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Abstract

Thiosemicarbazones (TSCs) are a class of biologically active compounds with promising anticancer activity. Their typical mechanism,
especially of the clinically far developed representative Triapine, is chelation of iron (Fe), with the Fe-containing enzyme ribonucleotide
reductase as primary intracellular target. However, for the subclass of terminally disubstituted, nanomolar-active derivatives like
Dp44mT and Me,NNMe,, recent findings suggest that the chelation, stability, and reduction properties of the copper(Il) (Cu) complexes
are essential for their modes of action. Consequently, it is important to elucidate whether blood serum Cu(ll) is a potential metal source
for these TSCs. To gain more insights, the interaction of Triapine, Dp44mT or Me,NNMe, with purified human serum albumin (HSA) as
the main pool of labile Cu(ll) was investigated by UV-vis and electron paramagnetic resonance measurements. Subsequently, a size-
exclusion chromatography inductively coupled plasma mass spectrometry method for the differentiation of Cu species in serum was
developed, especially separating the non-labile Cu enzyme ceruloplasmin from HSA. The results indicate that the TSCs specifically
chelate copper from the N-terminal Cu-binding site of HSA. Furthermore, the Cu(Il)-TSC complexes were shown to form ternary HSA
conjugates, most likely via histidine. Noteworthy, Fe-chelation from transferrin was not overserved, even not for Triapine. In summary,
the labile Cu pool of HSA is a potential source for Cu-TSC complex formation and, consequently, distinctly influences the anticancer
activity and pharmacological behavior of TSCs.

Keywords: serum proteins, albumin, thiosemicarbazones, copper, iron, ICP-MS
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Interaction of Cu(ll)-HSA and thiosemicarbazones with formation of Cu(Il)-TSC and its ternary complex with HSA.

Introduction on its promising anticancer activity, Triapine was not only tested
in >35 phase 1 and II clinical trials>~ but also entered recently
a phase III study against cervical or vaginal cancer patients
in combination with cisplatin and radiation therapy (study
number NCT02466971; www.clinicaltrials.gov).’® Moreover, also
two other TSC derivatives, di-2-pyridyl ketone 4-cyclohexyl-4-
methyl-3-thiosemicarbazone (DpC, study number NCT02688101)
and 4-(pyridine-2-yl)-N-([(8E)-5,6,7,8-tetrahydroquinolin-8-
ylidene]amino))piperazine-1-carbothioamide  (COTI-2, study
number NCT02433626) started clinical phase I evaluation

Thiosemicarbazones (TSCs) are biologically active compounds
that have been developed for the treatment of diverse diseases
including cancer.! Here, especially «-N-heterocyclic TSCs are in
the focus of interest, as they are highly potent metal chelators.
Consequently, drugs like Triapine (3-AP) or Dp44mT (Scheme 1)
have been originally developed to exploit the enhanced need
of cancer cells for iron (Fe)>* with the Fe-containing enzyme
ribonucleotide reductase as proposed intracellular target. Based
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Scheme 1 (A) Chemical structures of (clinically) investigated TSCs. (B) Ternary His-Cu(II)-TSC complex (His = histidine).

(Scheme 1). Noteworthy, these two compounds as well as
Dp44mT (the predecessor of DpC) and a dimethylated Triapine
derivative (Me,NNMe,) developed in our laboratory represent
a subclass of TSCs characterized by a ~500-fold higher anti-
cancer activity compared to Triapine in cell culture.'>?? Several
studies suggested that this enhanced efficiency could be based
on an additional mode-of-action, associated with their ability
to chelate also other essential metal ions beside Fe, especially
copper (Cu).'**> Indeed, we were recently able to show that the
anticancer activity of TSCs is correlated with the stability and,
especially, reduction kinetics of their Cu complexes.’® Moreover,
this also influenced the resistance profile of cancer cells, as
TSCs with high affinity for Cu form ternary complexes with
glutathione (GSH), rendering them substrates for the efflux pump
ATP-binding cassette transporter C1 (ABCC1).":'® Noteworthy,
ABCC1 1is also expressed in tissues important for absorption,
metabolism, and elimination (liver and kidney),'* which could
also indicate an impact on the pharmacology of the respective
TSCs. However, so far it is unclear whether and where TSCs can
bind Cu in the body. In general, several distinct proteins (e.g. Ctr1,
Atox1, CCS, and ATP7A/B) tightly control the homeostasis of Cu
ions in humans.?’ In fact, Cu is always found in protein-bound
form, and it is widely accepted that under healthy conditions,
there is basically no free Cu available (in the circulation).??
Moreover, Cu outside the cells is usually present as Cu(Il), while
intracellularly it is mainly Cu(1).?' However, TSCs are strong Cu(Il)
chelators, while their planar structure is not suited for efficient
Cu(l) binding. Consequently, we hypothesized that TSCs interact
especially with Cu of extracellular origin.

There are two main Cu carrier proteins in human serum: Ceru-
loplasmin and human serum albumin (HSA). While in the case of
ceruloplasmin, the six Cu sites are buried inside the protein and,
hence, are not accessible for external chelators, Cu on HSA can be
chelated from molecules having a suitable affinity.?* In particular,
HSA physiologically binds ~3 pM Cu(ll) via a well-characterized
N-terminal tripeptide (ATCUN) motif with a dissociation constant
of Kg ~10713 at pH 7.4.22 Of note, less than 1% HSA is normally
loaded with Cu(Il).?! In contrast to Cu, serum Fe exists as Fe(Ill)
almost exclusively bound to transferrin with a very high affin-
ity and a dissociation constant of K3 ~ 107%? at pH 7.4.% Un-
der healthy conditions, transferrin is only loaded to a third with
Fe(1lI). Hence, about 20 pM transferrin with two unoccupied Fe(III)-
binding sites are present in blood plasma.?* As TSCs have a lower
Fe(Ill) affinity than transferrin,®?® they are not expected to be
able to withdraw Fe(Ill) from transferrin (this situation changes
inside the cells, where Fe is weakly bound, and this labile Fe pool
is mainly in the reduced Fe(1l) state?”). Consequently, the present
study focuses on Cu(ll) and the investigation whether or not dif-
ferent TSCs (Triapine, Dp44mT, and Me,NNMe,) are able to form a

Table 1. Absorption wavelength (nm) and extinction coefficient
(M~*cm™!, in brackets) of TSCs and their mixture with HSA and
Cu ions

Triapine Dp44mT Me,NNMe,
TSC 360 (15300) 326 (18700) 364 (8050)
TSC-Cu 422 (12200) 412 (15100) 418 (8460)
TSC-Cu-HSA 432 (11600)* 430 (18600)* 442 (10120)*
TSC-HSA 437 (n/a) 417 (n/a) 442 (n/a)

*extinction coefficients were calculated assuming that Cu-TSC is completely
bound to HSA forming a single species.

complex with Cu(Il) in blood plasma. Towards this aim, UV-vis and
electron paramagnetic resonance (EPR) measurements with HSA,
as the main labile Cu(Il) pool, were conducted. Furthermore, a
size-exclusion chromatography inductively coupled plasma mass
spectrometry (SEC-ICP-MS) method was developed to analyze the
interaction in plasma.

Results
Interaction of TSCs with Cu and HSA

The ability of Triapine, Dp44mT, and Me,NNMe; (10 pM) to com-
pete with HSA for Cu(Il) was assessed by incubating the ligands
with the pre-formed Cu(I)-HSA (1:10 Cu: HSA; 100 uM HSA) com-
plex at 37°C. Initially, DpC and COTI-2 were also included; how-
ever, their low solubility (requiring ~30% DMSO) prevented mean-
ingful measurements in the presence of HSA. The formation of
Cu(Il)-TSCs complexes was first monitored via UV-vis absorption
spectroscopy, possible due to the characteristic thiolate-to-metal
charge-transfer bands arising upon metal binding (Table 1 and
Fig. 1). In contrast, the Cu(Il)-HSA complex does not show absorp-
tion bands in this spectral region (note that the intensity of d-d
bands is too low to be detectable at this concentration).

After addition of the TSCs, new bands (Fig. 1; light blue, or-
ange and light green lines) appeared and increased over time
(dark blue, red, and dark green lines), commensurate with the
Cu(ll) transfer from HSA to TSCs. Moreover, these bands were
red-shifted compared to those of the Cu(Il)-TSC complexes in ab-
sence of HSA (Table 1 and Fig. 1A-C, black lines), suggesting the
formation of ternary TSC-Cu(Il)-HSA complexes. The same bands
were observed, when the pre-formed Cu(Il)-TSC complexes were
added to HSA (Fig. 1D-F). As a control, since metal-independent
hydrophobic interactions can also occur between TSCs and HSA,?
we recorded UV-vis spectra of the TSC-HSA mixtures in the ab-
sence of Cu(ll) (Fig. S1). These data showed a decrease of the
TSC bands upon addition to HSA and the concomitant appear-
ance of red-shifted bands above 400 nm (Fig. S1), suggesting an
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Fig. 1 Competition of TSCs and HSA for Cu(Il) (A, B, C) and interaction of pre-formed Cu(Il)-TSCs with HSA (D, E, F). (A, D) Triapine (blue); (B, E) Dp44mT
(red); (C, F) Me,NNMe; (green). Conditions: [TSC] = 10 pM, [Cu(I)] = 10 uM, [HSA] = 100 pM, HEPES 500 mM pH 7.4 (DMSO 1%). T = 37°C. Background

absorption spectra of HSA or Cu(Il)-HSA were subtracted.

interaction of all TSCs with HSA, although to a different extent
(Fig. S1). Of note, the same band (at about 442 nm) appeared for
the mixture of Me,NNMe;, and HSA in the absence and presence
of Cu(1l), questioning the attribution of this band to a direct Cu(Il)-
Me,NNMe, interaction.

These findings are consistent with the literature, as some TSCs
and Cu-TSC complexes have been shown to bind to the drug-
binding sites in HSA (notably in subdomain IB and IIA) and also
form Cu-bridged ternary complexes through His residues in HSA
(e.g. His146 in subdomain IB and His242 in subdomain IIA).%8-3!
Remarkably, considering that imidazole groups have generally
only millimolar affinity for Cu complexes with tridentate ligands
(e.g. GHK peptide®?), the interactions between the ligand and hy-
drophobic pockets within HSA appear to enhance the affinity be-
tween the protein and the Cu-TSC.

In order to further assess the formation of Cu(ll)-bridged
ternary complexes between the TSCs and HSA, we used EPR spec-
troscopy, which is sensitive to the Cu(Il) coordination sphere and
not influenced by ligand-protein interactions. Thus, continuous-
wave (CW) X-band EPR spectra of Cu(II)-TSCs, Cu(ll)-HSA and pre-
formed Cu(I)-TSCs added to HSA were recorded at 100 K (Fig. 2A—
C) and simulated to obtain the characteristic g, and A, param-
eters for each complex (Table S1). The spectra of the ternary
HSA/Cu(Il)-TSC mixtures show one set of EPR signals with lower
g,y values compared to both Cu(I)-HSA and Cu(II)-TSCs, suggest-
ing the presence of a distinct major species (rather than a mix-
ture of the two binary species). To better compare the spectra,
each pair of g, and A, parameters was represented in a Peisach-
Blumberg plot (Fig. 2D). This plot clearly shows that Cu(Il) coor-
dination in HSA/Cu(II)-TSC mixtures (blue dots) is different from
that of Cu(II)-HSA (black dot), and closer to that of free Cu(II)-TSCs
alone (red dots). The similarity between the spectra of the ternary
mixture with those of Cu(Il)-TSCs confirms that Cu(Il) is basically
coordinated to TSCs even in the presence of HSA, while the shift
towards lower g, observed in the presence of HSA is consistent

with the formation of a ternary HSA-Cu(I)-TSC complex through
the replacement of a fourth oxygen donor (e.g. H,O or DMSO) with
an imidazole ligand provided by HSA (Scheme 1). In fact, similar
downshifts of the g, values are observed upon addition of imi-
dazole (Im) to the samples containing Cu(Il)-TSCs (Fig. 3D, green
dots). Of note, the binding of HSA to Cu(Il)-TSCs via its unique re-
duced cysteine 34 residue can be ruled out by comparing the EPR
parameters of the HSA/Cu(Il)-TSC mixtures with the ternary com-
plex between Cu(ll)-Dp44mT and GSH, a Cys-containing tripep-
tide (Fig. 2D, pink dot). Finally, it is worth noting that due to the
significant signal-to-noise ratio, the presence of minor Cu(Il)-HSA
and especially Cu(II)-TSC species within the ternary mixtures can-
not be ruled out. In fact, it is likely that HSA-bound and unbound
Cu(I)-TSC co-exist.

When analyzing the data from Figs. 1 and 2, all the metal-free
TSCs revealed to be able to remove Cu from a 10-fold excess of
HSA and to form ternary complexes with the His residues of the
protein.

Allinvestigations so far have been performed in buffered aque-
ous solutions containing only HSA. As a next step, we wanted to
analyze the behavior in a much more complex system like human
serum. Unfortunately, in such biological concentrations and ma-
trices UV-vis or EPR measurements are hardly feasible. Therefore,
we established an SEC-ICP-MS method to analyze S, ©Cu, and
*6Fe levels in human serum upon addition of TSCs and their Cu
complexes.

SEC-ICP-MS method establishment

A rapid UPLC-type size exclusion chromatographic method was
developed entailing low metal backgrounds and fit for pur-
pose, for time-series measurements without compromising on
separation efficiency. Four different stationary phases were com-
pared, differing in particle size, pore size, length, and column
chemistry upon monitoring the 32S (32S0), **Fe (*°Fe’®0), and
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Fig. 2 EPR spectra (A, B, C) and Peisach-Blumberg plot (D) of Cu(ll)-HSA (black), Cu(Il)-TSCs (red), HSA/Cu(Il)-TSC mixtures (blue), TSC-Cu(ll)-Im ternary
complexes (green), and GSH-Cu(Il)-Dp44mt (pink) Conditions: [TSC] = 300 pM, [Cu(Il)] = 250 pM, [HSA] = 300 pM, [Im] = 300 puM, [GSH] = 300 pM,
HEPES 50 mM pH 7.4 (DMSO ~5%), glycerol 10% (v/v), T = 100 K. TSC = Triapine, Dp44mT or Me,NNMe,; Im = imidazole.

®3Cu traces in human serum (Fig. S2). A particular focus was
laid on the separation of ceruloplasmin from HSA. The column
utilizing ethylene-bridged hybrid (BEH)-based particle technology
(Acquity UPLC Protein BEH 200 A) showed the best performance
(Fig. S2). In addition, the elemental background was comparable to
the PEEK column (MabPac SEC-1 300 A) despite the steel housing
(Fig. S3). The overall separation time could be reduced to 12 min.

Identification of serum proteins

Association of elemental signals to plasma proteins was accom-
plished by retention time matching with standards. The 10 most
abundant plasma proteins (except a«2-macroglobulin) and ceru-
loplasmin were analyzed with the new SEC-ICP-MS method. The
used protein standards were HSA (100 uM), IgG (100 uM), fibrino-
gen (100 pM), IgA (10 pM), transferrin (100 pM), el-antitrypsin
(100 pMy), IgM (1,1 pM), haptoglobin (30 uM), e1-acid glycoprotein
(100 pM), and ceruloplasmin (40 pM). Retention times were as-
sessed based on the sulfur trace, as all proteins contain the amino
acids Cys and methionine (Met) (Fig. 3A; for the whole range; see
Fig. S4). The major serum protein HSA (6.6 min; 67 kDa and the
HSA dimer at 5.7 min) coelutes at least with three other proteins,
namely transferrin (80 kDa), el-acid-glycoprotein (40 kDa), and
al-antitrypsin (52 kDa). The signal of the second most abundant
protein IgG (~150 kDa) nicely matched a peak at ~6.2 min in whole
serum. IgA (160 kDa) eluted at around 5.4 min, haptoglobin in a
broad peak at around 5 min, fibrinogen (~340 kDa) at 4.6 min, and

pentameric IgM (up to ~900 kDa) at 4.5 min. Although the hydro-
dynamic radius of the proteins is the decisive parameter for SEC,
there was a good correlation between elution time and protein
mass.

In addition to 32S, °6Fe and °3Cu were also measured for hu-
man serum (Fig. 4) and for all protein standards (Fig. S5). Note-
worthy, to increase the reproducibility of the measurements, a
lower flow rate was used which resulted in a higher retention time
shift of ~1.1 min for all peaks compared to the reference mea-
surements in Fig. 3. The ®3Cu trace (Fig. 4A) indicated two main
peaks at 7.0 and 7.7 min, which nicely fitted the retention time
of ceruloplasmin and HSA (considering the time shift of 1.1 min)
and confirmed that these two proteins contribute most to the
Cu content in human serum (Fig. 3B). In the case of *°Fe, a ma-
jor peak was observed again at 7.7 min (containing transferrin)
and in the low-molecular weight range a large signal at 10.5 min
(Fig. 4B). At the same retention time no signal was visible in the 3?S
trace (Fig. 4C), at which usually metal-peptide, metal-amino acid,
and other low-molecular species are expected. Therefore, the *°Fe
peak at 10.5 min can most likely be attributed to heme (which
does not contain any sulfur). The presence of heme in serum
is common, as erythrocytes can burst during the serum extrac-
tion process from blood, thereby releasing heme from hemoglobin
(hemolysis).

Repeated injections of human serum over 120 min showed ex-
cellent intermediate precision of <3% (see Fig. S6) considering the
sum peak areas for *S, *°Fe, and ®3Cu, respectively, representing
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Fig. 3 (A) Overlay plot of the high-molecular weight SEC-ICP-MS sulfur
trace of human blood serum (black solid line) with 10 protein standards
(dotted lines). (B) Overlay plot of the ICP-MS Cu trace of human blood
serum (black solid line) with HSA and ceruloplasmin (dotted lines).

the high-molecular weight fraction (as coloured in Fig. 4), which
was key for the planned incubation studies. Analysis of TSC and
their Cu complexes is known to be challenged by material in-
teractions along the chromatographic separation process causing
memory effects, peak tailing, and general extra-column broaden-
ing. In order to exclude such unwanted interactions, the elution
behaviour of the TSCs and their Cu complexes was studied via
flow injection analysis. All compounds showed acceptable elution
profiles, albeit the peak shapes were distinctly broader compared
to a standard solution of Cu(NOs), (Fig. S7 for Cu-Triapine). Finally,
the quantification of the Cu content after injection of Cu-TSCs
was in good agreement with the theory, confirming quantitative
elution (a blank run after each compound was applied).

Spiking metal-free TSCs and their Cu complexes

into serum

Serum was incubated with all three metal-free TSCs at different
concentrations (1, 10, and 100 uM) for 2 h. In agreement with the
stability measurements (Fig. S6), no visible change could be ob-
served in the ®3Cu trace of just serum within 120 min. However,
after the addition of the TSCs, a distinct time-dependent decrease
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of the ®3Cu levels in the HSA peak at 7.7 min was detected (Fig. 5
for Dp44mT).

In contrast, the Cu signal at 7 min, originating from ceruloplas-
min, was stable for all TSCs (~70% of the total Cu content). This
is in good agreement with the availability of the Cu ions from
these two proteins: HSA as a transporter is able to release Cu
ions, whereas in the case of ceruloplasmin, the Cu ions are not ex-
changeable. Therefore, the addition of a metal-free TSC resulted in
the release of Cu from HSA most likely via formation of a Cu-TSC
complex. However, it has to be mentioned that this complex did
not appear as a new signal in the chromatogram. As we focused
on copper adducts of proteins, it was not possible to retrieve low
molecular weight copper species or inorganic copper with these
methods. This is a well-known disadvantage of element speciation
analysis by SEC.>*> When comparing the addition of Dp44mT with
that of Triapine (Figs. 6 and S8), for the latter slightly higher Cu lev-
els remain at the HSA after 120 min, which is in good agreement
with the lower affinity of Triapine for Cu ions.'® In comparison,
in the case of Me;NNMe,, unexpectedly less Cu was ‘removed’
although the Cu-complex stability constants (in pure water) are
distinctly higher than for Triapine®® (see discussion below).

The *°Fe trace of the high-molecular weight fraction was widely
unaffected by the addition of any of the metal-free TSCs (Fig. S9).
The small changes observed were also visible in untreated serum.
This confirms, as already mentioned above, that transferrin-
bound Fe(Ill) is not accessible for the TSCs.

Finally, the serum was incubated with all three Cu-TSC com-
plexes at 10 pM for 2 h. In the case of Triapine, a distinct in-
crease in the %3Cu trace could be observed (Fig. 7A). Again, the
signal attributed to ceruloplasmin did not change. However, the
levels of HSA-bound Cu steadily increased up to ~ 1 h and then
remained constant. Unfortunately, like in the measurements be-
fore, we did not see the free Cu-TSC complexes added. In the case
of incubation with Cu-Me,NNMe; and Cu-Triapine, the changes
of the Cu-HSA levels were comparable, whereas Cu-Dp44mT
showed lower binding (Figs. 7B and S10). The ®Fe trace was again
widely unaffected by the addition of any of the Cu-TSCs (data not
shown).

Discussion

Already in the first comprehensive studies of «-N-heterocyclic
TSCs as anticancer agents, the important role of metal ions in
their mode of action was described.** For a long time, especially
Fe(1I) and Fe(Ill) were in the focus of interest and for Triapine, cur-
rently studied in clinical phase III, Fe is still assumed to be crucial
for its activity (and its main side effect methemoglobinemia).’?3>
In general, complexation of TSCs with Cu(Il) ions is mainly dis-
cussed for terminally di-alkylated TSCs such as Dp44mT, DpC, and
Me,NNMe,, which are characterized by cytotoxic activities in cell
culture in the nanomolar range. These compounds also show very
strong synergistic activities with Cu(ll) salts, in contrast to TSCs
such as Triapine, with even antagonistic effects with Cu(II).**:3
Of note, the stability of the Cu(Il) complexes in simple buffered
systems is so high (even for Triapine), that their dissociation at
pH 7.4 at 1 pM concentration is negligible (<1%).>” However, for
Triapine derivatives, the Cu(Il) complexes can be easily reduced
(e.g. with GSH) leading to rapid dissociation, whereas nanomolar-
active TSCs show very slow reduction kinetics.'® This is most prob-
ably also the underlying reason for the different importance of Fe
and Cu for the two classes of TSCs. However, how and where TSCs
can possibly chelate Cu in the body is widely unknown so far.
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Fig. 4 (A) 3Cu, (B) *°Te, and (C) 3?S traces of human serum (peak integration areas are colored). To increase the reproducibility of the measurements a
lower flow rate was used, which resulting in a higher retention time shift of ~1.1 min for all peaks compared to the reference measurements in Fig. 3.

The here presented UV-vis and EPR investigations with purified
HSA as well as SEC-ICP-MS measurements in human blood serum
suggest that the analyzed TSCs Triapine, Dp44mt and Me,NNMe,
are able to remove Cu(Il) from the N-terminal Cu(ll)-site of HSA
by chelation. In addition, the data revealed that Cu(Il)-TSCs can
form ternary complexes, most likely with a His on the surface
of HSA.?:30 Recently, the binding of Cu(ll)-Triapine with pure
HSA in aqueous 30% DMSO solution was also studied by Enyedy
et al.*® Moreover, UV-VIS measurements with pure HSA suggest
that there is also a non-covalent interaction between the metal-
free TSC and binding pocket(s) of HSA.

The different possible states and equilibria are depicted in
Scheme 2. In state 1, HSA is partially loaded with Cu (<5% of
HSA; ~3 pM Cu-HSA*) at the respective N-terminal-binding site.
Addition of a TSC can result in the removal of the Cu from the
HSA-binding site and formation of the respective Cu-TSC com-
plex. In the isolated system at ~ 10 uM Cu-HSA (Fig. 1), a ternary
TSC-Cu-HSA complex is formed (state 3), whereas in serum con-
ditions (Fig. 5) with only ~3 pM Cu-HSA distinctly lower amounts
of Cu-TSC are generated resulting in an equilibrium towards state
2 (free Cu-TSC). In addition, TSCs can also non-covalently bind to
HSA (Scheme 2A), which could occur for the excess of TSC added
compared to Cu. In state 3, the Cu of the Cu-TSC complex coor-
dinates to a His of the protein forming a ternary complex. De-
pending on the exact concentrations, these equilibria can also

distinctly shift (note that the Cu SEC-ICP-MS analysis of serum
cannot distinguish how Cu is bound to HSA, i.e. between state 1
and 3). When pre-formed Cu-TSC (10 pM) is added to the serum, a
higher Cu-content at HSA is detected. This increase in Cu content
can be attributed to the binding of Cu-TSC to HSA with formation
of the ternary complex. The differences in the results of the ex-
periments of adding free TSC alone or Cu-TSC (Fig. 5 vs. Fig. 7),
can be explained by an equilibrium shift between states 2 and
3. As described above in serum, only ~3 uM Cu-HSA are present
and addition of 10 uM free TSC only resulted in 2-3 uM Cu-TSC.
At this low concentration, the state 2 is predominant. Addition
of 10 uM Cu-TSC shifts the equilibrium more to state 3, with a
partial formation of the ternary Cu-TSC-HSA complex. Of note,
Cu-TSC binds very fast to isolated HSA (within seconds or even
faster) but takes several tenth of minutes in serum. Hence, there
are other parameters involved that have to be determined in the
future (such as a faster binding of Cu-TSC at low concentrations to
other proteins and consequently slower equilibration with HSA).
This is in contrast to the TSC addition to isolated Cu-HSA and
serum, in which the kinetics are consistent between the two sys-
tems. Probably a high excess of free TSC with respect to Cu can
also influence the binding ability of Cu-TSC to HSA. In general,
the ternary binding mode of Cu-TSC complexes with HSA was
already shown in X-ray crystal structures by Liang et al., where
His146 or His242 was found as the main binding amino acid.?-*
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Fig. 5 Cu-ICP-MS of serum (A) untreated or (B) spiked with 10 pM of
metal-free Dp44mT.

Unfortunately, the established SEC-ICP-MS method did not allow
for measuring low abundant, non-protein-bound Cu complexes
in the low-molecular weight range even with extended measure-
ments up to 40 min, due to poor column recoveries.

These results indicate that TSCs in serum are able to withdraw
Cu(Il) from HSA, and, hence, can form Cu-TSC complexes. How-
ever, the Cu(ll) source for TSCs is limited to HSA. Indeed, TSCs
were not able to withdraw Cu(ll) from the major serum Cu(Il)
pool ceruloplasmin. The concentration of the ‘accessible’ serum
Cu pool is typically about 3 uM,?** which limits the available Cu
to be chelated by TSC. Nevertheless, this pool is a potential source
of Cu that could lead to the formation of Cu-TSCs in the human
body, which might enter the cells and exert their biological activ-
ity. However, it will probably not be able to supply enough copper
for all TSC molecules applied as a bolus to the patient. Conse-
quently, additional intracellular Cu sources can probably also be
important.
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Fig. 7 (A) Cu levels of serum treated with Cu-Triapine (10 pM). (B) Cu
levels (integration range from 5.0-8.0 min) of serum incubated with the
three different Cu-TSC complexes at 10 uM over 120 min.

An interesting consideration are the affinities of the three dif-
ferent TSCs to Cu(ll), as Dp44mT and Me,NNMe; have a distinctly
higher stability than Triapine (pCu =-log [Cu(Il)] = 11.4 for Triap-
ine; 13.4 for Dp44mT, and 13.3 for Me,NNMe,).’® Consequently, it
could be expected that Dp44mT and Me,NN,Me withdraw Cu(II)
better from the N-terminal site of HSA than Triapine, which, how-
ever, for Me;NNMe; seems not to be the case (Fig. 6). However,
from the equilibria seen in Scheme 2, the withdrawing of the Cu
from HSA depends probably more on the coordination strength of
the formed ternary complex of Cu(Il)-TSC to His of HSA, than the
stability between Cu and TSC.

In conclusion, our data suggest that the labile HSA Cu-pool in
serum can act as a, although limited, source of Cu to form Cu-
TSC complexes. Hence, it seems important to consider Cu-TSC
formation in serum, especially for nanomolar-active TSCs like
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Fig. 6 Cu levels (integration range from 5.0-8.0 min) of serum incubated with the three different metal-free TSCs at 1 pM, 10 pM, and 100 pM
concentration over 120 min. The stable Cu content from ceruloplasmin corresponds to ~70% of the area.
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Dp44mT and Me,NNMe,, whose Cu-complex also shows higher
anticancer activity than the metal-free TSC alone.

Materials and methods

Chemicals and reagents

Triapine,*® Me,NNMe,,** and Dp44mT*! were prepared as de-
scribed previously. Ultrapure water (18.2 M cm, ELGA Water
purification system, Purelab Ultra MK 2, UK or 18.2 MQ cm, Milli-Q
Advantage, Darmstadt, Germany), nitric acid (>69%, Rotipuran
Supra, Carl Roth, Karlsruhe, Germany), and H,0, (30%, Suprapur,
Merck, Darmstadt, Germany) were used for the dilutions in the
direct infusion ICP-MS measurement. The multielement standard
solution, containing 26 elements (Quality Control Standard 26),
was purchased from Labkings (Hilversum, The Netherlands).
For validation purposes, the certified reference materials TM
28.4, Lake Ontario water, (Environment and Climate change,
Burlington, Canada) and Seronorm™ trace elements serum L-1,
(Sero AS, Billingstad, Norway) were used. The ammonium acetate
buffer applied as eluent for chromatography was derived from
ammonium hydroxide solution (25%, Suprapur) and acetic acid
(100%, Suprapur), which were purchased by Lactan (Graz, Austria).
The protein standards used in the characterization of human
serum were all purchased by Athens Research and Technology
(Georgia, USA). N,N-Dimethylformamide (>99.9%), Na,HPO,
(>99%, EMSURE®) NaH,PO; (>99%, EMSURE®), human serum
(from human male AB plasma, USA origin), and fetal calf serum
(USA origin) were all purchased by Sigma Aldrich (Steinheim,
Germany).

Preparation of stock solutions

Cu(ll) stock solutions were prepared to dissolve CuCl,-2H,0
in ultrapure water (p = 18.2 MQ-cm~!). The concentration of
CuCl,-2H,0 stock solution was verified by UV-vis spectroscopy
(8780 = 12 M~tcm~1). A stock solution of HEPES buffer (500 mM, pH
7.4) was prepared to dissolve free acid powder in ultrapure water
and adjusting the pH with NaOH. TSC stock solutions were pre-

pared in DMSO, and their concentration verified via spectropho-
tometric Cu(ll) titrations. HSA stock solution was prepared in
ultrapure water and its concentration determined via spectropho-
tometric Cu(Il) titration. Concentrated solutions of Cu(Il)-TSC
complexes were prepared in DMSO/HEPES (50 mM pH 7.4) 80:20
mixtures.

UV-vis spectroscopy

UV-vis spectra were recorded in 1 cm path quartz cuvettes using a
Cary 60 spectrophotometer equipped with a thermostatted (37°C)
multi-cell holder. A 1 pl aliquot of metal-free TSC or pre-formed
Cu(Il)-TSC complex was added to HSA or to the pre-formed Cu(Il)-
HSA complex in HEPES 50 mM pH 7.4.

EPR spectroscopy

CW-EPR spectra were recorded on an EMX-plus (Bruker Biospin
GmbH, Germany) X-band EPR spectrometer equipped with a high
sensitivity resonator (4119HS-W1, Bruker). The g factor was cal-
ibrated in the experimental conditions using the Bruker strong
pitch (g = 2.0028). The principal experimental parameters val-
ues were microwave frequency of ca. 9.4 GHz, microwave power
0.1 mW, modulation amplitude 5 G, time constant of ca. 80 ms,
conversion time of ca. 200 ms. Four scans were accumulated
to achieve reasonable signal-to-noise (S/N) ratio, resulting in ca.
20 mins of acquisition time per spectrum. Samples were sup-
plemented by 10% v/v glycerol to ensure homogeneous pep-
tide distributions and avoid water crystallization-induced phase
separation. Then, they were introduced into 4 mm outer di-
ameter quartz tubes (Wilmad-Labglass) and freeze-quenched
into liquid nitrogen prior to their introduction into the pre-
cooled cavity (T = 100 K, achieved by continuous flow liquid
nitrogen cryostat). All experimental EPR spectra were analyzed
through computer simulation using homemade scripts based on
Easyspin toolbox*? environment. Strains on g factor and hyper-
fine coupling A were used to account for the experimental line
broadening.
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Table 2. Instrumental parameters for the ICP-MS/MS measure-
ments using the Agilent 8300

WRF power [W] 1550

Nebulizer MicroMist

Spray chamber Scott double-pass
Spraying chamber temperature [°C] 2

Cone materials Ni

Plasma gas flow [L min—"] 15.0

Auxiliary gas flow [L min—!] 1.09

Nebulizer gas flow [L min~'] 0.90
Measurement mode 0,

Reaction gas flow [ml min="] 0.30

Monitored Isotopes 32516 S6Fel6(Q 03Cu

Integration time 0.1s

Table 3. Instrumental parameters for the chromatographic sepa-
ration using the Agilent 1260 HPLC

Autosampler temperature [°C] 37
Injection volume [pl] 5
Column Acquity UPLC Protein BEH SEC

4.8 x 300 mm, 1.7 um, 200 A
Eluent (isocratic) 50 mM CH3COONH, pH 6.8
Flow rate [ul min—?] 400
Measurement time [min] 12

Sample preparation for SEC-ICP-MS
measurements

Buffering of human serum

To keep the pH of human serum at physiological conditions dur-
ing the incubation with the TSCs, the serum was buffered through
the addition of sodium phosphate, 19 mg NaH,PO, and 111 mg
Na,HPO, were mixed with 5 ml of the serum, resulting in a pH of
7.4. The pH value was checked using a pH meter and adjusted ac-
cordingly. The serum was analysed by SEC-ICP-MS/MS before and
after buffering to ensure that there were no significant changes or
contaminations.

Incubation with the TSCs

The TSCs were dissolved in minimal amounts of DMF, with
100 pl being sufficient for 1 mg of the respective substances.
DMSO was omitted in order to minimize the sulfur back-
ground. Further dilutions were prepared using the eluent (50 mM
CH;COONH,) to obtain concentrations ranging from 20 to
2000 pM. After measuring the buffered human serum, 10 pl of
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these solutions were added to 190-pl serum and mixed thor-
oughly, resulting in final concentrations of 1-100 pM.

Instrumentation
ICP -MS/MS

An Agilent 8800 ICP-MS/MS instrument (Agilent Technologies,
Tokyo, Japan) with oxygen as reaction gas was used to deter-
mine the content of the respective elements. The ICP-MS param-
eters were tuned on a daily based to achieve high sensitivity. The
ICP-MS was equipped with a MicroMist nebulizer with a sam-
ple uptake rate of ~0.25 ml'-min~' and standard nickel cones.
The instrument was coupled to an Agilent 1260 Infinity Bio-Inert
HPLC system (Agilent Technologies, Waldbronn, Germany). The
Agilent MassHunter software package (Workstation Software, Ver-
sion C.01.06, 2019) was used for data evaluation. The instrumen-
tal parameters for the ICP-MS measurements are summarized in
Table 2.

HPLC system

The separation of human serum was carried out using an Acquity
UPLC Protein BEH SEC column (1.7 pm, 4.8x300 mm, 200 A, wa-
ters, Massachusetts, USA). The HPLC parameters are summarized
in Table 3.

For the initial SEC-ICP-MS optimization, the following columns
were tested to get an ideal separation efficiency (Table 4).

Supplementary material

Supplementary data are available at Metallomics online.
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Protein BEH SEC
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8 12 20
Steel Steel PEEK

€202 1sNBny /| uo 1senB Aq £01.£€Z2/9¥0PBIW/G/S L /A[01HE/SOIO|[eloW /W00 dno-olwapese//:sdny Wolj papeojumoq


https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad046#supplementary-data

10 | Metallomics

conceptualization, funding acquisition, project administration,
resources, writing-original draft; Gunda Koellensperger fund-
ing acquisition, resources, supervision, writing-review & edit-
ing; Peter Faller conceptualization, funding acquisition, project
administration, resources, supervision, writing-original draft;
Christian R. Kowol conceptualization, funding acquisition,
project administration, resources, supervision, writing-original
draft

Conflict of interest

The authors declare no conflict of interest.

Data availability

The majority of data underlying this study are available in the
manuscript and in the online supplementary material. Additional
raw data are available and will be provided by the corresponding
author upon reasonable request.

References

1. S. Kallus, L. Uhlik, S. van Schoonhoven, K. Pelivan, W. Berger,
E. A. Enyedy, T. Hofmann, P. Heffeter, C. R. Kowol and B. K. Kep-
pler, Synthesis and biological evaluation of biotin-conjugated
anticancer thiosemicarbazones and their iron(Ill) and copper(Il)
complexes, J. Inorg. Biochem., 2019, 190, 85-97. https://doi.org/10.
1016/j.jinorgbio.2018.10.006

2. D. C. Brady, M. S. Crowe, M. L. Turski, G. A. Hobbs, X. Yao, A.
Chaikuad, S. Knapp, K. Xiao, S. L. Campbell, D. J. Thiele and C. M.
Counter, Copper is required for oncogenic BRAF signalling and
tumorigenesis, Nature, 2014, 509 (7501), 492-496. https://doi.org/
10.1038/nature13180

3. C.Zhang, Essential functions of iron-requiring proteins in DNA
replication, repair and cell cycle control, Protein Cell, 2014, 5 (10),
750-760. https://doi.org/10.1007/s13238-014-0083-7

4. Y. Yu, E. Gutierrez, Z. Kovacevic, F. Saletta, P. Obeidy, Y. Suryo
Rahmanto and D. R. Richardson, Iron chelators for the treatment
of cancer, Curr. Med. Chem., 2012, 19 (17), 2689-2702. https://doi.
0rg/10.2174/092986712800609706

5. FEJ. Giles, P. M. Fracasso, H. M. Kantarjian, J. E. Cortes, R. A. Brown,
S. Verstovsek, Y. Alvarado, D. A. Thomas, S. Faderl, G. Garcia-
Manero, L. P. Wright, T. Samson, A. Cahill, P. Lambert, W. Plun-
kett, M. Sznol, J. F. DiPersio and V. Gandhi, Phase [ and pharma-
codynamic study of Triapine, a novel ribonucleotide reductase
inhibitor, in patients with advanced leukemia, Leuk. Res., 2003, 27
(12), 1077-1083. https://doi.org/10.1016/50145-2126(03)00118-8

6. J. E. Karp, E J. Giles, I. Gojo, L. Morris, J. Greer, B. Johnson, M.
Thein, M. Sznol and J. Low, A phase I study of the novel ribonu-
cleotide reductase inhibitor 3-aminopyridine-2-carboxaldehyde
thiosemicarbazone (3-AP, Triapine) in combination with the nu-
cleoside analog fludarabine for patients with refractory acute
leukemias and aggressive myeloproliferative disorders, Leuk.
Res., 2008, 32 (1), 71-77. https://doi.org/10.1016/j.leukres.2007.
05.003

7. K. W.Yee,]. Cortes, A. Ferrajoli, G. Garcia-Manero, S. Verstovsek,
W. Wierda, D. Thomas, S. Faderl, I. King, S. M. O'Brien, S. Jeha, M.
Andreeff, A. Cahill, M. Sznol and F. J. Giles, Triapine and cytara-
bine is an active combination in patients with acute leukemia
or myelodysplastic syndrome, Leuk. Res., 2006, 30 (7), 813-822.
https://doi.org/10.1016/j.leukres.2005.12.013

8. J.F Zeidner,]. E.Karp, A. L. Blackford, B. D. Smith, I. Gojo, S. D. Gore,
M.J. Levis, H. E. Carraway, J. M. Greer, S. P. Ivy, K. W. Pratz and M. A.
McDevitt, A phase II trial of sequential ribonucleotide reductase

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

inhibition in aggressive myeloproliferative neoplasms, Haema-
tologica, 2014, 99 (4), 672-678. https://doi.org/10.3324/haematol.
2013.097246

D. Turk, M. D. Hall, B. F. Chu, J. A. Ludwig, H. M. Fales, M. M.
Gottesman and G. Szakacs, Identification of compounds selec-
tively killing multidrug-resistant cancer cells, Cancer Res., 2009,
69 (21), 8293-8301. https://doi.org/10.1158/0008-5472.CAN-09-
2422

C. A. Kunos and S. P. Ivy, Triapine radiochemotherapy in
advanced stage cervical cancer, Front. Oncol, 2018, 8, 149.
https://doi.org/10.3389/fonc.2018.00149

P. J. Jansson, P. C. Sharpe, P. V. Bernhardt and D. R. Richardson,
Novel thiosemicarbazones of the ApT and DpT series and their
copper complexes: identification of pronounced redox activity
and characterization of their antitumor activity, J. Med. Chem.,
2010, 53 (15), 5759-5769. https://doi.org/10.1021/jm100561b

S. Maleki Vareki, K. Y. Salim, W. R. Danter and J. Koropat-
nick, Novel anti-cancer drug COTI-2 synergizes with therapeu-
tic agents and does not induce resistance or exhibit cross-
resistance in human cancer cell lines, PLoS One, 2018, 13 (1),
e0191766, https://doi.org/10.1371/journal.pone.0191766

P. Heffeter, V. F. S. Pape, E. A. Enyedy, B. K. Keppler, G. Sza-
kacs and C. R. Kowol, Anticancer thiosemicarbazones: chemi-
cal properties, interaction with iron metabolism, and resistance
development, Antioxid. Redox Signal., 2019, 30 (8), 1062-1082.
https://doi.org/10.1089/ars.2017.7487

K. Ishiguro, Z. P. Lin, P. G. Penketh, K. Shyam, R. Zhu, R. P. Bau-
mann, Y. L. Zhu, A. C. Sartorelli, T.J. Rutherford and E. S. Ratner,
Distinct mechanisms of cell-kill by triapine and its terminally
dimethylated derivative Dp44mT due to a loss or gain of activ-
ity of their copper(Il) complexes, Biochem. Pharmacol., 2014, 91 (3),
312-322. https://doi.org/10.1016/j.bcp.2014.08.006

D. B. Lovejoy, P. J. Jansson, U. T. Brunk, J. Wong, P. Ponka and
D. R. Richardson, Antitumor activity of metal-chelating com-
pound Dp44mT is mediated by formation of a redox-active
copper complex that accumulates in lysosomes, Cancer Res.,
2011, 71 (17), 5871-5880. https://doi.org/10.1158/0008-5472.
CAN-11-1218

S. Hager, V. F. S. Pape, V. Pésa, B. Montsch, L. Uhlik, G. Szakacs,
S. Téth, N. Jabronka, B. K. Keppler, C. R. Kowol, E. A. Enyedy
and P. Heffeter, High copper complex stability and slow reduc-
tion kinetics as key parameters for improved activity, parapto-
sis induction, and impact on drug-resistant cells of anticancer
thiosemicarbazones, Antioxid. Redox Signal., 2020, 33 (6), 395-414.
https://doi.org/10.1089/ars.2019.7854

J. H. Bormio Nunes, S. Hager, M. Mathuber, V. Pésa, A. Roller,
E. A. Enyedy, A. Stefanelli, W. Berger, B. K. Keppler, P. Hef-
feter and C. R. Kowol, Cancer cell resistance against the clin-
ically investigated thiosemicarbazone COTI-2 is based on for-
mation of intracellular copper complex glutathione adducts and
ABCC1-mediated efflux, J. Med. Chem., 2020, 63 (22), 13719-13732.
https://doi.org/10.1021/acs.jmedchem.0c01277

V. Pésa, A. Stefanelli, J. H. B. Nunes, S. Hager, M. Mathuber,
N. V. May, W. Berger, B. K. Keppler, C. R. Kowol and E. A. Enyedy,
Thiosemicarbazone derivatives developed to overcome COTI-2
resistance, Cancers, 2022, 14 (18), 4455. https://doi.org/10.3390/
cancers14184455

E. M. Leslie, R. G. Deeley and S. P. Cole, Multidrug resistance pro-
teins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in
tissue defense, Toxicol. Appl. Pharmacol., 2005, 204 (3), 216-237.
https://doi.org/10.1016/j.taap.2004.10.012

S. Lutsenko, Human copper homeostasis: a network of intercon-
nected pathways, Curr. Opin. Chem. Biol., 2010, 14 (2), 211-217.
https://doi.org/10.1016/j.cbpa.2010.01.003

€202 1sNBny /| uo 1senB Aq £01.£€Z2/9¥0PBIW/G/S L /A[01HE/SOIO|[eloW /W00 dno-olwapese//:sdny Wolj papeojumoq


https://doi.org/10.1016/j.jinorgbio.2018.10.006
https://doi.org/10.1038/nature13180
https://doi.org/10.1007/s13238-014-0083-7
https://doi.org/10.2174/092986712800609706
https://doi.org/10.1016/S0145-2126(03)00118-8
https://doi.org/10.1016/j.leukres.2007.05.003
https://doi.org/10.1016/j.leukres.2005.12.013
https://doi.org/10.3324/haematol.2013.097246
https://doi.org/10.1158/0008-5472.CAN-09-2422
https://doi.org/10.3389/fonc.2018.00149
https://doi.org/10.1021/jm100561b
https://doi.org/10.1371/journal.pone.0191766
https://doi.org/10.1089/ars.2017.7487
https://doi.org/10.1016/j.bcp.2014.08.006
https://doi.org/10.1158/0008-5472.CAN-11-1218
https://doi.org/10.1089/ars.2019.7854
https://doi.org/10.1021/acs.jmedchem.0c01277
https://doi.org/10.3390/cancers14184455
https://doi.org/10.1016/j.taap.2004.10.012
https://doi.org/10.1016/j.cbpa.2010.01.003

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

E. Falcone, M. Okafor, N. Vitale, L. Raibaut, A. Sour and P. Faller,
Extracellular Cu2+ pools and their detection: from current
knowledge to next-generation probes, Coord. Chem. Rev., 2021,
433, 213727, https://doi.org/10.1016/j.ccr.2020.213727

K. Bossak-Ahmad, T. Fraczyk, W. Bal and S. C. Drew, The sub-
picomolar Cu2+ dissociation constant of Human serum albu-
min, Chembiochem., 2020, 21 (3), 331-334. https://doi.org/10.1002/
cbic.201900435

P. Aisen, A. Leibman and J. Zweiler, Stoichiometric and site
characteristics of the binding of iron to human transferrin,
J. Biol. Chem., 1978, 253 (6), 1930-1937. https://doi.org/10.1016/
S0021-9258(19)62337-9

J. Williams and K. Moreton, The distribution of iron between
the metal-binding sites of transferrin human serum, Biochem. J.,
1980, 185 (2), 483-488. https://doi.org/10.1042/bj1850483

E A Enyedy, M. F. Primik, C. R. Kowol, V. B. Arion, T. Kiss and
B. K. Keppler, Interaction of Triapine and related thiosemicar-
bazones with iron(III)/(II) and gallium(Ill): a comparative solu-
tion equilibrium study, Dalton Trans., 2011, 40 (22), 5895-5905.
https://doi.org/10.1039/c0dt01835]

A. Gadl, G. Orgovan, Z. Polgari, A. Réti, V. G. Mihucz, S. Bosze, N.
Szoboszlai and C. Streli, Complex forming competition and in-
vitro toxicity studies on the applicability of di-2-pyridylketone-
4,4,-dimethyl-3-thiosemicarbazone (Dp44mT) as a metal chela-
tor, J. Inorg. Biochem., 2014, 130, 52-58. https://doi.org/10.1016/j.
jinorgbio.2013.09.016

C. C. Philpott, S.J. Patel and O. Protchenko, Management versus
miscues in the cytosolic labile iron pool: the varied functions of
iron chaperones, Biochim. Biophys. Acta Mol. Cell Res., 2020, 1867
(11), 118830.

Z. Xu, Y. Liu, S. Zhou, Y. Fu and C. Li, Analysis of the inter-
action of Dp44mT with Human serum albumin and calf Thy-
mus DNA using molecular docking and spectroscopic tech-
niques, Int. J. Mol. Sci., 2016, 17 (7), 1042. https://doi.org/10.3390/
ijms17071042

J. Qi, Y. Zhang, Y. Gou, Z. Zhang, Z. Zhou, X. Wu, F. Yang and H.
Liang, Developing an anticancer copper(Il) pro-drug based on
the His242 residue of the Human serum albumin carrier IIA sub-
domain, Mol. Pharm., 2016, 13 (5), 1501-1507. https://doi.org/10.
1021/acs.molpharmaceut.5b00938

J. Wang, Y. Gou, Z. Zhang, P. Yu, J. Qi, Q. Qin, H. Sun, X. Wu,
H. Liang and F. Yang, Developing an anticancer copper(Il) mul-
titarget pro-drug based on the His146 residue in the IB sub-
domain of modified Human serum albumin, Mol. Pharm., 2018,
15 (6), 2180-2193. https://doi.org/10.1021/acs.molpharmaceut.
8b00045

M. Jiang, Z. Zhang, W. Li, X. Man, H. Sun, H. Liang and F. Yang,
Developing a copper(ll) agent based on his-146 and his-242
residues of Human serum albumin nanoparticles: integration
to overcome cisplatin resistance and inhibit the metastasis of
nonsmall cell lung cancer, J. Med. Chem., 2022, 65 (13), 9447-9458.
https://doi.org/10.1021/acs.jmedchem.2c00698

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Paper | 11

K. Bossak-Ahmad, W. Bal, T. Fraczyk and S. C. Drew, Ternary
Cu2+ complexes of Human serum albumin and glycyl-
I-histidyl-l-lysine, Inorg. Chem., 2021, 60 (22), 16927-16931.
https://doi.org/10.1021/acs.inorgchem.1c03084

J. Szpunar, Bio-inorganic speciation analysis by hyphenated
techniques, Analyst, 2000, 125 (5), 963-988. https://doi.org/10.
1039/A909137H

F. A. French and E. J. Blanz, Jr, The carcinostatic activity of
thiosemicarbazones of formyl heteroaromatic compounds. 1 III.
Primary correlation, J. Med. Chem., 1966, 9 (4), 585-589. https://
doi.org/10.1021/jm00322a032

Y. Aye, M. J. Long and J. Stubbe, Mechanistic studies of
semicarbazone triapine targeting human ribonucleotide re-
ductase in vitro and in mammalian cells: tyrosyl radical
quenching not involving reactive oxygen species, J. Biol. Chem.,
2012, 287 (42), 35768-35778. https://doi.org/10.1074/jbc.M112.
396911

C. R. Kowol, W. Miklos, S. Pfaff, S. Hager, S. Kallus, K. Pelivan,
M. Kubanik, E. A. Enyedy, W. Berger and P. Heffeter, Impact of
stepwise NH2-methylation of triapine on the physicochemical
properties, anticancer activity, and resistance circumvention,
J. Med. Chem., 2016, 59 (14), 6739-6752. https://doi.org/10.1021/
acs.jmedchem.6b00342

E. A. Enyedy, N. V. Nagy, E. Zsig6, C. R. Kowol, V. B. Arion,
B. K. Keppler and T. Kiss, Comparative Solution Equilibrium Study
of the Interactions of Copper (II), Iron (II) and Zinc (1) with Triap-
ine (3-Aminopyridine-2-carbaldehyde Thiosemicarbazone) and Related
Ligands: Wiley Online Library, 2010.

N. V. May, A. Jancs6 and E. A. Enyedy, Binding models of copper
(I) thiosemicarbazone complexes with human serum albumin:
a speciation study, Molecules, 2021, 26 (9), 2711.

F. Woimant, N. Djebrani-Oussedik and A. Poujois, New tools for
Wilson'’s disease diagnosis: exchangeable copper fraction, Ann.
Transl. Med., 2019, 7 (Suppl 2), S70.

C. R. Kowol, R. Trondl, P. Heffeter, V. B. Arion, M. A. Jakupec,
A. Roller, M. S. Galanski, W. Berger and B. K. Keppler, Impact
of metal coordination on cytotoxicity of 3-aminopyridine-2-
carboxaldehyde thiosemicarbazone (triapine) and novel insights
into terminal dimethylation, J. Med. Chem., 2009, 52 (16), 5032-
5043. https://doi.org/10.1021/jm900528d

D. B. Lovejoy, D. M. Sharp, N. Seebacher, P. Obeidy, T. Prichard,
C. Stefani, M. T. Basha, P. C. Sharpe, P. J. Jansson and D. S. Kali-
nowski, Novel second-generation di-2-pyridylketone thiosemi-
carbazones show synergism with standard chemotherapeu-
tics and demonstrate potent activity against lung cancer
xenografts after oral and intravenous administration in vivo,
J. Med. Chem., 2012, 55 (16), 7230-7244. https://doi.org/10.1021/
jm300768u

S. Stoll and A. Schweiger, EasySpin, a comprehensive software
package for spectral simulation and analysis in EPR, J. Magn. Re-
son., 2006, 178 (1), 42-55. https://doi.org/10.1016/j.jmr.2005.08.
013

Received: May 11, 2023. Accepted: July 27, 2023
© The Author(s) 2023. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution

License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original
work is properly cited.

€202 1sNBny /| uo 1senB Aq £01.£€Z2/9¥0PBIW/G/S L /A[01HE/SOIO|[eloW /W00 dno-olwapese//:sdny Wolj papeojumoq


https://doi.org/10.1016/j.ccr.2020.213727
https://doi.org/10.1002/cbic.201900435
https://doi.org/10.1016/S0021-9258(19)62337-9
https://doi.org/10.1042/bj1850483
https://doi.org/10.1039/c0dt01835j
https://doi.org/10.1016/j.jinorgbio.2013.09.016
https://doi.org/10.3390/ijms17071042
https://doi.org/10.1021/acs.molpharmaceut.5b00938
https://doi.org/10.1021/acs.molpharmaceut.8b00045
https://doi.org/10.1021/acs.jmedchem.2c00698
https://doi.org/10.1021/acs.inorgchem.1c03084
https://doi.org/10.1039/A909137H
https://doi.org/10.1021/jm00322a032
https://doi.org/10.1074/jbc.M112.396911
https://doi.org/10.1021/acs.jmedchem.6b00342
https://doi.org/10.1021/jm900528d
https://doi.org/10.1021/jm300768u
https://doi.org/10.1016/j.jmr.2005.08.013
https://https://creativecommons.org/licenses/by/4.0/

	Introduction
	Results
	Interaction of TSCs with Cu and HSA
	SEC-ICP-MS method establishment
	Identification of serum proteins
	Spiking metal-free TSCs and their Cu complexes into serum

	Discussion
	Materials and methods
	Sample preparation for SEC-ICP-MS measurements
	Instrumentation

	Supplementary material
	Funding
	Author contributions
	Conflict of interest
	Data availability
	References

