280(98)00553-3
https://doi.org/10.1016/S0166-1280(98)00553-3
https://doi.org/10.1016/S0166-1280(98)00553-3
https://doi.org/10.1063/1.3359469
https://doi.org/10.1063/1.3359469
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.12688/f1000research.22758.1
https://doi.org/10.12688/f1000research.22758.1
https://doi.org/10.1038/nrc.2016.71
https://doi.org/10.1038/nrc.2016.71
https://doi.org/10.1038/s43018-023-00649-1
https://doi.org/10.1038/s43018-023-00649-1
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1038/ncb3272
https://doi.org/10.1038/ncb3272
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

